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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-
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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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Chapter 2 

Protein Tyrosine Nitration: 

Selectivity, Physicochemical and 

Biological Consequences, 

Denitration and Proteomics Methods 

for the Identification of Tyrosine-Nitrated Proteins 

 

 

 

 

Protein tyrosine nitration (PTN) is a post-translational modification occurring 
under the action of a nitrating agent. Tyrosine is modified in the 3-position of the 
phenolic ring through the addition of a nitro group (NO2). In the present article, we 
review the main nitration reactions and elucidate why nitration is not a random chemical 
process. The particular physical and chemical properties of 3-nitrotyrosine (e.g. pKa, 
spectrophotometric properties, reduction to aminotyrosine) will be discussed as well as 
the biological consequences of PTN (e.g. modification of enzymatic activity, sensitivity to 
proteolytic degradation, impact on protein phosphorylation, immunogenicity and 
implication in disease). Recent data indicate the possibility of an in vivo denitration 
process, which will be discussed with respect to the different reaction mechanisms that 
have been proposed. The second part of this article reviews the major challenges in 
developing analytical methods to determine PTN in complex proteomes. 
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1 INTRODUCTION 

3-Nitrotyrosine is a protein post-translational modification occurring under the 
action of a nitrating agent resulting in the addition of a nitro group (NO2) in ortho 
position to the phenolic hydroxyl group (Fig. 1). Tyrosine may be nitrated through several 
chemical reactions and the process has been shown to be selective with respect to the 
proteins that are tyrosine-nitrated and the affected tyrosine residues in a given protein. 
The addition of a nitro group confers particular physicochemical properties to the 
modified amino acid and the corresponding proteins, which may have important 
functional consequences. Even though protein tyrosine nitration (PTN) has been 
considered to be a stable post-translational modification, there is increasing evidence of 
an in vivo denitration process. Finally, the determination of in vivo protein targets of 
tyrosine nitration remains an analytical challenge, and several approaches have been 
developed to investigate this. 

 

Figure 1: Formation of 3-nitrotyrosine under the action of a nitrating agent 

 

2 NITRATION REACTIONS 

2.1 Tetranitromethane 

Although tetranitromethane-mediated nitration cannot be considered 
biologically relevant, this chemical has been used in the late sixties to experimentally 
nitrate tyrosine residues in proteins.1-5 It has still been used later on, but peroxynitrite has 
been generally preferred, likely because of its supposedly greater biological relevance, the 
possibility of its in-house production and the fact that there are risks associated with the 
use of tetranitromethane (e.g. toxic, carcinogenic, explosive). Next to the modification of 
other amino acid residues, tetranitromethane may result in tyrosine nitrosylation (i.e. the 
addition of –NO) by a radical-mediated reaction.6 

 

2.2 Peroxynitrite and its derivatives 

In vivo, the peroxynitrite anion (ONOO-) is formed rapidly through reaction of 
the superoxide anion (O2-•) with nitric oxide (NO•).7 The superoxide anion is generated in 
a number of biochemical reactions including cellular respiration, in activated 
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polymorphonuclear leucocytes, macrophages, epithelial and endothelial cells and as a 
result of the mitochondrial electron flux.8 Alternatively, it can be formed by the reaction 
of the nitroxyl anion (NO-) with molecular oxygen.9 Since peroxynitrite (pKa of 6.5-6.8) 
decomposes rapidly to nitrate with a kd of 1.25 +/- 0.05 s-1 at 25 °C when protonated,10 it 
must be stored under basic conditions in its anionic form. 

Peroxynitrite is highly reactive and modifies biomolecules such as lipids, DNA or 
proteins. An excess of peroxynitrite is consequently involved in a number of pathological 
mechanisms including inflammation, cell damage (apoptosis and cytotoxicity), and may 
interfere with NO•-mediated signaling.8, 11 The complex chemistry of peroxynitrite has 
therefore been investigated ever since the discovery of NO• as a signaling molecule.12-14 

Peroxynitrite reacts with several amino acids. Cysteine, methionine and 
tryptophan react directly, whereas tyrosine, phenylalanine and histidine are modified 
through intermediary secondary species.15-18 Protein sulfhydryls19 and tyrosyl residues are 
the principal targets of peroxynitrite in proteins.20, 21 Oxidation of thiols is faster than 
tyrosine nitration,15, 16 but several factors, most of them relevant under physiological 
conditions, can modify peroxynitrite reactivity in favor of an acceleration of tyrosine 
nitration. Peroxynitrite chemistry is highly pH dependent. Nitration is maximal at 
physiological pH (about pH 7.4) and its yield decreases quickly under more acidic or more 
basic conditions, whereas sulfhydryl oxidation increases from pH 5 to pH 9.12, 21 Carbon 
dioxide and bicarbonate (respectively found at 1.3 mM and 25 mM in plasma)22 strongly 
influence peroxynitrite-mediated reactions.22-26 They enhance nitration of aromatic ring 
systems as in tyrosine (they can also promote nitration in the presence of antioxidants 
such as uric acid, ascorbate and thiols, which normally prevent nitration), while partially 
inhibiting the oxidation of thiols. Carbon dioxide reacts with peroxynitrite to form the 
nitrosoperoxycarbonate anion (ONOOCO2-), which subsequently rearranges to form the 
nitrocarbonate anion (O2NOCO2-). The latter is considered to be the direct oxidant of 
peroxynitrite-mediated reagents in biological environments.26 Peroxynitrite-mediated 
tyrosine nitration is also accelerated in the presence of transition metal ions, either in 
their free form (Cu2+, Fe3+, Fe2+), or as complexes involving protoporphyrin IX (hemin), 
or certain chelators (cyanide (CN-), ethylene diamine tetraacetic acid (EDTA)).27-29 
However, Fe3+ complexed with diethylene triamine pentaacetic acid (Fe3+-DTPA) does not 
react with peroxynitrite (DTPA is therefore used to obtain peroxynitrite solutions free of 
trace levels of metal ions).12 Metal catalysis in general plays an important role in the 
nitration of protein-bound tyrosine.30 Interestingly, peroxynitrite, peroxynitrite-
derivatives or peroxynitrite-generating species have all been detected in cigarette smoke. 
These oxidants may pass the alveolar wall to raise the level of systemic oxidative stress.31-

33 

Next to the fact that peroxynitrite is probably the main nitrating agent in vivo, it 
has the further advantage to be easily synthesized by mixing nitrite with an acidified 
solution of hydrogen peroxide (formation of peroxynitrous acid) and subsequent 
stabilization at alkaline pH as peroxynitrite anion.12, 34-39 Synthetic alternatives, often 
more hazardous, associated with lower reaction yields or with higher levels of byproducts, 
exist (e.g. by bubbling ozone gas into alkaline solutions of azide, or by grinding potassium 
superoxide at -77 °C into liquid ammonia in a potentially explosive reaction to obtain 
solid, contaminant-free tetramethylammonium peroxynitrite) but are usually outside the 
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experimental scope of the average biochemistry laboratory.12, 35, 40-45 A constant flux of 
peroxynitrite at low-concentrations can be obtained by cogeneration of superoxide and 
nitric oxide through xanthine-oxidase-mediated degradation of hypoxanthine or by 
decomposition of spermine NONOate.28 Alternatively, the decomposition of the NO-
generating vasodilator 3-morpholinosydnonimine (SIN-1) can be used to produce low 
steady-state levels of peroxynitrite. SIN-1 undergoes base-catalyzed ring opening prior to 
reaction with an electron acceptor (generally O2) to yield superoxide and nitric oxide, that 
further combines to form peroxynitrite.12 

 

2.3 Other tyrosine nitration pathways 

Although nitrotyrosine has been considered for some time as a direct footprint of 
peroxynitrite activity, it appears that other nitrating pathways, not related to 
peroxynitrite, can also lead to the formation of nitrotyrosine. It is actually likely that 
several nitrating pathways operate simultaneously, the preferred mechanism being 
determined by the reactive species present, kinetics, secondary reactions with 
antioxidants and scavengers, the presence of inflammatory cells and 
compartmentalization of the various components of the reaction.46 The details of these 
chemical reactions are outside the scope of this review but have been reviewed 
elsewhere.46-48 

The second main mechanism of tyrosine nitration is based on the generation of 
NO2• radicals by various hemoperoxydases in the presence of hydrogen peroxide and 
nitrite.28, 29, 49 Other plausible reactions are based on: (i) the interaction of nitric oxide 
with a tyrosyl radical, (ii) the direct action of nitrogen dioxide, (iii) the formation of 
nitrous acid by acidification of nitrite, (iv) the oxidation of nitrite by hypochlorous acid to 
form nitryl chloride (NO2Cl), a potential nitrating agent, (v) the action of acyl or alkyl 
nitrates or (vi) the action of metal nitrates.46-48 

Nitrotyrosine is therefore likely not a footprint for peroxynitrite alone but more 
generally a marker of nitrative stress. An important aspect of the multiplicity of sources 
for reactive species that can result in tyrosine nitration is the effect on selectivity and the 
eventual differences in protein nitration patterns between in vivo models and in vitro 
experiments, which are generally performed with peroxynitrite or tetranitromethane. 

 

3 SELECTIVITY OF NITRATION 

3.1 Abundance of proteins and of tyrosine residues in proteins 

An important aspect of PTN is the fact that it does not occur at random. Despite 
the fact that most proteins contain tyrosine residues (natural abundance: 3.2 %),50 
neither the abundance of a protein nor the abundance of tyrosine residues in a given 
protein can predict whether it is a target for PTN.46, 51, 52 Not all tyrosine residues are 
available for nitration, depending on their accessibility to solvent. With a hydropathy 
index of – 1.3,53 tyrosine is mildly hydrophilic, a characteristic that is explained by the 
aromatic ring carrying a hydrophilic hydroxyl group. As a consequence tyrosine is often 
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surface-exposed in proteins (only 15% of tyrosine residues are at least 95% buried) and 
should thus be available for nitration.51, 52 

That nitration is not a random process can be exemplified with human serum 
albumin. This protein is a target for PTN, but despite being the most abundant plasma 
protein on a molar basis, it is less extensively nitrated than other plasma proteins.46 While 
human serum albumin contains 18 tyrosine residues, an in vitro study of peroxynitrite-
mediated PTN showed that only two tyrosines are particularly susceptible to nitration.54 

 

3.2 The effect of primary sequence and local environment 

PTN does not seem to be promoted by a specific consensus sequence. Protein 
secondary structure and the local environment of the tyrosine residue seem to be 
important in determining the site of PTN.51, 52 Most nitrated tyrosines are found in loop 
structures with turn-inducing residues (e.g. proline or glycine) in their vicinity. The 
proximity of a negative charge is also beneficial.51, 52 Peptides with a glutamate residue in 
the immediate vicinity of tyrosine have been shown to be most easily nitrated.51, 52 The 
presence of sulfur-containing residues (i.e. cysteine or methionine) in the vicinity of  
tyrosine residues decreases the probability of PTN, since these amino acids are alternate 
targets for reaction with nitrating agents and can be considered as intramolecular 
scavengers.51, 52 Although Souza et al.51 stated that there is no apparent sequence 
homology between residues located at positions – 5 to + 5 around nitrated tyrosine 
residues, some investigators proposed possible preferred sequence motives, albeit based 
on a rather limited number of proteins. Elfering et al. observed in 10 identified nitrated 
peptides a consensus sequence [LMVI]-X-[DE]-[LMVI]-X(2,3)-[FVLI]-X(3,5)-Y, where X 
is any amino acid and Y is the target tyrosine.55 Hydrophobicity of the amino acids 
surrounding the target tyrosine residue seems to play an important role in determining 
susceptibility towards PTN.51 Based on the observation of the recurrent presence of 
hydrophobic residues, Elfering et al. simplified their putative consensus sequence to H-X-
[DE]-H-X(2,3)-H(2)-X(2,4)-Y, in which H represents a hydrophobic residue (such as L, 
M, V, I, P, A, F, or W).55 Other reports support selective PTN in protein transmembrane 
domains.56-60 Since metal catalysis plays an important role in the peroxynitrite-mediated 
PTN of protein-bound tyrosine,30 metalloproteins that have a metal center or a heme 
group do not follow the general rules presented above.61 

 

3.3 Cellular and subcellular localization of PTN 

Due to the rather short-lived nature of most nitrating species, it is conceivable 
that the site of generation of a nitrating agent with respect to the target protein plays a 
role in determining which proteins become nitrated and possibly also in defining the 
primary nitration sites. In several disease models, nitrated proteins have been detected at 
the site of injury or within specific cell types.52 It is not surprising that nitrated proteins 
have been mainly observed in subcellular compartments that are known to generate 
nitrating species. For instance, nitrotyrosine-containing proteins were identified by 
immuno-electron microscopy in (i) peroxidase-containing secretory granules, in 
quiescent eosinophils and neutrophils in the bone marrow, (ii) in the cytosol of 
circulating erythrocytes, (iii) in mitochondria and the endoplasmic reticulum of 
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endothelial cells, fibroblasts and smooth muscle cells, in the vasculature, (iv) in 
association with the cytoplasmic interface of the endoplasmic reticulum membrane in 
cartilage chondrocytes and (v) in the peroxisomes of liver hepatocytes and of secretory 
cells in the lachrymal gland.62 Based on proteomics techniques aiming at identifying 
nitrated proteins, Kanski et al. identified mainly cytosolic nitrated proteins in skeletal 
muscle, whereas nitrated proteins in the heart were principally mitochondrial.63 

Mitochondria appear to be a primary locus of PTN. Peroxynitrite can diffuse 
from extra-mitochondrial compartments into the mitochondria or be formed inside 
mitochondria.64 This is not surprising, since one of the main sources of reactive oxygen 
species are complexes I-III of the mitochondrial respiratory chain.65 Within the 
mitochondrium, PTN occurs largely in the matrix62, 66, 67 whereas it is typically found in 
association with the cytosolic side of the membrane in the endoplasmic reticulum.62 

 

3.4 Nitrating agents and selectivity 

As summarized above, peroxynitrite is not the sole nitrating agent in vivo. The 
reactivity of a tyrosine residue may thus also depend on the nature of the reactive 
species.51 While peroxynitrite and tetranitromethane nitrate certain proteins in a 
comparable manner,68 there are differences in PTN patterns in other proteins.69, 70 For 
instance, a strong inhibition of MnSOD catalytic activity by peroxynitrite-mediated PTN 
has been reported and explained by nitration of the essential tyrosine residue 34,71, 72 
while PTN via a cytochrome C/H2O2/NO2--mediated reaction resulted also in PTN of 
MnSOD, but not in a significant loss of activity indicating that Tyr34 was not nitrated in 
this case.73 There is clearly much more work ahead to understand the effect of the 
chemical nature of the nitrating agent on selectivity but these examples show that it can 
play an important role next to the compartmentalization of the reaction. 

 

3.5 Contribution of preferential protein denitration or degradation to the 
overall abundance of PTN-modified proteins 

The accumulation of specific tyrosine-nitrated proteins is the result of the PTN 
reaction, a putative denitration process (for details on the denitration reaction see section 
6) and the degradation rate of tyrosine-nitrated proteins. Elfering et al. observed in 
fractions of rat liver mitochondria that PTN in mitochondrial fractions does not correlate 
with the mean half-live of proteins, indicating that the longer-lived proteins do not 
necessarily have a higher probability of being nitrated.55 

 

3.6 Correlation of in vivo and in vitro PTN  

Frequently, proteins have been exposed to nitrating agents in vitro to predict 

their potential sensitivity toward PTN in vivo and to obtain standard nitrated peptides for 
the screening of biological samples. However, in some instances these two approaches 
have yielded quite different results.63, 74 The distinctly different patterns may be caused by 
one or more of the following factors. (i) Specific isoforms of nitrated proteins may be 
eliminated in vivo through proteasome-mediated degradation or denitration.63, 74 (ii) As 
discussed previously, peroxynitrite is likely not the only nitrating agent in vivo, and the 
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nature of the nitrating agent may influence selectivity. Moreover, the concentration of the 
nitrating agent in vitro may be quite different from the local concentration in vivo and 
thus affect selectivity. It has, for instance, been shown that the preference for PTN of two 
tyrosine residues in human serum albumin was more pronounced when the relative 
concentration of peroxynitrite with respect to albumin was decreased.54 (iii) Target 
proteins may exist in vivo in complexes with other proteins or small molecular weight 

compounds (phosphocreatine, ATP), which can affect the chemical selectivity of PTN.63, 74 
For instance, a protective effect of phosphocreatine and ATP was observed on the 
modification of creatine kinase by peroxynitrite.75 (iv) Finally, although in vitro PTN 
conditions can be chosen to mimic the physiological conditions, they can never reproduce 
the local conditions within a cell or a tissue. Differing conditions might cause 

conformational changes in target proteins when compared with the in vivo situation, 
which is potentially associated with an altered susceptibility of specific tyrosine residues 
to PTN.63 Moreover, since peroxynitrite is highly susceptible to certain factors (e.g. 
bicarbonate, metal ions), it is no easy task to reproduce the exact in vivo conditions in 
vitro. 

 

4 PHYSICOCHEMICAL PROPERTIES OF NITROTYROSINE 

Tyrosine nitration has a slight effect on the bulkiness of the residue, which 
becomes 30 Å3 larger76 than the 205 Å3 of non-modified tyrosine.77 Other 
physicochemical properties that are affected by tyrosine nitration are: a decrease in pKa of 
the phenolic OH-group, a change in light absorption and the possibility to be reduced to 
aminotyrosine, which has again another set of physicochemical properties. From an 
analytical point of view it is also of interest to note that the nitro group influences the 
ionization process of nitrotyrosine prior to mass spectrometry (see section 7.2). 

 

4.1 Effect of nitration on the pKa of the phenolic hydroxyl group 

The major effect of nitration of tyrosine on its physicochemical properties is 
possibly the shift of the pKa value of the hydroxyl group (10.1 in tyrosine and 7.2 in 
nitrotyrosine)78 (a report by the same authors published in the same year reported a value 
of 6.8 for nitrotyrosine).3 The hydroxyl group of nitrotyrosine is about 50% charged at 
physiological pH, whereas tyrosine is neutral. At acidic pH, where the hydroxyl group is 
uncharged, nitrotyrosine is more hydrophobic than tyrosine, resulting, for instance, in 
increased retention times of tyrosine-nitrated peptides as compared to their non-modified 
counterparts upon reverse-phase liquid chromatography (RPLC). On the contrary, at 
basic pH, the higher tendency of nitrotyrosine to carry a negative charge renders it much 
more hydrophilic than tyrosine.76 Both of these effects, steric hindrance and pKa change, 
affect the reactivity of tyrosine residues and prevent, for example, its phosphorylation. 

 

4.2 Spectroscopic properties 

Nitrotyrosine can form an internal hydrogen bond between the nitro and the 
phenolic OH-group causing its absorption properties to be strongly pH-dependent.76 At 
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acidic pH (pH < 6), nitrotyrosine has an absorption maximum at 357-360 nm.3, 76, 79, 80 
Consequently 360 ± 5 nm has been used as the wavelength for detection of nitrotyrosine-
containing peptides by HPLC-UV under acidic conditions.51, 54, 79-81 It should be noted that 
protein modifications other than tyrosine nitration (e.g. tryptophan oxidation, other 
nitration or nitrosation products) may contribute to absorbance at this wavelength.81 
Under basic conditions (pH > 8), nitrotyrosine has an absorption maximum at 427-430 
nm giving it a yellow color.3, 76, 79, 80 Moreover, absorbance at 276 nm, the maximum of 
absorbance common to all aromatic amino acids, decreases.76 

Nitrotyrosine is essentially nonfluorescent and absorbs at a wavelength where 
tyrosine and tryptophan emit76, 81 It may therefore function as a potential energy acceptor 
in Förster resonance energy transfer (FRET) studies and quench the emitted fluorescence 
from tryptophan or tyrosine residues depending on their proximity.76 The reduction of 
nitrotyrosine to aminotyrosine renders it fluorescent with emission maxima at 308 nm 
(such as tyrosine) as well as at 350 nm between pH 3.0 and 3.5.79 This opens the 
possibility to detect nitrotyrosine indirectly after reduction to aminotyrosine. 

 

4.3 Reduction of nitrotyrosine to aminotyrosine 

Nitrotyrosine can be reduced to aminotyrosine by different means. Based on the 
knowledge that sodium dithionite (also known as sodium hydrosulfite) catalyzes the 
reduction of nitrophenol to aminophenol,82 Sokolovsky et al. reported the use of this 
reagent for the reduction of nitrotyrosine to aminotyrosine under conditions that are mild 
enough for protein modification.78 Riordan and Sokolovsky reported a reaction yield of 
about 90% and observed another, more acidic by-product. Using elemental analysis 
(showing the presence of sulfur), absorption spectra under basic and acidic conditions 
(showing that the phenolic hydroxyl group can be ionized and is therefore not 
substituted), and the analysis of aminosulfonic acid and its N-substituted derivatives, 
they concluded that the by-product is an aminotyrosine derivative that is N-substituted 
with -SO2H, -SO3H or -S2O3H.83 Observing an 80-Da mass increase after dithionite-
mediated reduction of nitrotyrosine Ghesquière et al. suggested the formation of 
aminotyrosine O-sulfate as a by-product.84 Based on both of these reports, it is likely that 
this by-product is actually an N-substituted aminotyrosine derivative with -SO3H.  

To avoid false positive results, the specificity of anti-nitrotyrosine antibodies 
must be checked. Reduction with dithionite has been proposed to differentiate between 
genuine detection of nitrotyrosine and artifacts in immunohistochemistry (IHC), 
immunoprecipitation85 and immunoblotting experiments.86, 87 Dithionite reduction has 
been extensively used in immunoblotting experiments despite its reactivity and thus 
instability under atmospheric conditions. This can result in incomplete reduction of 
proteins on surfaces or membranes.85, 88 Moreover, aminotyrosine can reoxidize to 
nitrotyrosine over time resulting in weak signals even on dithionite-treated membranes.89 
Since the nitro group itself is not very reactive,90 reduction to aminotyrosine is often used 
prior to derivatization with a tag to study free91 and protein-bound nitrotyrosine.78, 92-96 
Some of these techniques are depicted in greater detail in section 7.1.7.  

Dithionite-mediated reduction of nitrotyrosine has also been used for analysis of 
nitrotyrosine by HPLC followed by electrochemical detection.97 Reducibility by dithionite 
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is, however, not sufficient proof for the presence of nitrotyrosine, since the presence of a 
closely eluting dithionite-reducible peak, which is not nitrotyrosine, was described in the 
HPLC analysis of human brain tissue.97, 98 Since aminotyrosine is poorly retained on C18 
reversed phase columns, its modification to an N-acetyl derivative (followed by the 
reversal of O-acetylation) was required prior to analysis.99, 100 To avoid these extra steps, 
on-line electrochemical reduction of nitrotyrosine to aminotyrosine prior to 
electrochemical detection has been developed using a platinum column as electrode,101 a 
gold amalgam electrode,102 or glassy carbon electrodes.103, 104 

The dithionite-based reduction of nitrotyrosine is not free of side reactions, as 
described above, which asks for alternatives especially when working with complex 
biological mixtures. Balabanli et al. showed more recently that dithiothreitol (DTT) in 
combination with heme can reduce nitrotyrosine to aminotyrosine quantitatively at 
100°C.105 This phenomenon may cause underestimation of the PTN level in 
immunoblotting experiments after polyacrylamide gel electrophoresis in the presence of 
sodium dodecylsulfate (SDS-PAGE), since samples are often boiled in a so-called “sample 
buffer” containing DTT and complex biological samples often contain heme-containing 
proteins.106 Although much slower, reduction occurs also at 37°C and may explain the 
observed partial loss of nitrotyrosine in vivo referred to as “denitration” (see section 6 for 
further details).105, 107 Ghesquière et al. reduced nitrotyrosine based on the report of 
Balabanli and coworkers with Fe2+-charged cytochrome C as the heme-containing 
protein, showing this reaction to be generally preferable to reduction with dithionite due 
to a better control of the reaction and the absence of by-products.84 

 

5 BIOLOGICAL CONSEQUENCES OF PTN 

5.1 Effect on protein function 

PTN can result in a loss, an increase, or no effect on protein function. Pacher et 
al.108 and Souza et al.61 recently reviewed the literature with respect to the effect of PTN 
on protein activity. It should be noted, however, that not all studies showed 
unambiguously that PTN was the cause for altered protein function, which is critical 
before drawing conclusions, since nitrating reagents can also alter other amino acids (e.g. 
cysteine and methionine).61 

 

5.2 Sensitivity to proteolytic degradation 

Oxidative modifications have been shown to increase the susceptibility of 
modified proteins to proteolysis. The removal of oxidized proteins can be seen as a 
defense mechanism against the consequences of oxidative stress.109 An increase in 
proteolytic degradation as a result of exposure of isolated proteins or cells in culture to 
peroxynitrite was indeed observed.109-112 This effect was shown to be due to a faster 
degradation of tyrosine-nitrated proteins by the proteasome. Steady-state protein levels 
were restored by incubation with an antisense oligodeoxynucleotide to the initiation 
codon region of the C2 subunit of the proteasome or by lactacystin (a proteasome 
inhibitor),110, 111 but not by leupeptin (inhibitor of trypsin and trypsin-like proteases, 
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PMSF (serine protease inhibitor) or calpeptin (calpain inhibitor).111 Of the four reports 
cited above, two attributed this effect to PTN, although only one of them proved this 
unambiguously in the case of bovine Cu,Zn superoxide dismutase, where exposure to 
peroxynitrite resulted in nitration of a single tyrosine residue without any significant 
other amino acid modifications. Since other amino acids can be modified by peroxynitrite, 
further work is needed to substantiate the relationship between PTN and protein 
degradation.109, 112 111 Elfering et al. observed in rat liver mitochondria that nitrating 
conditions increased protein turnover significantly from days to hours.55 Based on 
immunoblotting, the authors suggested that PTN might trigger mitochondrial proteolytic 
enzymes. However, another plausible explanation is that nitrated proteins are 
“denitrated”, since an active denitration process has been shown in mitochondria (see 
section 6).  

 

5.3 Influence on tyrosine phosphorylation 

Next to alterations of the structure and function of proteins, PTN might affect 
cellular function by interfering with tyrosine phosphorylation.109, 113 The latter is an 
important regulator of signal transduction in cells and has been implicated in cellular 
responses to growth factors, cytokines, and calcium ionophores. The shift in pKa of the 
phenolic hydroxyl group due to nitration may be the major cause for this interference 
(tyrosine kinases phosphorylate the neutral phenolic hydroxyl group rather than the 
negatively charged phenolate) but steric hindrance and a distortion of the local protein 
structure may also contribute.46, 61 The reverse situation has also been observed, in that 
phosphorylation of tyrosine prevents subsequent PTN.114 Therefore, nitration and 
phosphorylation are two competing modifications at a given tyrosine residue. However, 
other reports suggest that peroxynitrite, the main reactive species to promote PTN, could 
also promote phosphorylation at the cellular level.61, 115 Based on these observations and 
increasing evidence for a putative enzymatic denitration process, a new concept arises. 
The influence of PTN on tyrosine phosphorylation and vice versa may play a role in 
modulating signal transduction in addition to the well-known phosphorylation-
dephosphorylation reaction that is mediated through kinases and phosphatases.61, 115, 116 
The relationship between PTN and phosphorylation has been reviewed by Monteiro et 
al.115, 116  

 

5.4 Immunogenicity 

Endogenous proteins are normally not immunogenic due to immunological 
tolerance. However, post-translational modifications of self-proteins may lead to the 
generation or unmasking of epitopes, resulting in the triggering of an immune response, 
which may induce autoimmune disease.117 Studies of the recognition of tyrosine nitrated 
proteins by T-cells showed that PTN of a tyrosine residue in a T-cell receptor (TCR) 
contact position may result in the formation of an immunogenic neoepitope.118, 119 
Moreover, it was shown that nitration of tyrosines located in non-TCR-contact positions 
can have an indirect yet major impact on stimulation of the immune system by affecting 
interactions of the TCR with the peptide-loaded major histocompatibility complex.118 
Nitrotyrosine is furthermore structurally similar to a widely used synthetic hapten, 
4-hydroxy-3-nitrophenylacetyl, which some anti-DNA antibodies cross-react with.117, 120 
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A variety of post-translationally modified (including nitrated) proteins have been 
shown to accumulate in apoptotic or inflamed tissue.117 The accumulation in inflamed 
tissue of nitrotyrosine-containing autologous proteins, that appear as foreign to the 
immune system, might induce an autoimmune response and sustain a chronic 
inflammatory response.119 Elevated levels of anti-nitrotyrosine antibodies have indeed 
been measured in synovial fluid of patients with rheumatoid arthritis and 
osteoarthritis,121 as well as in the serum of patients with systemic lupus erythematosus (a 
multisystem autoimmune disease)121, 122 or after acute lung injury.123 

PTN of endogenous proteins may not only trigger deleterious, abnormal immune 
reactions but also impair beneficial, normal responses due to impaired TCR 
recognition,119 or due to PTN of the TCR itself. Oxidative stress as a result of the 
accumulation of myeloid-derived suppressor cells has been shown to provoke TCR 
nitration, leading to CD8+ T-cell tolerance, which is a major cause for the escape of tumor 
cells from immune recognition.124 

Finally, PTN may play an important role in inducing and sustaining the chronic 
inflammatory condition that leads to airway obstruction in several inflammatory lung 
disorders including chronic obstructive pulmonary disease (COPD). Macrophage 
stimulation by inflammatory signals or oxidative stress can lead to the targeted increase 
of chromatin modifications, such as histone acetylation, resulting in the transcription of 
genes that drive the inflammatory response. Histone deacetylase-2 (HDAC2) can 
normally be recruited by corticosteroids to reverse histone acetylation and switch the 
transcription of inflammatory genes off. One hypothesis to explain the resilience of COPD 
patients to treatment with corticosteroid-based anti-inflammatory drugs, as compared to 
asthma patients, is that PTN-induced inactivation of HDAC2 curbs the possibility of this 
enzyme to turn inflammatory gene transcription off in response to corticosteroids.125, 126 

 

5.5 PTN and mitochondria 

Mitochondria (more exactly the mitochondrial matrix) appear to be the primary 
locus for PTN.62, 66, 67 Peroxynitrite can diffuse from extramitochondrial compartments 
into mitochondria or be formed intramitochondrially64 through the generation of reactive 
oxygen species due to the activity of complexes I-III of the mitochondrial respiratory 
chain.65 Several reports have investigated the PTN of mitochondrial proteins and its 
possible consequences. PTN and inactivation of manganese superoxide dismutase 
(MnSOD) was shown to occur long before the onset of renal dysfunction in a rat model of 
chronic allograft nephropathy.127 MnSOD normally counteracts peroxynitrite formation 
by dismutating superoxide. However, the fact that it is in itself sensitive and inactivated 
by PTN can lead to a vicious circle, where increased peroxynitrite formation leads to 
further oxidative damage. Such a cycle was observed in an animal model of renal 
ischemia/reperfusion, where MnSOD was rapidly nitrated leading to further renal injury 
and PTN of other mitochondrial proteins.128 PTN of mitochondrial proteins may then lead 
to further structural damage and to alteration in energy production, antioxidant defense, 
and apoptosis.129, 130 

Initially the generation of nitrotyrosine was considered to be an irreversible 
process. However, recent reports indicate that there is a protease-independent but oxygen 
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tension-dependent denitration system in isolated mitochondria88, 131 suggesting an 
organelle-specific mechanism against NO-mediated oxidative stress at decreasing oxygen 
tension. This important phenomenon will be discussed in section 6. An extension of this 
hypothesis proposes that in mitochondria there is a signaling nitration–denitration 
pathway that fulfils four basic criteria: (i) specific modification of target proteins, (ii) 
altered activity/functionality of the modified protein, (iii) reversibility of the modification, 
and (iv) nitration/denitration occurring on a physiological timescale.131 

 

5.6 Implication of PTN in disease 

Nitrotyrosine in its free or protein-bound form has been detected in association 
with at least 50 diseases and more than 80 animal models of disease or cell culture 
systems. Details may be found in an extensive review by Greenacre and Ischiropoulos.132 
It has been observed, for instance, in association with cardiovascular disease,133, 134 lung 
disease,135-140 diabetes,130, 141 and neurodegenerative disease.142-144 PTN is in most cases a 
result of oxidative stress and may serve as biomarker but it may also aggravate the disease 
process as outlined above in the case of renal ischemia/reperfusion injury. 

 

6 DENITRATION 

Because of its chemical stability over a wide pH range (from 3.5 to 9.0), against 
prolonged incubation at 100°C,145 and the absence of a known enzymatic process 
removing or converting the nitro group, PTN was initially believed to be a stable post-
translational protein modification. However, there is increasing evidence of a biological 
denitrating system. Some reports showed that plasma,109 isolated platelets,146 LDL- and 
HDL-containing plasma lipoprotein fractions,147 activated macrophages,148 and tissue 
homogenates or crude extracts from diverse organs (liver,109 brain,109, 149 lung,109, 150 
heart,149 spleen150 and prostate151) reduce the level of nitrotyrosine in a time-,109, 146, 150, 152 
concentration-109, 150 and temperature-dependent109 manner in the absence of apparent 
proteolytic activity109, 150 (e.g. no effect of the proteasome-inhibitor lactacystin).152 
Denitration is LPS-inducible152 and sensitive to heat,147, 150, 152 trypsin,147, 150, 152 and 
peroxynitrite109 treatment. The activity was retained after filtration through a 10-kDa 
cutoff membrane.150 It is presently unclear whether an enzymatic “denitrase” complex 
exists and what its constituents might be. 

Denitration shows some selectivity both at the tissue and the protein level. With 
homogenates of rat kidney, rat liver or human erythrocytes a decrease of nitrated BSA 
was observed in conjunction with proteolysis, while denitration was impaired in the 
presence of protease inhibitors. On the contrary, a loss of nitrated BSA was observed by 
immunoblotting with an anti-nitrotyrosine antibody with homogenates of spleen or lung 
tissue in the presence of protease inhibitors.150 The denitration reaction exhibits different 
kinetic profiles towards different substrates.132 Histone H1.2152 and calmodulin148 were 
shown to be preferential targets for denitration. Several reports showed denitration of 
certain nitrated proteins (e.g. bovine serum albumin) as substrate but not of free 
nitrotyrosine.147, 149, 150 Endogenous nitrated proteins of spleen homogenates, used to 
denitrate nitrotyrosine-containing albumin, were shown not to be substrates for this 
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reaction, because the intensity of staining of these nitrotyrosine-containing proteins with 
anti-nitrotyrosine antibodies upon Western blotting did not decrease during 
incubation.150 It may thus be hypothesized that there is a balance between nitration and 
denitration, which, in combination with protein turnover, results in the fact that only 
subsets of nitrated proteins accumulate.153 

In isolated mitochondria, denitration was not affected by protease inhibitors but 
was oxygen tension-dependent.65, 88 Freshly isolated mitochondria showed a background 
of PTN that disappeared rapidly during hypoxia/anoxia treatment. After reoxygenation (a 
phase known to be associated with a burst of reactive oxygen species), PTN was again 
increased finally exceeding the level in the starting sample. This process was NO•-
dependent, since it occurred in presence of L-arginine but not D-arginine, which is not a 
substrate of mitochondrial nitric oxide synthase.65, 88 In contrast to what is observed in 
mitochondria, total PTN was reported to increase in whole organs exposed to ischemic 
hypoxia. This leads to the hypothesis that mitochondrial denitration would be an 
organelle-specific mechanism against nitrative stress under decreasing oxygen tension, 
because mitochondria are one of the main sources of reactive oxygen species resulting 
from the activity of complexes I-III of the mitochondrial respiratory chain.65  

Loss of nitrotyrosine recognition through antibodies likely results from the 
reduction of nitrotyrosine to aminotyrosine, or the complete removal of the nitro moiety 
although other modifications cannot be excluded.65, 148, 150  As stated before, nitrotyrosine 
can be reduced to aminotyrosine in a purely chemical reaction between Fe3+-containing 
heme and a reducing agent such as DTT107 (a reaction that has also been described in the 
case of the reduction of nitrated deoxynucleobases to their amino analogues)154 under 
physiological conditions (pH 7.2, 37 °C). This has also been observed with heme-
containing proteins such as hemoglobin and myoglobin as well as with the cobalt-
containing cyanocobalamin. Aminotyrosine appeared as the end-product while no 
unmodified tyrosine was detected.107 This is in agreement with the observation of 
aminotyrosine-containing peptides in α-synuclein of rotenone-exposed neurons.155 

Interestingly, a Ca2+-dependent denitration process was observed in 
homogenates of brain and heart,149 and in LDL- and HDL-containing plasma samples147 
with a concomitant stoichiometric increase of nitrate ion concentration. Notably, addition 
of calcium to freshly isolated platelets accelerated the denitration process.146 The authors 
proposed the following putative denitration reaction mechanism: Tyr-NO2 + H2O → 
Tyr-H + H+ + NO3-, which involves the direct removal of the nitro group without prior 
reduction to aminotyrosine.147, 149 

Based on all these data, there may exist two mechanisms of denitration. 
Observing that denitration activity decreased by 70% in predialyzed brain homogenates, 
Kuo et al. suggested the presence of two types of enzyme systems: one that is dependent 
on additional reducing agents and another type that does not require such agents.149 
Based on the recent report of in vivo heme-mediated reduction of nitrated proteins,107 a 
reductant-dependent, hemoprotein-dependent non-enzymatic conversion of nitrotyrosine 
to aminotyrosine as well as a reductant-independent, Ca2+-dependent enzymatic 
conversion of nitrotyrosine to tyrosine may be postulated. Free nitrotyrosine may be 
further metabolized by O-sulfation mediated by the cytosolic sulfotransferase 
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SULT1A3.145 It was not reported by the authors whether this reaction can also occur with 
protein-bound nitrotyrosine. 

 

7 ANALYTICAL METHODS FOR THE DETECTION OF PTN IN 

COMPLEX BIOLOGICAL SAMPLES 

Many methods developed so far have focussed on the detection and quantitation 
of 3-nitrotyrosine at the amino acid level either in its circulating free form or after release 
by protein hydrolysis (see reviews by Herce-Pagliai et al.,156 Greenacre and 
Ischiropoulous,132 Duncan,157 Tsikas and Caidahl158 and Ryberg and Caidahl159). 
Depending on the disease and the tissue of interest, a 2-10 fold increase in the level of 
tyrosine-nitrated proteins and a 1.5-2 fold increase in free nitrotyrosine have been 
reported.132  

While these analyses are of relevance to assess NO•-dependent oxidative stress, 
a major drawback of the analysis of free nitrotyrosine is that it does not provide 
information concerning the identity and concentration of individual nitrated proteins.160 
Although a much more challenging analytical task, obtaining site-specific information is 
key to relating nitrotyrosine formation to biological mechanisms.161 Such information  
would also open the possibility to establish a relationship between defined nitrated 
proteins and a pathological phenotype.52 In the following, we review methods used for the 
analysis and identification of tyrosine-nitrated proteins and the localization of PTN sites, 
extending previous reviews by Kanski and Schöneich89 and Nuriel et al.162 

 

7.1 Separation and enrichment methods 

7.1.1 Two-dimensional polyacrylamide gel electrophoresis (2DE) 

Study of the “nitroproteome” by 2DE has resulted in most of the identifications 
of endogenously nitrated proteins to date (see Table 1). 2DE followed by immunoblotting, 
in-gel digestion and MS identification has been widely used for nitroproteome studies.86, 

87 The clone 1A6 monoclonal antibody is commonly used for immunoblotting.89 It has 
been well characterized and is less prone to problems of non-specific recognition and 
batch-to-batch variability than a polyclonal antibody.86 Other antibodies are available and 
have been compared with respect to specificity and the recognition of nitrotyrosine.163, 164 
To control for nonspecific binding, sodium dithionite-mediated reduction of nitrotyrosine 
is recommended.86 Although this method has been extensively used, it is technically 
difficult to achieve adequate reduction of proteins on the membrane due to the sensitivity 
of sodium dithionite to molecular oxygen85, 88 and the fact that aminotyrosine can 
reoxidize to nitrotyrosine over time, which may result in weak signals even on dithionite-
treated membranes.89 

2DE has, however, several shortcomings (e.g. limited loadability of the gels, poor 
recovery of membrane proteins) that explain why the identified, nitrated proteins are 
generally limited to abundant and soluble proteins. The failure of many 2DE approaches 
to actually detect the peptides carrying the PTN site is likely due to a number of reasons: 
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(i) the limited protein load combined with the low steady-state levels of nitrotyrosine on a 
given protein and the low abundance of some of the nitrotyrosine-containing proteins, (ii) 
the solubility, size, and/or extreme pI values of proteins, which may compromise 
isoelectric focusing, and (iii) the recovery of nitrotyrosine-containing peptides from the 
gels and/or HPLC columns during subsequent LC-MS/MS analysis.63, 165, 166 The difficulty 
to analyze hydrophobic membrane proteins with the 2DE approach is an important 
limitation when it comes to studying PTN, since the selective nitration of tyrosine in 
protein transmembrane domains has been reported.56, 57, 59, 60, 132 Finally, it is sometimes 
not possible to assign immunopositive spots on the blotting membrane to stained spots in 
the gel or to the identified proteins, since a spot may contain multiple proteins. It is 
therefore indispensable to confirm PTN by mass spectrometry as a final proof.130 

 

7.1.2 Solution isoelectric focusing / SDS-PAGE (IEF/1DE) 

In-solution isoelectric focusing followed by SDS-PAGE63, 166, 167 or direct protein 
digestion in solution has allowed MS/MS identification of nitrated proteins when this was 
not possible using immunoprecipitation or 2DE.166 The substitution of the first dimension 
of 2DE by in-solution isoelectric focusing followed by SDS-PAGE allows higher sample 
loads, up to several mg in the first dimension (i.e. an increase of sample load by a factor of 
about 10), when compared to in-gel isoelectric focusing, where protein loads were 
generally on the order of about 0.5 mg.63 Moreover, in-solution isoelectric focusing is 
more suitable for hydrophobic membrane proteins.63 However, a drawback of this 
technique is a lower resolution compared to 2DE, manifested by the presence of proteins 
of interest across several collected fractions.89 

 

7.1.3 HPLC / SDS-PAGE 

Another approach developed to overcome the limitation of 2DE in terms of 
protein loading capacity and resolution of hydrophobic proteins combines pre-
fractionation of proteins by reverse phase HPLC on C4-columns with SDS-PAGE. 
Collected HPLC fractions are further separated by SDS-PAGE and nitrated proteins 
detected by Western blot analysis.89, 168, 169 

 

7.1.4 Two-dimensional liquid chromatography 

Multidimensional chromatographic separations based on a combination of ion-
exchange and reverse phase HPLC of digested protein mixtures followed by tandem MS-
based protein identification have been successfully used for nitroproteome studies.89, 165, 

170 This technique overcomes some of the limitations of gel-based analyses89, 165 and 
allows the quantification of the extent of PTN.165 However, this technique produces large 
amounts of data that require extensive data processing and analysis.89 
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7.1.5 Immunoprecipitation / SDS-PAGE (IP/1DE) 

MacMillan-Crow and Thompson were the first to describe a method for the 
immunoprecipitation of nitrotyrosine-containing proteins based on the use of a 
monoclonal anti-nitrotyrosine antibody (clone 1A6) followed by SDS-PAGE and Western 
blot analysis.85 According to Guo et al., immunoprecipitation with an anti-nitrotyrosine 
antibody is the preferred technique for detecting unknown tyrosine-nitrated proteins in 
tissue.171 Immunoprecipitation is also important to reconfirm correct spot assignments 
based on 2DE and thus the subsequent protein identification by MS (in case nitrated 
peptides were not identified).130 Importantly, unlike 2DE, IP/1DE does not discriminate 
against proteins with very basic isoelectric points or membrane proteins.89, 166 
Immunoprecipitation has, however, the inconvenience to be lengthy (16 h for the 
incubation alone) and to use more antibody than typical Western blot analyses.85 
Furthermore, the recovery and identification of proteins having similar molecular weights 
as the heavy and the light chains of the anti-nitrotyrosine antibody (55 and 25 kDa) may 
be difficult,85 although this problem can be circumvented by the use of covalently 
immobilized anti-nitrotyrosine antibodies that are now commercially available. Finally, 
IP is no guarantee that only tyrosine-nitrated proteins will be precipitated, since most 
antibodies, as well as the supports that they are bound to, exhibit considerable non-
specific binding. It is thus indispensable to identify peptides containing a nitrotyrosine 
residue to be certain. Some studies reported also that immunoprecipitation of nitrated 
proteins resulted in insufficient amounts for gel electrophoretic and/or MS/MS analysis, 
a common problem with identification of low-abundance, post-translationally modified 
proteins.166, 172 

 

7.1.6 Immunoaffinity chromatography 

In the early 1970s Helman and Givol developed a column of anti-nitrotyrosine 
antibodies immobilized on Sepharose for the affinity capture of nitrated peptides from in 
vitro tetranitromethane-treated lysozyme following trypsin digestion.173 Based on this 
report, other investigators conducted similar experiments for the study of nitrotyrosine-
containing proteins generated either by tetranitromethane-mediated PTN174-176 or after 
chemical coupling of nitrotyrosine to carboxylic acid groups through reaction of 
nitrotyrosyl ethyl ester after activation with 1-cyclohexyl-3-(2-morpholinoethy1) 
carbodiimide metho-p-toluenesulfonate.177, 178 The recovery of nitrated peptides was, 
however, variable reaching 55% in the case of Helman and Givol’s report, based on UV 
absorbance at 381 nm.173 Later Zhan et al. reported the identification of endogenous, 
nitrated proteins from pituitary adenoma tissue using an immobilized anti-nitrotyrosine 
antibody column.179 They sought to increase sensitivity by allowing the sample to incubate 
for 19 h with the immunoaffinity resin and enhance selectivity by using a stringent 
washing procedure. 

 

7.1.7 Chemical modification of nitrotyrosine followed by affinity capture 

Based on the pKa difference between the aromatic amine of aminotyrosine 
(pKa = 4.75)78 and other aliphatic amines present in proteins (pKa of 8.0 for α-amines and 
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10.5 for ε-amines),180 some investigators sought to selectively modify aminotyrosine at pH 
5, (generally with an affinity tag) after nitrotyrosine reduction. In the late sixties, 
Sokolovsky et al. reported an experiment where they derivatized aminotyrosine-
containing angiotensin II with succinic anhydride (20% of the α-amino group was also 
modified, however).78 Bustin and Givol reported the modification of aminotyrosine-
containing lysozyme with fluorodinitrobenzene to form dinitrophenylaminotyrosyl-
derivatives (yield: 63%) to make use of anti-dinitrophenyl antibodies for detection, since 
anti-nitrotyrosine antibodies were not readily available at that time.93 More than three 
decades later, Nikov et al. investigated this possibility with N-hydroxysuccinimide biotin 
ester (NHS-biotin) by first converting nitrotyrosine to aminotyrosine using sodium 
dithionite followed by labeling of the aromatic amino group with NHS-biotin at pH 5.94 

The selectivity of a labeling method is of primary importance when it comes to 
the study of low abundance post-translational modifications. Although pH-controlled 
selectivity of NHS-based acylations has been attempted previously to label α- but not ε-
amines,181, 182 it was also reported that selectivity of NHS esters for the preferential 
labeling of N-terminal amines is rather poor.180 In agreement with reports by other 
investigators,84, 95 we observed that aliphatic amines reacted with NHS esters to a certain 
extent at pH 5 indicating that the method of Nikov et al.94 is not selective enough to 
enrich nitrotyrosine-containing proteins from complex biological matrices. 

Recently Zhang et al. published an approach for the chemical labeling and 
enrichment of nitrotyrosine-containing peptides based on acetylation of primary amines 
with acetic acid anhydride followed by reduction of nitrotyrosine with sodium dithionite 
and the acylation of aminotyrosine with NHS S-acetylthioacetate (SATA).95 
Independently of this work, we developed a chemical approach for the biotinylation of 
nitrotyrosine residues in peptides with each step reaching a yield close to 100 % as 
determined by LC-MS (see Chapter 5 of this thesis). Having a quantitative and selective 
method is critical to avoid labeling of other functional groups, such as primary amines, 
thiols or hydroxyl groups, which are much more abundant than nitrotyrosine and would 
thus lead to the enrichment of many non-nitrotyrosine-containing peptides. Very 
recently, Nuriel et al proposed another approach based on reductive dimethylation of 
primary amines followed by reduction of nitrotyrosine and biotinylation of aminotyrosine 
with NHS-SS-biotin at pH 5.162 However, no applications based on the use of this method 
have been reported at present. 

 

7.2 Mass spectrometric analysis of nitrotyrosine-containing proteins and 
peptides 

7.2.1 Matrix-assisted laser desorption ionization (MALDI) 

Matrix-assisted laser desorption ionization (MALDI) with laser light at 337 nm 
combined with mass spectrometry (MS) is a widely used technique for the analysis of 
proteins and peptides. Nitrotyrosine-containing peptides are, however, sensitive to light 
of this wavelength and undergo a decomposition process yielding, besides the expected 
mass increase of 45 amu for the addition of a nitro group (Tyr-NO2 [M+H++45]), other 
major peaks corresponding to nitrosotyrosine ((Tyr-NO) [M+H++29]), aminotyrosine 
((Tyr-NH2) [M+H++15]), and nitrenetyrosine ((Tyr-N) [M+H++13]).161, 183 This can be 
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explained by the fact that the absorbance maximum of nitrotyrosine under acidic 
conditions is ~360 nm (see section 4.2), which is in the vicinity of the emission 
wavelength of the nitrogen ion laser (337 nm). The absorbance maximum shifts to ~430 
nm under basic conditions.183 

While on the one hand this phenomenon constitutes a unique fingerprint for the 
detection of nitrated peptides, it also impairs the sensitivity of detection, since it spreads 
the molecular ion signal over at least three major species, hence reducing the signal by as 
much as 60-70%, which may result in the failure to observe nitrated peptides in complex 
peptide maps.161, 183-186 This is aggravated by the fact that PTN is a low-abundance protein 
post-translational modification with an occurrence of approximately 1 in 10000 tyrosines 
in vivo.48 

The pH-dependence of nitrotyrosine photodegradation is related to the MALDI 
matrix and its respective pKa. Petersson et al. observed less fragmentation with the 
neutral matrix 2,4,6-trihydroxyacetophenone (THAP) than with acidic matrices such as 
α-cyano-4-hydroxycinnamic acid (CHCA) or dihydroxybenzoic acid (DHB).183 Sheeley et 
al. investigated this further with the tyrosine-nitrated α-bag cell peptide.187 They did not 
observe a peak corresponding to the intact nitrated peptide (+45 amu) with DHB  
(pKa = 2.9) independent of laser intensity. MALDI with CHCA (pKa = 3.0) gave only a 
small peak for the intact nitrated peptide whereas this peak was clearly visible in matrix 
preparations containing sinapinic acid (SA; pKa = 4.4). However, matrix-dependance is 
not solely due to the pKa, since the nitrated peptide was also not observed in 2-amino- 
3-hydroxypyridine (AHP, pKa = 7.3). 

Reduction to aminotyrosine can circumvent this problem, since it yields defined 
molecular ions upon MALDI,161 although it raises an additional issue in tandem MS 
analysis (see section 7.2.3).84 An alternative is to analyze nitrotyrosine-containing 
peptides with IR-MALDI (emission at 2.94 µm (infrared area) exciting water as the 
matrix), which generally leads to less photodecomposition than UV-MALDI, since the 
emitted wavelength of the laser is far from the absorbance maximum of nitrotyrosine.184, 
188 

 

7.2.2 Electrospray ionization (ESI) 

ESI has the advantage that it can generate ions from the effluent of a reverse 
phase HPLC column (LC-MS). An LC-MS configuration including an absorbance detector 
allows furthermore the detection of nitrated peptides at 360 ± 5 nm under acidic 
conditions prior to MS.51, 54, 79-81 It should be noted, however, that protein modifications 
other than tyrosine nitration (e.g. tryptophan oxidation, other nitration or nitrosylation 
products) may contribute to an absorbance change at this wavelength,81 and that 
sensitivity is limited. Due to the low amount of nitrated proteins, that is usually obtained 
after gel electrophoresis or after affinity enrichment, nanoESI is recommended to 
enhance MS sensitivity.89  
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7.2.3 Tandem MS analysis 

Assignment of PTN has often been based on MALDI-TOF-MS-based peptide 
mass fingerprinting, but even when a putative nitrated peptides is observed with a 45-Da 
mass increase, it is not certain that the corresponding protein is tyrosine-nitrated, since, 
for example, tryptophan can also be nitrated. Mass fingerprinting alone is therefore not 
sufficient proof of PTN.89 The gold standard to ascertain that a protein is tyrosine nitrated 
is to localize the modified amino acid in the protein sequence.86 

Precursor ion scanning in a triple quadrupole mass spectrometer based on the 
selective detection of the nitrotyrosine-derived immonium ion (181.06 amu) can be a 
reliable and fast method to identify nitrated peptides in complex peptide maps. Petersson 
et al. found precursor ion scanning to be a sensitive and specific method to identify 
nitrated peptides in a tryptic digest of BSA, however, there was interference from other 
fragment ions when analyzing native BSA, which was attributed to the high collision 
energy required to generate the immonium ion.183 Amoresano et al. recently proposed an 
elegant approach to combine chemical labeling of aminotyrosine with precursor ion 
scanning MS after the pH-controlled labeling of nitrated milk proteins or nitrated E. coli 
proteins with dansyl chloride. Nitrotyrosine-containing peptides were detected after 
reduction to aminotyrosine followed by dansylation and a combination of precursor ion 
and MS3 scan modes on a linear ion trap mass spectrometer to detect dansyl-specific 
fragment ions.92 

Recently, Ghesquière et al. reported that tandem MS anaysis of aminotyrosine-
containing peptides tends to result in mass differences of more than 1 Da between the 
measured and calculated mass. Moreover, this “fragment mass shuffling” is inconsistent, 
and MS/MS data could not be matched to databases using common search algorithms.84 
The authors showed that after acetylation of all amines, these aminotyrosine-containing 
peptides presented an enhanced and more uniform peptide fragmentation by tandem MS 
analysis, yielding MS/MS spectra of better quality than when analyzing nitrotyrosine-
containing peptides directly.  

 

7.2.4 MS-based quantification of nitrated peptides 

The native reference peptide method, an LC-MS technique that quantifies 
modified peptides in a protein digest by selecting another reference peptide from the 
protein of interest as the internal standard, has been applied to follow the kinetics of PTN 
of human serum albumin at tyrosine 162.189 The reference peptide must (i) be a proper 
tryptic peptide, (ii) contain no modifiable amino acids such as methionine or cysteine, 
(iii) have a retention time similar to the analyte peptides, and (iv) give response 
characteristics that are similar to the analyte peptides. This method showed a good 
precision (relative standard deviation < 10%) and a limit of detection of 5 fmol. 

Van Haandel et al. recently reported the stable isotope labeling of dithionite-
reduced nitrotyrosine with 2H-containing phenylisothiocyanate.96 This coupling reaction 
was quantitative when performed at pH 3, conditions resulting in a better selectivity for 
the aromatic amine than at pH 5 as previously used with other methods.78, 92-94 
Photochemically-mediated cyclization of the obtained tyrosyl-3-thiourea resulted in a 
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2-anilino-benzoxazole derivative (yield: 80%), a process requiring the presence of the 
neighboring phenolic hydroxyl group, thus increasing overall labeling selectivity. Relative 
quantitation was based on the mass increase due to the labeling with light or heavy 
phenylisothiocyanate (+116 or +121 amu with respect to nitrotyrosine). While the reagent 
as such does not allow affinity chromatography, it is possible, according to the authors, to 
include an affinity tag in the reagent structure.96 

 

7.3 Application of analytical methods to the identification of nitrated 
proteins 

Table 1 summarizes various proteomics approaches that have been used for the 
identification of nitrated proteins. Articles reporting the PTN of a single protein or that do 
not show protein identification by peptide mass fingerprinting, tandem MS or N-terminal 
sequencing by Edman degradation were not included. 

Analysis of these reports reveals that gel-based methods are by far the most 
widely used with the following distribution: two-dimensional gel electrophoresis (2DE; 21 
reports), SDS-PAGE (1DE; 2 reports), immunoprecipitation/SDS-PAGE (IP/1DE; 2 
reports) and in-solution isoelectric focusing/SDS-PAGE (IEF/1DE; 2 reports). The other 
approaches were based on IEF without subsequent 1DE, anti-nitrotyrosine affinity 
columns, enrichment after affinity tag-based chemical labeling, dansyl chloride labeling, 
or two-dimensional chromatography. Most proteins were only identified by a single 
analytical approach but some authors used different techniques and combined the results 
(see Table 1)166 Gokurangan et al., who studied rat brain tissue by 2DE, IP/1DE and 
IEF/1DE, identified 9 nitrated proteins by 2DE, 14 by IP/1DE, 3 by IEF/1DE, 7 by both 
2DE and IP/1DE, and 1 by both IP/1DE and IEF/1DE. Interestingly no protein was 
identified by all three approaches indicating that coverage of the nitroproteome by any of 
the presently used methods is at best partial (see Fig. 2). Kanski et al., who applied 2DE 
and IEF/1DE to heart homogenate and samples from heart mitochondria190 identified 13 
proteins by 2DE, 9 by IP/1DE, and 1 by both methods in heart homogenate. Eleven 
proteins were identified by 2DE, 20 by IP/1DE, and 3 by both methods in heart 
mitochondria (see Fig. 3). It is noteworthy that a later study by the same group using 
IEF/1DE to identify nitrated proteins in heart homogenate found only one protein 
(tropomyosin 1, a chain) that was in common between both studies.167 The phenomenon, 
that different sample preparation, separation and identification techniques lead to the 
identification of different proteins, is a common observation in proteomics, notably with 
respect to PTMs, pointing towards the incomplete coverage of the sample in question 
using a single analytical method.191  

Interestingly, Hong et al. reported that the predicted molecular weights of the 
proteins identified by MS/MS analysis and those of the immunopositive bands or spots 
upon Western blot analysis did not correlate.167 Proposed explanations are that in vivo 
proteolysis of nitrated proteins may have occurred or that not all immunoresponsive 
proteins on Western blot contain sufficient amounts of nitrotyrosine for a positive 
MS/MS identification of nitrated peptides. It is thus pivotal to localize the nitrotyrosine 
residue in the peptide to have proof that the protein in question is really tyrosine-nitrated.  
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Figure 2: Nitrotyrosine-containing proteins from aging rat brain tissue identified by 

2DE, IP/SDS-PAGE and IEF-SDS/PAGE. Data derived from a study by Gokulrangan et al., 

2007.166 

 

 

 

Figure 3: Identification of nitrotyrosine-containing proteins from aging rat heart 
tissue (homogenate or mitochondrial fraction) by 2DE and IEF-SDS/PAGE. Data 
derived from a study by Kanski et al., 2005.190 
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Several nitrated proteins shown in Table 1 were reported as being nitrated based 
on peptide mass fingerprint analysis of immunopositive spots in 2DE gels. Although 
reduction with sodium dithionite was used to reduce the risk of a lack of antibody 
specificity, the claim that these proteins contain nitrotyrosine must be taken with caution, 
since nitrotyrosine was not localized in the protein sequence. An additional risk factor is 
that a gel spot may contain several proteins and that the identified protein is actually not 
tyrosine-nitrated but just co-migrating with a less abundant protein that is.63, 192 
Photodegradation-based fragment mass fingerprints upon MALDI-TOF-MS analysis 
indicated the presence of peptides with a mass increase corresponding to one or several 
nitro group(s) adding confidence to the original identifications. The presence of 
nitrotyrosine was further confirmed by IP/SDS-PAGE, which provided further support. 
Although indirect evidence is helpful in deciding whether a protein is nitrated, the gold 
standard is to sequence and identify the modified amino acid in the protein sequence.86 In 
15 out of the 29 references cited (particularly the most recent ones), PTN in at least part of 
the identified proteins was unambiguously confirmed by sequencing the nitrotyrosine-
containing peptides. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Overview of proteomics methods for the identification of tyrosine-nitrated 
proteins. 

The following results were included in this survey: (i) reporting more than one nitrated protein, (ii) 
identifying proteins by peptide mass fingerprinting, tandem MS, or N-terminal sequencing. As 
nitrotyrosine-containing peptides were considered all peptides that were sequenced by MS/MS 
localizing the nitrotyrosine moiety. Peptides that were considered “nitrated” based on a 45-Da mass 
increase with respect to the theoretical mass were not considered. 

Abbreviations: 1DE: one-dimensional (SDS) polyacrylamide gel electrophoresis; 2DE: two-
dimensional polyacrylamide gel electrophoresis; AC: affinity chromatography; CL: chemical labeling; 
ESI: electrospray ionization; IEF: isoelectric focusing; IP: immunoprecipitation; LC: (reverse-phase) 
liquid chromatography; MALDI: matrix-assisted laser desorption ionization; MPO: myeloperoxidase; 
MS: mass spectrometry; MS/MS: tandem MS; nESI: nano-ESI; N-term. sequencing: N-terminal 
sequencing; ONOO-: peroxynitrite; pub. date: publication date; Q-IT: quadrupole-IT; TOF: time-of-
flight; Q-TOF: quadrupole-TOF; TNM: tetranitromethane; SCX: strong cation exchange 
chromatography. 
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Reference 
Pub. 
date 

Species 
analyze

d 

Sample 
analyzed 

Condition 
monitored 

Separation 
method 

Detection 
method 

# Nitro 
Proteins 

MS2 
data 

# Nitro 
Peptides 

human 
A549 lung 

epithelium cells 
Cytokine-mediated 

stimulation 
8 

lung 9 
Aulak 

et al.193 
10/2001 

rat 
liver 

LPS-mediated 
inflammation 

2DE MALDI-TOF-MS 

31 

no - 

MALDI-TOF-MS Haqqani 
et al.194 

02/2002 mouse 
“Mutatect” 

(fibrosarcoma) 
cells 

in vitro NO•-mediated 
stimulation 

1DE LC-(n)ESI-MS/MS 
(Q-TOF) 

4 yes 4 

MALDI-TOF-MS 10(1) Miyagi 
et al.195 

04/2002 rat retina 
Light exposure (dark 

control + light exposed) 
2DE LC-ESI-MS/MS 

(Q-IT) 21(1) 
no - 

MALDI-TOF-MS Castegna 
et al.142 06/2003 human 

brain (inferior 
parietal lobule) Alzheimer's disease 2DE LC-ESI-MS/MS 

(Q-IT) 
6 no - 

in vitro nitration with 
ONOO- 9(2) 

in vitro nitration 
with NO2-/H2O2/MPO 

9(2) 
Turko 
et al.130 09/2003 mouse 

heart 
mitochondria 

diabetes model 

2DE MALDI-TOF-MS 

5 

no - 

MALDI-TOF-MS Murray 
et al.196 

09/2003 
cow & 
human 

heart 
mitochondria 
(complex I) 

in vitro nitration with 
ONOO- 

2DE LC-ESI-MS/MS 
(Q-IT) 

8 
partly 
(5/8) 

8 

MALDI-TOF-MS 8(3) Kanski 
et al.172 

11/2003 rat skeletal muscle aging 2DE LC-(n)ESI-MS/MS 
Q-(IT) 

6(3)(4) 
no - 

Aulak 
et al.88 

01/2004 human A549 cells 
Cytokine-mediated 

stimulation 
2DE MALDI-TOF-MS 23 no  

                                                 
1 All 10 proteins identified by MALDI-TOF-MS are also part of the 21 proteins identified by LC-ESI-MS/MS. 
2 Some nitrated proteins were confirmed by IP. 
3 3 proteins were identified by MALDI-TOF-MS, 1 by LC-ESI-MS/MS, and 5 by both methods. 
4 Some peptides were assigned based on a 45-Da mass increase, but there was insufficient material for MS/MS sequencing. IP was also done, but there was also not enough 
material for MS/MS analysis. 
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Elfering 
et al.55 01/2004 rat 

liver 
mitochondria 

endogenous NO•-
mediated stimulation 2DE MALDI-TOF-MS 37 

partly 
(8/37)

(5) 
8 

Koeck 
et al.65 

06/2004 rat 
liver 

mitochondria 

in vitro 
hypoxia/anoxia/reoxyy

genation 
2DE MALDI-TOF-MS 8 no - 

Koeck 
et al.197 06/2004 human skin fibroblast 

in vitro nitration with 
ONOO- 2DE MALDI-TOF-MS 7 no - 

Zhan and 
Desiderio198 12/2004 human 

brain 
(pituitary) 

normal post-mortem 
sample 2DE 

LC-ESI-MS/MS 
(Q-IT) 4 yes 8 

heart 
homogenate 13(6) 

partly 
(1/13) 1 

heart 
mitochondria 

2DE 
14(6) no - 

heart 
homogenate 

9(6) no - 

Kanski 
et al.190 01/2005 rat 

heart  
mitochondria 

aging 

IP/1DE 

LC-nESI-MS/MS 
(Q-IT) 

21(6) no - 

Kanski 
et al.63 06/2005 rat skeletal muscle aging IEF/1DE 

LC-nESI-MS/MS 
(Q-IT) 11 yes 12 

Suzuki 
et al.199 09/2005 rat 

Brain 
(cerebral 
cortex) 

normal brain 2DE/LC N-term sequencing 4 no - 

Sultana 
et al.144 

04/2006 human 
brain 

(hippocampus) 
Alzheimer's disease 

moldel 
2DE MALDI-TOF-MS 5 no  

Ghosh 
et al.200 

05/2006 mouse lung asthma 2DE 
LC-ESI-MS/MS Q-

(Q-IT) 
30 no - 

Zhan and 
Desiderio179 

06/2006 human 
brain 

(pituitary) 
adenoma 

cancer AC 
vMALDI-LTQ 

(MS/MS) 
9 yes 10 

Sacksteder 
et al.170 07/2006 mouse brain 

Parkinson's disease 
model SCX/LC 

ESI-MS/MS 
(LTQ IT) 29 yes 35 

                                                 
5 12 proteins of 37 showed an increase in nitration upon NO•-mediated stimulation and were selected for MS/MS analysis. 
6 In heart homogenate, 13 proteins were identified by 2DE, 9 by IP/1DE, and 1 by both methods. In heart mitochondria, 11 proteins were identified by 2DE, 20 by 
IP/1DE, and 3 by both methods. 
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Zhan and 
Desiderio186 01/2007 human 

brain 
(pituitary) 

normal post-mortem 
sample 2DE 

vMALDI-LTQ 
(MS/MS) 4 yes 4 

2DE 16(7) no - 

IP/1DE 22(7) no - 
Gokulrangan 

et al.166 03/2007 rat 
brain 

(cerebellum) aging 

IEF 

LC-nESI-MS/MS 
(Q-IT) 

4(7) yes 4 

Hong 
et al.167 03/2007 rat heart aging IEF LC-nESI-MS/MS 10 yes 10 

Tedeschi 
et al.201 03/2007 rat 

PC12 (neurone-
like) cells neuronal differentiation 2DE MALDI-TOF-MS 6 no - 

Zhang 
et al.95 05/2007 mouse brain 

in vitro nitration with 
ONOO- CL/AC 

LC-ESI-MS/MS 
(LTQ IT) 102 yes 150 

MALDI-TOF-MS 
cow milk 

in vitro nitration with 
TNM LC-ESI-MS/MS 

(Q-IT) 

5 yes 6 

MALDI-TOF-MS 

Amoresano 
et al.92 05/2007 

E. coli cell lysate physiological conditions 

CL 

LC-ESI-MS/MS 
(Q-IT) 

3 yes 3 

MALDI-TOF-MS Distler 
et al.202 05/2007 rat 

liver 
mitochondria physiological conditions 1DE LC-ESI-MS/MS 

(LTQ IT) 

2 yes 4 

Tyther 
et al.203 12/2007 rat kidney Hypertension model 2DE LC-ESI-MS/MS 19 no - 

Reed 
et al.204 2008 rat brain 

Traumatic brain injury 
treated post-injury with 

gamma-
glutamylcysteine ethyl 

ester 

2DE MALDI-TOF-MS 7 no - 

Reed 
et al.205 

2008 human 
Brain (inferior 
parietal lobule) 

Early Alzheimer disease 2DE MALDI-TOF-MS 8 no - 

  

                                                 
7 9 proteins were identified by 2DE, 14 by IP/1DE, 4 by IEF (of which 1 was followed by 1DE/in-gel digestion instead of in-solution digestion), 7 by 2DE and 
IP/1DE, 1 by IP/1DE and IEF/1DE. 
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The labeling and enrichment technique employed by Zhang et al. is particularly 
promising. It resulted in the identification of 102 nitrated proteins (whereas 2DE-based 
studies reported 12 on average), with 150 confirmed nitrotyrosine-containing peptides. It 
should be noted, however, that the level of PTN in the analyzed proteome was boosted 
through addition of 2 mM peroxynitrite, whereas most of the other reports studied 
nitrated proteins at their endogenous levels. Moreover, as noted by Nuriel et al., the 
identified 150 peptides represent only 35% of all MS/MS-sequenced peptides.162 In other 
words, 65% of the identified peptides were not nitrated. Still, this result shows that non 
gel-based approaches have the potential to provide a more comprehensive overview over 
the extent of PTN in a proteome at a higher throughput than gel-based methods. To do so, 
it is essential to develop more effective and selective labeling and/or enrichment 
strategies, as the abundance of false positives will otherwise make the discovery of truly 
nitrated proteins cumbersome.  

 

8 CONCLUSIONS 

The study of PTN has intensified over the last 20 years leading to a better 
understanding of this post-translational modification (see Fig. 4). Although initially 
considered to be a stable post-translational modification, there is a growing number of 
indications that it is in fact a reversible process. While the biological significance of PTN 
was not clear in the beginning, there is now evidence that it can significantly alter cellular 
functions next to being an indicator of NO•-mediated oxidative stress. Therefore the 
identification of in vivo targets of PTN may help in understanding the development and 
progression of disease. 

Whereas many analytical methods have been developed for the analysis of 
nitrotyrosine, either in its free form or after its release by protein hydrolysis, the 
identification of the actual protein targets of PTN is a much more challenging analytical 
task. This has led to a number of innovative approaches for the analysis of nitrotyrosine-
containing proteins or peptides in recent years to detect this low-abundance post-
translational modification (estimated frequency of 1 in 10000 tyrosines under 
inflammatory conditions).48 Next to the classical gel- and antibody-based approaches, 
(generally based on two-dimensional gel electrophoresis and immunoblotting), which 
have reached their limits in terms of sensitivity and throughput, there is now a range of 
techniques based on the development of highly controlled labeling chemistry for 
enrichment, detection, and quantification using gel-free workflows. Finally, although 
much less studied than tyrosine nitration, it is noteworthy that nitration of tryptophan 
also occurs in vivo and has attracted increasing recent interest.16, 17, 206-215 
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Figure 4: Number of hits for the keyword “nitrotyrosine” in the Pubmed database 

(http://pubmed.org) between 1988 and 2007. 
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Chapter 3 

 

Selective Acylation of Primary Amines 

in Peptides and Proteins 

 

 

 

N-hydroxysuccinimide (NHS) esters are derivatizing agents that target primary 
amine groups. However, even a small molar excess of NHS may lead to acylation of 
hydroxyl-containing amino acids as a side reaction. We report a straightforward method 
for the selective removal of ester-linked acyl groups after NHS ester-mediated acylation of 
peptides and proteins. It is based on incubation in a boiling water bath and does not 
require a change in pH or the addition of chemicals. It is therefore particularly suited for 
proteomics samples that are often small in volume and contain low amounts of peptides. 
The method was optimized and evaluated with two peptides and one protein that were 
acetylated at a high excess of NHS-acetate. While the large molar excess resulted in 
complete acylation of all primary amines, hydroxyl-containing amino acids were shown to 
react as well. By incubating the peptide or protein solutions in a boiling water bath, 
acetyl-ester bonds were hydrolyzed, whereas acetyl-amide bonds remained stable. The 
reaction was also performed in 6 M guanidine-HCl, which prevented protein 
precipitation. In conclusion, the present method allows the selective acylation of primary 
amines by NHS esters and constitutes a valuable alternative to the treatment with 
hydroxylamine under alkaline conditions. 

 

 

Abello, N.; Kerstjens, H. A.; Postma, D. S.; Bischoff, R., 
J Proteome Res 2007, 6, (12), 4770-6. 
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1. INTRODUCTION 

Derivatization of primary amines in proteins and peptides is widely used for 
purposes such as fluorescent labeling or biotinylation. Primary amines are found in 
essentially all proteins and are easily derivatized when non-protonated due to their 
nucleophilicity. N-hydroxysuccinimide (NHS) esters have been widely used as activated 
derivatives of carboxylic acid-containing reagents.1-3 They are reactive towards primary 
amines and are generally considered to be amine-specific4-7. NHS ester-mediated 
derivatization for protein modification has been first described by Becker et al., who 
studied biotin transport in yeast.8, 9 Numerous other applications have been developed 
subsequently, e.g. to enhance amino acid10 and peptide11 detection by electrospray 
ionization mass spectrometry or to do cross-linking experiments.12 A recently developed, 
NHS ester-based strategy for isobaric, stable isotope labeling of peptides13 
(commercialized as iTRAQ) is finding more widespread applications in proteomic 
studies.14, 15 

Reaction conditions for peptide or protein modification using NHS ester 
reagents have been well defined. Indeed, techniques aiming at labeling specifically certain 
classes of amines have been reported (α-amines rather than ε-amines,16, 17 or aromatic 
amines rather than aliphatic amines18). Other reports have studied the kinetics19 and the 
stoichiometry20 of protein modification with biotinyl NHS ester (NHS-biotin), which is 
the most commonly used biotinylation reagent.21, 22 

Despite their widespread use as amine-specific reagents, some reports drew 
attention to the fact that the phenolic OH-group of tyrosine10, 23-26 can also react. 
Furthermore, Miller et al. have shown that, under aqueous conditions, NHS-ester 
mediated acylation of hydroxyl-containing amino acid residues (serine, threonine and 
tyrosine) located two positions at either side next to a histidine residue may be a 
significant side reaction, which can lead to stable derivatives under conditions normally 
used for protein modification.27-31 Since esterification of aliphatic or phenolic hydroxyl 
groups cannot be completely avoided using NHS ester reagents, it has been suggested to 
specifically remove O-linked acyl groups with concentrated hydroxylamine at alkaline 
pH.31, 32 However, this method may lead to unwanted side reactions such as the cleavage 
of peptides bonds and modifications of amides. Furthermore, adding a chemical reagent 
at high concentrations (up to 1 M) may introduce contaminants, which can interfere with 
protein and peptide identification. Finally, adjusting the pH is not an easy task in the 
small volumes that are generally encountered in proteomics experiments. 

To facilitate the workflow of typical proteomics experiments, we therefore 
sought to simplify the specific removal of O-linked acyl groups from peptides. This can be 
achieved by heating the sample in a boiling water bath for up to 60 min at the pH and 
buffer conditions that are widely used for both trypsin digestion and NHS ester-mediated 
acylation. The effectiveness of ester hydrolysis under these conditions was evaluated by 
LC-MS and LC-MS/MS under conditions of a high molar excess of NHS-acetate (500-
fold) as a “worst case scenario”. To evaluate our method, we used two synthetic peptides 
that allow to monitor acylation and deacylation reactions of N-terminal α-amines and lysine 
ε-amines in the presence of amino acids containing “activated” hydroxyl groups, located 
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two positions next to a histidine residue. Acylation and deacylation of tyrosine in an 
“activating” or “non-activating” position was also studied. Finally we applied our 
technique to a protein in presence of 6 M guanidine-HCl. Our method is particularly 
suitable for proteomics approaches that involve a proteolytic digestion step prior to 
labeling and peptide separation (e.g. the shotgun approach33 or the iTRAQ labeling 
method). 

 

2. MATERIALS AND METHODS 

2.1 Materials and reagents 

Acetic acid N-hydroxysuccinimide ester (NHS-acetate) was from MP 
Biomedicals (Illkirch, France), dimethyl sulfoxide (DMSO), sodium dihydrogen 
phosphate monohydrate and di-sodium hydrogen phosphate dihydrate were from Merck 
KGaA (Darmstadt, Germany). HPLC-S gradient grade acetonitrile was from Biosolve 
(Valkenswaard, the Netherlands), angiotensin II human acetate, myoglobin from equine 
heart, guanidine hydrochloride, PMSF were from Sigma (Zwijndrecht, the Netherlands), 
endoproteinase Glu-C was from Roche Diagnostics GmbH (Mannheim, Germany) and 
(D-Lys6)-luteinizing hormone-releasing hormone (K6-LHRH) trifluoroacetate salt was 
from Bachem (Weil am Rhein, Germany). Ultra-pure water (conductivity: 18.2 MΩ) was 
obtained from a Maxima System (Elga Labwater, Ede, the Netherlands). 

 

2.2 Acetylation and deacetylation of peptides 

A stock solution (100 mM in DMSO) of NHS-acetate was prepared and added at 
a final concentration of 5 mM to 10-µM solutions of peptide (angiotensin II or K6-LHRH) 
in 100 mM sodium phosphate buffer, pH 8. Samples were incubated for 2 h at 25°C, 450 
rpm in a Thermomixer (Eppendorf, Hamburg, Germany) and subsequently treated for 
variable time periods (0, 15, 30, 45 or 60 min) in a boiling water bath. Finally they were 
diluted with an equal volume of 1% (v/v) formic acid and analyzed by liquid 
chromatography – mass spectrometry (LC-MS). 

 

2.3 Acetylation and deacetylation of myoglobin 

Horse heart myoglobin was diluted at 2 mg/mL in 6 M guanidine-HCl, 100 mM 
sodium phosphate buffer, pH 8 and was subsequently incubated for 5 min in a boiling 
water bath to insure complete protein denaturation. A stock solution (500 mM in DMSO) 
of NHS-acetate was prepared and added at a final concentration of 25 mM to the 
myoglobin-containing solutions. Samples were incubated for 2 h at 25°C, 450 rpm in a 
Thermomixer and subsequently treated for variable times (0, 15, 30, or 60 min) in a 
boiling water bath. Samples were subsequently diluted 6-times with 100 mM sodium 
phosphate, pH 8 and endoproteinase GluC was added to a ratio of 1/142 (Glu-
C/myoglobin) by weight. Digestion was allowed for 18 h at 25°C, 450 rpm in a 
Thermomixer. Subsequently 1 mM PMSF and 1% (v/v) formic acid were added to stop the 
digestion prior to LC-MS analysis. 
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2.4 LC-MS 

The HPLC part of the analytical system consisted of an Agilent series 1100 
capillary LC system (Waldbronn, Germany) comprising a degasser, a binary pump with 
stream splitter and flow controller, a thermostated autosampler (4°C) and a thermostated 
column compartment (28°C for the analysis of the synthetic peptides and 40°C for the 
myoglobin digest). Chromatographic separation took place in an Atlantis dC18 column 
(Waters, Etten-Leur, the Netherlands; 1.0 mm I.D. x 150 mm length, particle size 3 µm) 
operated at 20-µL × min-1 flow rate. Mobile phase A consisted of 0.1% (v/v) formic acid in 
ultrapure water. Mobile phase B was 0.1% (v/v) formic acid in acetonitrile. 

For the analyses of peptides (angiotensin II and K6-LHRH) an injection volume 
of 4 µL (20 pmol) was used and the separation was performed with an increasing gradient 
of B (2-60% at 1% × min-1). For myoglobin digests the injection volume was 1 µL (18 
pmol), and the gradient slope of B was reduced (2-60% at 0.5% × min-1). 

The analytes were detected by an Agilent SL ion-trap mass spectrometer 
equipped with an electrospray ionization source operated in positive mode. MS data were 
acquired over a scan range 300-1200 m/z (angiotensin II and K6-LHRH) or 200-1200 
m/z (myoglobin digest) in MS mode. Peptide analyses in MS/MS mode were exclusively 
performed on doubly-charged ions with a scan range of 50-1200 m/z. 

All extracted ion chromatograms (EICs) were retrieved with a tolerance of ± 0.2 
Da based on the major charge states observed after derivatization (i.e. doubly-charged 
ions for angiotensin II and triply-charged ions for K6-LHRH). All displayed 
chromatograms underwent one cycle of smoothing based on a Gaussian filter (window 
size: 0.7 s). 

 

3. RESULTS 

In order to investigate the specificity of NHS esters towards primary α-amines 
and phenolic hydroxyl groups in a potentially reactive position two amino acids next to a 
histidine residue, angiotensin II (Asp-Arg-Val-Tyr*-Ile-His-Pro-Phe) was acetylated with 
NHS-acetate at pH 8. A large molar excess of NHS-acetate was used (500-fold) to assure 
complete acetylation of all primary amines. All derivatives were identified by tandem MS 
analysis (data are presented under Supporting Information, numbered as Figures S-1, S-2 
etc.). LC-MS analysis showed that no residual non-acetylated peptide remained (A-II; Fig. 
1A, 2nd panel). 

Despite the fact that the expected singly N-acetylated peptide (A-II1, 31.7 min; 
Fig. 1A, 3rd panel and Fig. S-1 in Appendix 1 for MS/MS spectra) is clearly visible, most 
angiotensin II was observed as the doubly, N-,O-diacetylated form (A-II2, 34.0 min; Fig. 
1A, 4th panel). Since angiotensin II does not contain any lysine residues, this second 
acetylation cannot be amine-specific and the acetyl group was located by MS/MS to reside 
on the tyrosine residue (Fig. S-2 in Appendix 1). Surprisingly, a triply-acetylated peptide 
was also observed (A-II3, 34.6 min; Fig. 1A, 5th panel) and identified by MS/MS as being 
modified at the arginine residue (Fig. S-3 in Appendix 1) showing for the first time that 
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arginine can also react with NHS esters under aqueous conditions. In order to investigate 
whether the hydrolytically more labile phenol ester and the arginine modification could 
be removed while maintaining the primary amide bond, the reaction mixture was treated 
for 15 min in a boiling water bath (Fig. 1B). Under these conditions almost all A-II3 had 
disappeared (Fig. 1B, 5th panel) and A-II1 was significantly increased (Fig. 1B, 3rd panel). 
The peak corresponding to A-II2 at 34.0 min (Fig 1B, 4th panel) was also much smaller 
indicating that hydrolysis of the ester bond was proceeding much more rapidly than 
hydrolysis of the amide linkage. However, an additional minor earlier eluting peak (32.3 
min) with the same m/z value as A-II2 and an indistinguishable MS/MS spectrum was 
observed (Fig. S-4 in Appendix 1). From these results we deduce that this by-product is an 
isomer of A-II2, but its identity remains to be established. Increasing the boiling time 
reduced the intensity of A-II2 and the putative isomer to a level at which they were no 
longer detectable after 45 min, indicating that the O-acyl group had been completely 
removed (Fig. 1C-E, 4th panel). Importantly, acetylation of the N-terminus was stable to 
this thermal treatment, since only a very small amount of non-acetylated peptide (A-II, 
28.3 min; Fig. 1E, 2nd panel) was detected after 60 min boiling (the peak observed at 31.2 
min is related to a compound with a mass to charge ratio (m/z) that is within ± 0.2-Da of 
the doubly-charged A-II. MS/MS data and the longer retention time show, however, that 
it is not A-II. Some spectral similarities indicate that it might be a yet unidentified A-II 
derivative (data not shown)). 

In order to study whether our approach is also functional in the case of aliphatic amino 
acids with a primary hydroxyl group in an “activating” position, a synthetic agonist of 
luteinizing hormone-releasing hormone34 (K6-LHRH; <Glu-His-Trp-Ser*-Tyr-D-Lys-Leu-
Arg-Pro-Gly-NH2) was reacted with a 500-fold molar excess of NHS-acetate at pH 8. K6-
LHRH contains furthermore a D-lysine residue with a primary ε-amine, a tyrosine residue 
and an arginine. The N-terminus of the peptide is blocked through formation of 
pyroglutamic acid and the C-terminal carboxylic acid is amidated. Analysis of the 
originally obtained K6-LHRH with incubation for 60 min in a boiling water bath showed 
the apparition of a minor peak eluting about one minute later than the main peak (see for 
example Fig. 2A, 1st panel) resulting in doublets for all reaction products. The compound 
corresponding to this smaller peak was one Dalton heavier than the parent compound 
and MS/MS analysis indicated that it corresponded to K6-LHRH with a free carboxylic 
acid group at the C-terminus (data not shown). This shows that limited deamidation of 
the C-terminus occurred when samples were incubated at 100°C for 1 h. After incubation 
of K6-LHRH with NHS-acetate there was no underivatized peptide detectable (Fig. 2A, 2nd 
panel). Singly, lysine-(N-)acetylated peptide (K6-LHRH1, 28.2 min; Fig. 2A, 3rd panel) was 
detected but in negligible quantity. Doubly-acetylated peptide (K6-LHRH2, 29.3 min; Fig. 
2A, 4th panel) was observed and by MS/MS (Fig. S-5 in Appendix 1) shown to be modified 
at the lysine and the serine residues. Most of K6-LHRH was triply-acetylated (K6-LHRH3, 
32.0 min; Fig. 2A, 5th panel and Fig S-6 in Appendix 1) on lysine, serine and the tyrosine 
residue, even though it is not in an activating position two positions next to a histidine. A 
barely detectable peak corresponding to a 4-times acetylated peptide was also observed 
(K6-LHRH4, 32.4 min; data not shown). MS/MS data indicated that arginine was again 
modified under aqueous conditions as observed for angiotensin II (Fig. S-7 in Appendix 
1). After 15 min in a boiling water bath (Fig. 2B), K6-LHRH3 disappeared almost 
completely indicating fast hydrolysis of the phenolic ester bond (Fig. 2B, 5th panel). 
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Figure 1: LC-MS analysis 
of acetylated angiotensin 
II and its treatment in a 
boiling water bath to 
remove O-acetyl groups. 

(A) no treatment; (B) 15 min; 
(C) 30 min; (D) 45 min; (E) 60 
min. From top to bottom: Base 
Peak Chromatogram (BPC); 
Extracted Ion Chromatograms 
(EICs) corresponding to 
doubly-charged ions of 
angiotensin II containing 
respectively 0 (A-II, 28.3 min, 
523.9 m/z), 1 (A-II1, 31.7 min, 
545.0 m/z), 2 (A-II2, 34.0 min, 
566.0 m/z) and 3 (A-II3, 34.6 
min, 586.9 m/z) acetyl groups. 
As shown in A, panels are 
presented according to 
different intensity scales. For 
each panel an identical scale 
has been used throughout A-E. 

 

 

BPC

A-II

A-II1

A-II2

A-II3

4 × 106

26 28 30 32 34 36 38 [min]

A – 0 min BPC

A-II

A-II1

A-II2

A-II3

1 × 106

1.5 × 104

26 28 30 32 34 36 38 [min]

B – 15 min BPC

A-II

A-II1

A-II2

A-II3

1.5 × 105

26 28 30 32 34 36 38 [min]

C – 30 min

×107

×107

×107

×105

×104

6
4
2

1.5
1

0.5

6
4
2

6
4
2

3
2
1

×107

×107

×107

×105

×104

6
4
2

1.5
1

0.5

6
4
2

6
4
2

3
2
1

×107

x107

×107

×105

×104

6
4
2

1.5
1

0.5

6
4
2

6
4
2

3
2
1

BPC

A-II

A-II1

A-II2

A-II3

26 28 30 32 34 36 38 [min]

D – 45 min

×107

x107

×107

×105

×104

6
4
2

1.5
1

0.5

6
4
2

6
4
2

3
2
1

BPC

A-II

A-II1

A-II2

A-II3

26 28 30 32 34 36 38 [min]

E – 60 min

×107

×107

×107

×105

×104

6
4
2

1.5
1

0.5

6
4
2

6
4
2

3
2
1



Selective Acylation of Primary Amines in Peptides and Proteins 

 

55 

Figure 2: LC-MS analysis 
of acetylated K6-LHRH 
and its treatment in a 
boiling water bath to 
remove O-acetyl groups. 

Results presented after 0 (A), 
15 (B), 30 (C), 45 (D) and 60 
(E) min of treatment prior to 
analysis. For each set of 
chromatograms, are presented 
from top to bottom: the BPC 
and the EICs corresponding to 
triply-charged ions of K6-
LHRH containing respectively 
0 (K6-LHRH, 23.0 min, 418.8 
m/z), 1 (K6-LHRH1, 28.2 min, 
432.7 m/z), 2 (K6-LHRH2, 
29.3 min, 446.8 m/z) and 3 
(K6-LHRH3, 32.0 min, 460.8 
m/z) acetyl groups. The 
bottom panel corresponds to 
the triply-charged ion of 
singly-acetylated K6-LRHR 
lacking a water molecule (K6-
LHRH1*, 29.4 min, 426.7 
m/z). For each panel an 
identical scale has been used 
throughout A-E. 
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K6-LHRH1 and K6-LHRH2 were still observed (Fig. 2B, 3rd and 4th panels and 
Fig. S-8 in Appendix 1), the former being now the major species. Another derivative with 
the mass of K6-LHRH1 minus a water molecule (K6-LHRH1*, 29.4 min; Fig 2B, 6th panel) 
appeared during hydrolysis and partially co-eluted with K6-LHRH2. MS/MS analysis (Fig. 
S-9 in Appendix 1) confirmed that hydrolysis of acetylated serine resulted in the partial β-
elimination of water to give dehydroalanine, a reaction that has been described in the 
literature in conjunction with the analysis of phosphoserine under basic conditions 
during automated sequence analysis by Edman degradation,35 during phosphopeptide 
enrichment36 or during MS/MS analysis.37 Beta-elimination has also been used for mass 
spectrometric determination of O-glycosylation sites in glycoproteins.38, 39 After 60 min in 
a boiling water bath (Fig. 2E) the singly-acetylated derivatives K6-LHRH1 and K6-LHRH1* 
(Fig. 2E, 3rd and 6th panels, respectively) were by far in the majority showing that this 
treatment does result in specific removal of O-acylation products on serine and tyrosine 
with only a limited effect on the primary amide at the C-terminus or the amide bond 
linking the acetyl group to the lysine residue. A very small amount of K6-LHRH2 (less 
than 1% of the initial amount) was still detectable after 60-min boiling (Fig. 2E, 4th panel) 
but no non-acetylated peptide was observed (Fig. 2E, 2nd panel). The amount of K6-
LHRH1* remained practically unchanged between 15 and 60 min of incubation (Fig. 2B-
E, 6th panel) but its occurrence needs to be considered in search algorithms for protein 
identification. 

In order to extend our approach to whole proteins, it was necessary to evaluate 
whether denaturating reagents that prevent protein precipitation upon boiling, such as 6 
M guanidine-HCl would interfere with the reaction. Horse heart myoglobin was dissolved 
in 6 M guanidine-HCl, 100 mM sodium phosphate, pH 8 followed by addition of NHS-
acetate to a final concentration of 25 mM (molar ratio NHS-acetate/protein: 232; molar 
ratio NHS-acetate/primary amines: 12). Horse heart myoglobin contains 20 primary 
amines (19 lysines and the N-terminus), 4 hydroxyl-containing residues located at two 
positions next to a histidine residue, which are putative targets for NHS-acetate 
(T35G36H37, H65G66T67, H94A95T96K97H98, S118K119H120), and 2 tyrosines (Y104 and Y147). 
After incubation at 25°C for 2h and subsequently in a boiling water bath for variable 
lengths of time, myoglobin was digested with endopeptidase Glu-C, since acetylated 
lysines are no longer recognized by trypsin, which would result in very large peptide 
fragments. The digest was analyzed by LC-MS (Fig. 3) and the identity of a selected 
number of modified peptides was confirmed by tandem MS (Appendix 1). 

All lysines were acetylated (results not shown), but several peptides containing 
sensitive residues (tyrosines and/or hydroxyl-containing amino acids located at two 
positions next to a histidine residue) reacted as well, as indicated by a number of 
additional peaks. Most of these peaks diminished considerably or disappeared completely 
after 15 min of incubation in a boiling water bath. Some peaks increased due to the 
removal of ester-bonded acetyl groups. 

Extending the boiling step to 30 or 60 min further hydrolyzed remaining 
acetylester bonds and there was only a very small amount of one peptide containing an 
acetylester left after 60 min boiling (Fig. 3D, 58 min). MS/MS analysis showed that this 
peptide was acetylated at a tyrosine residue that was not located two residues next to a 
histidine residue (Fig. S-11 in Appendix 1). Boiling for 60 min resulted in an increase in 
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intensity of 3 peptides due to the oxidation of a methionine residue as confirmed by their 
MS/MS spectra (Fig. 3D, 61.5, 62.6 and 68.6 min, respectively Fig. S-12 to S-14 in 
Appendix 1). Of note is that one of them had a mass corresponding to one remaining 
acetylation (located between D110 and A128, likely on S118 since this residue is at two 
positions next to H120) despite the extensive boiling time (Fig. 3D, 62.6 min, Fig. S-13 in 
Appendix 1). This result, together with the previous observation, raises the possibility that 
the rate of ester hydrolysis is somewhat lower in presence of guanidine-HCl. While 
deamidations of glutamine or asparagine residues may be difficult to detect due to the 
limited mass resolution of the ion trap, especially in the case of multiply-charged ions, the 
observation that the peptide eluting at 81.3 min (Fig. 3) is stable in terms of retention 
time, mass and intensity, despite the fact that it contains 2 glutamine and 1 asparagine 
residues, indicates that deamidation is not a general phenomenon under the reaction 
conditions (Fig. S-15 in Appendix 1).  

 

 

Figure 3: LC-MS analysis of a Glu-C digest of acetylated horse heart myoglobin 

followed by treatment in a boiling water bath to remove O-acetyl groups. Results after 0 

(A), 15 (B), 30 (C), and 60 (D) min boiling prior to Glu-C digestion and analysis are shown. In panel 

A, peaks of which the intensity increased or decreased after 15-min in a boiling water bath are 

depicted by arrows (↑ and ↓, respectively). In panel D, peaks of which the intensity increased or 

decreased between 15 and 60 min of incubation in a boiling water bath are depicted by arrows (↑ and 

↓, respectively). Chromatograms are represented as Base Peak Chromatograms (BPCs) on an 

identical intensity scale. 
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4. DISCUSSION 

Despite the fact that NHS esters have been previously described as primary 
amine-specific reagents,4-7 Miller et al. showed early on (i.e. with the Bolton-Hunter 
reagent27 or NHS-biotin and its derivatives28-31) that NHS ester-mediated acylation may 
also occur on hydroxyl-containing amino acid residues (serine, threonine, and tyrosine) 
under reaction conditions normally employed for the acylation of primary amines. 
Significant O-acylation was even observed within 10 min with only a 4-fold molar excess 
of NHS ester over primary amine groups,29 whereas a 10-fold molar excess is 
recommended for quantitative acylation of all amino groups.40 OH-groups were shown to 
exhibit an increased reactivity towards NHS esters when located two positions next to a 
histidine residue most likely due to hydrogen bonding between the histidine imidazole 
nitrogen and the hydroxyl hydrogen thereby increasing the nucleophilicity of the oxygen 
atom.30 Based on the natural occurrence of individual amino acids in proteins,41 a 
statistical estimate can be calculated showing that such a constellation may occur once 
every 142 amino acids (see note S-10 in Appendix 1). Moreover, tyrosine residues (average 
occurrence in proteins: 3.2%)41 have been shown to be intrinsically nucleophilic enough to 
react with NHS esters, even when not located in an activated position.10, 23-26 We have 
recently observed with a pentafluorophenyl active ester (data not shown) that O-acylation 
is a quite general phenomenon when working with activated esters to derivatize primary 
amines. Thus O-acylation is by no means a rare event and its selective removal is critical if 
amine-specificity is intended. 

Since it is impossible to completely prevent O-acylation when using NHS ester 
reagents, it is critical to be able to remove such modifications selectively, if amine-
specificity is required. Hydroxylamine has been shown to react with short chain 
carboxylic acid esters under alkaline conditions through the reaction: RCOOR’ + NH2OH 
→ RCONHOH + R’OH.42 It has consequently been used for the hydrolysis of O-linked 
acyl groups resulting in restoration of the free alcohol.43 It was shown that, in the 
presence of hydroxylamine, esters of tyrosine could be hydrolyzed at neutral pH but that 
the esters of serine and threonine required a strongly alkaline pH.32 Riordan and Vallee32 
adviced a pH above 10.5, yet Miller et al.28, 31 showed that milder pH conditions could be 
used for all esters (pH 9.2) though at the expense of longer hydrolysis times (4-5 h). 
Disadvantages of hydrolyzing aliphatic and phenolic esters when applying this method 
are (i) the use of marked alkaline pH conditions, (ii) a fairly high concentration (in the 
molar range) of hydroxylamine hydrochloride, (iii) a relatively long reaction time, and (iv) 
the fact that hydroxylamine is a harmful chemical, which may promote further protein 
modifications such as the non-enzymatic cleavage of asparagine-glycine bonds44, 45 or of 
peptide bonds involving proline.46 Beside the possible spontaneous, non-enzymatic 
deamidation of asparagine and glutamine to aspartatic or glutamic acid, or an isoform 
under alkaline conditions (that we experienced ourselves with our approach), 
hydroxylamine can further promote the conversion of these amino acids into hydroxamic 
acids.45, 46 

Our experiments studying the acylation of tyrosine in its free amino acid form 
(data not shown) emphasized the importance of the pH and of the acyl leaving group on 
both the reactivity of the NHS esters and the subsequent hydrolysis kinetics. For instance 
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lowering the pH to 7.2 or using NHS-biotin instead of NHS-acetate slowed down both O-
acetylation and O-acetyl ester hydrolysis. However, complete deacylation was achieved in 
each case using the described method.  

Our method can be applied to peptides in a simple phosphate buffer, since 
peptides will not precipitate upon incubation in a boiling water bath. A process involving: 
i) NHS-mediated acylation of whole proteins, ii) protein digestion with an endoprotease 
such as trypsin or Glu-C and iii) removal of O-acylation following the method presented 
in the current report is feasible, since all steps share the same optimal buffer conditions 
(phosphate buffer, pH 8). The described approach is also applicable to whole, non-
digested proteins, although 6 M guanidine-HCl has to be added to prevent precipitation 
during boiling. Denaturing proteins prior to acylation has the additional advantage that 
all residues are available for complete acylation, prior to selective deacylation. 

In summary, we describe a simple and straightforward method to render the 
labeling of peptides and proteins with NHS ester-activated reagents primary-amine 
specific. Our method requires neither addition of chemicals nor readjustment of pH. The 
reaction sequence of acylation and hydrolysis in a boiling water bath under acylation 
conditions (“one-pot reaction”) is particularly amenable to the small volumes and low 
amounts of peptides encountered in proteomics studies. Some side reactions, that may 
also be expected when peptides are incubated under alkaline conditions (i.e. β-elimination 
on substituted serine, limited deamidation), were observed upon treatment in a boiling water 
bath but they will not affect protein identifications if taken into account during database 
searching. 
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Chapter 4 

Poly(Ethylene Glycol)-Based Stable Isotope 

Labeling Reagents for the Quantitative Analysis 

of Low Molecular Weight Metabolites by LC-MS 

 

 

Stable isotope labeling (SIL) in combination with liquid chromatography – mass 
spectrometry is one of the most widely used quantitative analytical methods due to its 
sensitivity and ability to deal with extremely complex biological samples. However SIL 
methods for metabolite analysis are still often limited in terms of multiplexing, the 
chromatographic properties of the derivatized analytes or their ionization efficiency. Here 
we describe a new family of reagents for the SIL of primary amine-containing compounds 
based on pentafluorophenyl-activated esters of 13C-containing poly(ethylene glycol) 
chains (PEG) that addresses these shortcomings. A sequential build-up of the PEG chain 
allowed the introduction of various numbers of 13C atoms opening extended multiplexing 
possibilities. The PEG derivatives of rather hydrophilic molecules such as amino acids 
and glutathione moiety were successfully retained on a standard C18 reverse-phase 
column and their identification was facilitated based on m/z values and retention times 
using extracted ion chromatograms. The mass increase due to PEG-derivatization moved 
low-molecular weight metabolite signals out of the often noisy, low m/z region of the 
mass spectra, which resulted in enhanced overall sensitivity and selectivity. Furthermore, 
elution at increased retention times resulted in efficient electrospray ionization due to the 
higher acetonitrile content in the mobile phase. The method was successfully applied to 
the quantification of intracellular amino acids and glutathione in a cellular model of 
human lung epithelium exposed to cigarette-smoke-induced oxidative stress. It was 
shown that the concentration of most amino acids increased upon exposure of A549 cells 
to gas-phase cigarette smoke with respect to air control and cigarette smoke extract, and 
that free thiol-containing species (e.g. glutathione) decreased although disulfide bond 
formation was not increased. These labeling reagents should also prove useful for the 
labeling of peptides and other compounds containing primary amine functionalities. 

 

 

Abello, N.,  Geurink, P. P., et al., Anal Chem 2008, 80, (23), 9171–80. 
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1 INTRODUCTION 

The use of mass spectrometry as a quantitative analytical technique is hampered 
by the fact that different compounds do not ionize with the same efficiency. Furthermore 
matrix effects summarized under the term “ionization suppression” may occur when 
several compounds coelute and thus “compete” for ionization. Finally, slight variations of 
parameter settings of the instrument and slightly changing chromatographic conditions 
between different liquid chromatography – mass spectrometry (LC-MS) runs can affect 
the magnitude of the resulting signals. To overcome these limitations, quantification 
based on stable isotope labeling (SIL) has found widespread use. SIL allows the absolute 
quantification of a known compound by comparing it with a stable isotope-containing 
standard added to the sample at a known concentration, and/or the relative 
quantification of many compounds in several samples labeled with reagents containing 
different numbers of stable isotopes (multiplexing). SIL in combination with LC-MS has 
therefore become one of the most widely used quantitative analytical methods due to its 
sensitivity and ability to quantify compounds in extremely complex biological samples. 

While stable isotopes can be incorporated into molecules biosynthetically 
(metabolic labeling),1 most compounds require chemical synthesis or chemical 
derivatization for the introduction of stable isotopes with the exception of 18O,2 which can 
be introduced into peptides enzymatically. Chemical derivatization with stable isotope-
containing reagents requires the presence of certain functional groups, notably thiols or 
primary amines. 

The growing area of metabolomics requires the quantification of many analytes 
in highly complex samples. Multiplexing would eventually allow to perform metabolomics 
experiments on a larger scale and with greater throughput. However, to date there are few 
generally applicable stable isotope labeling methods available that allow the LC-MS 
analysis of a wide range of metabolites and other low-molecular weight, hydrophilic 
compounds (e.g. amino acids) offering the option of extensive multiplexing. Numerous 
methods have been developed during the past 50 years for the analysis of amino acids by 
reverse-phase liquid chromatography after derivatization with light-absorbing or 
fluorescent groups (for an overview, see the introduction of Yang et al3). More recently 
methods were developed with the goal of using LC-MS. Yang et al.3 developed a SIL 
method based on N-alkylnicotinic acid N-hydroxysuccinimide esters (NHS) for the 
quantification of amino acids by LC-MS. This method allows efficient and relatively fast 
separation of amino acids on a C18 reverse-phase column with improved ionization 
efficiency. The isotopologues of the labeling reagents contain either 9 1H or 9 2H atoms, 
which allow duplex analyses. Due to derivatization with deuterium-labeled reagents, a 
slight but noticeable effect on retention time was observed, in agreement with earlier 
reports that had described an effect of deuterium labeling on retention time.4, 5 Guo et al.4 
described an alternative method for SIL resulting in dimethylation of primary amines 
through reductive amination of primary amines with formaldehyde in its hydrogen- or 
deuterium-containing form allowing duplex analyses of amino acids and amines in urine. 
Although this method has the advantage of being rather inexpensive, it requires the use of 
sodium cyanoborohydride, a rather toxic chemical, and does not allow extensive 
multiplexing. Furthermore hydrophobicity of the derivatized molecules is only slightly 
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increased, which resulted in a number of the most hydrophilic amino acids eluting in the 
void volume of a standard C18 reverse-phase column. As a consequence it was necessary to 
analyze these amino acids separately by hydrophilic interaction liquid chromatography 
(HILIC)-MS. Methyl acetimidate-based 13C-SIL was used by Shortreed et al. for amino 
acid analysis.6 However, the increase in hydrophobicity was limited and amino acids had 
to be separated by HILIC instead of the more traditional reverse-phase LC. Moreover, 
with only two carbon atoms, no oxygen and one nitrogen, possibilities of multiplexing 
using this labeling reagent are rather limited. 

 

Figure 1. PEG-OPFP-based labeling exemplified with valine. The pentaflurophenyl 

poly(ethylene glycol) ester (PEG-OPFP) is constituted of 5 ethylene glycol units functionalized with a 

pentafluorophenyl ester. The latter react with the primary amine of an amino acid (in this case, 

valine) to form a N-derivatized amino acid (PEG-NVal) and pentafluorophenol (PFP) as by-product. 

 

In the present chapter we report the synthesis and application of 
pentafluorophenyl-activated esters of polyethyleneglycol derivatives (PEG-OPFP) for SIL 
of primary-amine-containing molecules. This family of reagents is based on the amine-
specific PFP ester and a mildly hydrophobic PEG chain containing increasing numbers of 
13C atoms (Fig. 1). The PEG moiety added to the target molecules was designed to: (i) 
allow stable isotope labeling in a modular fashion without affecting the chromatographic 
retention time, thus permitting multiplexing beyond presently available strategies, (ii) 
render low-molecular weight metabolites, such as amino acids, sufficiently hydrophobic 
to be retained on C18 reverse-phase columns, (iii) produce derivatives with comparable or 
improved MS responses with respect to underivatized compounds upon electrospray 
ionization (ESI), and (iv) increase the mass of low-molecular weight metabolites to move 
them out of the often noisy, low m/z region of mass spectra. All of these properties greatly 
facilitate quantification of these compounds by LC-MS. 

The approach has been applied to the quantification of intracellular amino acids 
and glutathione in a cellular model of human lung epithelium exposed to cigarette-
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smoke-induced oxidative stress. Results show that amino acids can be quantified in 
absolute terms and complex samples can be compared relative to each other based on 
labeling with reagents containing different numbers of 13C atoms. This application shows 
that SIL based on 13C-PEG-OPFP derivatives is a promising method for quantification of 
low-molecular weight, hydrophilic compounds. Initial data show that PEG-OPFPs are 
also useful for the labeling of peptides. 

 

2 MATERIALS AND METHODS 

2.1 Synthesis of PEG-OPFP labeling reagent 

Synthesis details are presented as part S-1 of Appendix 2. 

2.1.1 General Procedure 

Tetrahydrofuran (THF) was distilled over LiAlH4 before use. Methanol (MeOH), 
diethyl ether (Et2O), dichloromethane (DCM) were of AR grade, purchased at Biosolve 
(Valkenswaard, The Netherlands), and used as received. All general chemicals (Fluka, 
Acros, TCI, Aldrich, Sigma) were used as received. [1-13C1]acetic acid and [1,2-13C2]acetic 
acid were from Buchem B.V (Apeldoorn, The Netherlands). [1-13C1]bromoacetic acid and 
[1,2-13C2]bromoacetic acid were prepared from [1-13C1]acetic acid and [1,2-13C2]acetic acid 
via a reported procedure.7 Solvents that were used in reactions were stored over 4 Å 
molecular sieves, except for methanol, which was stored over 3 Å molecular sieves. 
Molecular sieves were flame dried before use. Amberlite® IR120 H resin (Acros, Geel, 
Belgium)) was rinsed with MeOH (4×) and Et2O (4×) before use. Column 
chromatography was performed on silicagel (Screening Devices B.V., Amersfoort, The 
Netherlands) with a particle size of 40-63 μm and a pore size of 60 Å. Automated column 
chromatography was performed on a CombiFlash Companion with a Silicycle FLH-
R10030B-ISO12 Sillaflash 12g cartridge. Eluents ethyl acetate and petroleum ether (40-
60) were distilled prior to use. TLC analysis was conducted on Merck aluminium sheets 
(Silica gel 60 F254, Merck KGaA, Darmstadt, Germany). Compounds were visualized by 
UV absorption (254 nm) or by spraying with a solution of KMnO4 (20 g/L) and K2CO3 (10 
g/L) in water followed by charring at ±150 oC. 1H-, and 13C-NMR spectra were recorded 
on a Jeol JNM-FX-200 (200 MHz) (Welwyn Garden City, UK) or a Bruker DMX-600 
(600 MHz) spectrometer (Bruker BioSpin, Wormer, The Netherlands). Chemical shifts 
are given in ppm (δ) relative to tetramethylsilane (1H NMR) or CDCl3 (13C NMR) as 
internal standard. LC-MS analysis was performed on a Finnigan Surveyor HPLC system 
with a Gemini C18 50 × 4.6 mm column (Phenomenex, Torrance, CA, USA) (detection at 
200-600 nm), coupled to a Thermo Finnigan LCQ Advantage Max mass spectrometer 
(Breda, The Netherlands) with electrospray ionization (ESI; system 1) and a Jasco HPLC 
system (Jasco Benelux B.V., IJsselstein, The Netherlands) with a Gemini 3 µm C18 50 × 
4.6 mm column (detection simultaneously at 214 and 254 nm), coupled to a PE Sciex API 
165 mass spectrometer (Nieuwekerk a/d IJssel, The Netherlands) with ESI (system 2). 
HPLC gradients were 10–90% or 0–20% acetonitrile in 0.1% TFA–water. The flow rate 
was 1 mL/min. High resolution mass spectra were recorded by direct injection (2 µL of a 2 
µM solution in water/acetonitrile; 50/50; v/v and 0.1% formic acid) on a Thermo 
Finnigan LTQ Orbitrap mass spectrometer equipped with an ESI ion source in positive 
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mode (source voltage 3.5 kV, sheath gas flow 10, capillary temperature 250 °C) with 
resolution R = 60 000 at m/z 400 (mass range m/z = 150-2000) and dioctylpthalate (m/z 
= 391.28428) as a “lock mass”.8 The high resolution mass spectrometer was calibrated 
prior to measurements with a calibration mixture (Thermo Finnigan). 

 

Scheme 1. Synthesis of 13C-labeled PEG-OPFP derivatives. The asterisks (*) indicate the 
positions carbon-13 atoms. Reagents and conditions: A) i.) 12C2, 1-13C1 or 1,2-13C2-BrAcOH (1.2 eq.), 
NaH (4 eq.), NaI (cat.), THF; ii.) LiAlH4 (2.5 eq.) 15 minutes, then 2M NaOH (aq), yield: 75-95%; B) 
i.) BrAcOH (1.2 eq.), NaH (4 eq.), NaI (cat.) THF; ii.) Amberlite H+; C) PFPOH (2eq.), EDCI (2eq.), 
DCM, yield: 55-60% over 2 steps. 

2.1.1.1 General procedure A: extension of the PEG chain by one ethylene glycol unit 
(see Scheme 1) 

NaH (60% in mineral oil, 4 eq.) was carefully added in portions to a solution of 
the alcohol (1 eq.), bromoacetic acid (either 12C2, 1-13C1 or 1,2-13C2, 1.2 eq.) and NaI (0.01 
eq.) in THF (5 mL/mmol). After complete conversion of the alcohol (monitored by TLC 
analysis, usually after 2 hours), LiAlH4 (2.5 eq.) was carefully added in portions. The 
reaction was stirred for 30 minutes after which NaOH (as a 2M aqueous solution, 2.5 eq.) 
was added dropwise. After 15 minutes of stirring Et2O (5 mL/mmol) and MgSO4 were 
added. The reaction was stirred vigorously for another 5 minutes after which all solids 
were filtered off over Celite®. The filtrate was concentrated under reduced pressure and 
the resulting crude product was purified by column chromatography on silica gel (100% 
EtOAc  15% MeOH/EtOAc). 

 

2.1.1.2 General procedure B: reaction of a PEG chain alcohol with bromoacetic acid 
followed by acidic work-up (see Scheme 1) 

NaH (60% in mineral oil, 4 eq.) was carefully added in portions to a solution of 
the alcohol (1 eq.), bromoacetic acid (either 12C2, 1-13C1 or 1,2-13C2, 1.2 eq.) and NaI (0.01 
eq.) in THF (5 mL/mmol). After complete conversion of the alcohol (monitored by TLC 
analysis, usually after 2 hours) Amberlyte® IR120 H resin and Et2O (2 mL/mmol) were 
added. After 30 minutes of stirring all solids and the resin were filtered off over Celite® 
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and the filtrate was concentrated under reduced pressure. The crude product was 
subjected to the next step (general procedure C) without further purification. 

 

2.1.1.3 General procedure C: conversion of the carboxylic acid to the 
pentafluorophenyl ester (see Scheme 1) 

The crude carboxylic acid (obtained in general procedure B, 1 eq.) was dissolved 
in DCM (5 mL/mmol). To this solution were added pentafluorophenol (2 eq.) and 1-ethyl-
3-(3’- dimethylaminopropyl)carbodiimide (EDCI) (2 eq.) and the mixture was stirred for 
2 hours. The latter was then concentrated under reduced pressure and the product was 
purified by automated column chromatography on silica gel (10%  80% 
EtOAc/petroleum ether). 

 

2.2 Labeling of a standard solution of amino acids and glutathione 
13C-containing PEG-OPFP reagents were diluted to 100 mM in dimetyl sulfoxide 

(DMSO; Merck KGaA). A solution of all 20 natural amino acids (Sigma; Zwijndrecht, The 
Netherlands) and glutathione (Merck KGaA) at various concentrations (0, 0.1, 0.5, 1, 10, 
30, 50 µM each) in 100 mM sodium phosphate buffer, pH 8 was labeled with 5 mM PEG-
OPFP for 10 min in a thermomixer (Eppendorf; Hamburg, Germany) at 450 rpm, 25 °C. 
Esterification of tyrosine was reversed by incubating the sample for 15 min in a boiling 
water bath as previously described for N-hydroxysuccinimide ester-based acylation.9 
Disulfide bonds and residual thioesters were cleaved by an extra 5-min incubation in a 
boiling water bath in the presence of 80 mM dithiothreitol (DTT; Sigma). Finally formic 
acid (Merck KGaA) was added to the samples prior to LC-MS analysis to a final 
concentration of 1% (v/v). 

 

2.3 Labeling efficiency as a function of pH 
13C-containing PEG-OPFP reagents were diluted to 100 mM in DMSO. A 50-µM 

solution of all 20 natural amino acids and glutathione was labeled as described above in 
different buffers (100-mM concentration): (i) sodium phosphate, pH 7.0, (ii) sodium 
phosphate, pH 7.5, (iii) sodium phosphate, pH 8.0, (iv) boric acid, pH 8.5, (v) boric acid, 
pH 9.0. 

 

2.4 Labeling of amino acids and glutathione in cultured A549 cells 
undergoing cigarette-smoke-induced oxidative stress 

The human alveolar type II epithelium-like adherent cell line A549 (American 
Type Culture Collection, Manassas, VA, USA) was grown in RPMI 1640 medium with 25 
mM HEPES, L-glutamine (BioWitthaker; Verviers, Belgium) supplemented with 10% 
heat-inactivated fetal calf serum (BioWitthaker), and 20 µg/mL gentamicin (Centafarm 

Services; Etten-Leur, The Netherlands). Cells were grown in 25-cm2 plastic culture flasks 
(Costar; Cambridge, MA, USA) at 37°C in an atmosphere of 5% CO2 until 80–90% 
confluency was reached. Before the experiments, A549 cells were grown for 16 h in serum-
free RPMI 1640 medium.  
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A549 cells were subsequently exposed to gas-phase cigarette smoke (GPCS; 3 
biological replicates), air (3 biological replicates), or a cigarette smoke extract (CSE; 2 
biological replicates). For GPCS exposure, the medium was extemporaneously removed 
and the culture flask was positioned upside down, allowing direct contact of smoke with 
epithelial cells. Kentucky 2R4F research-reference cigarettes (The Tobacco Research 
Institute, University of Kentucky; Lexington, KY, USA) were smoked using a peristaltic 

pump. Cigarette filters were cut and each cigarette was smoked for exactly 5 min at a rate 
of 8 L/h. The smoke was blown through a small plastic tube for direct distribution of 
GPCS inside the culture flasks. Air was used as negative control under the same 
conditions. For CSE experiments, cigarettes were prepared and smoked as for GPCS 
exposure. Four cigarettes were bubbled through 50 mL of cell culture medium, and this 
solution was regarded as 100% strength CSE. Cells were incubated with 10% CSE at room 
temperature for 4 hours and subsequently detached with Cell Dissociation Buffer, 
Enzyme-Free, PBS-based (Invitrogen; Breda, The Netherlands). This was followed by 
three wash cycles (addition of 10 mL PBS followed by centrifugation at 560 × g for 5 min, 
at room temperature, and removal of the excess PBS). Washed cells were resuspended in 
1 mL 100 mM sodium phosphate pH 8, 1 mM ethylenediaminetetraacetic acid disodium 
dihydrate (EDTA; Duchefa Biochemie B.V.; Haarlem, The Netherlands), lysed by 
sonication, and immediately supplemented with 1 mM phenylmethanesulfonyl fluoride 
(PMSF; Sigma). Insoluble material was removed by centrifugation at 20 000 × g for 45 
min, at 4°C and the supernatant was filtered through 5-kDa cutoff centrifugal 
ultrafiltration units (Ultrafree-0.5, PBCC Biomax Membrane; Millipore; Amsterdam, The 
Netherlands). After an optional thiol alkylation step with iodoacetamide, amino acids and 
glutathione in the filtrate were labeled with PEG-OPFP reagents and analyzed by LC-MS. 
The retentate was recovered, diluted to the initial sample volume with 100 mM sodium 
phosphate buffer, pH 8, 1 mM EDTA and the protein concentration determined using a 
Micro BCA Protein Assay Kit (Pierce; Rockford, IL, USA). 

Thiol-containing species (i.e. glutathione and cysteine) can be found as reduced 
free thiols or as disulfides. These forms were discriminated by either alkylating the free 
thiols with iodoacetamide or by quantifying them globally to give the total amount of 
thiol-containing compounds. 180 µL of the filtrate were supplemented with 10 µL 
iodoacetamide (Sigma; final concentration: 25 mM) or buffer (100 mM sodium phosphate 
buffer, pH 8). After a 30-min incubation in the dark in a thermomixer at 450 rpm, 25 °C, 
the samples were labeled with PEG-OPFP reagents and treated further as described above 
for the standard solution of amino acids (including a final reduction with DTT). The PEG-
OPFP labels contained 1, 4 or 6 13C atoms for the samples exposed to air, GPCS or CSE, 
respectively. Subsequently the samples were divided into 3 groups according to the type 
of exposure. 20 µL of each sample were randomly chosen from each of the three groups 
and mixed together (since CSE exposure was done only in duplicate, one sample was used 
twice). The 3 mixtures (replicates), containing each one GPCS-, one CSE-, and one air-
exposed sample were analyzed by LC-MS. 
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2.5 LC-MS 

The HPLC part of the analytical system consisted of an Agilent series 1100 
capillary LC system (Waldbronn, Germany) comprising a degasser, a binary pump with 
stream splitter and flow controller, a thermostated autosampler (4°C) and a thermostated 
column compartment (40°C). Labeled amino acids and glutathione were 
chromatographically separated with an Atlantis dC18 column (Waters; Etten-Leur, The 
Netherlands; 1.0 mm x 150 mm, particle size 3 µm). Mobile phase A consisted of 0.1% 
(v/v) formic acid in ultrapure water. Mobile phase B was 0.1% (v/v) formic acid in 
acetonitrile (HPLC-S gradient grade; Biosolve; Valkenswaard, The Netherlands). 
Injection volumes were 1 µL for calibration curves, 3 µL in case of A549 cell lysates and 
0.5 µL (25 pmol) for all other experiments with standard solutions., The separation was 
performed with an increasing gradient of B (2-37% at 0.5% × min-1) at 50-µL × min-1 flow 
rate. 

The analytes were detected by an Agilent SL ion-trap mass spectrometer 
equipped with an ESI source operated in positive mode. MS data were acquired over a 
scan range of 200-1200 m/z in MS mode. All extracted ion chromatograms (EICs) were 
retrieved with a tolerance of ± 0.5 Da. The chromatograms were acquired without rolling 
average and underwent subsequently Gaussian smoothing (3-point width). 

 

2.6 Data Analysis 

Integration of all peaks was automated using QuantAnalysis 1.8 / Bruker 
Daltonics DataAnalysis 3.4 (Bruker Daltonik GmbH; Bremen, Germany). Peaks were 
defined by their m/z values ± 0.5 Da based on singly-charged states and their retention 
times ± 0.5 min after a 3-point Gaussian smoothing of the EICs. Peak integration was 
checked manually from time to time. 

Peak areas for each amino acid were converted in molar concentrations using 
calibration curve equations (see Figs S-2 to S-22 Appendix 2) except for thiol-containing 
species, because we did not acquire a calibration curve for the carbamidomethyl 
derivatives of cysteine and glutathione. Their responses were expressed in ratios. Values 
(molar concentration or MS response) were subsequently normalized with respect to the 
total protein concentration. 

Due to the small number of replicates (triplicate analyses for each condition), a 
normal distribution of data points could not be ascertained using Z-score transformation. 
Differences in amino acid and glutathione levels between the three conditions (gas phase 
cigarette smoke, air and cigarette smoke extract) were therefore assessed using a non-
parametric test (Kruskal-Wallis one-way analysis of variance). A p-value below 0.05 was 
considered significant. 
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3 RESULTS AND DISCUSSION 

3.1 Synthesis of PEG-OPFP labeling reagents 

The chemical synthesis was based on the stepwise assembly of PEG chains from 
building blocks containing 0, 1 or 2 13C atoms per ethylene glycol unit. This allowed a high 
degree of multiplexing and extensive flexibility. The family of PEG-OPFP labeling 
reagents (with a general structure as depicted in Fig. 1) consisted of a polyethylene glycol 
core (five ethylene glycol units) functionalized with a pentafluorophenyl ester at one end 
and a methoxy group at the other end. Seven compounds were synthesized (see Scheme 1) 
with a number of 13C atoms ranging from 0 to 6. The polyethylene glycols were built up 
via ‘chain extensions’ using a two-step-one-pot procedure in which the ethylene glycol 
hydroxyl function was first alkylated with bromoacetic acid followed by reduction of the 
formed carboxylic acid (as a sodium salt) to an alcohol with LiAlH4. The newly formed 
alcohol was purified by column chromatography and used in a subsequent ‘chain 
extension step’. By using either 1-13C- or 1,2-13C2-bromoacetic acid (synthesized from 
commercially available 1-13C- and 1,2-13C2-acetic acid via a previously reported 
procedure),7 a varying number of 13C isotopes was incorporated. The formed carboxylate 
was converted into its protonated form by adding Amberlite H+ after the last alkylation 
step instead of reducing it with LiAlH4. Finally, it was converted into its corresponding 
pentafluorophenyl (PFP) active ester in a reaction with pentafluorophenol and 3-ethyl-
1(N,N-dimethyl)aminopropylcarbodiimide (EDCI). 

In order to acylate primary amines, we decided to use PFP esters instead of  
N-hydroxysuccinimide (NHS) esters, since the final reagents were more easily purified in 
this activated form by silica gel chromatography.10-13 Next to this more practical 
consideration, some reports have revealed limits to the specificity of NHS-esters with 
respect to the O-acylation of tyrosines3, 14-17 and of other hydroxyl-containing amino acids 
in certain sequence contexts.9, 18, 19 Furthermore PFP esters have a better stability to 
hydrolysis in aqueous solutions and a superior reactivity for aminolysis, compared to 
NHS esters.20 

Multiplexing possibilities, i.e. the number of isotopologues that can be obtained, 
are extensive using our approach, not even considering the additional options offered 
through the incorporation of 18O atoms in the ethylene glycol unit. This opens the 
possibility to compare many different samples in a single LC-MS analysis.21 

 

3.2 Quantification of amino acids and glutathione 

Many low-molecular weight biomolecules such as endogenous amino acids are 
generally too small and/or too hydrophilic to be retained by reverse phase columns. 
Moreover their small mass and highly variable ionization efficiency render detection by 
LC-ESI-MS difficult, especially in complex mixtures. The PEG-OPFP reagents were 
designed to label all metabolites containing primary amines augmenting their mass by 
about 250 Da (depending on the chosen reagent), increasing their hydrophobicity to be 
retained on C18 reverse phase columns and equalizing their ESI response. Based on these 
properties it is possible to quantify the 20 natural amino acids plus glutathione in a single 
reverse-phase LC-MS analysis (Fig. 2). 
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Figure 2: Base Peak Chromatogram of a standard solution of the 20 natural amino 
acids plus glutathione (Gsh) (25 pmol injected). Singly- and doubly-labeled lysine are 
respectively marked as K* and K**. Aspartic acid (D, 22.0 min) and glycine (G, 22.1 min) co-elute 
with the hydrolyzed excess of reagent (noted PEG-COOH) and are therefore not visible in the base 
peak chromatogram. They can, however, be quantified in extracted ion chromatograms (see Fig. 3). 

 

The analytes were well resolved and eluted over a rather large retention time 
range despite introduction of the rather bulky PEG chain. While arginine and asparagine, 
as well as valine and methionine were coeluting under the described chromatographic 
conditions, they were easily discriminated and quantified using Extracted Ion 
Chromatograms (EICs, Fig. 3). Aspartic acid and glycine coeluted with the peak of the 
hydrolyzed PEG-OPFP reagent but again this does not impede quantification when using 
EICs. As expected incorporation of different numbers of 13C atoms did not affect retention 
time in accordance with results for other 13C-labeling reagents4, 5 (see the example of 
glutamic acid labeled with different PEG-OPFP reagents in Fig. S-1 in Appendix 2). 
Interestingly preliminary results with PEG-labeling of peptides show that derivatization 
has only a minor effect on retention time, which makes PEG-labeling a suitable approach 
to render a wide range of molecules amenable to standard C18 reverse-phase HPLC.  

As mentioned above, our labeling strategy leads to a significant mass increase  
(+ 248 Da, for the all 12C version of the label) with the result that all amino acids are 
detected between 324 (singly-labeled glycine) and 643 Da (doubly-labeled lysine), a mass 
range that is better adapted to analysis by ESI-MS, where mass spectra are generally 
noisy below 100-200 Da. In order to investigate the effect on ionization efficiency, we 
compared the intensity of the signals for labeled and non-labeled tryptophan, which is by 
itself hydrophobic enough to be retained on the reverse-phase column. Signal intensity 
was 17-fold higher after derivatization indicating the beneficial effect of PEG-labeling on 
the ESI response (data not shown). Signal enhancement may in part be due to the fact 
that tryptophan is more strongly retained after PEG derivatization so that it elutes at a 
higher percentage of acetonitrile (from 14.3 to 52.0 min), where the ESI response is better 
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probably due to more efficient analyte desolvation and improved spray stability.22 Since a 
positive correlation between ESI response and retention time in reverse-phase LC has 
been previously demonstrated independent of the acetonitrile concentration,23 it is likely 
that all derivatized amino acids exhibit a better ESI response independently of the 
percentage of ACN at which they elute. Derivatization with PEG may also affect the 
physico-chemical properties of the amino acids favorably with respect to ESI due to its 
“surfactant-like” properties, resulting in increased surface activity.22 Work is in progress 
to substantiate these findings. 

 

Figure 3: LC-MS analysis of a standard solution of the 20 natural amino acids plus 
glutathione (Gsh) (25 pmol injected) labeled with PEG-OPFP reagent showing extracted ion 
chromatograms of each derivative. Singly-labeled amino acids are marked with an asterisk (*X) and 
doubly-labeled lysine is marked as **K. 
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Without incubation in a boiling water bath and the final reduction step with 
DTT, cysteine is mostly doubly-labeled indicating thioester formation (Fig. 4, 1st panel). 
The 15-min incubation in a boiling water bath, that we normally use to remove non 
specific O-acylation9 (in this case, at the tyrosine hydroxyl group) and to hydrolyze the 
excess of PEG-OPFP, removed most of the thiol-labeling but it also promoted the 
oxidation of cysteine and glutathione to cystine, glutathione homodimers and glutathione 
/ cysteine (heterodimer) disulfides (Fig. 4, 2nd panel). After performing the final reduction 
step (another 5-min incubation in a boiling water bath in presence of DTT), neither 
residual thioesters nor disulfides were observed (Fig. 4, 3rd panel) allowing quantification 
of these analytes. 

 

Figure 4: Base Peak Chromatogram of the standard amino acid mixture (see Figs. 2 
and 3) after labeling: (1st panel) no further treatment, (2nd panel) with a subsequent 15-min 
treatment in a boiling water bath, (3rd panel) with an additional 5 min treatment with 80 mM DTT. 
(*C: singly-labeled cysteine; **C: doubly-labeled cysteine; *C-C*: doubly labeled cystine, *Gsh: 
singly-labeled glutathione, **Gsh: doubly-labeled glutathione, *Gs-C*: disulfide 
glutathione/cysteine, **Y: doubly-labeled tyrosine). 

 

To allow absolute quantification and to investigate the dynamic range of the LC-
MS method, calibration curves were established by injecting 1 µL of solutions of all amino 
acids and of glutathione (labeled with 5 mM PEG-OPFP) at different concentrations (100 
nM to 50 µM; Figs. S-2 to S-22 in Appendix 2). Regression curves fitted to a quadratic 
model were established over this concentration range with R2 values ranging from 
0.96995 for glutathione to 0.99994 for isoleucine. Regression curves were linear at low 
analyte concentrations but often showed a decreasing slope at higher concentrations. This 
phenomenon is well-known for ESI, where signals level off at high analyte 
concentrations.22 Furthermore, when analytes are present at 50 µM each, the molar ratio 
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of PEG-OPFP to primary amines is only 4.5, without taking side reactions into account. 
Therefore labeling may be incomplete at high analyte concentrations (see also further). 

pH was shown to influence labeling efficiency, since little singly-labeled lysine 
was observed at pH 8.5 and 9, whereas the amount increased slightly at pH 8 and further 
at pH 7 (Fig. S-23, panel A in Appendix 2). The difference in labeling efficiency between 
pH 8.5 and 8 was, however, minimal for amino acids with a single primary amine and 
close to optimal at pH 8 (Figure S-23, panel B in Appendix 2). Since all biological 
experiments were performed in triplicate at pH 8, we conclude that the reported relative 
quantifications are reproducible and the observed quantitative changes statistically 
significant (see Figs. 5 and 6). 

Double-derivatization is another possibility to increase derivatization efficiency. 
We compared simple- (5 mM PEG-OPFP) and double-derivatization (2 × 5 mM PEG-
OPFP) of a 50-µM standard solution of amino acids and glutathione at pH 8 (Fig. S-24 in 
Appendix 2). Double derivatization resulted in an increase of labeling efficiency to an 
extent that is comparable to single derivatization at pH 8.5. 

 

Figure 5: Quantification of thiol-containing species from A549 cell lysates exposed to 
air, gas-phase cigarette smoke (GPCS) and cigarette smoke extract (CSE) based on 
stable isotope labeling. Mass spectrometric (MS) signals were corrected with respect to protein 
concentrations. MS responses are expressed per mg protein. Averages and standard deviations were 
established based on 3 biological replicates (2 for CSE). Asterisks indicate a significant difference 
(p<0.05) based on the Kruskal-Wallis test (dis *C / dis *GSH: cysteine / glutathione disulfides; red 
*C / red *GSH: cysteine / glutathione reduced as free-thiol; tot *C / tot *Gsh: total cysteine / 
glutathione (disulfide + free-thiols)).  
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3.3 Evaluation of labeling efficiency  

Reproducible and efficient labeling are prerequisites for any stable isotope 
labeling method. It is thus important to have an easy test to assess labeling efficiency. To 
this end we used 100-mM solutions of three different PEG-OPFP labels (freshly diluted in 
DMSO) containing respectively 1, 4 or 6 13C atoms for the labeling of lysine. This amino 
acid has two primary amines (α and ε) that can react with PEG-OPFP and efficient 
labeling should result in a doubly-labeled derivative. Investigating labeling efficiency with 
respect to the production of singly- or doubly-labeled lysine in standard solutions prior to 
the cell culture study revealed that labeling efficiency of the reagents containing 1 or 6 13C 
atoms was very similar and close to completeness, whereas the 4-13C reagent presented a 
slightly lower labeling efficiency as shown by higher signals for singly-labeled lysines and 
a signal for doubly-labeled lysine representing about 86% of that of the other labels (Fig. 
S-25 in Appendix 2). While we cannot extrapolate labeling efficiency for all amino acids 
from this result, we decided to take this difference into account when calculating the 
relative differences in intracellular amino acid levels in A549 cells, although most of the 
observed changes were significantly larger than the measured difference of approximately 
15% for the 4-13C reagent (used for the air controls). We therefore considered a ratio 
between 0.85 and 1 as not significant even though the Kruskal-Walis test resulted in a 
significant difference (p < 0.05). 

 

 

 

 

 

*

*
*

*
*

*
*

*
*

*
* *

* *
* *

*

*
*

A

*D *E *I *L *N *P *Q *R *Y
0

5

10

15

20

25

30

35

40

45

50

C
on

ce
nt

ra
tio

n 
(n

m
ol

 p
er

 m
g 

pr
ot

ei
n)

GPCS – 1x13C
Air - 4x13C
CSE - 6x13C



Poly(Ethylene Glycol)-Based Stable Isotope Labeling 

 

77 

 

Figure 6: Quantification by stable isotope labeling of amino acids from A549 cell 
lysates exposed to air, gas-phase cigarette smoke (GPCS) and cigarette smoke extract 
(CSE). A) Singly-labeled amino acids aspartic acid (*D), glutamic acid (*E), isoleucine (*I), leucine 
(*L), asparagine (*N), proline (*P), glutamine (*Q), arginine (*R) and tyrosine (*Y). B) Singly-
labeled amino acids alanine (*A), phenylalanine (*F), histidine (*H), serine (*S), threonine (*T), 
valine (*V), tryptophan (*W) and methionine (*M). **K stands for doubly-labeled lysine. Mass 
spectrometric signals were converted to molar concentrations using calibration curve equations (see 
Figs. S-2 to S-22 in Appendix 2), and subsequently corrected with respect to the total protein 
concentrations. Results are expressed in nmol amino acid per mg protein. Averages and standard 
deviations were established based on 3 biological replicates (2 for CSE). Asterisks indicate a 
significant difference (p<0.05) with the Kruskal-Wallis test. 

 

3.4 Quantification of intracellular amino acids and glutathione in A549 
cells undergoing cigarette smoke-induced oxidative stress 

To investigate whether our labeling method functions in complex biological 
samples, we initiated a study to determine the intracellular amino acid and glutathione 
levels in A549 human lung epithelial cells. A549 cells were cultured and exposed to air 
(control), gas-phase cigarette smoke (GPCS) or cigarette smoke extract (CSE) to mimic 
conditions in the lung of cigarette smokers. Cell lysates were ultrafiltered at 5 kDa to 
separate the protein fraction from the smaller metabolites. The latter were labeled with 
different PEG-OPFPs containing 1 (GPCS), 4 (air) or 6 (CSE) 13C atoms. The stable 
isotope-labeled samples were randomly mixed, each mixture containing one of the 
biological replicates per condition, and analyzed by LC-MS. The peaks corresponding to 
the 20 natural amino acids and glutathione were integrated in the respective EICs and 
peak areas converted into molar concentrations based on the calibration curve equations 
(see Figs S-2 to S-22 in Appendix 2). Concentrations were normalized with respect to the 
total protein concentration as determined in the protein fraction (i.e. the retentate of the 
5-kDa ultrafiltration; Table S-1 in Appendix 2). While air- and CSE-treated cells showed 
similar protein concentrations (about 675 µg/mL), GPCS-treated cells showed clearly 
reduced protein concentrations (about 275 µg/mL). This lower protein concentration may 
be explained by the fact that GPCS-treated cells were more difficult to detach from the 
culture plate and/or that the GPCS treatment was so toxic that some cells had already 
entered necrosis. It was important to assure that remainders of the cell culture medium, 

*

*
*

*
*

*
*

*
*

*
*
*

*

*
*

B

*A *F *H **K *S *T *V *W *M
0

1

2

3

4

5

C
on

ce
nt

ra
tio

n 
(n

m
ol

 p
er

 m
g 

pr
ot

ei
n)

GPCS - 1x13C
Air - 4x13C
CSE - 6x13C



Chapter 4 

 

78 

which contains free amino acids, did not interfere with our measurements. To this end we 
analyzed the final wash solution for amino acids and found that there was no interference 
with the exception of glycine, which was consequently eliminated from quantification.  

Since our previous results,24 together with other reports,25, 26 showed that thiol-
containing species (notably glutathione) are particularly affected by cigarette smoke, we 
quantified these species with and without a differential alkylation step to discriminate 
free thiol forms from disulfides. Thiol-containing compounds are of particular interest 
when it comes to oxidative stress, since they serve as first-line defense.27-29 When samples 
(not treated first with iodoacetamide) were labeled with PEG-OPFP and incubated in a 
boiling water bath to remove non-specific labeling, free thiols were oxidized to form 
disulfide bonds. This approach is thus not suitable to assess the ratio between free and 
disulfide-bonded thiols. Through reduction with DTT all disulfides were reduced allowing 
quantification of the total level of thiol-containing species independently of their initial 
redox state (total cysteine and total glutathione levels). By first treating the samples with 
iodoacetamide only free thiols will be alkylated, whereas the disulfide forms remain 
unaffected. Following incubation in a boiling water bath and subsequent reduction, free 
thiols will appear in their alkylated forms while thiols that were initially disulfide-bonded 
will now contain a free, non-alkylated thiol. Both forms can be discriminated by LC-MS 
and quantified separately. While the intracellular levels of the disulfide forms were rather 
low irrespective of the treatment (although there were statistical differences), a major 
drop in the relative amounts of both reduced (free thiol) and total fractions of cysteine 
and glutathione was observed upon GPCS exposure while this was not the case for CSE 
(Fig. 5). These results are in accordance with earlier findings24, 25, 30 showing that cigarette 
smoke does not (significantly) oxidize glutathione to its disulfide form but rather 
inactivates it by irreversible reactions with reactive aldehydes.  

For most of the other amino acids (Figs. 6-A and 6-B), the content in air- and 
CSE-treated cells was roughly similar while the content in GPCS-treated cells was strongly 
increased, from 2-fold to 30-fold in the case of glutamine. This increase in free amino 
acids in cells exposed to GPCS has to our knowledge not been reported before and the 
reason is presently unclear. Two hypotheses may explain this observation: a) cells 
increase their intake of amino acids from the culture medium as a result of exposure to 
GPCS, b) more proteins are ubiquitinated and targeted for degradation by the proteasome 
to supply free amino acids in conjunction with increased proteasome activity. Indeed 
most of the amino acids that were observed to be increased upon GPCS-induced oxidative 
stress are glucogenic, meaning that they can be converted into glucose to serve as energy 
source for the stressed cells. Interestingly, this effect was only observed in GPCS but not 
in CSE-treated cells, likely because some reactive species (lipophilic compounds, free 
radicals) were no longer present in CSE due to the extraction with culture medium. 
Alternatively the species responsible for the effect observed with GPCS may have been 
scavenged by molecules present in the culture medium, such as glutathione or cysteine.  

The increase in intracellular amino acid levels upon GPCS exposure is not a 
general phenomenon. For example, lysine showed no significant change between any of 
the three conditions while alanine and more so aspartic acid actually decreased in GPCS-
treated cells (Figs. 6-A and 6-B). The fact that aspartic acid was strongly decreased 
whereas the chemically similar glutamic acid was increased argues against an explanation 
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that is purely based on the chemical reactivity of these amino acids but rather in favor of a 
biochemical response of the cells. Aspartic acid may be consumed as part of an activated, 
energy-producing metabolic pathway such as the urea cycle or the malate-aspartate 
shuttle, on top of being itself a glucogenic amino acid. Further work is needed to elucidate 
the biological mechanism but this was not the focus of the present work. 

 

4 CONCLUSIONS 

PEG-OPFPs constitute a new family of poly(ethylene glycol)-based reagents for 
the stable isotope labeling of primary amine-containing molecules. Hence important 
metabolites such as the natural amino acids and glutathione can be monitored with 
applications going beyond the presented biochemical experiments. Additionally other 
important biomolecules that usually escape reverse-phase LC-MS analysis, such as 
oligoamines, spermine and spermidine may be quantified. The synthesis of the reagents is 
based on a sequential build-up of the PEG chain that allows introduction of increasing 
numbers of 13C atoms offering extensive multiplexing possibilities that go beyond 
presently available strategies. Derivatization of small hydrophilic molecules such as 
amino acids resulted in their successful retention on widely used C18 reverse-phase 
columns without producing retention time shifts between isotopologues. The mass 
increase moved low-molecular weight metabolites out of the often noisy, low m/z region 
of mass spectra. The MS response was enhanced as indicated by the analysis of free 
versus derivatized tryptophan. Further studies are required to corroborate this 
observation. The described stable isotope labeling strategy can also be applied to 
peptides, as shown in ongoing studies focusing on proteomics applications and may be 
adapted to the labeling of other functional groups. 
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Chapter 5 

Chemical Labeling and Enrichment 

of Nitrotyrosine-Containing Peptides 

 

 

Protein tyrosine nitration (PTN) is a post-translational modification of proteins 
associated with a number of inflammatory diseases. While PTN is rather selective (not all 
proteins are modified and within a protein, only certain tyrosines are subject to nitration), 
no consensus sequence has been identified. Since PTN is a low-abundance post-
translational modification, it is necessary to enrich modified proteins and/or to detect 
them with high selectivity and sensitivity. Until now this has been mostly accomplished 
with anti-nitrotyrosine antibodies in combination with 2-dimensional gel electrophoresis 
and mass spectrometry. We propose a chemical labeling approach designed to allow 
enrichment of tyrosine-nitrated peptides independent of the sequence context, which is a 
potential shortcoming of antibody-based approaches. In this procedure, all amines are 
blocked by acetylation followed by conversion of nitrotyrosine to aminotyrosine and 
biotinylation of aminotyrosine. The entire reaction sequence is performed in a single 
buffer with no need for sample cleanup or pH changes thereby reducing sample loss. Free 
biotin is subsequently removed with a strong cation exchanger, the labeled peptides are 
enriched on an immobilized avidin column and the enriched peptides analyzed by LC-
MS/MS. As a proof of concept, this method was successfully applied to the enrichment of 
tyrosine-nitrated angiotensin II in a tryptic digest of bovine serum albumin (BSA). The 
approach presented here is well adapted to peptide analysis, for instance in shotgun 
proteomics. 

 

 

Abello, N.; Barroso, B., Kerstjens, H. A.; Postma, D. S.; Bischoff,R., 
Talanta 2009, in press. 
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1 INTRODUCTION 

Nitrotyrosine is formed by the reaction of tyrosine with nitrating species, 
particularly peroxynitrite (ONOO-), which is mostly formed by the combination of a 
superoxide radical anion (•O2-) with nitric oxide (•NO). Protein tyrosine nitration (PTN) 
is therefore a post-translational modification of proteins associated with •NO-dependent 
oxidative stress.1 PTN occurs under physiological conditions and its level (both as protein-
bound residue and in its free amino acid form) is increased in at least 50 human 
diseases.2 It has been associated with a change in function of several proteins (generally a 
loss of function), enhanced immunogenicity or an increased protein turn-over.3-5 PTN is a 
rather selective process, despite of the reactivity of nitrating agents such as peroxynitrite. 
Some proteins are preferentially nitrated but the abundance of a given protein or the 
number of tyrosine residues does not determine susceptibility for nitration.5, 6 

Many of the methods developed so far to investigate PTN have focused on the 
detection and quantification of 3-nitrotyrosine in its circulating free form or after its 
release by protein hydrolysis (see reviews by Herce-Pagliai et al.,7 Greenacre and 
Ischiropoulous,2 Duncan,8 Tsikas and Caidahl9 and Ryberg and Caidahl10). While such 
analyses give an assessment of the overall nitration of tyrosine in proteins, they do not 
allow to discriminate between individual nitrated proteins nor do they allow 
determination of their respective levels in a biological sample.11 The identification of in 
vivo targets for PTN would provide insight into structure-function relationships and 
advance our understanding how the addition of a nitro group may alter the function or 
immunogenicity of a given protein. It would also open the possibility to study the 
association between specific nitrated proteins and a pathological phenotype.5 Most 
methods developed to address PTN in individual proteins are based on immunochemical 
approaches (Western blotting, immunoprecipitation) in combination with gel 
electrophoresis (in-solution isoelectrofocusing followed by SDS-PAGE,12-14 
immunoprecipitation followed by SDS-PAGE,12, 15 or 2D-gel electrophoresis12, 15-32) 
followed by mass spectrometric (MS) analysis. Despite their relevance, these methods 
have limitations commonly associated with gel electrophoresis and immunochemistry 
such as gel-to-gel reproducibility, the detection of low-abundance proteins and the fact 
that one protein spot may contain several proteins, which complicates interpretation of 
the MS data.33, 34 The unambiguous immunochemical recognition of nitrotyrosine in 
proteins generally requires a step of nitrotyrosine reduction in order to ascertain the 
specificity of the antibody further complicating this approach.17 

In a recent report, Nikov et al. proposed a new approach to enrich nitrotyrosine-
containing proteins from a complex mixture.35 This gel-free, antibody-free method is 
based on the reduction of nitrotyrosine to aminotyrosine followed by the exploitation of 
the pKa difference between the aromatic amine (pKa = 4.75)36 and other aliphatic amines 
that are present in proteins and peptides (pKa of 8.0 for α-amines and 10.5 for ε-amine)37 
to label aminotyrosine at pH 5.0 with a biotin-containing tag. While an intriguing 
approach, that may allow enrichment and identification of nitrotyrosine-containing 
proteins independent of antibodies, it did not prove selective enough, since α- and  
ε-amines were partially modified by the recommended N-hydroxysuccinimide esters at 
pH 5.0 (our own results and other investigators38, 39). Since selectivity of a labeling 
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method is of primary importance when it comes to studying low-abundance post-
translational modifications, we designed a multi-step, one-pot chemical labeling approach 
with the goal of reaching close to 100% conversion at each step (see Fig. 1). The reaction 
sequence is as follows: (1) blocking of all amines by acetylation, (2) conversion of 
nitrotyrosine to aminotyrosine, (3) biotinylation of the amine group of aminotyrosine. 
Subsequent enrichment of biotinylated peptides using avidin-based affinity 
chromatography and analysis by LC-MS/MS completes the procedure. This methodology 
was evaluated in a proof-of-concept study, where nitrated angiotensin II was selectively 
labeled and enriched from a matrix of trypsin-digested bovine serum albumin (BSA). 

 

 

 

 

Figure 1: Reaction scheme of the chemical labeling method as exemplified with an N-
terminal nitrotyrosine residue. Blocking all amines by acetylation with NHS-acetate is followed 
by the reduction of nitrotyrosine to aminotyrosine with heme and DTT in a boiling water bath. The 
reaction sequence is completed by biotinylation of aminotyrosine with NHS-biotin. 
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2 MATERIAL AND METHODS 

2.1 Materials and reagents 

Acetic acid N-hydroxysuccinimide ester (NHS-acetate) was from MP 
Biomedicals (Illkirch, France). Monomeric avidin immobilized on agarose beads was from 
Pierce (Perbio Science, Etten-Leur, The Netherlands) and dimethyl sulfoxide (DMSO), 
sodium dihydrogen phosphate monohydrate, di-sodium hydrogen phosphate dihydrate 
and formic acid (FA) were from Merck KGaA (Darmstadt, Germany). HPLC-S gradient 
grade acetonitrile and methanol were from Biosolve (Valkenswaard, The Netherlands). 
Angiotensin II (human) acetate, bovine serum albumin (BSA), dithiothreitol (DTT), 
biotinyl N-hydroxysuccinimide ester (NHS-biotin) were from Sigma (Zwijndrecht, the 
Netherlands). Hemin was purchased from Sigma-Fluka (Zwijndrecht, the Netherlands) 
and peroxynitrite from Calbiochem (Merck Chemicals Ltd., Nottingham, UK). Ultra-pure 
water (conductivity: 18.2 MΩ) was obtained from a Maxima System (Elga Labwater, Ede, 
the Netherlands). All incubations at 25 and 37 °C were performed in a Thermomixer 
(Eppendorf, Hamburg, Germany) at 450 rpm. 

 

2.2 Sample preparation 

2.2.1 Nitration of angiotensin II 

20 µL of angiotensin II (DRVYIHPF; 500 µM in water) was diluted with 940 µL 
500 mM sodium phosphate buffer, pH 7.5. 40 µL of peroxynitrite solution (160-200 mM 
in 4.7% NaOH) were added and the solution was immediately vortexed for 1 min. The 
sample was subjected to solid-phase extraction on an Oasis HLB column (Waters, Etten-
Leur, The Netherlands) previously conditioned with 1 mL methanol and 1 mL water. After 
washing the column with 1 mL 5% methanol, the peptides were eluted with 80% methanol 
in water and dried under nitrogen. 

 

2.2.2 Preparation of trypsin-digested BSA 

BSA (1 mg/mL in 100 mM sodium phosphate, pH 8) was digested at 37 °C for 4 
h with trypsin at a ratio of 1/20 (trypsin/BSA) by weight. A 1 mL sample was subjected to 
solid-phase extraction on an Oasis HLB column as described above for angiotensin II. 

 

2.2.3 Addition of nitrated angiotensin II to the digested BSA matrix 

The content of a tube of dried nitrated peptide was resuspended in 1 mL 250 mM 
sodium phosphate, pH 8 (final peptide concentration: 10 µM). After completion, the 
liquid was transferred to another tube containing the dried BSA digest (final 
concentration: 1 mg/mL, i.e. 15 µM). 
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2.3 Chemical labeling 

2.3.1 Acetylation of primary amines 

10 µL of 500 mM NHS-acetate in DMSO (final concentration: 25 mM) was 
added to 190 µL of nitrated angiotensin II. The sample was incubated for 2 h at 25 °C and 
subsequently treated for 15 min in a boiling water bath to hydrolyze remaining reagent and 
to reverse O-acylations, as previously described.40 

 

2.3.2 Reduction of nitrotyrosine to aminotyrosine 

10 µL of 440 mM DTT (final concentration: 20 mM) and 10 µL of 550 µM hemin 
(final concentration: 25 µM) was added to the sample prior to incubation for 15 min in a 
boiling water bath. 

 

2.3.3 Biotinylation of aminotyrosine 

10 µL of 115 mM NHS-biotin in DMSO (final concentration: 5 mM) was added to 
the sample. After 2 h at 25 °C, the sample was incubated for another 15 min in a boiling water 
bath and supplemented with 170 µL 1% (v/v) FA. 

 

2.4 Removal of excess biotin 

The sample was diluted to 1 mL with 11 mM (0.425‰, v/v) FA and applied to a 
strong cation exchange (SCX) cartridge (3-mL LiChrolut SCX; Merck, Germany), 
previously conditioned with 3 mL methanol and 3 mL 11 mM FA, to remove the excess of 
free biotin. After washing the column with 7 mL 11 mM FA, the peptides were eluted in 1.4 
mL of 300 mM sodium phosphate, pH 8.0, 150 mM NaCl : methanol (7:3) and collected 
in a tube of known weight. The samples were concentrated in a vacuum centrifuge 
(Concentrator 5301; Eppendorf, Hamburg, Germany) at 40 °C until their residual volume 
was ~600 µL (based on their weight, considering a density of 1 g/mL). Water was 
subsequently added to 1 mL. 

 

2.5 Enrichment of biotinylated peptides 

100 µL of a 50% slurry of monomeric avidin immobilized on agarose beads were 
washed with 2 × 1 mL phosphate buffer saline (PBS) prior to being added to the sample. 
After 1 h on a rotary shaker at room temperature, an aliquot (40 µL) of the supernatant 
was removed, diluted with an equal volume of 1% FA, and stored on ice for further 
analysis (“flow-through fraction”). The beads were packed into a gel loader tip without 
letting them dry, washed with 5 mL PBS and the retained peptides eluted with 100 µL 8 M 
guanidinium-HCl, pH 1.4. The eluate was diluted with an equal volume of 1% FA prior to 
LC-MS/MS analysis (“bound fraction”). 
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2.6 LC-MS/MS  

The HPLC part of the LC-MS/MS system consisted of an Agilent series 1100 
capillary LC (Waldbronn, Germany) comprising a degasser, a binary pump with stream 
splitter and flow controller, a temperature-controlled autosampler (4°C) and a 
temperature-controlled column compartment (40 °C). A diode array detector set at 214, 
280 and 365 nm was used to ascertain nitration of angiotensin II after treatment with 
peroxynitrite. Chromatographic separation took place in an Atlantis dC18 column 
(Waters, Etten-Leur, The Netherlands; 1.0 mm i.d. × 150 mm length, particle size 3 µm) 
operated at 20 µL/min flow rate. Mobile phase A consisted of 0.1% (v/v) FA in ultrapure 
water and mobile phase B of 0.1% (v/v) FA in acetonitrile.  

All samples obtained after chemical labeling (including the biotinylation step) 
were diluted to 400 µL with 1% (v/v) FA prior to LC-MS/MS analysis. All other samples 
were diluted with an equal volume of 1% (v/v) FA. Unless stated otherwise, an injection 
volume of 4 µL was used, and the separation was performed with an increasing gradient 
of B (2–47% at 0.5%/min). The analytes were detected by an Agilent SL ion-trap mass 
spectrometer equipped with an electrospray ionization source operated in positive mode. 
MS data were acquired over a scan range of 200–1200 m/z. Molecules of interest were 
selected as precursor ions (preferentially doubly charged states were used, when 
applicable; isolation width of 2 amu) and analyzed by MS/MS at a fragmentation 
amplitude of 1 V. Daughter ions were acquired over a scan range of 50–1200 m/z. 

All displayed chromatograms underwent one cycle of three-point smoothing 
based on a Gaussian algorithm and all extracted ion chromatograms (EICs) were 
retrieved with a tolerance of ±0.2 m/z. 
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3 RESULTS 

3.1 Nitration of angiotensin II 

In order to assess the efficiency and selectivity of the labeling method, we 
applied it to chemically nitrated angiotensin II in a matrix of trypsin-digested BSA. After 
exposure to peroxynitrite, angiotensin II (native form: “Y”; Fig. 2-B, 1st and 2nd panels) 
was found to be partially (about 50 %) nitrated (“YNO2”; Fig. 2-B, 3rd and 4th panels). 
Nitration was accompanied by a shift to a higher retention time upon reversed-phase 
HPLC and a 45-Da increase in molecular weight. Using a DAD detector, we also observed 
an absorbance peak at 365 nm, which is the maximum of absorbance of nitrotyrosine in 
acidic media (data not shown).41, 42 

 

Figure 2: LC-MS analysis of nitrated angiotensin II in a tryptic digest of BSA: A (left): 
base peak chromatogram; B (right): extracted ion chromatograms (+/- 0.2 amu) of non-modified [Y] 
and tyrosine-nitrated [YNO2] angiotensin II. 1st and 2nd panels: triply (m/z 349.8) and doubly (m/z 
523.9) charged molecular ions of [Y] (45.1 min); 3rd and 4th panels: triply (m/z 364.7) and doubly 
(m/z 546.4) charged molecular ions of [YNO2] (48.5 min). The peak marked “X” has an m/z of 546.3. 
Its isotopic distribution indicates a higher charge state, although resolution of the ion-trap mass 
analyzer was insufficient to assign the charge state. 

 

3.2 Acetylation of primary amines 
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digest of BSA to evaluate the selectivity of our labeling and enrichment methodology. In 
order to avoid side reactions with NHS-biotin, we blocked all primary amines with an 
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investigating the angiotensin II-related peaks (see Fig. 3). Based on previous reports,40, 43 
angiotensin II (DRVYIHPF) was expected to be mostly doubly acetylated on its N-
terminus and the tyrosine hydroxyl group. 

The non-nitrated peptide was indeed found to be both singly acetylated (“AcY”; 
Fig. 3B, 2nd panel) and doubly acetylated at both the N-terminus and the phenolic 
hydroxyl group of tyrosine (“AcY-O-Ac”; Fig. 3B, 3rd panel). In contrast, the nitrated version 
of the peptide was principally found as singly acetylated derivative (“AcYNO2”; Fig. 3B). 
This difference in reactivity may be explained by a shift of the pKa of the phenolic 
hydroxyl group from 10.1 to 7.2 upon nitration.36 It is thus mostly found in its phenolate 
form at pH 8, which appears to be less reactive towards NHS-acetate. An alternative 
explanation for the reduced reactivity might be that steric hindrance of the adjacent nitro 
group interferes with acetylation. 

 

Figure 3: LC-MS analysis after acetylation of primary amines: A (left): base peak 
chromatogram; B (right): extracted ion chromatograms (+/- 0.2 amu): 1st panel: doubly charged 
molecular ion of remaining, non-nitrated angiotensin II (“Y”, m/z 523.9, 45.1 min); 2nd panel: doubly 
charged molecular ion of non-nitrated, N-acetylated angiotensin II (“AcY”, m/z 545.1, 51.9 min); 3rd 
panel: doubly charged molecular ion of non-nitrated, N-,O-diacetylated angiotensin II (“AcY-O-Ac”, m/z 
566.1, 56.9 min); 4th panel: doubly charged molecular ion of tyrosine-nitrated angiotensin II (“YNO2”, 
m/z 546.4, 48.5 min); 5th panel: doubly charged molecular ion of tyrosine-nitrated, N-acetylated 
angiotensin II (“AcYNO2”, m/z 567.6, 56.1 min); 6th panel: doubly charged molecular ion of tyrosine-
nitrated, N-,O-diacetylated angiotensin II (“AcYNO2-O-Ac”, m/z 588.4, 57.4 min). The peak marked “X” 
has an m/z of 588.5. It is an isotopic peak of a compound of which the molecular ion is of 587.5 m/z, 
and which is singly charged, according to its isotopic distribution. 
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As shown previously,40 all O-acetyl groups were hydrolyzed after 15 min of 
incubation in a boiling water bath resulting in singly acetylated angiotensin II (“AcY” and 
“AcYNO2”; Fig. 4B, respectively 2nd and 5th panels). The N-acetyl blocking groups withstood 
this treatment, as shown by the very low-intensity signals (calculated by peak integration 
to equal respectively 0.7% and 1.1% with respect to the starting material) for non-
modified angiotensin II (nitrated “YNO2” and non-nitrated “Y”, respectively; Fig. 4B, 1st 
and 4th panel). By comparing the base peak chromatograms (BPCs) before and after 
acetylation as well as after the removal of O-acetyl groups (Figs. 2A and 4A) it appears 
that peak intensities for both native and nitrated angiotensin II doubled upon N-terminal 
acetylation indicating an increased ionization efficiency. 

 

  

Figure 4: LC-MS analysis after removal of O-acyl groups: A (left): base peak chromatogram; 
B (right): extracted ion chromatograms (+/- 0.2 amu): 1st panel: doubly charged molecular ion of 
non-nitrated angiotensin II (“Y”, m/z 523.9, 45.1 min); 2nd panel: doubly charged molecular ion of 
non-nitrated, N-acetylated angiotensin II (“AcY”, m/z 545.1, 51.9 min); 3rd panel: doubly charged 
molecular ion of remaining non-nitrated, N-,O-diacetylated angiotensin II (“AcY-O-Ac”, m/z 566.1, 56.9 
min); 4th panel: doubly charged molecular ion of tyrosine-nitrated angiotensin II (“YNO2”, m/z 546.4, 
45.5 min); 5th panel: doubly charged molecular ion of tyrosine-nitrated, N-acetylated angiotensin II 
(“AcYNO2”, m/z 567.6, 56.1 min); 6th panel: doubly charged molecular ion of remaining tyrosine-
nitrated, N-,O-diacetylated angiotensin II (“AcYNO2-O-Ac”, m/z 588.4). The peak marked “X” has an 
m/z of 588.5 and is singly charged according to its isotopic distribution. 
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3.3 Reduction of nitrotyrosine to aminotyrosine 

Although the conversion of nitrotyrosine to aminotyrosine is generally 
performed with sodium dithionite as proposed by Sokolovsky,36 we decided to exploit an 
alternative reduction reaction previously described by Balabanli et al., due to its better 
controllability and the lower risk of side-reactions (see discussion).44 Balabanli et al. 
showed that nitrotyrosine is readily converted into aminotyrosine at physiological pH and 
high temperature in presence of heme (or hemoproteins) and DTT. This reaction proved 
to be very efficient, since singly acetylated, aminotyrosine-containing angiotensin II 
(“AcYNH2”; Fig. 5B, 2nd and 3rd panels) was readily detected whereas AcYNO2 was barely 
detectable after reduction (Fig. 5B, 1st panel). By comparing the BPCs before and after 
nitrotyrosine reduction (Figs. 4A and 5A) we estimate that the reduction of nitrated 
angiotensin II decreases peak intensity by roughly a factor three indicating a reduction in 
ionization efficiency. 

 

Figure 5: LC-MS analysis after reduction of nitrotyrosine to aminotyrosine in 
angiotensin II: A (left): base peak chromatogram; B (right): extracted ion chromatograms (+/- 0.2 
amu): 1st panel: doubly charged molecular ion of tyrosine-nitrated, N-acetylated angiotensin II 
(“AcYNO2”, m/z 567.4, 56.5 min); 2nd and 3rd panels: triply (m/z 368.8) and doubly (m/z 552.4) 
charged molecular ions of N-acetylated, aminotyrosine-containing angiotensin II (“AcYNH2”, 44.2 
min) 
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3.4 Biotinylation of aminotyrosine 

Biotinylation of the aromatic amine in aminotyrosine with an excess of NHS-
biotin followed by 15 min incubation in a boiling water bath appeared to be complete as 
judged by the disappearance of the peak corresponding to aminotyrosine-containing 
angiotensin II (“AcYNH2”; Fig. 6B, 3rd and 4th panels). The expected final product of the 
overall reaction (“AcYNH-Biotin”; Fig. 6B, 5th and 6th panels) was primarily detected as doubly 
charged molecular ion. Some O-biotinylated, N-acetylated peptide was still observed 
(“AcY-O-Biotin”; Fig. 6B, 2nd panel) indicating that hydrolysis of the O-biotin ester is 
somewhat slower than for O-acetate. The O-biotin ester was, however, completely 
removed after incubation in a boiling water bath for 60 min (Fig. S-1 in Appendix 3). The 
excess of free biotin (released after hydrolysis of NHS-biotin) is also retained on the C18 
reversed-phase column and elutes slightly before the acetylated peptides (Fig. 6A). 

 

Figure 6: LC-MS analysis after biotinylation of aminotyrosine-containing angiotensin 
II: A (left): base peak chromatogram; B (right): extracted ion chromatograms (+/- 0.2 amu): 1st 
panel: doubly charged molecular ion of N-acetylated angiotensin II (“AcY”, m/z 545.1, 52.1 min); 2nd 
panel: doubly charged molecular ion of  N-acetylated and tyrosine O-biotinylated angiotensin II 
(“AcY-O-Biotin”, m/z 658.3, 61.2 min); 3rd and 4th panels: triply (m/z 368.8) and doubly (m/z 552.4) 
charged molecular ions of N-acetylated, aminotyrosine-containing angiotensin II (“AcYNH2”, 44.2 
min); 5th and 6th panels: triply (m/z 444.1) and doubly (m/z 665.6) charged molecular ions of N-
acetylated and aminotyrosine N-biotinylated angiotensin II (“AcYNH-Biotin”, 56.5 min). The peak of free 
biotin (m/z 245.2 [M+H+]1+ and m/z 489.2 [2M+H+]1+, 38.3 min) has been truncated in Fig. 6A 
(actual intensity value: 7.75 × 108). 
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3.5 Removal of excess biotin and enrichment of biotinylated, 
aminotyrosine-containing peptides 

Since the large excess of biotin interferes with the subsequent enrichment step 
on a monomeric avidin column, it was removed by solid-phase extraction over a strong 
cation exchange (SCX) cartridge at acidic pH based on the fact that biotin is expected to 
be neutral under these conditions while most peptides are positively charged and thus 
retained. After extensive washing of the SPE cartridge, peptides were eluted with an 
increased salt concentration at pH 8 in the presence of an organic modifier. The eluate 
was applied to a monomeric avidin column. Analysis of the flow-through of the avidin 
column showed that the biotinylated, aminotyrosine-containing angiotensin II was 
retained while the non-biotinylated, non-nitrated angiotensin II as well as most of the 
BSA-derived peptides were retrieved in this fraction as expected (Fig. 7). It is noteworthy 
that the early-eluting BSA-derived peptides were no longer visible in the flow-through 
fraction indicating that they were lost during the biotin-removal step. This step requires 
therefore further optimization prior to application of the procedure to endogenously 
tyrosine-nitrated proteins and peptides. 

 

Figure 7: LC-MS analysis of the flow-through fraction after avidin-based enrichment of 
biotinylated peptides: A (left): base peak chromatogram; B (right): extracted ion chromatograms 
(+/- 0.2 amu): 1st panel: doubly charged molecular ion of N-acetylated angiotensin II (“AcY”, m/z 
545.1, 51.9 min); 2nd panel: doubly charged molecular ion of N-acetylated and tyrosine O-biotinylated 
angiotensin II (“AcY-O-Biotin”, m/z 658.3, 61.2 min); 3rd and 4th panels: triply (m/z 444.1) and doubly 
(m/z 665.6) charged molecular ions of N-acetylated and aminotyrosine N-biotinylated angiotensin II 
(“AcYNH-Biotin”, 56.5 min). 
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The relatively small amount of remaining biotin and the biotinylated, 
aminotyrosine-containing angiotensin II were eluted from the avidin affinity column with 
8 M guanidinium hydrochloride at pH 1.4 (Fig. 8). It is noteworthy that none of the 
“background” peptides derived from trypsin-digested BSA were detected in the eluate 
indicating strongly that the initial acetylation reaction proceeded to completion. 
Detection of some biotin showed, however, that biotin removal by SCX was not complete 
albeit quite efficient when comparing the remaining amount to the large initial excess 
(Fig. 8A). The identity of AcYNH-biotin was confirmed by MS/MS (Fig. S-2 in Appendix 3). A 
few additional small peaks were observed in the base peak chromatogram of the eluate 
(Fig. 8A). MS/MS analysis revealed that these were mostly low molecular weight 
contaminants possibly originating from the guanidine solution or the avidin beads. This 
result shows that nitrated angiotensin II was selectively labeled and enriched from an 
excess of BSA-derived tryptic peptides. 

 

Figure 8: LC-MS analysis of biotinylated peptides after enrichment on a monomeric 
avidin column (bound fraction): A (left): base peak chromatogram; B (right): extracted ion 
chromatograms. 1st panel: doubly charged molecular ion of N-acetylated angiotensin II (“AcY”, m/z 
545.1, 51.9 min); 2nd panel: doubly charged molecular ion of  N-acetylated and tyrosine O-
biotinylated angiotensin II (“AcY-O-Biotin”, m/z 658.3, 61.2 min); 3rd and 4th panels: triply (m/z 444.1) 
and doubly (m/z 665.6) charged molecular ions of N-acetylated and aminotyrosine N-biotinylated 
angiotensin II (“AcYNH-Biotin”, 56.2 min). 
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4 DISCUSSION 

Nikov et al.35 investigated the possibility of selective labeling of nitrotyrosine 
after reducing it to aminotyrosine followed by reaction with NHS-SS-biotin at pH 5. 
Selectivity was entirely based on the pKa difference between the aromatic amine (pKa = 
4.75)36 and other aliphatic amines present in proteins and peptides (pKa of 8.0 for α-
amines and 10.5 for ε-amines).37 The selectivity of a labeling method is of prime 
importance when it comes to the study of low-abundance post-translational 
modifications. In agreement with reports by other investigators,38, 39 we observed that 
aliphatic amines reacted with NHS esters to a certain extent at pH 5 (data not shown) 
indicating that the method of Nikov et al. is not selective enough in the case of a low-
abundance post-translational modification such as nitrotyrosine. Amoresano et al.45 
recently described a method for the labeling of in vitro nitrated milk proteins and 
endogenously nitrated E. coli proteins with dansyl chloride at pH 5 after reduction of 
nitrotyrosine to aminotyrosine. Non-selective labeling of primary amines was avoided at 
the expense of a reduced labeling yield (60%). Although the combination of precursor ion 
and MS3 scan modes to detect dansyl-specific fragment ions proved to be a powerful and 
selective detection technique, this method does not allow enrichment of nitrated peptides. 
Since tyrosine nitration is a low-abundance protein post-translational modification, 
similar to protein phosphorylation, it is critical that proteins be enriched prior to LC-
MS/MS analysis to overcome limitations in terms of loading capacity of the 
chromatographic column. 

Here we report the further development of a chemical approach for the 
biotinylation of nitrotyrosine residues in peptides with each step reaching a yield close to 
100 % as determined by LC-MS. Having a quantitative and selective method is critical to 
avoid labeling of other functional groups, such as primary amines, thiols or hydroxyl 
groups, which are much more abundant than nitrotyrosine and would thus lead to the 
enrichment of many non-nitrotyrosine-containing peptides. All reactions were performed 
sequentially in the same buffer (250 mM sodium phosphate, pH 8). This amine-free 
buffer (i) does not interfere with NHS ester-based acylations, (ii) is concentrated enough 
to prevent pH variation due to the release of acetic acid after hydrolysis of the excess of 
NHS-acetate and (iii) its pH is compatible with NHS ester-based amine acylations, with 
the hydrolysis of O-acyl groups upon incubation in a boiling water bath as well as with the 
non-enzymatic heme-based reduction of nitrotyrosine to aminotyrosine. 

Recently Zhang et al.39 published an approach for the chemical labeling and 
enrichment of nitrotyrosine-containing peptides independently of our work, based on 
acetylation of primary amines with acetic acid anhydride followed by reduction of 
nitrotyrosine with sodium dithionite and the acylation of aminotyrosine with NHS  
S-acetylthioacetate (SATA). In the following we discuss our results and methodology and 
compare it to the methodology described by Zhang et al., where appropriate. 
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4.1 Acetylation of primary amines 

The first step of our methodology consists of the quantitative acetylation of all 
primary amines to avoid subsequent biotinylation of these residues. Using a high molar 
excess of NHS-acetate allowed to reach a yield of more than 99% (Fig. 3), while Zhang et 
al. estimated their yield at 91% after reaction with acetic anhydride, which leaves 
approximately 9% of all reactive amines unprotected.39 Due to the large excess of primary 
amines over nitrotyrosine residues in peptides, it is critical to block all sides that will give 
rise to side reactions (non-selective labeling). Since only one tyrosine (natural occurrence 
in proteins: 3.2%)46 in 10,000 is nitrated under inflammatory conditions,1 but 6.0% of 
amino acids in proteins are lysine,46 there is an 18,750-fold molar excess of ε-amines with 
respect to aminotyrosines (considering 100% conversion of nitrotyrosine to 
aminotyrosine). Moreover, if labeling is performed on a trypsin digest, every peptide will 
bear an additional reactive α-amine (a further 9.1% of all amino acid residues considering 
an average length of 11 amino acids for a tryptic peptide),47 resulting in an approximate 
28,450-fold molar excess of primary amines over aminotyrosines. Even a moderate 
percentage of non-acetylated or otherwise reactive aliphatic amines would therefore 
result in a majority of labeled peptides being devoid of nitrotyrosine. As a result, 
acetylation of all primary amines must be as close as possible to 100%. 

 

4.2 Reduction of nitrotyrosine to aminotyrosine 

The second step of our approach consists of the reduction of nitrotyrosine to 
aminotyrosine. Although this reaction is generally performed with sodium dithionite,36 
we used hemin (i.e. chloroprotoporphyrin IX iron(III)) and DTT as previously described 
by Balabanli et al..44 The advantage of this reaction is that it proceeds to completion 
within a couple of minutes in a boiling water bath at the same pH as the acetylation 
reaction. Incidentally, Ghesquière et al.38 used Fe2+-charged cytochrome C as the reducing 
agent and showed it to be preferable to sodium dithionite, since the latter leads to partial 
sulfation of tyrosine, as suggested by an 80-Da increase in mass, hence complicating 
chromatograms and mass spectra. 

 

4.3 Biotinylation of aminotyrosine 

NHS-biotin was used to biotinylate aminotyrosine. Due to the blocking of 
primary amines in step 1 aminotyrosine should be, at this stage, the only amine available 
for biotinylation. While the expected biotinylated peptide was observed (Fig. 6B, 5th and 
6th panels), signal intensity was rather low, notwithstanding the fact that no starting 
material was left. We did not observe any side reactions that might explain a major loss of 
aminotyrosine-containing peptide and assume that the introduction of the biotin moiety 
at the aminotyrosine residue dramatically decreased ionization efficiency. 

The phenolic hydroxyl group of tyrosine reacts as well with NHS-activated esters 
under the described conditions. By incubating for 60 min in a boiling water bath we 
assured that all O-biotinylated peptide was removed (Fig. S-1 in Appendix 3). Although 
the phenolic hydroxyl group of aminotyrosine has an almost identical pKa as in tyrosine 
(10.0 and 10.1, respectively36), we did not observe the O-biotinylated side product in this 
case (Fig. 6B, 5th and 6th panels). This is likely due to the fact that the aromatic amine is 
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more reactive than the hydroxyl group making subsequent biotinylation of the adjacent 
OH-group sterically unfavorable.  

 

4.4 Removal of excess biotin prior to enrichment on a monomeric avidin 
column 

The binding capacity of the monomeric avidin resin is relatively low (1.2 mg 
BSA, i.e. 18 nmol/mL of settled resin corresponding to 0.9 nmol for the 100 µL of a 50% 
slurry of resin that we used). Thus, the resin would be very easily saturated by the 5 mM 
(1.15 µmol) of NHS-biotin (hydrolyzed to biotin during the boiling step) used during the 
last step of chemical labeling. We therefore wished to remove the excess of biotin prior to 
the final enrichment step. Several methods were not deemed optimal. Size-based 
separation methods (dialysis, gel filtration, ultrafiltration) were not possible because of 
the small size difference between free biotin (244 Da) and the target peptide (1329 Da). 
Solid-phase extraction with reverse-phase materials was no option since both molecules 
have similar retention characteristics (see retention on the C18 reversed-phase column; 
Fig. 6). Anion exchange was also not optimal, since both peptides and biotin contain at 
least one carboxylic acid moiety. Consequently we exploited SPE on a strong cation 
exchange (SCX) resin based on the fact that biotin cannot acquire a positive charge at 
acidic pH, whereas most peptides can be protonated at histidine or arginine residues, 
despite the fact that all primary amines have been acetylated. This separation step proved 
to be efficient, although biotin still resulted in the highest peak upon LC-MS after the SCX 
step (Fig. 8A), considering that the remaining biotin is only a very small fraction of the 
initial amount that was present after biotinylation (Fig. 6A). Unfortunately, this cleanup 
step is also the cause for some peptide loss and requires further study. Comparison of the 
BPCs before (Fig. 6) and after SCX (flow-through of the avidin-based extraction, Fig. 7) 
reveals that the peak intensity for [AcY]2+ is reduced by a factor 30 although the peptide 
solution was only diluted by about a factor of 2.5. This signal reduction after the SCX 
column is consistent with the observation that the signal for the labeled peptide decreased 
by about a factor 5 although it is recovered in a volume that is only two times smaller than 
that of the biotinylation step (Fig. 6 and Fig. 8). Moreover, it appears that certain BSA-
derived peptides are no longer observed after SCX, neither in the flow-through nor in the 
eluate of the avidin-based enrichment.  

To circumvent this problem we are presently evaluating ways to perform the 
chemical labeling at the protein level and to use molecular size-based methods for biotin 
removal. Initial experiments show that it is possible to perform our sequence of reactions, 
including the boiling steps, with proteins in a solution containing 6 M guanidinium 
hydrochloride, so further investigations are warranted. 

It is noteworthy that the labeled peptide of interest was recovered as the major 
peptide in the eluate of the avidin-based resin. No BSA-derived peptides were observed, 
reflecting the high selectivity of the chemical labeling and enrichment procedure. 
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5 CONCLUSIONS 

We describe a methodology for the selective labeling and enrichment of tyrosine-
nitrated angiotensin II in a matrix of BSA tryptic peptides. This method constitutes an 
improvement over previous reports by Nikov et al.35 and Zhang et al..39 First, all chemical 
reactions proceeded with yields approximating 100%. This reduces the chance of 
enriching peptides that do not contain nitrotyrosine, which is of prime importance when 
targeting a low-abundance protein post-translational modification. Second, neither 
sample cleanup nor change of pH are required until the biotin-removal step. Considering 
that proteomic samples are often small in volume and contain low amounts of peptides, 
this is a major advantage. 

Our chemical labeling approach is well adapted to the analysis of tyrosine 
nitration at the peptide level, for instance in shotgun proteomics. We are presently 
pursuing experiments to perform the labeling reactions at the protein level prior to 
digestion, notably to facilitate biotin removal. 
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Chapter 6 

Study of Human Lung Elastin Degradation 

by Different Elastases using High-Performance 

Liquid Chromatography / Mass Spectrometry 

 

 

Elastin is a structural insoluble protein which gives elasticity to tissues and 
organs. Although its hydrophobic and highly cross-linked nature makes it a very durable 
polymer, degradation of elastin has been documented in relation with several pathological 
conditions, such as pulmonary emphysema. Since different enzymes may be involved in 
elastolysis, it is of interest to know which one is responsible for the degradative effects 
observed in a certain disease.  

The aim of this work was to study elastin degradation by proteases from 
different families (serine, cysteine and metalloproteases) using liquid chromatography 
coupled to mass spectrometry to characterize the elastin-derived peptides. Incubation of 
insoluble human elastin with different elastases revealed that indeed, each protease 
degrades elastin in a preferential way giving rise to specific peptide patterns. This opens 
the possibility of using a given set of peptides as biomarkers for disease-related 
elastolysis. 

 

 
Barroso, B.; Abello, N.; Bischoff, R., 

Anal Biochem 2006, 358, (2), 216-24. 
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1 INTRODUCTION 

Elastin is an insoluble fibrous protein of high tensile strength, which is part of 
the lung extracellular matrix, supporting its structural framework and providing its 
stretchable characteristics. 

Elastin is secreted as a 72-kDa soluble polypeptide known as tropoelastin.1 
Tropoelastin occurs as multiple, distinct isoforms due to extensive alternative splicing of a 
single-gene transcript.2 The polypeptide structural units are covalently cross-linked via 
two special amino acids (desmosine and isodesmosine) formed by enzymatic oxidative 
deamination of lysine residues by lysyl oxidase constituting a three-dimensional 
network.3 The formation of these cross-links is essential for the unique properties of the 
mature elastin protein.4 

Elastin possesses an unusual chemical composition responsible for its 
characteristic physical properties. It consists of an alternation of highly hydrophobic and 
more hydrophilic residues. 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. The lysine-containing regions correspond to the potential 
cross-linking domains.5 Some of the prolyl residues may be hydroxylated.6 Despite its 
extreme hydrophobicity, elastin is highly hydrated. It swells in water and, is not elastic in 
the absence of water.7 

The mature elastin molecule is a remarkably stable and insoluble protein, with a 
metabolic turnover approaching the life duration of the animal under normal 
circumstances.8 However, there are several disorders such as incomplete cross-linking or 
excessive proteolysis, which can result in pathologic conditions such as aneurysms and 
impaired pulmonary function.9, 10 Elastin degradation plays an important role in 
pathogenesis of some cardiovascular11 and pulmonary diseases12 and an enhanced 
elastolytic activity in malignancies has also been observed.13-15 

Although elastin is quite resistant to enzymatic proteolysis (it is not hydrolyzed 
by trypsin, chymotrypsin or pepsin), it is acted upon by special proteases called elastases. 

Elastases may belong to the class of serine proteases, cysteine proteases or 
metalloproteases. The elastolytic activity varies from one elastase to another and is 
usually not correlated with the catalytic efficiency of these proteases. 

Uncontrolled elastases play a pathologic role in several diseases such as 
pulmonary emphysema, cystic fibrosis, infections, inflammation and atherosclerosis.16-19 
Although repair of the damaged elastic fibers can occur, the physiologic function of the 
tissue may never return to normal, especially for the lung, where the unique alveolar 
architecture is very difficult if not impossible to reconstruct.4 

In our research we are interested in the pathophysiological mechanisms leading 
to the development of pulmonary emphysema in chronic obstructive pulmonary disease 
(COPD). In emphysema there is permanent destruction of the alveoli, the tiny elastic air 
sacs of the lung. Irreversible degradation of lung elastin is known to be a major factor in 
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the development of emphysema. The loss of elastin also causes collapse or narrowing of 
the smallest air passages (bronchioles), which in turn limits airflow out of the lung. 

Next to the deleterious effect of proteolytic activity on lung function, it has 
recently been proposed that peptides resulting from the proteolytic degradation of elastin 
can induce biological effects such as regulating the activity of matrix metalloproteases 
(MMPs)20 and functioning as chemoattractants for neutrophils21 thus perpetuating 
chronic inflammation. 

Several studies have been performed to monitor the degradation of this protein 
in biological fluids in relation to emphysema development, for example, measuring 
urinary concentrations of desmosine and isodesmosine derived from mature elastin.22-24 
However, the results are not unequivocal. While some researchers found a correlation 
between desmosine in bronchoalveolar lavage fluid (BALF) and/or urine with disease 
progression, others did not.25 Moreover, desmosine is strongly retained by the kidneys, 
and urinary desmosine is therefore doubtfully useful as biomarker to assess elastolytic 
activity in the lung.26 

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 alpha-1-antitrypsin develop early and more severe lung 
emphysema, 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 COPD is presently not well-established.27 The role of other 
proteolytic enzymes found in the lung of patients with chronic inflammation is unclear. 
Preliminary data in the literature indicate that both matrix-metalloproteases (MMPs) and 
cysteine proteases of the cathepsin family may play an important role.28-31 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. Therefore in COPD patients it 
would be important to assess the situation regarding the proteases involved in tissue 
destruction and emphysema development for further development of diagnostic and 
therapeutic approaches. 

A way to get insight into these subjects would be by characterizing the peptides 
resulting from elastin degradation under action of proteases involved in different 
pathological conditions. 

The aim of this work is to identify these peptides using modern analytical 
techniques based on liquid chromatography coupled to mass spectrometry (LC/MS) and 
to elucidate the elastolytic preferences of the different proteolytic enzymes. 
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2 MATERIALS AND METHODS 

2.1 Materials and reagents 

Human lung elastin and human neutrophil elastase (HNE) were purchased from 
Calbiochem (La Jolla, CA, USA). Pancreatic elastase, anti-rabbit IgG –alkaline 
phosphatase antibody, dithiotreitol (DTT), phenylmethanesulfonyl fluoride (PMSF), Brij 
and human insoluble lung elastin prepared by non-degradative extraction as described in 
Starcher et al.32 were from Sigma (Zwijndrecht, The Netherlands). Rabbit polyclonal 
antibody to elastin from several species was obtained from Elastin Product Company 
(Owensville, Missouri, USA). Recombinant human MMP-12 (catalytic domain) and 
recombinant human MMP-9 were provided by Astra Zeneca, R&D (Lund & Mölndal, 
Sweden). Cathepsin-K was kindly donated by Dr. Dieter Brömme (University of British 
Columbia, Vancouver, Canada). Ammonium bicarbonate, ethylenediaminetetra-acetic 
acid (EDTA), sodium acetate, sodium chloride, formic acid, and acetonitrile were from 
Merck (Darmstadt, Germany). Tris-hydrochloride was from Duchefa Biochemie B.V. 
(Haarlem, The Netherlands). Human lung tissue was obtained using protocols approved 
by the medical ethics committee and provided by the Pulmonary Research Unit of the 
University Medical Centre Groningen (Groningen, The Netherlands). 30% acrylamide/bis 
solution (37.5:1), TEMED, ammonium persulfate, precision plus protein standards were 
from Bio-Rad Laboratories BV (Veenendal, the Netherlands). Ultra-pure water 
(conductivity: 18.2 MΩ) was obtained from a Maxima System (Elga Labwater, Ede, the 
Netherlands). 

All incubations were performed in a Thermomixer (Eppendorf, Hamburg, 
Germany). Centrifugations took place at 4°C in a microlitre centrifuge (Mikro 20, Andreas 
Hettich GmbH & Co KG, Tuttlingen, Germany). 

 

2.2 High Performance Liquid Chromatography/Mass Spectrometry 

The HPLC part of the analytical system consisted of an Agilent Series 1100 LC 
system (Waldbronn, Germany) comprising a degasser, a binary pump, a temperature 
controlled autosampler and a thermostated column compartment. Chromatographic 
separation of the peptides generated took place in a reverse-phase C18 column (Zorbax, 
0.5 mm I.D. x 150 mm length).  

Mobile phase A consisted of 0.1% formic acid in ultrapure water. Mobile phase B 
was 0.1% formic acid in acetonitrile. The separation was performed with a 0.5% increase 
of B/min (0 to 60 % B in 120 min). Flow rate employed was 10 μl/min. The column was 
maintained at 28°C. The analytes were detected by a diode array detector (DAD) at 214 
nm and subsequently with an Agilent SL ion-trap mass spectrometer equipped with an 
electrospray ionization (ESI) source operated in the positive mode. MS data were 
acquired over a scan range of 100-1500 amu and 5500 m/z per sec scan rate.  

For the MS/MS analysis, the fragmentation cut off was set to 27% of the m/z of 
the precursor ion. 
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2.3 Preparation of elastin digests 

Human lung elastin was dispersed in phosphate buffered saline (PBS) solution, 
pH 7.1 at a concentration of 1 mg/mL. A small aliquot of this suspension was used to mix 
with each of the enzymes prepared in the appropriate buffers (see Result section). 

 

2.4 Influence of ionic strength on elastase activity 

Human insoluble lung elastin (100 µg) was incubated in 50 mM NH4HCO3, pH 
8.0 with HNE (1 µg) with different final concentrations of NaCl (0, 128 and 536 mM). The 
samples were incubated 18 h at 37°C, 1000 rpm in a Thermomixer. 1 mM PMSF was 
added to stop the digestion. The remaining insoluble elastin was spun down (20 min at 
13000 rpm) and the supernatant was subsequently analyzed by LC-MS. 

 

2.5 HNE-mediated digestion of human lung tissue 

8 mL of 20 mM NH4HCO3, pH 8.0 were added to 1.08 g human lung tissue. 
Homogenization was performed with an Ultra-Turrax TP18-10 instrument (Janke & 
Kunkel GmbH, Ika-Werk, Staufen, Germany). Lung tissue homogenate (100 µL) was 
diluted 1:1 with 50 mM NH4HCO3, pH 8.0 containing different quantities of HNE (0, 0.5 
and 5 µg), and NaCl was added to a final concentration of 127 mM (excluding the 
endogenous salts initially present in the piece of tissue). The samples were incubated 18 h 
at 37 °C, 1,000 rpm in a Thermomixer. To stop the HNE-mediated digestion and avoid 
further tissue degradation due to endogenous serine and metallo-proteases, 1 mM PMSF 
and 1 mM EDTA were added to each sample. The insoluble material was spun down (20 
min at 13000 rpm) to be separated from the supernatant, which was kept for further 
analyses by SDS-PAGE / Western Blot and LC-MS. 

 

2.6 SDS-PAGE / Western Blot with digested human lung tissue. 

The samples obtained after HNE-mediated digestion of human lung homogenate 
were mixed with an equal volume of loading sample buffer (2%, w/v) SDS, 10% (v/v) 
glycerol, 0.02% (w/v) bromophenol blue, 200 mM DTT in 62.5 mM Tris, pH 6.8), and 
then incubated in a boiling water bath for 5 min prior to loading on the polyacrylamide 
gel. A 12.5%-polyacrylamide gel was cast and the electrophoresis was performed with a 
constant voltage of 200 V using a Mini-Protean 3 Electrophoresis Cell (Bio-Rad 
Laboratories BV, Veenendal, the Netherlands). The Western blot transfer from the gel to a 
PVDF membrane was done in 1 h with a 350-mA current in a Mini Trans-Blot Cell also 
from Bio-Rad Laboratories BV. using as transfer buffer 25 mM Tris, 192 mM glycine, pH 
8.3, 20% (v/v) methanol. 
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3 RESULTS 

In order to characterize the peptide bond specificity of different proteases, 
enzymes from 3 different protease families (human neutrophil elastase and pancreatic 
elastase (serine proteases), macrophage elastase (MMP-12) and gelatinase B (MMP-9) 
(metalloprotease) and cathepsin-K (cysteine protease)) presumed to play an important 
role in emphysema, were chosen to evaluate whether they generate different patterns of 
peptides. Pancreatic elastase, although it is not involved in emphysema, was included to 
set up the analytical methodology. 

500 µg of human lung elastin were incubated with each of the above mentioned 
proteases at a ratio 1/1000 (enzyme/elastin, w/w), during 18 hours at 37 ºC. Digestion 
buffer was ammonium bicarbonate, 50 mM, pH 8.0 for the serine proteases and MMP-12. 
For Cathepsin-K a mixture of 2 mM EDTA and 2mM DTT in 20 mM sodium acetate pH 
5.0 was used33 and for MMP-9, 12.5 mM TRIS pH 7.5, 1.5 mM Ca Cl2, 33 mM NaCl, 
0.015% Brij. After digestion, visual examination of the solutions revealed that only a small 
part of insoluble elastin had been solubilized, therefore the resultant digest was 
centrifuged for 5 min at 4000 rpm and 10 µL of the supernatant injected in the HPLC-
UV-ESI-MS system. 

 

Figure 1: Chromatographic profiles (HPLC-MS base peak chromatogram) obtained 
after digestion of human lung elastin with different proteases. Peptides were separated on 
a C18 column with an increasing gradient of acetonitrile in 0.1% aqueous formic acid (see text for 
further details). 
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Figure 1 shows the base peak chromatogram obtained in each case. It is clearly 
observed that each protease generates a different chromatographic profile, confirming 
that each enzyme has its particular elastolytic activity. Cathepsin-K generates 
preferentially smaller peptides than the other enzymes. 

The main peaks detected in each profile were submitted to MS/MS analysis for 
peptide identification. Although chromatographic peaks with the same parent masses 
were found in some cases, the MS/MS spectra confirmed that they corresponded to 
different peptide sequences (see Figure 2). In Table 1 the elastin peptides identified after 
digestion with each protease are listed. It is interesting to remark that digestion of elastin 
with MMP-9 under these conditions did not result in detectable amounts of small 
peptides when analyzed by LC/MS. 

The influence of the contact time between enzyme and the elastin substrate was 
studied. Longer incubation times resulted in higher concentrations of peptides produced 
but no new peptides were generated indicating the completeness of the reaction under 
these conditions (data not shown).  

As expected, incubation of elastin with increasing amounts of proteolytic enzyme 
resulted in the appearance of new peptides in the chromatogram. In Figure 3 the 
chromatograms obtained after digestion with two different ratios of HNE (1/1000 and 
1/500 enzyme/protein (w/w)) illustrate this observation.  

The digestion of elastin with different proteases was performed again utilizing a 
higher ratio protease/elastin (1/200) in order to compare the identity of the resulting 
peptides with those obtained with less enzyme (Table 2). Comparing Tables 1 and 2 
reveals that Cathepsin K produces smaller peptides than the other enzymes with a marked 
preference to cleave after glycine. Macrophage Elastase (MMP-12) on the other hand 
produces longer peptides with a stronger preference to cleave after alanine than any of the 
other enzymes. The two serine proteases (HNE and pancreatic elastase) behave similar to 
each other with a marked trend to cleave after valine and glycine. This is in partial 
agreement with the results obtained by Mecham et al.,34 who studied the elastolytic 
preferences of MMP12 and HNE by sequencing the newly generated N-termini after 
digestion of insoluble elastin. They reported a marked preference of HNE for glycine, 
alanine and less for valine and they found in the case of MMP-12 a higher preference for 
leucine/isoleucine followed by alanine and glycine. 
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Figure 2: MS/MS spectra corresponding to two elastin peptides obtained with different 
elastases (A: Cathepsin K; B: human neutrophil elastase) having a parent ion with the same m/z 
value (499.3). 
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Cathepsin-K
m/z aa sequence
317.2 (+) (G)AGLG(A) aa 73-76, 77-80 or 

(G)AGLG(G) aa 110-113,
(A)AGLG(G) aa 686-689  or
(L)GALG(G) aa 49-52, 613-616 or 
(G)GALG(P) aa 54-57

331.2 (+) (G)VGVG(G) aa 389-392, 409-412 or
(G)VGVG(V)aa561-564

428.2 (+) (G)PGVVG(V) aa 331-335
428.2 (+) (V)VGVPG(A) aa 334-338 or

(G)VGVPG(A) aa 344-348 or
(G)VGVPG(L) aa 563-567

435.2 (+) (G)VYPG(G) aa 149-152
485.2 (+) (G)VPGVGG(L) aa 115-120 or

(G)VPGVGG(V) aa 561-564
499.2 (+) (G)VGVAPG(V) aa 489-494,

495-500, 507-512, 513-518 or
(G)VGVAPG(I) aa 519-524

581.3 (+) (G)IPVVPG(A) aa 351-356

 

 
Figure 3: Digestion of human elastin with different ratios of HNE. A: 1/1000 
enzyme/protein and B: 1/500 enzyme/protein (w/w). As expected, an increase in the amount 
of elastase generates more peptides (marked with *). 
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Pancreatic Elastase
m/z aa sequence
442.2 (+) (V)PGLGV(G) aa 566-570, 575-579
499.3 (+) (G)LGGVPG(V) aa 112-117 or

(G)GLGVPG(V) aa 660-665
513.3 (+) (P)GALVPG(G) aa 89-94 or

(A)AGLVPG(G) aa 320-325 ,477-482 or 
(G)VGLAPG(V) aa 501-506

598.3 (+) (A)GVLPGVG(G) aa 272-278 or
(A)GLVPGVG(V) aa 478-484

655.3 (+) (G)VGVAPGVG(V) aa  483-490,
489-496, 507-514, 513-520 or
(G)VGVAPGVG(L) aa 495-502 or 
(V)GVPGLGVG(A) aa 564-571 or 
(A)GVPGLGVG(A) aa 573-580

726.3 (+) (V)GVPGLGVGA(G) aa 564-572 or 
(A)GVPGLGVGA(G) aa 573-581

Macrophage Elastase
m/z aa sequence

487.3 (+) (G)LGALGG(G) aa 48-53 or
(G)LGALGG(V) aa 612-617

558.4 (+) (G)AGLGALG(G) aa 46-52
629.3 (+) (G)LAGAGLGA(G) aa 70-77
691.9 (+2) (G)PFGGPQPGVPLGYP(I) aa 194-207

Neutrophil Elastase
m/z aa sequence

428.3 (+) (F)PGVGV(L) aa 161-165,
(V)PGVGV(P) aa 342-346,
(R)PGVGV(G) aa 387-391,
(V)PGVGV(A) aa 481-485,
(A)PGVGV(A) aa 493-497,505-509,
511-515,517-521

442.3 (+) (V)PGLGV(G) aa 556-570,575-579
(I)PGLGV(G) aa 557-561

444.2 (+) (G)LGVGV(G) aa 559-563
449.3 (+) (L)GYPI(G) aa 205-208
499.3 (+) (G)VPGAGV(P) aa 336-341
572.4 (+) (A)GLGGLGV(G) aa 652-658
632.3 (+) (A)GLGAFPA(V) aa 74-84
653.4 (+2) (V)GVPGLGVGAGVPGLGV(G) aa 564-579
754.4 (+) (I)PGLGVGVGV(P) aa 557-565

 
 

 

 

 

Table 1: Peptides obtained after digestion of human lung elastin with different 
elastases at a ratio 1/1000 (w/w) (enzyme/elastin). 
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Cathepsin-K
m/z aa sequence

345.4 (+) (G)LGVG(V) aa 582-585 or
(G)LGVG(A) aa 591-594 or
(G)LGVG(A) aa 600-603 or
(G)LGVG(G) aa 712-715

442.4 (+) (G)VGLPG(V) aa 144-148 or
(G)VGIPG(G) aa 674-678

456.5 (+) (A)IPGIG(G) aa 289-293 or
(G)IPGLG(V) aa 579-583

473.4 (+) (G)ALGGVG(I) aa 670-675
501.5 (+) (G)LGVGVG(V) aa 582-587
541.5 (+) (G)VGVLPG(V) aa 163-168
581.5 (+) (G)IPVVPG(A) aa 351-356
584.4 (+) (G)AGIPGLG(L) aa 577-583
709.5 (+) (G)AGIPVVPG(A) aa 349-356
726.5 (+) (G)AGVPGLGVG(A) aa 573-2-580

Macrophage Elastase (MMP-12)
m/z aa sequence

416.4 (+) (G)IAGVG(T) aa 295-299
449.4 (+) (G)YGLP(Y) aa 217-220
321.2 (+2) (G)VVGAGPAA(A) aa 680-687
326.2 (+2) (G)GPQPGVP(L) aa 197-203
655.4 (+) (G)LGVPGVGG(L) aa 717-724
662.5 (+) (P)AVTFPGA(L) aa 84-90
726.5 (+) (A)LGGVGIPGG(V) aa 671-679
754.5 (+) (G)VGVGVPGLG(V) aa 584-592
463.5 (+2) (G)VVGAGPAAAAAA(A) aa 680-691
476.1 (+2) (G)VFYPGAGLGA(L) aa 41-50
506.5 (+2) (A)LVPGGVADAAAA(Y) aa 91-102

 
 
 

 

 
 

 
 
 

Pancreatic Elastase
m/z aa sequence

328.5 (+) (G)VPL(G) aa 273-275
416.5 (+) (A)GLGGL(G) aa 708-712 or

(G)GLGGI(P) aa 724-728
485.5 (+) (S)VGGVPG(V) aa 423-428 or

(G)VGGVPG(V) aa 429-434 or
(V)GVGVPG(L) aa 585-590

515.4 (+) (G)LGGVLG(G) aa 744-749 or
547.4 (+) (G)ARFPG(V) aa 158-162
323.7 (+2) (G)ARFPGV(G) aa 158-163
352.4 (+2) (G)ARFPGVG(V) aa 158-164
401.7 (+2) (G)ARFPGVGV(L) aa 158-165
456.7 (+2) (G)VGPFGGPQPG(V) aa 192-201
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Table 2: Peptides obtained after digestion of human lung elastin with different 
elastases at a ratio 1/200 (w/w) (enzyme/elastin). 

 
3.1 Influence of ionic strength on the elastolytic process  

Several reports35-38 showed that activity of HNE was significantly enhanced by 
increased ionic strength, particularly over the range 200 – 750 mM NaCl. Our data 
indicate that in the presence of HNE at a 1:100 (w/w) ratio, elastin is degraded at 
increasing rates with increasing salt concentration with a remarkable increase between 
128 and 536 mM. Interestingly, despite the fact that some of the published literature35, 38 
reported that no elastolysis occurred below 200 mM NaCl, we did find peptides when 
elastin was incubated with HNE, even with no addition of salt. This difference may be due 
to the fact that MS-based detection is much more sensitive than the techniques that were 
previously used. From these results, we confirmed the observation done by Bourdier et 
al.35 that the activity of HNE is strongly enhanced by elevated ionic strength.and we 
deduced that for a relevant study of elastolysis, trying to emulate in vivo situations, a 
physiological salt concentration should be used. 

 

3.2 Digestion of Lung tissue 

Further experiments were performed to elucidate if elastin could be also 
degraded into small peptides directly in lung tissue, where it is part of an intricate 
structural network together with collagens, glycoproteins, proteoglycans and other 
extracellular matrix components. 

A piece of lung tissue (1.08 g) was homogenized in 8 mL of ammonium 
bicarbonate buffer. Aliquots of 100 µL of homogenized lung tissue were transferred to a 
new tube and 0.5 and 5 µg of HNE were added. Considering the percentages of water and 
elastin in lung tissue39 these amounts correspond roughly to 1:200 and 1:20 (w/w) 
enzyme/elastin ratios, respectively. 

Neutrophil Elastase
m/z aa sequence

328.4 (+) (G)VPL(G) aa 202-204
331.4 (+) (S)VGGV(P) aa 423-426 or

(G)VGGV(P) aa 429-432
345.4 (+) (G)VGGL(G) aa 714-717 or 722-725
485.4 (+) (G)GVPGGV(F) aa 36-41
499.4 (+) (G)VAPGVG(V) aa 508-513,

514-519,532-537,538-543 or
(G)VAPGVG(L) aa 520-525

598.4 (+2) (G)GPQPGVP(L) aa 197-203
323.7 (+2) (G)ARFPGV(G) aa 158-163
362.7 (+2) (V)APGIGPGGV(A) aa 545-553
394.7 (+2) (V)AARPGFGL(S) aa 760-767
557.3 (+2) (A)VTFPGALVPGGV(A) aa 85-96
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Samples incubated with different concentrations of HNE, were separated by 
SDS-PAGE, and subsequently transferred to a PVDF membrane for Western-Blot analysis 
using a polyclonal antibody against elastin. We observed that the resolution of elastin 
peptides was limited in agreement with earlier reports showing that elastin-derived 
peptides are difficult to resolve by SDS-PAGE38 resulting mainly in a smear containing 
some diffuse bands with higher protein density. Protein staining with Coomassie Blue did 
not show any obvious differences between the samples treated with different 
concentrations of HNE. However, a clear increase in degraded elastin (appearance of 
bands with lower molecular weight) with increasing amounts of HNE was visible by 
Western-Blot (data not shown). It is clear that elastin-derived peptides are released from 
whole lung tissue upon digestion with HNE, in a dose-dependent manner. Remarkably, a 
weak signal was observed even without addition of exogenous HNE. This low quantity of 
elastin derived peptides may be attributed to endogenous elastolytic activity. 

 

Figure 4: Total Ion Current (TIC) chromatograms corresponding to: (A) lung tissue 
homogenate supernatant, (B) lung tissue digested with neutrophil elastase ratio 1/200 
(w/w) enzyme/tissue and (C) ratio enzyme/tissue 1/20 (w/w). The major chromatographic 
peaks eluting between 41 and 48 minutes diminish with increasing enzyme to tissue ratio while 
earlier eluting, smaller peaks appear between 20 and 35 minutes as observed in the enlarged insert. 
Some of these peaks were further identified by MS/MS as elastin derived small peptides (see Figures 
5 and 6). 

 

For a more detailed study of the released peptides, aliquots of the same lung 
tissue digests were analysed by LC/MS. Figure 4 shows in a comparative way the TIC 
chromatograms corresponding to lung tissue homogenate supernatant digested with HNE 
at different enzyme/tissue ratios. A simple visual inspection reveals that the major 
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chromatographic peaks eluting between 41 and 48 minutes disappear after digestion and 
small peaks appear between 20 and 35 minutes. All the peaks in the chromatograms were 
submitted to automatic MS/MS and the fragmentation patterns analyzed. Several of the 
small peaks found exclusively in the digested lung tissue samples were identified as 
elastin derived small peptides based on their molecular weight and amino acid sequence 
deduced from their tandem MS spectra (Figures 5 and 6): m/z 331 (VGGV), m/z 343 
(GVAP), m/z 499 (VGGVAP or GVGVAP) and m/z 345 (VGGL). Some of these peptides 
(e.g. m/z 331 (VGGV) and m/z 345 (VGGL) were matched to those obtained after in vitro 
digestion of human lung elastin with Neutrophil Elastase (see Table 2). Based on the 
amino acid sequence and data base searching it cannot be excluded that some of these 
peptides could also correspond to collagen since they have exactly the same sequence.  

Further work is needed to correlate these digestion patterns with in vivo 
proteolytic activity, for example during the development of pulmonary emphysema.  

 

Figure 5: LC/MS chromatogram corresponding to the digestion of lung tissue 
homogenate with neutrophil elastase at a ratio 1/20 enzyme/tissue (w/w). A: TIC 
chromatogram. B to E: Extracted ion chromatograms corresponding to different m/z values 
corresponding to elastin-derived peptides. 
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Figure 6: MS/MS spectra corresponding to two of the peptides detected in human lung 
tissue digested with HNE (see Figure 5; m/z 331.3, sequence VGGV and m/z 499.4 sequence 
VGGVAP or GVGVAP). All peptides were identified taking into account their molecular weight and 
amino acid sequence deduced from their MS2 spectra. 
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4 CONCLUSIONS 

It has been known for a long time that degradation of elastin into elastin derived 
peptides occurs in diseases involving destruction of extracellular matrix components, 
such as emphysema associated with COPD. Recently attention has also been paid to the 
degradation of elastin in vascular diseases involving pathology of the arteries such as 
atherosclerosis.40 Several studies report an increase of circulating elastin-derived peptides 
measured using immunoassays in various diseases (e.g. specific manifestations of 
atherosclerosis and macular degeneration41, 42). However, identification of these peptides 
has never been performed. 

In our study we show that LC-MS is a powerful technique to study elastin 
degradation by proteases belonging to different families in greater detail. The study 
focused on small peptides, which were sequenced by tandem MS in view of using them as 
well characterized biomarkers for extracellular matrix degradation. 

Elastin derived peptides constitute a challenge from the analytical point of view. 
Their hydrophobic character together with the low abundance of positively charged amino 
acids renders their efficient ionization and fragmentation difficult. Moreover, the 
repetitive nature of the amino acid sequences in this biopolymer makes it difficult to 
assign the identified peptides to unique positions in elastin. Nevertheless, many of the 
identified peptides provide a fingerprint of the respective protease at work. Future work 
on biofluids like BALF are needed to see in how far the results from in vitro degradation 
can be translated to the in vivo situation.  
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SUMMARY AND FUTURE PERSPECTIVES 

 
Thanks to its sensitivity and selectivity, liquid chromatography – mass 

spectrometry (LC-MS) has become a major technique in analytical biochemistry, notably 
for the analysis of proteins, peptides and metabolites. However, LC-MS suffers also some 
limitations. Its dynamic range is limited, and often not as large as the concentration range 
of molecules to analyze. Moreover, the variability of ionization efficiency from one 
molecule to another, or from one LC-MS run to another, impairs its use as a quantitative 
detection method, in absence of standards. To address these limitations, sample 
preparation prior to LC-MS analysis is an essential step. In order to analyze low-
abundance molecules, removal of high-abundance ones and/or enrichment (e.g. affinity 
based) of a subclass of molecules are needed. Stable isotope labeling (SIL) may be carried 
out for quantification purposes. However, the chemical labeling-based addition of 
affinity- or SIL-tags is a challenging task, since it requires both high labeling yield and 
high specificity towards the target chemical group. This thesis reports techniques for the 
analysis of proteins, peptides and metabolites by LC-MS with a strong emphasis on 
chemical labeling for quantification or affinity enrichment. 

Chapter 3 presents a generic approach to increase the selectivity of primary 
amine derivatization with activated carboxylic acid esters such as N-hydroxysuccinimide 
(NHS) esters. By incubating labeled peptides in a boiling water bath at pH 8, the amide 
bonds of labeled α- (N-termini) and ε-amines (lysines) remain stable, whereas the well 
known O-acylation of tyrosines, as well as the sequence-induced O-acylation of other 
hydroxyl-containing amino acids, are reversed. This technique shows an efficiency 
comparable to the standard approach based on the use of hydroxylamine and/or alkaline 
pH, and presents the additional advantage to require no subsequent pH correction or 
sample cleanup. Since primary amine labeling using active ester chemistry is widely used, 
notably in proteomics, this method should prove useful in a variety of experiments. This 
idea is corroborated by the fact that we applied this method successfully to the stable 
isotope labeling of amino acids with pentafluorophenyl esters (chapter 4) and to the 
labeling of nitrotyrosine-containing peptides with NHS esters (chapter 5). 

Chapter 5 presents an improved technique for the enrichment and the analysis 
of nitrotyrosine-containing peptides. Tyrosine nitration, a process reviewed in detail in 
chapter 2 of this thesis, is rather selective low abundance post-translational protein 
modification, yet with no known associated consensus sequence. Therefore, a chemical 
labeling approach based on the complete blocking of all primary amines with NHS-acetic 
acid followed by the conversion of nitrotyrosine to aminotyrosine and the selective 
biotinylation of the latter was developed and successfully applied to the enrichment of 
tyrosine-nitrated angiotensin II in a tryptic digest of bovine serum albumin (BSA) The 
entire reaction sequence is performed in a single buffer with no need for sample cleanup 
or pH changes thereby reducing sample loss. Free biotin is subsequently removed with a 
strong cation exchanger, the labeled peptides enriched on an immobilized avidin column 
and the enriched peptides analyzed by LC-MS/MS. Although this approach is a successful 
demonstration of selective chemical labeling, it requires further improvements prior to 
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being applicable to biological samples. First of all, the removal of free biotin proved to be 
a delicate step. Since size exclusion chromatography, anion exchange or reverse-phase 
liquid chromatography could not successfully separate amine-acetylated peptides from 
free biotin, we used solid phase extraction on a strong cation exchange resin. Although 
this approach did allow to separate the biotinylated peptide of interest from the excess of 
free biotin, a clear peptide loss was observed. Therefore, further investigations to optimize 
this step are needed. Since initial experiments showed that it is possible to perform our 
sequence of reactions, including the boiling steps, with proteins in a solution containing 6 
M guanidinium hydrochloride, performing the chemical labeling at the protein level and 
the use of molecular size-based methods for biotin removal should be one of the first 
approaches to be investigated. 

In chapter 4 we report the application of a new poly(ethylene glycol) (PEG)-
based method for stable isotope labeling of primary-amine-containing compounds such 
as amino acids and glutathione, using pentafluorophenyl-activated esters of PEG 
derivatives (PEG-OPFP) that contained increasing numbers of 13C atoms. The 13C-labeled 
PEG moieties not only enabled extensive multiplexing but also increased the 
hydrophobicity of low-molecular-weight metabolites, resulting in improved retention on 
C18 reversed-phase columns. The mass increase due to PEG derivatization moved low 
molecular weight metabolite signals out of the often noisy, low m/z region of the mass 
spectra, which resulted in enhanced overall sensitivity and selectivity. Furthermore, 
elution at increased retention times resulted in efficient electrospray ionization due to the 
higher acetonitrile content in the mobile phase. We successfully applied this method to 
the quantification of intracellular levels of amino acids and glutathione in a cellular model 
of human lung epithelium exposed to cigarette smoke-induced oxidative stress. A 
dramatic decrease in the relative amounts of free thiols (cysteine, glutathione) was shown, 
without concomitant increase of disulfides, upon exposition to gas-phase cigarette smoke 
(GPCS) as compared to cigarette smoke extract (CSE) or to air. In contrast, most other 
amino acids were increased in GPCS-treated cells compared with air- or CSE-treated cells. 
Based on these results, further investigations may be proposed. The observations revealed 
by this experimental model require additional experiments to determine in particular why 
amino acid concentration levels are increased in GCPS-treated cells. The possible 
implication of the ubiquitin-proteasome pathway is presently under investigation. It 
would be further of interest to investigate whether stable isotope labeling with PEG-
OPFPs can also be applied to the stable isotope labeling of peptides. If so, PEG-OPFPs 
would be particularly interesting due to the extensive possibilities of multiplexing, which 
most current proteomic labeling techniques lack. The influence of the PEG label on the 
ionization efficiency of the labeled molecule could not be investigated in detail in this 
chapter, and should be studied further. Indeed, the particular chemical properties of the 
PEG chain might result in comparable ionization efficiencies independent of the 
properties of the labeled molecule. Improvement of the label itself (for instance, through 
incorporation of a permanent positive charge) should also be considered. 

Chapter 6 investigates the degradation of elastin, a structural insoluble protein 
that gives elasticity to tissues and organs, under the action of proteases from different 
families: human neutrophil elastase and pancreatic elastase (serine proteases), 
macrophage elastase (MMP-12) and gelatinase B (MMP-9) (metalloproteases), and 
cathepsin-K (cysteine protease). Indeed, degradation of elastin into elastin-derived 
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peptides occurs in diseases involving destruction of extracellular matrix components, 
such as emphysema associated with chronic obstructive pulmonary disease (COPD). 
Incubation of insoluble human elastin with different elastases confirmed the hypothesis 
that each protease degrades elastin in a preferential way giving rise to specific peptide 
patterns. We further confirmed that elastolysis rate was dependent on enzyme 
concentration, but also on ionic strength. Although the presence of circulating elastin-
derived peptides in association with certain diseases had been already shown, the 
identification of these peptides had never been performed. Chapter 6 established that 
LC-MS is a powerful technique to study elastin-derived peptides, even though their study 
remains an analytical challenge because of their strong hydrophobic character, the low 
abundance of positively charged amino acids that renders efficient ionization and 
fragmentation difficult, and the repetitive nature of elastin primary sequence that may 
impair the assignment of identified peptides to unique positions in elastin. Despite these 
technical difficulties, many of the identified peptides provide a fingerprint characteristic 
of the elastase that produces them. It remains to be established whether these in vitro 
results can be used for the identification of proteases within biological samples. To do so, 
different biological matrices susceptible to contain appreciable levels of elastin-derived 
peptides (e.g. bronchoalveolar lavage fluid, induced sputum from emphysema patients) 
should be screened. 

In conclusion, the development of analytical techniques for proteins and 
metabolites is as interesting as it is complex. Proteins are large, fragile, heterogeneous 
biomolecules present in biological samples at concentrations that cover several orders of 
magnitude. They are therefore intrinsically an analytical challenge. This is true in the case 
of analyses based on LC-MS, which is without any doubt the principal analytical method 
in proteomics nowadays, but it should not be forgotten that it also applies to other 
analytical techniques such as two-dimensional gel electrophoresis. The development of 
adapted sample preparation techniques is a sine qua non to the successful analysis of a 
given subset of proteins. Efforts should be made to develop tools such as stable isotope 
labeling to perform absolute and relative quantifications of proteins. This is of obvious 
interest when screening clinical samples for biomarkers. The development of powerful 
bioinformatics tools to analyze the large volume of data associated with such studies and 
to identify significant differences between groups of samples is also required. The 
investigation of particular low-abundance post-translational modifications of proteins is 
another aspect of proteomics that is presently undergoing a transition. Although 2D-gel 
electrophoresis and Western blotting remain workhorses for the detection of such 
modified proteins, other approaches based on selective chemistry and affinity methods 
are currently developed. As Matthias Mann, from the Max Plank Institute of Biochemistry 
(Germany), said: “straightforward and gel-free workflows based on high-resolution MS 
can now cover most cellular proteins in a quantitative experiment.”1 Finally, it should be 
remarked that next to the importance of proteins in the understanding of biological 
mechanisms and in clinical research, a growing part of biopharmaceuticals marketed to 
date are indeed recombinant therapeutic protein drugs. The success of this novel family of 
pharmaceuticals continues to push the analytical methodology needed for their 
characterization and their analysis in biological samples. 

                                                 
1 Mann, M., Can proteomics retire the Western blot? J Proteome Res 2008, 7, (8), 3065. 
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SAMENVATTING EN TOEKOMSTPERSPECTIEF 

 
Vloeistofchromatografie gekoppeld aan massaspectrometrie (LC-MS) is door de 

selectiviteit en de gevoeligheid een belangrijke techniek geworden in de analytische 
biochemie, voornamelijk voor de analyse van eiwitten, peptiden en metabolieten. LC-MS 
kent ook een aantal beperkingen; ten eerste is het dynamisch bereik van de methode 
gelimiteerd, en vaak kleiner dan het concentratiebereik van de te bepalen analieten. 
Verder kan de ionisatie-efficiëntie sterk variabel zijn voor verschillende moleculen, en kan 
verschillen van analyse tot analyse. Deze beperkingen maken de monstervoorbewerking 
een cruciale stap in het analyseproces. Voor succesvolle analyse van laaggeconcentreerde 
analieten is het noodzakelijk hooggeconcentreerde componenten in het monster te 
verwijderen, of een subklasse van moleculen te preconcentreren, bij voorbeeld door 
middel van affiniteitsafhankelijke technieken. Kwantificering wordt mogelijk gemaakt 
door het labelen van moleculen met stabiele isotopen (SIL). Dit labelingsproces is een 
uitdagende techniek, die zowel een hoge reactieopbrengst als een grote specificiteit ten 
opzichte van de te labelen chemische groep vereist. Dit proefschrift beschrijft 
methodologie voor de analyse van eiwitten, peptiden en metabolieten met LC-MS, waarbij 
de nadruk ligt op de toepassing van chemische labeling voor kwantificering of 
affiniteitsverrijking. 

Hoofdstuk 3 beschrijft een algemeen toepasbare techniek waarmee de 
selectiviteit van de derivatisering van primaire amines met geactiveerde carboxylzuur-
esters zoals N-hydroxysuccinimide (NHS) esters. Door gederivatiseerde peptiden bij pH 8 
te verwarmen in een kokend waterbad blijven de amide-bindingen van gelabelde α-  
(N-termini) en ε-amines (lysine) intact, terwijl de bekende O-acylering van tyrosine en de 
sequentieafhankelijke O-acylering van andere hydroxylgroep-bevattende aminozuren 
ongedaan wordt gemaakt. Deze techniek resulteert in een vergelijkbare efficiëntie als de 
standaard techniek waarbij hydroxylamine en/of een alkalische pH wordt gebruikt, met 
als voordeel dat voor verdere analyse geen pH correctie of opschoning van het monster 
nodig is. Aangezien derivatisering van primaire amines met behulp van actieve ester-
chemie een veelgebruikte techniek is, vooral in proteomics, zou deze methode waardevol 
kunnen zijn in een breed scala aan experimenten. Deze hypothese wordt bevestigd door 
de succesvolle toepassing van de methodologie bij de SIL-labeling van aminozuren met 
pentafluorofenyl-esters (hoofdstuk 4) en het labelen van nitrotyrosine bevattende 
peptiden met NHS-esters (hoofdstuk 5). 

Hoofdstuk 5 beschrijft een verbeterde techniek voor de verrijking en analyse 
van nitrotyrosine-bevattende peptiden. De nitratie van tyrosine, een proces beschreven in 
hoofdstuk 2 van dit proefschrift, is een selectieve en weinig voorkomende post-
translationele modificatie in eiwitten die tot op heden niet geassocieerd is met een 
bekende consensus aminozuursequentie. Wij ontwikkelden een techniek gebaseerd op 
chemische labeling waarbij eerst alle primaire amines worden geblokkeerd met NHS-
azijnzuur, waarna de nitrotyrosine-residuen worden omgezet in aminotyrosine wat 
vervolgens selectief gederivatiseerd wordt met biotine. Deze methode is met succes 
toegepast in de verrijking van tyrosine-genitreerd angiotensine II in een tryptisch digest 



Hoofdstuk 7 

 

128 

van runder-serum albumine (BSA). De hele reactieketen wordt uitgevoerd in één enkele 
buffer, zonder noodzaak voor opschoning van het monster of aanpassing van de 
zuurgraad waardoor de kans op verlies van analiet wordt geminimaliseerd. Ongereageerd 
biotine wordt vervolgens verwijderd met behulp van een sterke-kationenwisselaar, de 
gelabelde peptiden worden geëxtraheerd met een kolom die geïmmobiliseerd avidine 
bevat en de verrijkte peptiden worden vervolgens geanalyseerd met LC-MS/MS. Alhoewel 
deze techniek een selectieve chemische labeling laat zien zijn verdere verbeteringen 
noodzakelijk voordat deze kan worden toegepast op biologische monsters. Ten eerste 
bleek het verwijderen van het vrije biotine een niet-triviale stap waarbij chromatografie 
met gelpermeatie (size exclusion), anionenwisselaars of hydrofobe interactie (reversed 
phase) onvoldoende in staat bleken de amine-geacetyleerde peptiden van het vrije biotine 
te scheiden. Wij hebben een vaste-fase extractie protocol gebruikt op basis van een sterke-
kationenwisselaar gebruikt. Hoewel deze aanpak in een scheiding van de gebiotinyleerde 
peptiden en de overmaat vrij biotine resulteerde, bleek er ook een duidelijk verlies aan 
peptide op te treden. Hierdoor is verdere optimalisatie van deze stap in het proces 
noodzakelijk. Aangezien preliminaire experimenten laten zien dat het mogelijk is dit 
protocol uit te voeren in aanwezigheid van 6 M guanidine-HCl is het uitvoeren van de 
chemische labeling op eiwitniveau gevolgd door verwijdering van het vrije biotine met 
scheidingstechnieken gebaseerd op molecuulgrote een aanpak die als eerste onderzocht 
zou moeten worden. 

In hoofdstuk 4 rapporteren wij een nieuwe poly(ethylene glycol) (PEG)-
gebaseerde methode voor stabiele isotopen labeling van primaire amine bevattende 
componenten, zoals aminozuren en gluthation, waarbij we gebruik maken van 
pentafluorofenyl geactiveerde esters van PEG derivaten (PEG-OPFP) met een oplopend 
aantal 13C atomen. De 13C-gelabelde PEG-delen zorgden niet alleen voor multiplexing, 
maar resulteerde ook in verhoging van de hydrofobiciteit van metabolieten met een lage 
molecuulmassa, wat resulteerde in langere retenties op een C18-reversed phase kolom. De 
massa toename door de PEG-derivatisatie zorgde ervoor dat metabolieten met een lage 
molecuulmassa uit het lage m/z-gedeelte van het massaspectrum kwam, wat meestal veel 
ruis bevat, zodat het resulteerde in een verbeterde gevoeligheid en selectiviteit. Verder 
leverde de langere retentietijd ook een efficiëntere electrospray ionisatie, gezien het feit 
dat de concentratie acetonitril in de mobiele fase hoger was. Wij hebben deze methode 
succesvol toegepast op de kwantificatie van intracellulaire hoeveelheden van aminozuren 
en glutathion in cellen van humane long epitheel die blootgesteld zijn aan sigarettenrook. 
Een drastische daling in de relatieve hoeveelheid vrije thiolen (cysteine, glutathion) was 
zichtbaar, zonder bijkomende verhoging van disulfides door blootstelling aan gas-fase 
sigarettenrook (GPCS) vergeleken met sigarettenrook extract (CSE) of met lucht. De 
meeste andere aminozuren waren daarentegen verhoogd in GPCS-behandelde cellen in 
vergelijking tot lucht of CSE-behandelde cellen. Gebaseerd op deze resultaten zou hier 
meer onderzoek naar gedaan kunnen worden. Er zouden meer experimenten gedaan 
moeten worden om te achterhalen waarom de concentratie aminozuren in de GCPS-
behandelde cellen hoger was. De mogelijke implicatie van het ubiquitin-proteasoom 
systeem wordt op dit moment onderzocht. Het is ook interessant om te onderzoeken of de 
stabiele isotopen labeling met PEG-OPFPs ook gebruikt zou kunnen worden voor de 
labeling van peptiden. Wanneer dit het geval is zouden PEG-OPFPs voornamelijk 
interessant zijn vanwege de mogelijkheid om te multiplexing, gezien het feit dat dit 
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ontbreekt bij de meeste huidige proteoom labeling technieken. De invloed van het PEG-
label op de ionisatie efficiëntie van het gelabelde molecuul is niet verder in detail 
onderzocht in dit hoofdstuk, en zou nog verder bestudeerd moeten worden. De specifieke 
eigenschappen van de PEG-keten zouden kunnen resulteren in vergelijkbare ionisatie 
efficiëntie onafhankelijk van de eigenschappen van het gelabelde molecuul. De 
verbetering van de label zelf (bijvoorbeeld door een permanente positieve lading in te 
verwerken) zou ook in overweging genomen moeten worden. 

In hoofdstuk 6 is de degradatie van elastine, een niet-oplosbaar eiwit dat 
elasticiteit aan weefsel en organen geeft, bepaald onder invloed van de acties van 
proteasen van verschillende families: humaan neutrofiel elastase en pancreas elastase 
(serine proteasen), macrofaag elastase (MMP-12) en gelatinase B (MMP-9) 
(metalloproteasen) en cathepsin-K (cysteine protease). De afbraak van elastine in 
elastine- afgeleide peptiden gebeurt in ziektes waarbij de extracellulaire matrix 
componenten worden afgebroken, zoals emfyseem geassocieerd met chronische 
obstructieve pulmonaire ziekte (COPD). Incubatie van niet-oplosbaar humaan elastine 
met verschillende elastases bevestigde de hypothese dat elke protease de elastine 
degradeert op een manier dat resulteert in een specifiek peptide patroon. Wij hebben 
verder bevestigd dat de elastolyse snelheid afhankelijk was van enzym concentratie, en 
ook van ionsterkte. Hoewel de aanwezigheid van circulerende elastine-afgeleide peptiden 
in bepaalde ziektes al aangetoond is, was de identificatie van deze peptiden nog nooit 
uitgevoerd. Hoofdstuk 6 laat zien dat LC-MS een krachtige techniek is voor het 
bestuderen van elastine-afgeleide peptiden. Echter, in deze studie moeten een aantal 
analytische struikelblokken worden overwonnen. Het sterk hydrofoob karakter van 
elastine-afgeleide peptiden en hun kleine hoeveelheid positief geladen amino zuren 
maken die efficiënte ionisatie en fragmentatie moeilijk. Verder, de aanwezigheid van een 
repeterende primaire aminozuurvolgorde van de elastine verhinderen de identificatie van 
de unieke posities van de verschillende peptiden in elastine. Ondanks deze stuikelblokken 
hebben de verschillende geïdentificeerde peptiden een vingerafdruk opgeleverd van de 
elastases die ze produceren. Wat overblijft is de uitdaging om deze resultaten te vertalen 
vanuit de in vitro situatie om gebruikt te worden bij de identificatie van proteasen in 
biologische monsters. Om dit te bereiken zullen de verschillende matrices waarin 
meetbare hoeveelheden van de elastine-derivaten verwacht worden moeten worden 
onderzocht. Hierbij kan men onder andere denken aan bronchoalveolaire spoeling en 
sputum van emfyseem patiënten. 

De ontwikkeling van analytische technieken voor eiwitten en metabolieten is net 
zo interessant als dat het complex is. Eiwitten zijn grote, delicate heterogene 
biomoleculen die aanwezig zijn in biologische monsters op verschillende concentratie 
niveau’s. Hierdoor zijn ze intensiek een analytische uitdaging. Dit is zeker het geval als de 
analyse gebaseerd is op LC-MS, wat toch de standaard genoemd kan worden binnen het 
hedendaagse proteomics onderzoek. Dit is zeker ook het geval voor andere analytische 
technieken, zoals twee-dimensionale gel electroforese. De ontwikkeling van aangepaste 
monster voorbewerkingstechnieken is een sine qua non voor de succesvolle analyse van 
een bepaalde subset van eiwitten. Inspanning zou moeten leiden tot de ontwikkeling van 
hulpmiddelen zoals “stable isotope labeling” voor absolute en relative kwantificatie van 
eiwitten. Dit is natuurlijk interessant bij de zoektocht naar biomarkers in klinische 
monsters. De ontwikkeling van krachtige bioinformatica hulpmiddelen voor de analyse 
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van grote hoeveelheden data die gepaard gaan met deze studies en de identificatie van 
significante verschillen tussen groepen is ook vereist. Het onderzoek naar post-
translationele modificaties van eiwitten die in lage hoeveelheid aanwezig zijn is een ander 
aspect binnen het veld van de proteomics dat aan grote verandering onderheven is de 
laatste tijd. Echter, twee-dimensionele gel electroforese en Western blotting blijven de 
werkpaarden voor de detectie van deze gemodificeerde eiwitten. Andere aanpakken, 
gebaseerd op selective chemie en affiniteits methodes, worden momenteel ontwikkeld. 
Zoals Matthias Mann, van het Max Planck Instituut afdeling Biochemie (Duitsland), zei: 
“straightforward and gel-free workflows based on high-resolution MS can now cover 
most cellular proteins in a quantitative experiment.”1 Tot slot moet worden opgemerkt 
dat, naast het belang van eiwitten bij het begrijpen van biologische mechanismen in het 
klinisch onderzoek, binnen de hedendaagse biofarmaca het markt aandeel van de 
recombinante therapeutische eiwitten als geneesmiddel sterk aan het groeien is. Het 
succes van deze groep van nieuwe farmaca stelt steeds nieuwe grenzen aan de 
analystische methoden die nodig zijn voor de karakterisatie en analyse van biologische 
monsters. 

 

                                                 
1 Mann, M., Can proteomics retire the Western blot? J Proteome Res 2008, 7, (8), 3065. 
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SYNTHESE ET PERSPECTIVES 

 
Grâce à sa sensibilité et sa sélectivité, la chromatographie liquide couplée à la 

spectrométrie de masse (LC-MS) est devenue une technique majeure en biochimie 
analytique, en particulier pour l’analyse de protéines, peptides et métabolites. Cependant, 
la LC-MS comporte également des limitations. L’intervalle de concentrations analysables 
avec une réponse linéaire (« dynamic range ») est limité, et généralement plus restreint 
que l’étendue des concentrations des molécules à analyser. Par ailleurs, la variabilité de 
l’efficacité d’ionisation d’une molécule à une autre, ou d’une analyse à une autre limite 
son utilisation en tant que méthode de quantification (en l’absence d’étalon). Pour 
répondre à ces limitations, la préparation des échantillons précédant l’analyse par LC-MS 
est une étape primordiale. Pour pouvoir analyser les molécules de faible abondance, 
l’exclusion des molécules fortement concentrées et/ou l’enrichissement (par exemple basé 
sur une technique d’affinité) d’une sous-classe de molécules est nécessaire. L’étiquetage 
isotopique peut être mis en oeuvre dans un but de quantification. Cependant, l’addition 
par réaction chimique d’étiquettes isotopiques ou d’affinité est une tache ardue, 
puisqu’elle requiert à la fois un haut rendement de couplage et une haute spécificité vis-à-
vis des groupes chimiques ciblés. Cette thèse présente des techniques pour l’analyse de 
protéines, peptides et métabolites par LC-MS avec une attention toute particulière pour le 
couplage chimique avec des étiquettes isotopiques ou d’affinité. 

Le chapitre 3 présente une approche générique pour améliorer la sélectivité du 
couplage d’esters activés d’acides carboxyliques tels que les esters  
d’N-hydroxysuccinimide (NHS) à des amines primaires. En incubant les peptides 
modifiés dans un bain-marie d’eau bouillante à pH 8, les liaisons amides des amines α 
(N-termini) et ε (lysines) couplées restent stables, tandis que l’O-acylation des tyrosines 
(un phénomène largement connu), ainsi que l’O-acylation d’acides aminés à fonction 
alcool induite par certaines séquences primaires particulières, sont éliminées. Cette 
technique a une efficacité comparable à l’approche standard basée sur l’utilisation 
d’hydroxylamine et/ou d’un pH alcalin, mais a l’avantage de ne nécessiter ni correction du 
pH, ni purification des échantillons. Dans la mesure où le couplage d’amines primaires 
avec des esters activés est largement utilisé, en particulier en protéomique, cette méthode 
devrait se révéler utile dans une large variété d’applications. Cette idée est corroborée par 
le fait que nous l’avons appliquée avec succès au couplage d’acides aminés avec des esters 
de pentafluorophényl comportant des isotopes stables (chapitre 4), et au couplage de 
peptides porteurs de nitrotyrosine avec des esters de NHS (chapitre 5). 

Le chapitre 5 présente une amélioration technique pour l’enrichissement et 
l’analyse de peptides porteurs de nitrotyrosine. La nitration de tyrosines, processus étudié 
en détails dans le chapitre 2 de cette thèse, est une modification post-traductionnelle de 
protéines relativement sélective, mais cependant non associée à une séquence consensus 
connue. En conséquence, une approche de couplage chimique basée sur le blocage de 
toutes les amines primaires avec de l’ester NHS d’acide acétique, suivi de la conversion de 
nitrotyrosine en aminotyrosine et de la biotinylation sélective de cette dernière a été 
développée et appliquée avec succès pour l’enrichissement d’angiotensine II contenant 



Chapitre 7 

 

132 

une tyrosine nitrée en solution dans une matrice de peptides tryptiques d’albumine 
sérique bovine (BSA). L’entière séquence réactionnelle est réalisée dans un tampon 
unique, sans qu’il soit besoin de purifier l’échantillon ou d’ajuster le pH, réduisant ainsi le 
risque de perte de peptides. La biotine libérée est ensuite éliminée par résine échangeuse 
de cations avant d’enrichir les peptides biotinylés sur colonne d’avidine immobilisée. Les 
peptides ainsi enrichis sont finalement analysés par LC-MS/MS. Bien que cette approche 
soit une démonstration réussie de couplage chimique sélectif, elle nécessite encore des 
améliorations avant d’envisager son utilisation pour l’étude d’échantillons biologiques. 
Tout d’abord, l’élimination de la biotine libérée est une étape délicate. Etant donné que la 
chromatographie d’exclusion stérique, la chromatographie d’échange d’anions ou la 
chromatographie liquide en phase inverse ne s’avérèrent pas utilisable pour la séparation 
de la biotine des peptides à amines acétylées, nous avons optés pour l’extraction en phase 
solide par résine échangeuse de cations. Bien que cette approche nous ait permis de 
séparer (et d’enrichir) les peptides biotinylés de l’excès de biotine, une perte significative 
de peptides a été observée. Par conséquent, une étude plus poussée visant à optimiser 
cette étape est nécessaire. Dans la mesure où des expériences préliminaires ont démontré 
qu’il est possible d’utiliser notre séquence de réactions, y compris les incubations en bain-
marie, avec des protéines en solution dans un tampon contant 6 M de chlorure de 
guanidinium, réaliser le couplage chimique à l’échelle protéique suivi de l’utilisation de 
méthodes de séparation basées sur la taille moléculaire devrait être une des premières 
approches à envisager. 

Dans le chapitre 4, nous rapportons l’application d’une nouvelle méthode de 
couplage de composés contenant des amines primaires, tels que des acides aminés ou le 
glutathion, avec des chaînes de poly(ethylène glycol) (PEG) contenant un nombre variable 
d’isotopes stables, en l’occurrence des atomes de carbone 13. Les chaînes de PEG 
marquées au carbone 13 permettent non seulement un multiplexage étendu, mais 
également augmentent l’hydrophobicité de métabolites à faibles poids moléculaires, 
résultant en une meilleure rétention sur des colonnes de type phase inverse (C18). 
L’augmentation de masse due à l’addition du PEG déplace le signal des métabolites de 
faibles poids moléculaires hors de la basse région des m/z du spectre de masse, souvent 
marquée par un fort bruit de fond, ce qui permet une augmentation générale de la 
sensibilité et de la sélectivité. Par ailleurs, l’élution à des temps de rétention supérieurs 
résulte en une efficacité d’ionisation accrue en raison de la plus grande proportion 
d’acétonitrile dans la phase mobile. Nous avons appliqué cette méthode avec succès pour 
la quantification des niveaux intracellulaires d’acides aminés et de glutathion dans un 
modèle cellulaire d’épithélium pulmonaire humain exposé à un stress oxydatif induit par 
de la fumée de cigarette. Une diminution significative des niveaux relatifs de thiols libres 
(cystéine, glutathion) a été démontrée, sans augmentation concomitante de disulfures, 
lors de l’exposition à la phase gazeuse de fumée de cigarette (PGFC) relativement à 
l’exposition à de l’extrait de fumée de cigarette (EFC) ou à de l’air. Par contraste, la 
plupart des acides aminés ont vu leur concentration augmenter dans les cellules traitées à 
la PGFC, par rapport à celles exposés à de l’EFC ou à de l’air. Fort de ces résultats, de 
nouvelles pistes de recherche peuvent être proposées. Les observations révélées par ce 
modèle expérimental nécessitent des études supplémentaires pour pouvoir déterminer en 
particulier la cause de l’élévation des concentrations intracellulaires des acides aminés 
dans les cellules traitées à la PGFC. L’implication possible de la voie métabolique de 
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l’ubiquitine / protéasome est présentement en cours d’étude. Il serait également 
intéressant d’évaluer l’éventuelle application de cette technique d’étiquetage isotopique 
avec des esters activés de PEG à des peptides. Si cela est effectivement possible, ces 
réactifs seraient particulièrement utiles en raison des larges possibilités de multiplexages 
qu’ils apportent, une caractéristique que la plupart des réactifs actuellement utilisés en 
protéomique n’ont pas. L’influence de la présence de la chaîne de PEG sur l’efficacité 
d’ionisation des molécules couplées n’a pas pu être évaluée en détails dans ce chapitre, et 
devrait être étudiée plus avant. En effet, les propriétés physicochimiques particulières du 
PEG pourraient résulter en des efficacités d’ionisation comparables, indépendant des 
propriétés intrinsèques des molécules couplées. L’amélioration du réactif lui-même (par 
exemple, par l’incorporation d’une charge positive permanente) devrait également être 
considérée. 

Le chapitre 6 porte sur la dégradation de l’élastine, une protéine structurelle 
insoluble qui confère leur élasticité aux tissus et aux organes, sous l’action de protéases 
appartenant à différentes familles : l’élastase de neutrophiles humains et l’élastase 
pancréatique (protéases à sérine), l’élastase de macrophages (MMP-12) et la gélatinase B 
(MMP-9) (métalloprotéases), et la cathepsine K (protéase à cystéine). En effet, la 
dégradation de l’élastine en peptides dérivés est liée à des maladies impliquant la 
destruction de composants de la matrice extracellulaire, tel que l’emphysème associé à la 
broncho-pneumopathie chronique obstructive (COPD selon l’acronyme anglo-saxon). 
L’incubation de l’élastine insoluble humaine avec différentes élastases a confirmé 
l’hypothèse selon laquelle chaque protéase dégrade l’élastine d’une manière 
préférentielle, ce qui résulte en des motifs peptidiques spécifiques. Nous avons par 
ailleurs confirmé que la vitesse d’élastolyse dépendait de la concentration en enzyme, 
mais également de la force ionique. Bien que la présence de peptides circulants dérivés de 
l’élastine en association avec certaines maladies ait déjà été démontré, l’identification de 
ces peptides n’a jamais été réalisée. Le chapitre 6 établit que la LC-MS est une puissante 
technique pour étudier les peptides d’élastine, bien que ceci reste un défi d’un point de 
vue analytique. En effet, en raison du caractère hautement hydrophobe de ces peptides et 
de la faible abondance d’amino acides positivement chargés, leur ionisation et leur 
fragmentation sont rendues difficiles. Par ailleurs, la nature répétitive de la séquence 
primaire de l’élastine peut empêcher de faire correspondre les peptides identifiés à des 
positions uniques dans la séquence de l’élastine. En dépit de ces difficultés techniques, 
plusieurs des peptides qui furent identifiés permirent d’établir une carte peptidique 
caractéristique de l’élastase utilisée pour les produire. Il reste à déterminer si ces résultats 
in vitro peuvent être utilisés pour l’identification de protéases présentes dans des 
échantillons biologiques. Pour ce faire, différentes matrices biologiques susceptibles de 
contenir des niveaux appréciables de peptides dérivés de l’élastine (par exemple du fluide 
de lavage broncho-alvéolaire ou de l’expectoration induite de patients emphysémateux) 
devraient être testées. 

En conclusion, le développement de techniques analytiques pour les protéines et 
les métabolites est aussi intéressant que complexe. Les protéines sont des biomolécules 
imposantes, fragiles et hétérogènes présentes dans les échantillons biologiques à des 
concentrations recouvrant plusieurs ordres de grandeur. Elles constituent 
intrinsèquement un défi analytique. Ceci est vrai dans le cas d’analyses basées sur 
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l’utilisation de la LC-MS, qui est sans conteste la principale méthode analytique utilisée 
en protéomique de nos jours, mais ceci est également le cas pour d’autres techniques 
analytiques telles que l’électrophorèse bidimensionnelle. Le développement de méthodes 
de préparation d’échantillons adaptées est une condition sine qua non pour l’analyse 
réussie d’une sous-classe de protéines donnée. Des efforts doivent être portés pour 
développer des outils tels que l’étiquetage isotopique dans le but de quantifier les 
protéines de façon absolue et relative. Ceci est d’un intérêt évident pour la recherche de 
biomarqueurs dans des échantillons cliniques. Le développement d’outils 
bioinformatiques puissants permettant d’analyser les grandes quantités de données 
générées par de telles études et d’identifier les différences significatives entre des groupes 
d’échantillons est également nécessaire. L’étude de modifications post-traductionnelles 
de protéines est un autre aspect de la protéomique qui connaît aujourd’hui une transition. 
Bien que l’électrophorèse bidimensionnelle et le Western blot soient encore les méthodes 
de référence pour la détection de telles protéines modifiées, d’autres approches basées sur 
des réactions chimiques sélectives et des méthodes d’affinité sont actuellement en cours 
de développement. Comme le dit Matthias Mann, de l’institut de biochimie Max Plank 
(Allemagne) : « des approches directes, indépendantes de l’électrophorèse en gel, et 
basées sur la spectrométrie de masse à haute résolution peuvent désormais couvrir 
l’analyse de la plupart des protéines cellulaires de façon quantitative. »1 Finalement, il 
devrait être remarqué qu’en sus de l’importance des protéines dans la compréhension des 
mécanismes biologiques et en recherche clinique, une part grandissante de biomolécules 
pharmaceutiques brevetées de nos jours sont effectivement des protéines recombinantes 
thérapeutiques. Le succès de cette nouvelle classe de molécules pharmaceutiques 
continue d’accroître la demande de méthodologies analytiques permettant leur 
caractérisation et leur analyse dans des échantillons biologiques. 

 

                                                 
1 Mann, M., Can proteomics retire the Western blot? J Proteome Res 2008, 7, (8), 3065. 
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SUPPLEMENTARY MATERIAL FOR CHAPTER 3 

 

 

 

 

 

 

Figure S-1: MS/MS spectrum of doubly-charged AII1 (m/z 545.0, 31.7 min) from the 
sample of acetylated angiotensin II without subsequent treatment in a boiling water 
bath. The acetylated N-terminal residue is marked with “ac”. The b6 ion (m/z 826.5), most intense 
ion of the spectrum, is truncated (ion counts: 5.3 × 105). 
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Figure S-2: MS/MS spectrum of doubly-charged AII2 (m/z 565.9, 34.0 min) from the 
sample of acetylated angiotensin II without subsequent treatment in a boiling water 
bath. The acetylated residues are marked with “ac”. The b6 ion (m/z 868.5), most intense ion of the 
spectrum, is truncated (ion counts: 4.9 × 106). 

 
 

Figure S-3: MS/MS spectrum of doubly-charged AII3 (m/z 586.9, 34.6 min) from the 
sample of acetylated angiotensin II without subsequent treatment in a boiling water 
bath. The acetylated residues are marked with “ac”. The b6 ion (m/z 910.6), most intense ion of the 
spectrum, is truncated (ion counts: 1.5 × 104). We propose a structure of acetylated arginine as an 
insert. 
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Figure S-4: MS/MS spectrum of doubly-charged AII2 (m/z 565.9, 32.3 min) from the 
sample of acetylated angiotensin II after 15 min of treatment in a boiling water bath. 
The acetylated residues are marked with “ac”. The b6 ion (m/z 868.5), most intense ion of the 
spectrum, is truncated (ion counts: 6.5 × 104). 

 
 

Figure S-5: MS/MS spectrum of doubly-charged K6-LHRH2 (m/z 669.5, 29.3 min) from 
the sample of acetylated (D-Lys6)-luteinizing hormone-releasing hormone without 
subsequent treatment in a boiling water bath. The acetylated residues are marked with “ac”. 
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Figure S-6: MS/MS spectrum of doubly-charged K6-LHRH3 (m/z 690.5, 32.0 min) from 
the sample of acetylated (D-Lys6)-luteinizing hormone-releasing hormone without 
subsequent treatment in a boiling water bath. The acetylated residues are marked with “ac”. 
The peak with the m/z of y6 minus 42 Da is likely the result of in-source fragmentation of the tyrosyl 
acetate. 

 
 

Figure S-7: MS/MS spectrum of doubly-charged K6-LHRH4 (m/z 711.4, 32.4 min) from 
the sample of acetylated (D-Lys6)-luteinizing hormone-releasing hormone without 
subsequent treatment in a boiling water bath. The acetylated residues are marked with “ac”. 
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Figure S-8: MS/MS spectrum of doubly-charged K6-LHRH1 (m/z 648.5, 28.2 min) from 
the sample of acetylated (D-Lys6)-luteinizing hormone-releasing hormone after 15 min 
of treatment in a boiling water bath. The acetylated lysine residue is marked with “ac”. 

 
 

Figure S-9: MS/MS spectrum of doubly-charged K6-LHRH1* (m/z 639.4, 29.4 min) 
from the sample of acetylated (D-Lys6)-luteinizing hormone-releasing hormone after 
60 min of treatment in a boiling water bath. The acetylated lysine residue is marked with “ac”. 
‘dA’ stands for ‘dehydroalanine’. The structures of acetylated arginine and dehydroalanine are 
proposed as an insert. 
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Note S-10: Occurrence in proteins of hydroxyl-containing amino acids in an 
“activating” position. The occurrence in proteins of His, Ser, Tyr and Thr is 
respectively 2.2%, 7.1%, 3.2% and 5.7%.[1]. Therefore the occurrence of a His-Xaa-OHaa 
or OHaa-Xaa-His triad (where OHaa is Ser, Tyr or Thr and Xaa may be any amino acid) is 
calculated as: 2 × 0.022 × (0.071 + 0.032 + 0.057) = 0.00704. Therefore such a triad may 
be statistically expected every 0.00704-1 (i.e. about 142) amino acids. 

1. Clementi, C.; Carloni, P.; Maritan, A., Protein design is a key factor for subunit-subunit 
association. Proc Natl Acad Sci U S A 1999, 96, (17), 9616-21. 

 

 

 

 

 

Figure S-11: MS/MS spectrum of triply-charged peptide 
(LKacPLAQSHATKacHKacIPIKacYacLE, m/z 843.0, 58.0 min) from a sample of acetylated 
horse heart myoglobin prior to treatment in a boiling water bath. The acetylated residues 
are marked with “ac”. 
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Figure S-12: MS/MS spectrum of quadruply-charged peptide 
(FISDAIIHVLHSKacHPGDFGADAQGAMoxTKacALE, m/z 845.5, 61.5 min) from a sample 
of acetylated horse heart myoglobin after 60 min of incubation in a boiling water bath. 
“ac”:  acetylated residues; “ox”: oxidized methionine. 

 
 

Figure S-13: MS/MS spectrum of quadruply-charged peptide 
(FISDAIIHVLHSacKacHPGDFGADAQGAMoxTKacALE, m/z 856.0, 62.6 min) from a 
sample of acetylated horse heart myoglobin after 60 min of incubation in a boiling 
water bath. “ac”:  acetylated residues; “ox”: oxidized methionine. 
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Figure S-14: MS/MS spectrum of quadruply-charged peptide 
(AEMoxKacASEDLKacKacHGTVVLTALGGILIKacKacKacGHHEAE, m/z 949.8, 68.6 min) 
from a sample of acetylated horse heart myoglobin after 60 min of incubation in a 
boiling water bath. The acetylated residues are marked with “ac”, and the oxidized methionine is 
marked with “ox”. 

 
 

Figure S-15: MS/MS spectrum of doubly-charged peptide 
(acGLSDGEWQQVLNVWGKacVE, m/z 1065.0, 81.7 min) from a sample of acetylated 
horse heart myoglobin after 60 min of incubation in a boiling water bath. The acetylated 
residues are marked with “ac”. 
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APPENDIX 2 

SUPPLEMENTARY MATERIAL FOR CHAPTER 4 

 

 

Part S-1: Details of PEG-OPFP synthesis procedures 

General procedure A: extension of the PEG chain by 1 ethyleneglycol unit 

To a solution of the alcohol (1 eq.), bromoacetic acid (either 12C2, 1-13C1 or 1,2-
13C2, 1.2 eq.) and NaI (0.01 eq.) in THF (5 mL/mmol) was carefully added NaH (60% in 
mineral oil, 4 eq.) in portions. After complete conversion of the alcohol (monitored by 
TLC analysis, usually after 2 hours), LiAlH4 (2.5 eq.) was carefully added in portions. The 
reaction was stirred for 30 minutes after which NaOH (as a 2M aqueous solution, 2.5 eq.) 
was added dropwise. After 15 minutes of stirring Et2O (5 mL/mmol) and MgSO4 were 
added. The reaction was stirred vigorously for another 5 minutes after which the solid was 
filtered over Celite®. The filtrate was concentrated under reduced pressure and the 
resulting crude product was purified by silica gel column chromatography (100% EtOAc 

 15% MeOH/EtOAc). 

 

General procedure B: reaction of a PEG chain alcohol with bromoacetic acid followed by 
acidic work-up 

To a solution of the newly formed alcohol (see general procedure A, 1 eq.), 
bromoacetic acid (either 12C2, 1-13C1 or 1,2-13C2, 1.2 eq.) and NaI (0.01 eq.) in THF (5 
mL/mmol), NaH  (60% in mineral oil, 4 eq.) was carefully added in portions. After 
complete conversion of the alcohol (monitored by TLC analysis, usually after 2 hours) 
Amberlyte® IR120 H resin and Et2O (2 mL/mmol) were added. After 30 minutes of 
stirring all solids and the resin were filtered off over Celite® and the filtrate was 
concentrated under reduced pressure. The crude product was subjected to the next step 
(general procedure C) without further purification. 

 

General procedure C: conversion of the carboxylic acid to the pentafluorophenyl ester 

The obtained (crude) carboxylic acid (see general procedure B, 1 eq.) was 
dissolved in DCM (5 mL/mmol). To this solution were added pentafluorophenol (2 eq.) 
and 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide (EDCI) (2 eq.) and the reaction was 
stirred for 2 hours. The mixture was then concentrated under reduced pressure and the 
product was purified by automated silica gel column chromatography (10%  80% 
EtOAc/petroleum ether). 

 

 



Supplementary Material for Chapter 4 

 

145 

[13-13C]2,5,8,11-tetraoxatridecan-13-ol 

Prepared according to general procedure A, starting from 2-(2-(2-
methoxyethoxy)ethoxy)ethanol (210 mg, 1.279 mmol). The product was obtained as a 
colorless liquid (yield: 199 mg, 0.95 mmol, 74%). 1H-NMR (200 MHz, CDCl3): δ (ppm) 
3.70 (dt, J1 = 150 Hz, J2 = 4.5 Hz, 2H), 3.70-3.53 (m, 14H), 3.39 (s, 3H), 2.61 (bs, 1H). 13C-
NMR (50 MHz, CDCl3): δ (ppm) 61.72.  

 

[12,13-13C2]2,5,8,11-tetraoxatridecan-13-ol 

Prepared according to general procedure A, starting from 2-(2-(2-
methoxyethoxy)ethoxy)ethanol (210 mg, 1.279 mmol). The product was obtained as a 
colorless liquid (yield: 194 mg, 0.92 mmol, 72%). 1H-NMR (200 MHz, CDCl3): δ (ppm) 
3.70 (dt, J1 = 150 Hz, J2 = 4.5 Hz, 2H), 6.67 (dt, J1 = 150 Hz, J2 = 4.5 Hz, 2H), 3.70-3.53 
(m, 12H), 3.40 (s, 3H), 2.72 (bs, 1H). 13C-NMR (50 MHz, CDCl3): δ (ppm) 72.53 (d, J = 41 
Hz), 61.70 (d, J = 41 Hz).    

 

[1,2-13C2]2-(2-(2-methoxyethoxy)ethoxy)ethanol 

Prepared according to general procedure A, starting from 2-(2-
methoxyethoxy)ethanol (310 mg, 2.58 mmol). The product was obtained as a colorless 
liquid (yield: 398 mg, 2.39 mmol, 93%). 1H-NMR (200 MHz, CDCl3): δ (ppm) 3.73 (dt, J1 
= 142 Hz, J2 = 4.7 Hz, 2H), 3.62 (dm, J = 139 Hz, 2H), 3.69-3.53 (m, 8H), 3.38 (s, 3H), 
2.68 (bs, 1H). 13C-NMR (50 MHz, CDCl3): δ (ppm) 72.47 (d, J = 39 Hz), 61.61 (d, J = 41 
Hz). 

 

[9,10,12,13-13C4]2,5,8,11-tetraoxatridecan-13-ol 

Prepared according to general procedure A, starting from [1,2-13C2]2-(2-(2-
methoxyethoxy)ethoxy)ethanol (398 mg, 2.39 mmol). The product was obtained as a 
colorless liquid (yield: 444 mg, 2.09 mmol, 87%). 1H-NMR (200 MHz, CDCl3): δ (ppm) 
4.11-3.96 (m, 4H), 3.67-3.53 (m, 8H), 3.40 (s, 3H), 3.38-3.24 (m, 4H), 2.61 (bs, 1H). 13C-
NMR (50 MHz, CDCl3): δ (ppm) 72.30 (d, J = 41 Hz), 70.18, 61.45 (d, J = 39 Hz). 

 

[16-13C]2,5,8,11,14-pentaoxahexadecan-16-oic acid 

Prepared according to general procedure B, starting from 2,5,8,11-
tetraoxatridecan-13-ol (206 mg, 0.99 mmol). 1H-NMR (200 MHz, CDCl3): δ (ppm) 4.10 
(d, J = 4.02 Hz, 2H), 3.74-3.55 (m, 16H), 3.38 (s, 3H). 13C-NMR (50 MHz, CDCl3): δ 
(ppm) 173.83. LC-MS (system 1): gradient 0%  20% ACN/(0.1% TFA/H2O): Rt (min): 
8.35 (ESI-MS (m/z): 268.1 (M + H+)). 
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[15,16-13C2]2,5,8,11,14-pentaoxahexadecan-16-oic acid 

Prepared according to general procedure B, starting from 2,5,8,11-
tetraoxatridecan-13-ol (201 mg, 0.97 mmol). 1H-NMR (200 MHz, CDCl3): δ (ppm) 4.19 
(dd, J1 = 145 Hz, J2 = 4.5 Hz, 2H), 3.80-3.57 (m, 16H), 3.39 (s, 3H). 13C-NMR (50 MHz, 
CDCl3): δ (ppm) 171.95 (d, J = 56 Hz), 68.78 (d, J = 56 Hz). LC-MS (system 1): gradient 
0%  20% ACN/(0.1% TFA/H2O): Rt (min): 7.97 (ESI-MS (m/z): 269.3 (M + H+)). 

 

[13,15,16-13C3]2,5,8,11,14-pentaoxahexadecan-16-oic acid 

Prepared according to general procedure B, starting from [13-13C]2,5,8,11-
tetraoxatridecan-13-ol (199 mg, 0.95 mmol). 1H-NMR (200 MHz, CDCl3): δ (ppm) 4.15 
(dt, J1 = 145 Hz, J2 = 4.4 Hz, 2H), 3.73 (dm, J = 145Hz, 2H), 3.72-3.54 (m, 14H), 3.39 (s, 
3H). 13C-NMR (50 MHz, CDCl3): δ (ppm) 172.13 (d, J = 58 Hz), 70.78, 68.86 (d, J = 59 
Hz). LC-MS (system 1): gradient 0%  20% ACN/(0.1% TFA/H2O): Rt (min): 8.37 (ESI-
MS (m/z): 270.3 (M + H+)). 

 

[12,13,15,16-13C4]2,5,8,11,14-pentaoxahexadecan-16-oic acid 

Prepared according to general procedure, starting from [12,13-13C2]2,5,8,11-
tetraoxatridecan-13-ol (194 mg, 0.92 mmol). 1H-NMR (200 MHz, CDCl3): δ (ppm) 4.21 
(dt, J1 = 145 Hz, J2 = 4.4 Hz, 2H), 3.73 (dm, J = 144 Hz, 2H), 3.80-3.57 (m, 14H), 3.40 (s, 
3H). 13C-NMR (50 MHz, CDCl3): δ (ppm) 172.25 (d, J = 58 Hz), 71.63, 69.90, 69.00 (d, J 
= 56 Hz). LC-MS (system 1): gradient 0%  20% ACN/(0.1% TFA/H2O): Rt (min): 8.37 
(ESI-MS (m/z): 271.3 (M + H+)). 

 

[9,10,12,13,16-13C5]2,5,8,11,14-pentaoxahexadecan-16-oic acid 

Prepared according to general procedure B, starting from [9,10,12,13-
13C4]2,5,8,11-tetraoxatridecan-13-ol (222 mg, 1.04 mmol). 1H-NMR (200 MHz, CDCl3): δ 
(ppm) 4.20-3.99 (m, 6H), 3.67-3.57 (m, 8H), 3.48-3.33 (m, 4H), 3.39 (s, 3H). 13C-NMR 
(50 MHz, CDCl3): δ (ppm) 172.31, 71.88, 70.90, 70.33, 69.42. LC-MS (system 2): gradient 
0%  20% ACN/(0.1% TFA/H2O): Rt (min): 7.59 (ESI-MS (m/z): 272.0 (M + H+)). 

 

[9,10,12,13,15,16-13C6]2,5,8,11,14-pentaoxahexadecan-16-oic acid 

Prepared according to general procedure B, starting from [9,10,12,13-
13C4]2,5,8,11-tetraoxatridecan-13-ol (222 mg, 1.04 mmol). 1H-NMR (200 MHz, CDCl3): δ 
(ppm) 4.18 (dt, J1 = 145 Hz, J2 = 4.4 Hz, 2H), 4.12-3.99 (m, 4H), 3.67-3.47 (m, 8H), 3.39 
(s, 3H), 3.37-3.29 (m, 4H). 13C-NMR (50 MHz, CDCl3): δ (ppm) 172.45 (d, J = 56 Hz), 
71.88, 70.94, 70.36, 69.60. LC-MS (system 2): gradient 0%  20% ACN/(0.1% 
TFA/H2O): Rt (min): 7.63 (ESI-MS (m/z): 273.1 (M + H+)). 
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Perfluorophenyl 2,5,8,11,14-pentaoxahexadecan-16-oate 

Prepared according to general procedure C. The product was obtained as a 
colorless oil. (yield: mg, mmol, % over 2 steps). 1H-NMR (200 MHz, CDCl3): δ (ppm) 4.55 
(s, 2H), 3.85-3.55 (m, 16H), 3.39 (s, 3H). 13C-NMR (150 MHz, CDCl3): δ (ppm) 166.30, 
140.75 (dd, J1 = 243 Hz, J2 = 12.0 Hz), 139.28 (dt, J1 = 252 Hz, J2 = 13.5 Hz), 137.41 (dt, J1 
= 256 Hz, J2 = 15.0 Hz), 124.15 (t, J = 14.0 Hz), 71.46, 70.76, 70.12, 70.11, 70.01, 67.33, 
51.18. LC-MS (system 1): gradient 10%  90% ACN/(0.1% TFA/H2O): Rt (min): 7.05 
(ESI-MS (m/z): 433.1 (M + H+)). HRMS: calculated for C17H21F5O7+H: 433.12802; found: 
433.12818. 

 

Perfluorophenyl [16-13C]2,5,8,11,14-pentaoxahexadecan-16-oate 

Prepared according to general procedure C. The product was obtained as a 
colorless oil. (yield: 226 mg, 0.52 mmol, 54% over 2 steps). 1H-NMR (200 MHz, CDCl3): δ 
(ppm) 4.55 (d, J = 4.4 Hz, 2H), 3.84-3.52 (m, 16H), 3.38 (s, 3H). 13C-NMR (50 MHz, 
CDCl3): δ (ppm) 166.67. LC-MS (system 1): gradient 10%  90% ACN/(0.1% TFA/H2O): 
Rt (min): 7.32 (ESI-MS (m/z): 434.0 (M + H+)). HRMS: calculated for C1613CH21F5O7+H: 
434.13138; found: 434.13145. 

 

Perfluorophenyl [15,16-13C2]2,5,8,11,14-pentaoxahexadecan-16-oate 

Prepared according to general procedure C. The product was obtained as a 
colorless oil. (yield: 223 mg, 0.51 mmol, 52% over 2 steps). 1H-NMR (200 MHz, CDCl3): δ 
(ppm) 4.55 (dd, J1 = 145 Hz, J2 = 4.7 Hz, 2H), 3.86-3.52 (m, 16H), 3.38 (s, 3H). 13C-NMR 
(50 MHz, CDCl3): δ (ppm) 166.64 (d, J = 64 Hz), 67.87 (d, J = 64 Hz). LC-MS (system 1): 
gradient 10%  90% ACN/(0.1% TFA/H2O): Rt (min): 7.33 (ESI-MS (m/z): 435.0 (M + 
H+)). HRMS: calculated for C1513C2H21F5O7+H: 435.13473; found: 435.13482. 

 

Perfluorophenyl [13,15,16-13C3]2,5,8,11,14-pentaoxahexadecan-16-oate 

Prepared according to general procedure C. The product was obtained as a 
colorless oil.  (yield: 67 mg, 0.15 mmol, 21% over 2 steps). 1H-NMR (200 MHz, CDCl3): δ 
(ppm) 4.55 (dt, J1 = 145 Hz, J2 = 4.8 Hz, 2H), 3.76-3.43 (m, 16H), 3.38 (s, 3H). 13C-NMR 
(50 MHz, CDCl3): δ (ppm) 166.64 (d, J = 64 Hz), 71.27, 67.84 (d, J = 64 Hz). LC-MS 
(system 1): gradient 10%  90% ACN/(0.1% TFA/H2O): Rt (min): 7.05 (ESI-MS 
(m/z): 436.0 (M + H+)). HRMS: calculated for C1413C3H21F5O7+H: 436.13808; found: 
436.13816. 

 

Perfluorophenyl [12,13,15,16-13C4]2,5,8,11,14-pentaoxahexadecan-16-oate 

Prepared according to general procedure C. The product was obtained as a 
colorless oil. (yield: 147 mg, 0.34 mmol, 37% over 2 steps). 1H-NMR (200 MHz, CDCl3): δ 
(ppm) 4.55 (dt, J1 = 146 Hz, J2 = 4.7 Hz, 2H), 3.79 (dm, J = 145 Hz, 2H), 3.67-3.50 (m, 
14H), 3.38 (s, 3H). 13C-NMR (50 MHz, CDCl3): δ (ppm) 166.67 (d, J = 63 Hz), 71.06, 
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70.84, 67.84 (d, J = 64Hz). LC-MS (system 1): gradient 10%  90% ACN/(0.1% 
TFA/H2O): Rt (min): 7.03 (ESI-MS (m/z): 437.1 (M + H+)). HRMS: calculated for 
C1313C4H21F5O7+H: 437.14144; found: 437.14157. 

 

Perfluorophenyl [9,10,12,13,16-13C5]2,5,8,11,14-pentaoxahexadecan-16-oate 

Prepared according to general procedure C. The product was obtained as a 
colorless oil. (yield: 230 mg, 0.53 mmol, 53% over 2 steps). 1H-NMR (200 MHz, CDCl3): δ 
(ppm) 4.55 (t, J = 4.7 Hz, 2H), 4.19-3.93 (m, 4H), 3.66-3.32 (m, 12H), 3.38 (s, 3H). 13C-
NMR (50 MHz, CDCl3): δ (ppm) 166.64, 71.06, 70.87, 70.60. LC-MS (system 1): gradient 
10%  90% ACN/(0.1% TFA/H2O): Rt (min): 7.05 (ESI-MS (m/z): 438.1 (M + H+)). 
HRMS: calculated for C1213C5H21F5O7+H: 438.14479; found: 438.14491. 

 

Perfluorophenyl [9,10,12,13,15,16-13C6]2,5,8,11,14-pentaoxahexadecan-16-oate 

Prepared according to general procedure C. The product was obtained as a 
colorless oil. (yield: 277 mg, 0.63 mmol, 63% over 2 steps). 1H-NMR (200 MHz, CDCl3): δ 
(ppm) 4.55 (dt, J1 = 146 Hz, J2 = 4.7 Hz, 2H), 4.16-4.01 (m, 4H), 3.66-3.32 (m, 12H), 3.38 
(s, 3H). 13C-NMR (50 MHz, CDCl3): δ (ppm) 166.67 (d, J = 64 Hz), 71.06, 70.87, 70.60, 
67.87 (d, J = 64 Hz). LC-MS (system 1): gradient 10%  90% ACN/(0.1% TFA/H2O): Rt 
(min): 7.05 (ESI-MS (m/z): 439.1 (M + H+)). HRMS: calculated for C1113C6H21F5O7+H: 
439.14815; found: 439.14827. 



Supplementary Material for Chapter 4 

 

149 

 

 

Figure S-1: Extracted ion chromatograms of stable isotope labeled glutamic acid 
extracted from lung epithelial cells as an example to show that the number of 13C atoms 
per label does not affect retention time. The comparison is based on three cell culture 
conditions with 3 biological replicates each (2 for cigarette smoke extract (CSE)). (gas-phase cigarette 
smoke (GPCS – 1-13C-label), air (4-13C-label) and CSE (6-13C-label)). The labeled solutions were 
mixed together randomly and analyzed by LC-MS. 

 

 

Figure S-2: Calibration curve of labeled alanine. The 20 natural amino acids plus glutathione 
(0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. After labeling, 
incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 1 µL was 
analyzed by LC-MS. Averages and standard deviations were established based on 3 repetitions of the 
entire experiment. The calibration curve was fitted to the following quadratic equation: y = 164174,17 
+ 28098,92 x - 0,13 x2 (R2 = 0.99931) 
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Figure S-3: Calibration curve of labeled cysteine. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = 176265,74 + 19077,69 x - 0,0074 x2 (R2 = 0.98379) 

 

* 

 

Figure S-4: Calibration curve of labeled aspartate. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = 252022,89 + 9143,21 x - 0,060 x2 (R2 = 0.99891) 
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Figure S-5: Calibration curve of labeled glutamate. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to following the quadratic 
equation: y = 275381,33 + 18363,88 x - 0,12 x2 (R2 = 0.9994) 

 

 

 

Figure S-6: Calibration curve of labeled phenylalanine. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = 457291,76 + 41884,76 x - 0,22 x2 (R2 = 0.99884) 
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Figure S-7: Calibration curve of labeled glycine. The 20 natural amino acids plus glutathione 
(0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. After labeling, 
incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 1 µL was 
analyzed by LC-MS. Averages and standard deviations were established based on 3 repetitions of the 
entire experiment. The calibration curve was fitted to the following quadratic equation: y = 1,17 × 106 
+ 16124,19 x - 0,053 x2 (R2 = 0.99842) 

 

 

 

Figure S-8: Calibration curve of labeled histidine. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following equation: y = 
188496,43 + 31672,0017 x + 0,018 x2 (R2 = 0.9878) 
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Figure S-9: Calibration curve of labeled isoleucine. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = 162249,29 + 38974,68 x - 0,23 x2 (R2 = 0.99994) 

 

 

 

Figure S-10: Calibration curve of (doubly-)labeled lysine. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = 84907,86 + 25762,086 x - 0,074 x2 (R2 = 0.99811) 

0 200 400 600 800 1000
0

1x107

2x107

3x107

4x107

M
S 

re
sp

on
se

Concentration (nM)

0 10 20 30 40 50
0,0

5,0x108

1,0x109

1,5x109

M
S 

re
sp

on
se

Concentration (μM)

0 200 400 600 800 1000
0

1x107

2x107

3x107

M
S 

re
sp

on
se

Concentration (nM)

0 10 20 30 40 50
0,0

2,0x108

4,0x108

6,0x108

8,0x108

1,0x109

1,2x109

M
S 

re
sp

on
se

Concentration (μM)



Appendix 2 

 

154 

 

Figure S-11: Calibration curve of labeled leucine. The 20 natural amino acids plus glutathione 
(0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. After labeling, 
incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 1 µL was 
analyzed by LC-MS. Averages and standard deviations were established based on 3 repetitions of the 
entire experiment. The calibration curve was fitted to the following quadratic equation: y = 141834,55 
+ 40284,61 x - 0,25 x2 (R2 = 0.99981) 

 
 
 

Figure S-12: Calibration curve of labeled methionine. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = 84166,40 + 34339,15 x - 0,20 x2 (R2 = 0.99975) 
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Figure S-13: Calibration curve of labeled asparagine. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = 158602,71 + 17862,05 x - 0,074 x2 (R2 = 0.9993) 

 

 

 

Figure S-14: Calibration curve of labeled proline. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = 164174,50 + 32002,00 x - 0,066 x2 (R2 = 0.99962) 

 

0 200 400 600 800 1000
0,0

5,0x106

1,0x107

1,5x107

2,0x107

M
S 

re
sp

on
se

Concentration (nM)

0 10 20 30 40 50
0

1x108

2x108

3x108

4x108

5x108

6x108

7x108

8x108

M
S 

re
sp

on
se

Concentration (μM)

0 200 400 600 800 1000
0

1x107

2x107

3x107

M
S 

re
sp

on
se

Concentration (nM)

0 10 20 30 40 50
0,0

2,0x108

4,0x108

6,0x108

8,0x108

1,0x109

1,2x109

1,4x109

1,6x109

M
S 

re
sp

on
se

Concentration (μM)



Appendix 2 

 

156 

 

Figure S-15: Calibration curve of labeled glutamine. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = 234288,73 + 21287,75 x - 0,069 x2 (R2 = 0.99958) 

 

 

 

Figure S-16: Calibration curve of labeled arginine. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = 222907,95 + 37770,87 x - 0,12 x2 (R2 = 0.99956) 
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Figure S-17: Calibration curve of labeled serine. The 20 natural amino acids plus glutathione 
(0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. After labeling, 
incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 1 µL was 
analyzed by LC-MS. Averages and standard deviations were established based on 3 repetitions of the 
entire experiment. The calibration curve was fitted to the following quadratic equation: y = 
405869,80 + 18453,97 x - 0,10 x2 (R2 = 0.99027) 

 

 

 

Figure S-18: Calibration curve of labeled threonine. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = 278762,69 + 20986,24 x - 0,067 x2 (R2 = 0.99696) 
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Figure S-19: Calibration curve of labeled valine. The 20 natural amino acids plus glutathione 
(0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. After labeling, 
incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 1 µL was 
analyzed by LC-MS. Averages and standard deviations were established based on 3 repetitions of the 
entire experiment. The calibration curve was fitted to the following quadratic equation: y = 
233340,32 + 32546,87 x - 0,23 x2 (R2  = 0.99991) 

 

 

 

Figure S-20: Calibration curve of labeled tryptophan. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = 88111,81 + 38146,21 x - 0,14 x2 (R2 = 0.99884) 
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Figure S-21: Calibration curve of labeled tyrosine. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = 164174,17 + 28098,92 x - 0,13 x2 (R2 = 0.99931) 

 

 

 

Figure S-22: Calibration curve of labeled glutathione. The 20 natural amino acids plus 
glutathione (0, 0.1, 0.5, 1, 10, 30, 50 µM) were reacted with 5 mM 3 × 13C-containing PEG-OPFP. 
After labeling, incubation in a boiling water bath, addition of DTT, incubation and addition of 1% FA, 
1 µL was analyzed by LC-MS. Averages and standard deviations were established based on 3 
repetitions of the entire experiment. The calibration curve was fitted to the following quadratic 
equation: y = - 68113,59 + 10934,45 x + 0,14 x2 (R2 = 0.96995) 
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Figure S-23: Effect of pH on the labeling of a standard solution of the 20 natural amino 
acids plus glutathione (Gsh) (25 pmol injected). (A) EICs corresponding to the m/z of singly-
labeled lysines (*K1 and *K2) and labeled glutamine (*Q), respectively. (B) BPCs showing the peaks 
of labeled isoleucine (*I), leucine (*L), phenylalanine (*F) and tryptophan (*W), respectively. 
Labeling was performed at different pH values and the chromatograms are overlaid. The different pH 
values are indicated as follows: pH 7.0 (pink), pH 7.5 (black), pH 8.0 (green), pH 8.5 (red) and pH 
9.0 (blue). 

 
 

Figure S-24: Effect of double-derivatization on the labeling of a standard solution of 
the 20 natural amino acids plus glutathione (Gsh) (25 pmol injected). (A) EICs 
corresponding to the m/z of singly-labeled lysines (*K1 and *K2) and labeled glutamine (*Q) are 
presented. (B) BPCs showing the peaks of labeled isoleucine (*I), leucine (*L), phenylalanine (*F) 
and tryptophan (*W), respectively. Chromatograms are overlaid. Single derivatization (blue), double 
derivatization (red). 
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Figure S-25: Evaluation of PEG-OPFP labeling efficiency. Lysine (50 µM) was reacted with 5 
mM PEG-OPFP containing 1, 4 or 6 carbon-13 atoms (5 mM). After LC-MS analysis, the MS response 
for doubly-labeled (**K) and singly-labeled lysine derivatives (*K-1 and *K-2, i.e. labeled at the α- or 
the ε-amine) were quantified. Averages and standard deviations were established based on 4 
repetitions of the entire experiment. 
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Table S-1: Protein concentration (µg/mL) in the retentate after ultrafiltration at a cut-
off of 5 kDa (measured with the Micro BCA assay). 
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Figure S-1: Removal of tyrosine O-biotin esters by extending the incubation time in a 
boiling water bath from 15 to 60 min (Extracted Ion Chromatograms at +/- 0.2 amu). A (left): 
15 min of incubation in a boiling water bath; B (right): 60 min of incubation in a boiling water bath. 
1st panels: doubly-charged molecular ion of N-acetylated and tyrosine O-biotinylated angiotensin II 
(“AcY-O-Biotin”, m/z 657.8.3, 61.1 min); 3rd and 4th panels: triply- (m/z 444.1) and doubly- (m/z 665.6) 
charged molecular ions of N-acetylated and aminotyrosine N-biotinylated angiotensin II (“AcYNH-

Biotin”, 56.4 min). 
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Figure S-2 : MS/MS spectrum of doubly-charged N-acetylated and aminotyrosine N-
biotinylated angiotensin II (“AcYNH-Biotin”, m/z 665.6, 56.2 min) from the eluate of the 
avidin-based enrichment step. The ions b2 (314.3 m/z) )and y72+ (586.9 m/z) confirm acetylation 
of the N-terminus (these ions are indicated in blue). Fragment ion b2 corresponds to the mass of 
aspartic acid (D, 115.0 Da) plus the mass of arginine (R, 156.1 Da) and the mass of one acetyl group (-
COCH3, 43 Da). The observed mass difference between the molecular ion and y7 (157.4 Da) 
corresponds to the mass of aspartic acid plus the acetyl group. In red are indicated the fragment ions 
b3 (413.3 m/z), b4 (817.5 m/z), y4 (513.3 m/z) and y5 (917.5 m/z). The mass difference (404.2 Da) 
between the fragment ions b3 and b4, and y4 and y5 corresponds to tyrosine (163.1 Da) containing an 
amine group (+15 Da) that has been derivatized with biotin (+226 Da). This spectrum was obtained 
using a sample injection volume of 8 µL. 
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