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Abstract
Oxidative modification of tryptophan to kynurenine (KYN) and N-formyl kynurenine (NFK) has
been described in mitochondrial proteins associated with redox metabolism, and in human cataract
lenses. To a large extent, however, previously reported identifications of these modifications were
performed using peptide mass fingerprinting and/or tandem-MS data of proteins separated by gel
electrophoresis. To date, it is uncertain whether NFK and KYN may represent sample handling
artifacts or exclusively post-translational events. To address the problem of the origin of tryptophan
oxidation, we characterized several antibodies by liquid chromatography – tandem mass
spectrometry, with and without the use of electrophoretic separation of heavy and light chains.
Antibodies are not normally expected to undergo oxidative modifications, however, several Trp
residues on both heavy and light chains were found extensively modified to both doubly oxidized
Trp and KYN following SDS-PAGE separation and in-gel digestion. In contrast, those residues were
observed as non-modified upon in-solution digestion. These results indicate that Trp oxidation may
occur as an artifact in proteins separated by SDS-PAGE and their presence should be carefully
interpreted, especially when gel electrophoretic separation methods are employed.
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Introduction
In vivo, tryptophan (Trp) residues may undergo extensive oxidative modification upon
exposure to UV light and oxidative agents (1–4). The structures of oxidatively modified Trp
residues are summarized in Figure S-1. Peptides bearing oxidized Trp modifications generally
exhibit mass increases of 4, 16 and 32 Da, corresponding to the formation of kynurenine
*
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(KYN), hydroxytryptophan (Wox1), and N-formylkynurenine/dihydroxytryptophan (NFK/
Wox2, referred to also as “doubly oxidized Trp”), and their combinations, such as
hydroxykynurenine (KYNox1, +20 Da). Oxidation to hydroxytryptophan (Wox1) has been
observed as a result of sample handling, e.g. following protein separation by gel electrophoresis
(5). Trp modification to NFK and KYN and degradation have been described in mitochondrial
proteins associated with redox metabolism (6,7) in human cataract lenses (8,9), and upon
photolytic oxidation (10). Modified proteins have been proposed as markers of oxidative stress,
e.g. in atherosclerosis (11). Some authors have suggested ion abundances of modified Trp,
Wox1 and NFK/Wox2 peptides should be included in protein database search algorithms in
order to improve the identification score (12).
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Based on the literature, it is uncertain whether oxidation products such as NFK and KYN
identified upon electrophoresis represent artifacts upon sample isolation and purification (5,
13,14), or true post-translational modifications. A number of previous proteomic studies have
reported the identification of oxidative modifications of Trp using peptide mass fingerprinting
of proteins separated by gel electrophoresis (6,7,15–17). To address the problem of the potential
artifactual nature of Trp oxidation, we have used LC/MS/MS, with and without gel
electrophoretic separation, to characterize a monoclonal antibody, which is a secreted
glycoprotein normally not expected to undergo oxidative modifications (18). Our results
indicate Trp oxidative modifications to (Trp +32 Da) and KYN occur as artifacts in proteins
separated by SDS-PAGE. Hence, care should be taken in the interpretation of data suggesting
a correlation between tryptophan oxidation and oxidative stress in vivo.

Materials and methods
Materials
Mouse anti-human β-amyloid precursor protein MAb (clone 6A6) was purchased from US
Biological (Swampscott, MA). Dithiothreitol, iodoacetamide, ammonium bicarbonate, and
96% formic acid were purchased from Sigma-Aldrich (St Louis, MO). Sequencing grademodified porcine trypsin was obtained from Promega (Madison, WI) and sequencing grade
bovine α-chymotrypsin was obtained from Roche. NuPage 4 – 12 % Bis-Tris pre-cast gels,
sample and running buffers and Coomasie SimplyBlue were purchased from Invitrogen
(Carlsbad, CA). Acetonitrile was purchased from Caledon Laboratories, Ltd. (Georgetown,
Ontario). Purified water (17.8 MΩ) was obtained from an in-house Hydro Picopure 2 system.
Methods
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Sample Preparation, SDS-PAGE and in-gel digestion—Samples were reduced and
alkylated prior to electrophoresis as follows: Monoclonal antibody 6A6 stock solution (20
μL; 0.5 μg/μL in PBS buffer) was incubated for one hour at 95° C with 20 μL sample loading
buffer containing 100 mM dithiothreitol, and iodoacetamide in water was added at a molar
ratio DTT/IAA of 1:3. The reaction was continued for one hour at room temperature. The
reduced and alkylated antibody was loaded onto the gel and the heavy and light chains were
separated. Electrophoresis was performed at 200V and a maximum of 80mA for one hour. The
bands were stained with Coomasie Simply Blue solution. The protein bands corresponding to
antibody heavy and light chains were excised and digested with trypsin or with chymotrypsin
for 8 hours at 37° C in an automated fashion with a Progest robotic digester (Genomic Solutions,
now part of Digilabs, Holliston, MA). In-gel digestion with α-chymotrypsin was performed
manually using an enzyme to substrate ration of 1:30, based on the initial amount of reduced
and alkylated antibody. Samples were lyophilized to dryness and resuspended in 0.1% formic
acid.
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In-solution digestion—Antibody samples were reduced as above except that a 100 mM
aqueous DTT solution was used. Alkylation was performed as above. Following alkylation for
one hour at room temperature, the reaction mixture was divided in 2 aliquots × 20 μL, of which
one was digested with trypsin and one with chymotrypsin. To each vial, 40 μL of a 25 mM
solution of trypsin or chymotrypsin at an enzyme:substrate ratio of 1:50, and sufficient
ammonium carbonate to maintain a pH of 7.4 was added to each vial and the digestions were
performed over night at 37° C.
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Mass Spectrometry—LC/MS analyses were performed using a Waters Q-Tof Premier mass
spectrometer equipped with a nanoAcquity UPLC system (Waters, Milford, MA). Separations
were performed on a 100 μm × 100 mm, Atlantis 3 μm dC18 column (Waters, Milford, MA),
using a flow rate of 300 nL/min. A C18 trapping column (180 μm × 20 mm) with a 5 μm particle
size (Waters, Milford, MA) was positioned in-line of the analytical column. Peptides (5 μl
aliquot) were eluted using a linear gradient of 98% solvent A (0.1% formic acid in water (v/
v)) and 2% solvent B (0.1% formic acid in acetonitrile (v/v)) to 40% solvent B over 90 minutes.
Mass spectrometer settings for the MS analyses were: capillary voltage, 3.2 kV; cone voltage,
33 V; collision energy, 8.0 V; and source temperature, 80° C; acquisition mass range, 200–
2000 Da.. Nitrogen was used as drying gas. MS/MS data were acquired in the data dependent
mode A collision energy ramp from 20 V to 30 V was employed to obtain fragmentation of all
selected precursor ions. An external lock mass (Glu-Fibrinogen peptide ion of m/z 785.8496
(2+) using a separate reference sprayer (LockSpray) was used for calibration. Data analyses
were performed using MassLynx 4.0 software (Waters, Milford, MA).
Database search—MS data were processed (including ions with S/N ratio greater than 3)
using Mascot Distiller software (Matrix Science, UK)and searched against the NCBInr protein
data base using the Mascot MS/MS search engine, (precursor tolerance of 0.2 Da and a MS/
MS tolerance of 0.1 Da). The sequences determined from the MS/MS data were validated
manually. The peptides were fit against antibody sequences from the NCBInr protein database
(19).

Results and Discussion
Mass spectrometric identification of oxidative tryptophan modifications
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In order to determine the nature and extent of tryptophan oxidation derived from sample
handling procedures, the amino acid sequence of a MAb 6A6 was analyzed using an LC-MS/
MS approach which employed reduction, alkylation and proteolytic degradation of the
antibody (i) in-solution, and (ii) following SDS-PAGE separation of the heavy and light chains.
Both experiments were performed under identical experimental conditions with regard to
reduction and alkylation, as described in the experimental section.
MAb 6A6 contains four Trp residues in the light chain and eight in the heavy chain. Following
in-solution digestion with trypsin, LC-MS/MS and NCBInr database search (19), these residues
were identified as unmodified, suggesting that this antibody is not primarily oxidized during
storage, as previously reported for Trp residues in an MAb (18). Upon SDS-PAGE separation,
pronounced molecular heterogeneity due to various oxidative modifications of the majority of
Trp residues was observed. Peptides bearing oxidative Trp modifications exhibited
characteristic mass shifts of +4 Da (KYN), +16 Da (singly oxidized Trp), +32 Da (NFK/
Wox2, “doubly oxidized Trp”), and even +48 Da (attributable to hydroxy-NFK, NFKox1). In
the case of (Trp +32 Da), the modifications may represent either NFK or dihydroxy-Trp
(Wox2) (20). Because these isobaric structures were identified solely by MS, the authors refrain
from making structural assignments to this mass. Examples showing the distribution of
oxidation products in the tryptic peptides (37-51) and (52-60) of the MAb 6A6 light chain, are
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presented in Figure 1A and B. The most abundant ions in Figure 1A (m/z 1807.911) were
assigned to the unmodified peptide (37-51) (calculated m/z 1807.913) followed by the same
peptide containing both KYN (observed m/z 1811.922, calculated m/z, 1811.908) and an
additional unidentified modification (+10 Da) (observed m/z 1821.897, Figure S-2), and by the
(Trp +32 Da) -modified peptide (observed m/z 1839.921, calculated m/z 1839.903). The most
abundant Trp modification observed for peptide (52-60) (Figure 1B) was assigned to the
“double Trp oxidation” (+32 Da) (observed m/z 1154.638, calculated m/z 1154.630), while the
unmodified peptide (observed m/z 1122.622, calculated m/z 1122.631) was observed with
lower relative abundance. The MS/MS spectra of these peptides were manually interrogated
(see Fig. S-3), and generally revealed that the oxidative Trp modifications did not create
signature fragment ions, as previously noted (21). An additional example of a heavy chain
tryptic peptide, non-modified, and simultaneously containing one KYN and one Trp +32Da
modifications, is shown in Fig. S-4. The oxidized Trp peptides were generally found to elute
earlier than the unmodified peptides (Fig. S-5).
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Tryptic peptide (52-60), however, showed minimal oxidation when LC-MS/MS analysis of an
in-solution digest was performed (Figure 1C); these products were presumably formed during
electrospray ionization (22) because the chromatographic retention times of oxidized and nonoxidized species were identical. Reported differences in the retention times of peptides
containing oxidized Trp versus unmodified Trp can be used to discriminate between
electrospray induced oxidation (22) and those derived from oxidation prior to electrospray.
Table 1 summarizes the observed Trp-containing peptides, their oxidative modifications and
the ion abundances of the oxidized products relative to the unmodified peptides from both
solution and in-gel digests. The most frequently observed modifications were KYN, Wox1 and
(Trp+32 Da) whereas KYNox1 (+20 Da) and NFKox1 (+48 Da) products were found with lower
relative abundance. However, no trend in the relative abundances of these oxidation products
in different peptides could be determined, suggesting that the amino acids in the vicinity of
Trp may be of crucial importance for the formation of a specific product. From our data, Trp
oxidation appears to be dependent on the amino acid microenvironment around a Trp residue.
However, a more detailed study is needed in order to evaluate possible sequence specificities
of Trp oxidation in peptides.
The source of the reactive oxygen species leading to the pattern of Trp oxidation is yet unclear.
The high voltage employed for SDS-PAGE may cause the formation of small amounts of ozone
in the electrophoretic cell which in turn may initiate a reaction cascade leading to Trp oxidation
products. This hypothesis is supported by a previous study showing that ozone in ambient air
can cause oxidation (23).
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Conclusion
We have shown that oxidative modifications of Trp-containing peptides to (Trp+32 Da) and
KYN can represent artefacts derived from sample preparation using gel electrophoresis. The
extent of oxidation and product distribution in a specific Trp-containing peptide appears to
depend on the amino acid microenvironment around the Trp residue. These results are
important in the context of proteomics studies using SDS-PAGE aimed at the identification of
biological oxidative modifications in proteins, as different sample preparation techniques may
introduce unexpected modifications which may lead to over-interpretation of data.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2011 July 1.

Perdivara et al.

Page 5

Acknowledgments
NIH-PA Author Manuscript

This work was supported, in part, by the Intramural Research Program of the National Institutes of Environmental
Health Sciences/National Institutes of Health (Project ES050171), and by the Deutsche Forschungsgemeinschaft,
Bonn, Germany (PR-175-13-1 and FO-753).

Abbreviations
NFK

N-formyl kynurenine

KYN

kynurenine

KYNox1

hydroxy-kynurenine

NFKox1

hydroxy-N-formyl-kynurenine

LC

liquid chromatography

MS/MS

tandem mass spectrometry

MAb

monoclonal antibody
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Figure 1.

Deconvoluted mass spectra showing the heterogeneity and the relative abundance of peptides
containing Trp and its oxidative modifications: (A) light chain peptide (37–51), after in-gel
digestion (diamond indicates a non-related ion); (B) light chain peptide (52–60), after in-gel
digestion; (C) light chain peptide (52–60) after digestion in-solution (diamond in (C) indicates
a non-related, heavy chain peptide ion). The peptide sequence is indicated at the top of each
spectrum. Spectra were obtained by averaging the mass scans over the chromatographic
retention time corresponding to elution of all observed oxidized peptides.
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The relative abundance of each (oxidized) Trp containing species was determined relative to the ion abundance of the unmodified peptide. For each peptide, the calculations were performed using the mass
spectrum, obtained by averaging the mass scans over the chromatographic retention time window in which oxidized and non-oxidized peptides elute. All charge states observed for a peptide species were
considered in the determination of their relative abundances.
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Antibody tryptic and chymotryptic Trp-containing peptides and their oxidative modifications observed by LC-MS/MS
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