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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. 
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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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