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Determination of oxidative protein
modifications using mass spectrometry
Mark J. Raftery
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Numerous oxidative modifications to proteins and amino acids have been identified with most susceptible, to
varying degrees, of some form of oxidative modification. The consequence of oxidation on protein structure
and function reveals that some of these modifications are functionally important. The discovery and accurate
characterization/description of existing and new modifications requires modern instrumentation, great care,
and attention to detail, especially if the modifications are present in low stoichiometric quantities or they only
exist transiently. The focus of this brief review is on the use of mass spectrometry, protein chemistry, and
proteomics methods and tools to identify oxidatively modified proteins and peptides along with the
characterization of specific sites. Many of the specialized mass spectrometry technologies and
techniques are becoming more widely available in research laboratories with mass spectrometry or
proteomics facilities allowing even non-expert researchers in the field to accurately determine
modifications. Illustrative examples of some approaches are provided from the author’s work, collaborative
research projects, and elsewhere.
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Introduction
The determination of amino acid modifications caused
by oxidation has gained greater importance over the
last 10–15 years as these types of changes have been
shown to regulate some important functions in vivo.
These include signal transduction (OxyR) transcrip-
tional regulation through disulphide bond for-
mation1,2 and covalent addition of oxygen to Met,
forming Met sulphoxide (Met(O)) that alters hydro-
phobicity, which may have functional consequences.3

Dynamic changes in these modifications may be
important mediators of cell signalling, protein
removal, degradation, or contribute to some other cel-
lular process or function.4 These changes may be
measured using quantitative mass spectrometry
(MS). Protein oxidation may be caused by H2O2,
HOCl, superoxide, or one of the other reactive
oxygen species formed in vivo.5 In vitro many possible
reagents cause oxidative changes to amino acids and
proteins.6–9 Fortunately, analytical techniques,
approaches, and instrumentation also have developed
allowing ever smaller quantities of material to be accu-
rately analysed to determine the presence and identity

of low sub-stoichiometric modifications. MS is a key
technology for determining oxidative modifications
of proteins, peptides, or amino acids. The techniques
available to discover modifications are similar and
do not really depend on where or how oxidations
occur. However, more protein may be available with
in vitro systems and this generally makes analysis
easier. This review will focus on providing an overview
of the determination of protein or peptide modifi-
cation using MS.

Mass spectrometry
The two customary methods used to ionize proteins
and peptides are matrix-assisted laser desorption ion-
ization (MALDI) and electrospray (ESI). Both offer
exceptional sensitivity, with the potential to analyse
zeptomolar amounts with similar mass measurement
accuracy expected from both.10,11

MALDI is performed by first co-crystallizing the
sample with a large molar excess of low-molecular-
weight UV-adsorbing matrix such as Sinapinic acid
for proteins or α-cyano-4-hydroxycinnamic acid for
peptides.12 Other matrices or specialized sample prep-
aration methods, that yield greater abundance of ion
signal, may also be used depending on the analyte.13

This crystalline mixture is generally irradiated by a
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UV-wavelength laser, and the ablated material con-
taining positive or negative ions analysed using typi-
cally time-of-flight (Tof) MS. Tof instruments may
be operated in high-resolution (called reflectron) or
lower-resolution linear mode depending on the type
of information required, with a single abundant proto-
nated [M+H]+ ion normally observed in spectra of
peptides and proteins (see Fig. 1C).
ESI requires the sample to be in solution.

Desolvated ions form as solvent evaporates during
the ESI process and transfer of the ions into the low
vacuum region of the mass spectrometer.14 Spectra
of proteins and peptides have a unique appearance
where instead of forming an abundant singly charged
protonated ion, as observed after MALDI, ESI
forms a series of multiply charged ions. For peptides,
spectra may contain abundant ions corresponding to
the charge states of +2, +3, +4, or +5 with one ion
normally predominant, whereas proteins show a
large variation in the observed charge state envelope,
possibly +10 through +50 and with an approximate
Gaussian shape (see Fig. 1A). The observed charge
state is dependent on a number of factors including
amino acid sequence, solvent composition, and ESI
MS conditions.15 Non-covalent interactions between
proteins and membrane proteins may be observed
and studied once solvent and MS conditions have
been optimized.16

ESI is ideally suited to interfacing with liquid chro-
matographic systems where greater sensitivity may be
facilitated by the chromatographic clean-up that can
remove salts etc. Many of the current proteomic work-
flows rely on coupling very-low-flow chromatography
to an ESI mass spectrometer.

Both MALDI and ESI easily provide mass accu-
racies of 0.05% for proteins with low ppm mass
measurements routinely obtained for peptides and
proteins using ultra-high-resolution mass spec-
trometers. Mass measurement accuracy greatly
depends on the type of mass spectrometer used for
the measurement, with many current models, such as
Orbitraps and Quadrupole Tof instruments, achieving
this.

Modern mass spectrometers may be operated using
a wide variety of scan methods or modes, with the ter-
minology potentially confusing. The two major modes
of operating mass spectrometers are termed MS and
MS/MS. In MS, the mass spectrometer simply scans
from low mass-to-charge ratio (m/z) to high m/z
and a mass spectrum of all ions formed from the
sample is obtained. The information recorded can
then be interpreted to obtain the molecule mass of
the peptide or protein (e.g. Fig. 1A and C). The
other common scan mode is called MS/MS, MS2, or
tandemMS. In MS/MS, the mass spectrometer is pro-
grammed to select exclusively a single m/z that

Figure 1 ESI and MALDI spectra of bovine CAn. (A) ESI spectrum recorded using static nanospray showing individual charge
states of ions of native and oxidized forms (lower abundance series of satellite peaks). (B) Deconvoluted ESI spectrum showing
native and two oxidized formswithm/z+16 and+32 greater mass. (C) MALDI spectrum shows abundant [M+H]+ and [M+ 2H]2+

ions of native CAn (oxidized forms were not resolved). (D) Amino acid sequence of CAn (SwissProt; P00921, CAH2_BOVIN)
showing no Cys, three Met, and seven Trp residues that are possible targets for oxidation. The calculated mass(av) of the native
protein is identical (±error) to the values determined by ESI and MALDI.
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corresponds to one precursor m/z ion, and through a
technique called collisional activation or collision-
induced dissociation the selected precursor ion is frag-
mented and a spectrum containing fragment ions
characteristic of the precursor ion is obtained.17 For
peptides, this characteristic fragmentation pattern
may provide a very clear indication of the amino
acid sequence since almost all amino acids have a
different residue mass.18 Where amino acids are modi-
fied, the expected amino acid m/z is altered in a pre-
dictable way. For example, addition of oxygen adds
15.9949 to the measured m/z and the residue mass
of Met (m/z 131.0405) changes to m/z 147.0364 for
Met(O).6 This is shown in Fig. 1 where the experimen-
tally determined mass spectrum (by ESI) of carbonic
anhydrase (CAn) contains peaks corresponding to
the native (29 024) form and an additional two
forms (29 041 and 29 057) corresponding to addition
of one or two oxygens (see Table 1).

Sample analysis and introduction methods/
procedures
As described above, sample preparation is straightfor-
ward with MALDI MS, with the technique somewhat
resistant to signal suppression by some common con-
taminates such as detergents and salts. After co-crys-
tallization of the matrix and sample on a target
surface, the sample plate is loaded into the mass spec-
trometer and the spectrum recorded within seconds.
Typically, Tof or tandem Tof (Tof/Tof) instruments
provide MS, or both MS and MS/MS, capabilities.
Individual sample plates containing co-crystallized
proteins/peptides may be carefully stored and ana-
lysed at a later date without major problems.
Combining liquid chromatography (LC) with
MALDI has shown some promise but the complexity
of initial setup and performance has limited uptake. A
great advantage of MALDI is the ability to analyse

histological tissue sections, in a technique called MS
imaging or MALDI imaging. This produces a molecu-
lar pattern or distribution of components across thin
films such as brain, muscle, and other organ/tissue
specimens.19 Matrix is deposited uniformly on the
surface, normally using a specialized piece of equip-
ment or sprayer, and the entire sample analysed by ras-
tering the laser across the surface, collecting individual
spectra at each sampling point. Specialized software
allows generation of molecular images that may dis-
tinguish control from diseased tissue.20 These pro-
cedures are becoming more routinely available as
methods develop and instrument and software capa-
bilities improve.
A number of approaches may be used to analyse

samples using ESI, and in all cases the same in prin-
ciple applies; that is, the sample is dissolved in a sol-
ution suitable for ESI. The versatility of ESI allows
samples to be introduced over wide solvent compo-
sitions and flow ranges; somewhat arbitrarily nanos-
pray operates at 20–300 nl/min, microspray at
300–2000 nl/min, ESI 5–1000 μl/min with higher
flow rates also possible. Lower detection limits are
observed as the flow rate diminishes and this is predo-
minantly where most protein/peptide research work
occurs due to the desire to analyse/detect lower abun-
dance proteins. Nanoflow rates with chromatographic
separations may be difficult or inconsistent but many
researchers have overcome these technical challenges
and regularly achieve low attomole peptide detection,
characterization, and quantification.21 Typically,
high-sensitivity ESI measurements are undertaken
using quadrupole Tof or Orbitrap mass spec-
trometers.22,23 Both instruments are able to achieve
low ppm mass accuracy and reliably collect 10–20 dis-
tinct MS or MS/MS spectra per second using data-
dependent acquisitions.24

General outline of identifying protein
modifications
A great number of covalent modifications of amino
acids have been described and along with sequence
variations, splice variants, and other changes in the
expected translated amino acid sequence, accounts
for the large amount of diversity within the observed
proteome (protein complement of a cell or system).
Deciphering these diverse forms is complicated, and
made more so by the high abundance of some proteins
and the possible dynamic nature of some modifi-
cations. Despite this, many thousands of phosphopep-
tide modifications have been identified in a single
experiment, together with the possibility of measuring
changes in relative and absolute abundance using iso-
topic labelling techniques.25

Amino acids modification by covalent attachment
of oxygen or other elements results in a shift in mass,

Table 1 Some commonly observed m/z changes due to
oxidative modification of Cys9, Met6, or Trp8 within proteins or
peptides

Name Modification Δmass
Residue
mass

Cys None 0 103.0092
Cys-disulphide –H2 −2.014 100.9952
Cys-sulfinamide +O(–H2) +13.9809 116.9901
Cys-sulfenic acid +O +15.9949 119.0041
Cys-sulfinic acid +O2 +31.9898 134.9990
Cys-sulphonic acid +O3 +47.9847 150.9939
Cys-thiolation +GSH 305.6182 408.6274
Met None 0 131.0405
Met-sulphoxide +O +15.9949 147.0354
Met-sulphone +O2 +31.9898 163.0303
Trp None 0 186.0793
Kynurenine +O (–C) +3.9949 190.0742
5-Hydroxytryptophan +O +15.9949 202.0742
Dihydroxytryptophan +O2 +31.9898 218.0691
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with these types of mass differences and modifications
readily detected by MS or MS/MS experiments after
data analysis. A great number of modifications
have been identified and collated within UniMod
(http://www.unimod.org). Of these, 22 have the key
word ‘oxidation’ annotated in their description.
Notable amino acids readily modified by oxidation
include Cys, Met, and Trp, while most other amino
acids generally require harsher conditions or pro-
longed exposure to oxidants to become modified.
Table 1 shows some of the Cys, Met, and Trp modifi-
cations so far described and similar information may
be assembled for all amino acids. Some processes or
modifications may cause or result in isomerization of
amino acids (e.g. Asp to β-Asp) or even l–d racemiza-
tion. These types of modifications may not be readily
identified by MS alone because no change in m/z is
observed and the MS/MS fragmentation pattern
may also be very similar when compared. Changes in
chromatographic retention time may be expected
with these modifications and hint that further investi-
gation is warranted.26

Detection and characterization of oxidative
modifications
With potentially all amino acids being susceptible to
oxidative modification, the analytical techniques
required to accurately elucidate these modifications
must provide great specificity and, ideally, high sensi-
tivity. Fortunately, MS provides these attributes in
many cases. A general approach or workflow for the
identification of oxidative modifications is shown in
Fig. 2. Ideally, some preliminary information, by
way of differences in electrophoretic migration or

mass addition (Fig. 1A), may be useful in indicating
that the protein is modified in some way (Fig. 2A).
But even screening approaches, where no clear prelimi-
nary indication of the presence of oxidized amino
acids is detected, are possible and these may find oxi-
dative modifications (Fig. 2B).

Targeted analysis
A targeted approach may be undertaken to determine
the nature and location of an oxidative modification.
Ideally, the protein mass is determined with high accu-
racy using MALDI or ESI and compared with the
cDNA-derived theoretical mass (Fig. 1). These small
mass errors (0.005%) allow mass differences of m/z 5
to be theoretically determined with a protein (m/z
100 000), but measurement errors of this size are gen-
erally only possible with m/z∼<50 000. Thus,
addition m/z 16 (addition of oxygen) would be
readily detected, but the presence/absence of a disul-
phide bond would not be possible for larger proteins
simply by measuring the m/z of a protein. In some
instances ‘Top down’ MS sequencing, using electron
transfer dissociation, may provide additional infor-
mation allowing the identity and location of small
m/zmodifications to be determined. This includes dis-
ulphide bonds, because the smaller fragment ions are
able to be more easily analysed with higher resolution
and mass accuracy.27 More routinely, proteins are
digested with an endoprotease (e.g. trypsin) and the
proteolytic peptides separated using C18 RP LC
with either fractions collected and analysed or the
eluate analysed immediately by MS. Peptide MS infor-
mation may be used to identify individual peptide
sequences based on comparisons with theoretical and
experimentally determined peptide m/z.28 The

Figure 2 Schematic of the workflow for the characterization of the oxidative modification of proteins or peptides. (A) Targeted
approach where information or inkling of the nature of the modification is known from SDS/PAGE (for example). (B) A non-
targeted approach may also be undertaken to simply look for possible oxidative modifications within a sample or specific
protein/peptide. Database searches would normally be incorporated into these workflows.
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fragmentation spectrum (MS/MS) normally confirms
the presence of the modification and may also allow
the site of the modified amino acid to be specifically
identified. As seen with protein MS, addition of a
modification would normally cause a mass increase
that would be identical to the experimental/theoretical
mass difference observed for a peptide. Generally,
mass accuracies for peptide measurements are very
small (<4 ppm) enabling ready identification of oxi-
dized peptides readily such as disulphide bond for-
mation and even discrimination of S (31.9721) or O2

(31.9988) modified peptides. Interpretation of MS/
MS spectra ‘de novo’ is specialized and spectra are gen-
erally interpreted automatically with software such as
Mascot (http://www.matrixscience.com) or PEAKS
(http://www.bioinfor.com). These types of software
packages simplify the data analysis and generally
work very well in correctly identifying and locating
oxidative modifications.
As an example, in order to determine the locations

of the modified amino acids in CAn (Fig. 1), a
tryptic digestion was performed followed by LC-MS
and LC-MS/MS. Fig. 3A shows the total ion chroma-
togram and contains a number of peaks that may be
assigned to individual tryptic peptides based on their
m/z. Three peptides contain Met (CAn59–76;
MVNNGHSFNVEYDDSQDK, CAn213–224 EPI
SVSSQQMLK, and CAn227–251 TLNFNAEGEPEL
LMLANWRPAQPLK) and are potential targets for
oxidation. Extracted ion chromatograms (XICs)

performed using precursor masses of native and oxi-
dized protonated peptides identified Met(O)-contain-
ing peptides for all candidates (Fig. 3B–D). The
location of the modification was determined or con-
firmed by looking at the MS/MS pattern of ions
and comparing individual sequencing ions from
native and oxidized forms. The Met(O) is normally
clearly visible because ions that contain this modifi-
cation are shifted by m/z 16.9949 as shown in
Fig. 4, which compares the fragmentation pattern of
the [M+ 2H]2+ ions of EPISVSSQQMLK and
EPISVSS QQM(oxid)LK. Inspection of the other
MS/MS spectra confirms the identity and location
of Met(O) in the other two peptides (not shown).

Non-targeted search for modifications
In a non-targeted approach preliminary information
about modifications may not be available, possibly
due to the low quantity of protein that is readily
obtainable. Or the protein of interest is part of a
complex mixture making it difficult to isolate for
sodium dodecyl sulphate–polyacrylamide gel electro-
phoresis (SDS/PAGE) or MS analysis. In these
cases, it is still possible to obtain information on the
presence/absence of oxidized amino acids by creating
a digest map of tryptic peptides. The information
obtained from digesting a protein with trypsin,
running LC-MS and LC-MS/MS, and extracting
the expected m/z of individual tryptic peptides
(±oxidation) from the protein of interest provides

Figure 3 Ion chromatograms from the LC-MS separation of tryptic peptides from a mixture of CAn and oxidized CAn. (A) Total
ion chromatogram of tryptic peptides showing signals and retention times from all detected peptides. (B) XIC ofm/z 673.86 and
681.85 (±0.1) corresponding to [M+ 2H]2+ ions of native and oxidized EPISVSSQQMLK. (C) XIC of m/z 700.30 and 705.64 (±0.1)
corresponding to [M+ 3H]3+ ions of native and oxidized MVNNGHSFNVEYDDSQDK. (D) XIC of m/z 951.50 and 956.83 (±0.1)
corresponding to [M+ 3H]3+ ions of native and oxidized TLNFNAEGEPELLMLANWRPAQPLK. Specificity is gained by applying
XIC mass filters and approximate quantities of each form may be estimated by comparing the relative peak heights or areas.
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evidence for a modification (e.g. CAn, Fig. 1).
Typically all tryptic peptides from a protein are not
detected, because some peptides are small, too large,
highly hydrophilic, or simply do not provide a frag-
mentation pattern containing abundant sequence-
specific b- and y-type ions. But, in most cases, digest-
ing with additional endoproteases such as AspN,
LysC, or GluC, and combining the results improves
the experimentally determined sequence information,
with sufficient overlap among the digests allowing
100% coverage. Once sufficient sequence coverage is
obtained and the amino acids of interest are ident-
ified, based on MS and MS/MS, it is then possible
to search for specific mass additions corresponding
to known oxidative modifications using search soft-
ware such as Mascot. Manual interpretation of each
MS/MS may be needed to confirm the identity of
the modification and may provide precise information
on the location of the modified amino acid within the
peptide/protein. Quantification of the relative
amount of oxidized vs. unoxidized amino acids may
be obtained by comparing XICs of each precursor
m/z (e.g. Fig. 3B–D). This approach assumes
similar ionization and transmission efficiency etc.
during MS; in some cases these may be different
and caution is warranted. Ideally, isotopic-labelled
internal standards are incorporated if accurate absol-
ute quantification is needed.29 Additional oxidative-
modification-specific MS methods such as selected
reaction monitoring (SRM) may also be devised to
identify or quantify specific modifications. These

selective or filtering MS methodologies potentially
increase sensitivity/specificity, but the number of
modified peptide sequences identified is limited and
information about what transitions to monitor needs
to be known a priori. SRM methods have been
adopted to quantify site-specific Cys oxidation in
endogenous proteins.30

Both the targeted and non-targeted approaches rely
on subsequent bioinformatic approaches/analysis;
either manual interpretation or automated interrog-
ation of the spectra is needed to retrieve the important
and relevant information. Manual interpretation of
spectra may be slow and requires experience to
ensure correct labelling of ions. Automated
approaches utilizing Mascot/SEQUEST searches or
PEAKS software speed up and simplify analysis but
manual validation of discoveries is warranted.
Mascot searches interrogate individual MS/MS
spectra and assign the most likely amino acid sequence
within a protein database. If an oxidative modification
is present, the software will assign the most likely
amino acid that has the modification. Fig. 5 shows
the Mascot ‘Peptide Summary’ view after searching
the SwissProt database with the spectral data obtained
for the CAn LC-MS/MS experiment. Individual
spectra are assigned to tryptic peptide sequences and
some of these are modified by oxidation of Met.
Additional information and search features, including
additional modifications or ‘error tolerant’ searches
may be obtained from hyperlinks within the software.
Overall, combining automated and manual

Figure 4 Partial annotated MS/MS spectra of [M+ 2H]2+ ions of (A) EPISVSSQQMLK and (B) EPISVSSQQM(oxid)LK (inset shows
the peptide amino acid sequence and abundant sequence-specific ions). Individual sequence-specific y-type ions allow
confirmation of the amino acid sequence and assignment of the oxidized Met because y-type ions up to y2 contain an additional
m/z 16, indicating conversion to Met(oxid). Some ions containingMet(oxid) also show characteristic loss ofm/z 64 (labelled with *),
supporting the assignment and location of the modification.
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interpretations/validations generally leads to the best
and most reliable information.
Finally, various researchers have become interested

in ‘Redox proteomics’. In these studies, efforts have
been directed towards profiling ‘all’ redox active
amino acids and their modifications, for example,
determining proteome-wide differential disulphide
bond analysis (between the control and treated
samples)31 or changes in protein expression due to oxi-
dative stress. As with most proteomics experiments,
maximizing reliable protein identifications ensures
the best chance of understanding the functional
changes and consequences induced by oxidation.
Numerous approaches have been described and under-
taken, with many requiring specific labelling with thiol
active reagents like Isotope-coded affinity tag (ICAT)
or enrichment strategies to allow detection of lower
abundance peptides.32 With potentially many thou-
sands of individual MS/MS obtained from these
types of experiments, only automated data analysis is
realistically possible.

Conclusions
The susceptibility of proteins to oxidation and impor-
tance is irrefutable, with evidence that some of these
modifications are required for biological activity.
Many of the technical advances in MS and proteomics
over the last 10 years may be used to accurately

determine and quantify modifications using miniscule
amounts of material. Method optimization is nor-
mally needed with these small quantities of material
or if the protein of interest is part of a complex
mixture. But, in many cases, the problems presented
are not insurmountable. The approaches outlined are
not only suitable for oxidative modification but can
be applied for the analysis of any post-translational,
chemical, or other processes leading to a sequence
different from that described by transcription of DNA.
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