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Methionine protein residues are prone to oxidation. To unravel the controversy about the mechanism of
its one-electron oxidation, we characterised the main biological product, methionine sulfoxide, using
mass spectrometry and IR multiple photon dissociation spectroscopy.

Gas phase IR spectra in the 800–2000 cm�1 range of protonated methionine and its sulfoxide were
recorded and compared to those computed for the lowest energy structures. The signature of the S@O
bond was clearly identified at around 1000 cm�1. Oxidation of methionine–lysine dipeptide by �OH rad-
icals in the presence of catalase revealed the formation of methionine sulfoxide upon one-electron
oxidation.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The development of all diseases involves the production of oxy-
gen and nitrogen free radical species that play a relevant role in the
defence against infectious agents [1]. However, oxidative stress
leads to the accumulation of oxidized proteins, hence to troubles
in tissue homeostasis (induction of cell death or of cell prolifera-
tion, necrosis, etc.). One of the most frequent modifications in oxi-
dized proteins is that of the residue methionine (Met), an essential
amino acid, into its sulfoxide form (MetSO) [2]. Its oxidation is a
highly damaging event associated to the aging process and to
structural modifications in neurodegenerative diseases (neuritic
plates in Alzheimer’s disease [3,4], destabilization of the Prion pro-
tein [5]). MetSO can be ‘repaired’ by methionine sulfoxide reduc-
tases [6] thus its formation could be protective by acting as a
molecular switch to detoxify oxidants and protect important re-
gions of the protein.

Strangely enough, the transients formed in the oxidation of Met
by �OH radicals have been characterized in peptides and proteins
[7–9], whereas large doubts remain as for the final oxidized forms.
Recently the one-electron oxidation of methionine amino acid in
solution has been re-investigated [10]. The authors concluded that
methionine sulfoxide was not created by the reactions of �OH
ll rights reserved.

Chimie Physique, Université
nce. Fax: +33 01 69 15 61 88.
eri).
radicals but only by two-electron processes (H2O2, oxygen). How-
ever in studies of anaerobic one-electron oxidation of peptides or
proteins, the only final compound coming from the methionine
residue is MetSO [11–14].

The aim of the present study is to identify and to characterise by
a combination of tandem mass spectrometry (MS/MS) coupled to
Infra-Red Multiple Photon Dissociation (IRMPD) spectroscopy the
sulfoxide function and to investigate the oxidation of a dipeptide,
methionine–lysine, before moving on to similar experiments with
larger Met-containing peptides. We first used commercially avail-
able Met and MetSO. Moreover, the relatively small size of the
molecules allowed the use of DFT calculations to reproduce the
IR spectra with rather large bases.

These experiments have been performed with a high power and
widely tunable IR source, i.e. a free-electrons laser (FEL) at the CLIO
(Centre Laser Infrarouge d’Orsay) facility in Orsay (France) [15]. A
rapid increase of the internal energy is induced through an efficient
resonant multiple photon absorption process [16–18].
2. Materials and methods

2.1. Reagents and solutions

Methionine, methionine sulfoxide and Catalase (Cat) (bovine li-
ver, suspension in water) were obtained from Sigma (France) and
used without purification. The catalytic activity of Cat was checked
using a solution 1 mM of H2O2. One microliter of the suspension
was added to the solutions before irradiation.

http://dx.doi.org/10.1016/j.cplett.2010.12.012
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2.2. MS operations

The mass spectra were recorded using a modified Paul ion trap
(Bruker, Esquire 3000+). 100 lM 50:50 water:methanol solutions
were employed for recording the mass spectra.

Ions were generated by electrospray ionisation (ESI) under the
following conditions: a flow rate of 150 lL/h, a dry gas flow of
8 L/min, a nebulizer pressure of 1.5 bar, a spray voltage of
�4500 V, and a drying gas temperature of 150 �C. Multistage
mass spectroscopy was carried out using the standard Bruker
Esquire Control software. CID-MS2 fragmentation mass spectra
were produced by collision with He gas inside the Paul trap using
a radiofrequency amplitude of 0.5 ([(Met)H+] and [(MetSO)H+])
or 0.6 ([(Met–Lys)H]+) and derivatives]. IRMPD spectra of proton-
ated methionine [(Met)H+], protonated methionine sulfoxide
[(MetSO)H+], protonated methionine–lysine in the non-oxidized
and oxidized forms (([(Met–Lys)H]+) and [(MetSO–Lys)H]+) were
obtained through MS2 experiments where precursor ions were
mass selected in a 5 Da mass window, the excitation RF ampli-
tude was set to zero and the ions were then irradiated for 1 s.
2.3. IRMPD spectroscopy

IR multiple photon dissociation (IRMPD) is a multi-step reso-
nant absorption process relying on intramolecular vibrational en-
ergy redistribution (IVR) [19]. Infrared spectra are obtained by
monitoring the abundance of parent and fragment ions. If F is the
sum of the abundances of the fragment ions produced by IRMPD
and P the one of the parent ion, our IRMPD spectra correspond to
the plot of �ln[P/(F + P)] as a function of the IR wavenumber.

The IRMPD spectra in the 800–2000 cm�1 energy range have
been obtained with the IR beam of the CLIO FEL coupled to the
modified Paul ion trap. Details on the performance of our modified
Bruker Esquire 3000+ were already published [20]. Different elec-
tron energies were used (42–45 MeV). Typical average powers
were about 1 W around 1000 cm�1 and 0.4 W near 2000 cm�1.
2.4. c irradiation

c-irradiations were carried out using the panoramic 60Co c-
source IL60PL Cis-Bio International (France) in the University
Paris-Sud 11 (Orsay, France). The dose rate was determined by
Fricke dosimetry [21] and kept constant at 30 Gy min�1. Samples
were gently purged while stirring under a N2O atmosphere for
approximately 60 min before irradiation. Nitrous oxide was
delivered by ALPHA GAZ. Its global purity is 99.998%. Water was
purified using a Millipore or Elga maxima system (resistivity
18.2 MO cm).

All irradiations were performed at room temperature.
The well-known method of scavengers [21] allows a quantita-

tive production of free radicals by stationary c-radiolysis accord-
ing to the following reactions. The chosen oxidant species was the
�OH radical produced by c radiolysis of N2O-saturated aqueous
solutions:

H2O! �OH; H�; e�aq; H2; H2O2; Hþ; OH� ð1Þ

e�aq þ N2OþH2O! �OHþ OH� þ N2 ð2Þ

The radiation chemical yield (G) is equal to 0.55 lmol J�1 (Eqs.
(1) and (2)). H atoms are also created in much lower yield
(0.05 lmol J�1), which lead to desulfuration of methionine [22].
The H2O2 yield is also lower (0.07 lmol J�1). Catalase was added
to remove it to prevent two-electron oxidation of methionine
[23].
2.5. Computational methods

Potential energy surfaces of protonated methionine [(Met)H+]
and methionine sulfoxide [(MetSO)H+] were explored using a
B3LYP 6-311+G⁄⁄ basis set, because the presence of a sulphur atom
requires relatively large basis sets.

The IR linear absorption spectra were computed at the same le-
vel of the theory in agreement with other works [24]. The starting
geometries were chosen so that various sets of interactions (hydro-
gen bondings) could be realized. In addition different protonation
sites were assayed. Structures resulting from the protonation on
the amino group are found to be the lowest in energy. Protonation
of [(Met)H+] and [(MetSO)H+] on the sulphur atom and on the sulf-
oxide group, respectively is significantly higher in energy.

Spectral assignment was achieved by comparing experimental
spectra to the calculated IR ones. Calculated bands were convo-
luted assuming a Lorentzian profile with a 30 cm�1 full width at
half maximum (FWHM).

All calculations were performed with the Gaussian03 package
[25]. In the spectral range of interest (800–2000 cm�1), no scaling
factor has been applied to the calculated vibrational frequencies
[24].
3. Results and discussion

3.1. Mass spectra of methionine and methionine sulfoxide

The CID-MS2 spectra of protonated methionine [(Met)H+] (m/z
150) and protonated methionine sulfoxide [(MetSO)H+] (m/z 166)
have been recorded (Supporting information Figure S1). Two peaks
at m/z 133 and 104 respectively are observed in the CID-MS2 frag-
mentation spectrum of [(Met)H+]. The peak at m/z 133 corresponds
to the loss of ammonia, which is in competition with the formation
of the immonium ion for several amino acids bearing a functional
group on the side chain. The peak at m/z 104 corresponds to a com-
mon fragmentation to all protonated amino acids, which is the well
known sequential loss of H2O and CO, leading to the formation of
the immonium ion [26–28].

Three peaks at m/z 149, 131 and 75, respectively are instead ob-
served in the CID-MS2 fragmentation spectrum of [(MetSO)H+].
The peak at m/z 149 corresponds to the loss of ammonia, while
the less intense one at m/z 131 corresponds to the loss of ammonia
plus a water molecule. Finally the peak observed at m/z 75 may
correspond to the loss of a heteroatom-containing small molecule
from the side chain, which is consistent with one of the three pos-
sible decomposition pathways of protonated amino acids [29].
3.2. Experimental IRMPD spectra of methionine and methionine
sulfoxide and DFT calculations

The structures of [MetH+] and [MetH+SO] in the gas phase were
investigated by IRMPD spectroscopy and DFT calculations to pro-
vide a set of frequencies, which constitutes a useful guide for the
assignment of the sulfoxide bands in the irradiated dipeptides.

The experimental IRMPD spectra of [(Met)H+] and [(MetSO)H+]
in the 800–2000 cm�1 energy range are reported in Figure 1. The
IRMPD spectrum of [(Met)H+] is very simple. It is composed of
three bands at 1170, 1477 and 1800 cm�1. As expected, that of
[(MetSO)H+] is more complex. In addition to the preceding main
bands, one can observe a new band at 947 cm�1, 3 bands in the
1100–1400 cm�1 region and 4 in the 1400–1500 cm�1 one.

To reproduce the IRMPD experimental spectra and to tenta-
tively assign the bands, stable geometries of [(Met)H+] and
[(MetSO)H+] were searched at the B3LYP 6-311+G⁄⁄ (5d, 7f) level
of theory. Calculated IR absorption spectra of the lowest energy
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Figure 1. Comparison between the experimental IRMPD spectra of [MetH+] and
[MetH+SO] in the 800–2000 cm�1 energy range.
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structures of [(Met)H+] and [(MetSO)H+] along with their opti-
mized structures and their relative energies are reported in Figures
2 and 3, respectively.
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Figure 2. Infrared spectra of [MetH+]: (a) Experimental IRMPD spectrum, and (b–f) c
obtained at the B3LYP 6-311+G⁄⁄ level of the theory are unscaled. Representative calcul
reported on the right together with their relative energies. The H-bond distances in the
Five representative structures of different types of isomers of
[(Met)H+] are given in Figure 2. Structures MetH+_1–4 result from
the protonation of the amino group, which is the most basic site
considering its proton affinity, while isomer MetH+_5 results from
the protonation of the S atom. Rotamers MetH+_1–2 have the
lowest energy in the [(Met)H+] Potential Energy Surface (PES).
They are stabilized by two strong intramolecular hydrogen bonds,
which involve the H-atoms of the protonated amino group, while
the acceptor sites are the oxygen atom of the carbonyl group and
the sulphur atom [30]. The intramolecular H-bond distances
are NH� � �OC = 2.11 Å and NH� � �S = 2.13 Å for MetH+_1 and
NH� � �OC = 2.05 and NH� � �S = 2.13 Å for MetH+_2, respectively.
Their calculated absorption IR spectra (Figure 2) are very similar
in the 800–2000 cm�1 energy region and it is not obvious to as-
sign a precise geometry to our experimental IRMPD spectrum.
MetH+_2 is only 2.52 kJ/mol less stable in energy than MetH+_1,
and assuming a Maxwell–Boltzman population at room tempera-
ture, we may infer that both structures MetH+_1 and 2 should be
populated and both contribute to our experimental IRMPD
spectrum.

Isomer MetH+_3, which is 32.42 kJ/mol higher than MetH+_1, is
also characterised by two strong hydrogen bonds between the H-
atoms of the protonated amino group and the oxygen atom of
the –OH group from one side, and the sulphur atom on the other
2.13
2.05

2.41

2.22 2.18 

1.93 

2.11 
2.13 

2.38 

800 2000

800 2000

800 2000

800 2000

MetH+_4
41.38 kJ/mol

MetH+_3
32.42 kJ/mol

MetH+_2
2.52 kJ/mol

800 2000

800 2000

MetH+_5
72.54 kJ/mol

MetH+_1
0.0 kJ/mol

onvoluted calculated IR absorption spectra of representative isomers. Frequency
ated structures of [MetH+] obtained at the B3LYP 6-311+G⁄⁄ level of the theory are
calculated structures are reported in Å.



800 1000 1200 1400 1600 1800 2000

0.0
0.4
0.8
1.2
1.6

MetH+SO_2
7.7 kJ/mol

MetH+SO_1
0.00 kJ/mol

(a)

Fr
ag

.e
ff

.(a
.u

.)

Wavenumber (cm-1)

800 1000 1200 1400 1600 1800 2000
0

100

200

300 (b)

800 1000 1200 1400 1600 1800 2000
0

100

200

300 (c)
800 1000 1200 1400 1600 1800 2000

0

100

200

300

MetH+SO_5
46.74 kJ/mol

MetH+SO_4
26.11 kJ/mol

MetH+SO_3
14.52 kJ/mol

(d)
800 1000 1200 1400 1600 1800 2000

0
100
200
300 (e)

In
te

si
ty

 (K
m

/m
o

l)

800 1000 1200 1400 1600 1800 2000
0

200

400

600
(f)

800 1000 1200 1400 1600 1800 2000

H
G

F
E D

C B

A

2.02 1.45 

2.14 

1.44 

2.34 1.54 

1.78 

1.52 

1.80 
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Table 1
Experimental and calculated vibrational frequencies for [MetH+] lowest energy
isomer, determined at the B3LYP 6-311+G⁄⁄ (5d, 7f) level of theory, and band
assignments. The reported intensities given in parentheses are in km/mol.

Experiment
(cm�1)

Calculation Vibrational mode Ratio
(exp/theory)

– 885 (60) mCC –
1170 1190 (279) dCOH, mC–OH, dNHþ3 0.98
– 1362 (40), 1426 (40) dCH, mC–OH, dCOH –
1477 1504 (173) dumbNHþ3 0.98
–
–

1641 (14)
1662 (6)

dscissorNHþ3
dumbNHþ3

–
–

1800 1815 (285) mC@O 0.99
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site. The H-bond distances are in this case of NH� � �OH = 2.18 and
NH� � �S = 2.22 Å, respectively.

Isomers MetH+_4–5, which are 41.38 and 72.54 kJ/mol, respec-
tively higher than MetH+_1, are instead characterised by having
just one H-bond. In MetH+_4 one of the H-atoms of the protonated
amino group is involved in a hydrogen bond with the oxygen of the
carbonyl group (Figure 2, NH� � �O = 1.93 Å), and in MetH+_5 the H
atom of the amino group acts as donor towards the O atom of
the carbonyl group (Figure 2, NH� � �O = 2.38 Å).

A tentative assignment of the main IRMPD features of [(Met)H+]
is proposed in Table 1 by comparing the experimental vibrational
frequencies with the ones calculated from the IR active vibrational
modes of the lowest energy isomer MetH+_1. The ratio between
the experimental and the theoretical frequencies are also reported
in Table 1.

The band at 1800 cm�1 in the experimental IRMPD spectrum
can be assigned to the C@O stretching mode. Its position nicely
matches with the calculated band in structures MetH+_1–2 and
MetH+_4, in which the oxygen atom of the carbonyl group is in-
volved in a hydrogen bond with the H-atom of the protonated ami-
no group. This C@O stretching mode is blue shifted in structures
MetH+_3 (1867 cm�1) and MetH+_5 (1827 cm�1). This is due to
the fact that structure MetH+_3 does not present this hydrogen
bond interaction and structure MetH+_5 shows a longer NH� � �O
distance (2.38 Å).

Bands at 1662 and 1641 cm�1 in the computed spectrum can be
attributed to the scissoring vibrational modes of the protonated
amino group. They are weakly IR active in the case of [(Met)H+]
and were not observed in the experimental IRMPD spectrum.



Table 2
Experimental and calculated vibrational frequencies for [MetH+SO] lowest energy
isomer, determined at the B3LYP 6-311+G⁄⁄ (5d, 7f) level of theory, and band
assignments. The reported intensities given in parentheses are in km/mol.

Experiment
(cm�1)

Calculation Vibrational mode Ratio
(exp/theory)

947 931 (192) mS@O 1.0
998 980 (72) dCH3 1.0
1162 1188 (201) dCOH 0.98
1339 1346 (38) dCH, dCH2,dCOH 0.99
1420 1426 (40) dCH, dCH2,dCOH 0.99
1456 1463 (53) dCH2, dCH3 0.99
1500 1583 (178) dumbNHþ3 0.95
1534 1653 (79) dscissorNHþ3 0.93
1792 1819 (256) mC@O 0.99

Table 3
Most intense peaks observed in the fragmentation mass spectra of the dipeptide and
its oxidized form. A tentative assignment of the fragments is proposed in parenthesis.

Compound m/z, z = +1

[(Met–Lys)H]+

Non-irradiated peptide
278 (parent ion)
260 (–H2O)
243 (–H2O–NH3)
215(–H2O–NH3–CO)
147 (y1, protonated lysine) [36,37]
129 (y1–H2O)
84(y1–H2O–NH3–CO)

[(MetSO–Lys)H]+

Irradiated peptide with and
without catalase

294 (parent ion)
276 (–H2O)
259 (–H2O–NH3)
230 (–CH3SOH)
212 (–H2O–CH3SOH)
184(–H2O–CH3SOH–CO or –H2O–
(CH3–CH2SO–CH3))
166 (Protonated methionine sulfoxide)
147 (y1, protonated lysine)
129 (y1–H2O)
84 (y1–H2O–NH3–CO)
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The band at 1477 cm�1 in the experimental IRMPD spectrum
can be attributed to the NHþ3 umbrella mode of the ammonium
group. This band is a good conformational diagnostic of the proton-
ation on the amino group, which is involved in two strong hydro-
gen bonds. The position of this band is blue-shifted compared to
other systems, like the methyl ester of leucine [20], (1452 cm�1)
where the protonated amino group is involved in only one strong
hydrogen bond with the oxygen atom of the carboxylic group.

Finally the band at 1170 cm�1 can be assigned to the bending
mode of the C–O–H group. The position of this band matches the
ones calculated for structures MetH+_1–2 and MetH+_4, in which
the carboxylic OH is not involved in any hydrogen bond interac-
tion. This band is red shifted (1127 cm�1) in structure MetH+_3
in which the carboxylic OH forms a hydrogen bond with the pro-
tonated ammonium group.

Five representative structures of different types of isomers of
[(MetSO)H+] are reported in Figure 3. Structures MetH+SO_1–3
and MetH+SO_5 result from the addition of an oxygen on the sul-
phur atom and from the protonation of the amino group. Isomer
MetH+SO_4 is characterised by the protonation of the sulfoxide
group.

MetH+SO_1 corresponds to the lowest energy structure on the
[(MetSO)H+] PES. It involves, like [(Met)H+], two strong intramo-
lecular hydrogen bonds between the protonated amino group
and the oxygen atoms of the sulfoxide and the carboxyl groups
(NH� � �OS = 1.45 and NH� � �OC = 2.02 Å).

Structure MetH+SO_2 is 7.7 kJ/mol less stable than MetH+SO_1.
It is also characterised by two strong intramolecular hydrogen
bonds: between the protonated amino group and the oxygen of
the sulfoxide group, and between the protonated amino group
and the oxygen atom of the OH group (NH� � �OS = 1.44 and
NH� � �OH = 2.14 Å). If we assume a Maxwell–Boltzman distribution
at room temperature, it should be populated only at 5% in our
experimental conditions.

MetH+SO_3, which is 14.52 kJ/mol less stable than MetH+SO_1,
is characterized by two strong hydrogen bonds between the
protonated amino group and the oxygen atoms of the sulfoxide
and carboxylic group, respectively (NH� � �OS = 1.54 and NH� � �OC =
2.34 Å). MetH+SO_3 differs from MetH+SO_1 in the value of the
dihedral angle s (–CH2–CH2–CH–NH3–) which is of �69� for the
former compared to �44� for the latter.

MetH+SO_4, which result from the protonation on the sulfoxide
group is 26.11 kJ/mol less stable than MetH+SO_1. This structure is
characterized by only one strong hydrogen bond between the
S–OH group and the oxygen atom of the carboxylic group
(SO–H� � �O@C@1.78 Å). MetH+SO_5, which results again from the
oxidation of the S atom, is 46.74 kJ/mol less stable than MetH+-

SO_1. This structure is characterised again by two strong hydrogen
bonds between the OH group and the oxygen atom of the sulfoxide
group (O–H� � �O@S@1.52 Å) from one side and between the NH
group of the amino group and the oxygen atom of the carboxylic
group ((N–H� � �O@C@1.80 Å) on the other side.

A tentative assignment of the main IRMPD features of [(Met-
SO)H+] is proposed in Table 2 by comparing the experimental
vibrational frequencies with the ones calculated from the IR active
vibrational modes of the lowest energy isomer MetH+SO_1. The
ratio between the experimental and the theoretical frequencies
are also reported in the table.

The band at 1792 cm�1 (band A, Figure 3) in the experimental
IRMPD spectrum of [(MetSO)H+] can be assigned to the C@O
stretching mode. The position of this band matches with the calcu-
lated band in structures MetH+SO_1, MetH+SO_3 and MetH+SO_5
in which the oxygen atom of the carbonyl group is involved in a
hydrogen bond with the H-atom of the protonated amino group.
The calculated C@O stretching mode is blue shifted in structures
MetH+SO_2 (1850 cm�1) because the carbonyl group is not in-
volved in any hydrogen bond, while it is red shifted in structure
MetH+SO_4 (1770 cm�1) in which the carbonyl group is involved
in a strong hydrogen bond with the S–OH group.

Four bands are observed in the 1400–1600 cm�1 region in the
experimental IRMPD spectrum (bands B–E, Figure 3). The assign-
ment of these bands is more delicate. Two bands are present in
the theoretical spectrum of MetH+SO_1 at 1653 and 1583 cm�1.
They may be attributed to the NHþ3 scissoring and umbrella modes
of the ammonium group, respectively. The calculated NHþ3 umbrel-
la mode for structure MetH+SO_1 (1583 cm�1) is blue-shifted com-
pared to that for MetH+_1 (1504 cm�1). This is in agreement with
the fact that the protonated amino group is involved in a stronger
hydrogen bond with the sulfoxide group (NH� � �OS@1.45 Å) than in
MetH+_1 (NH� � �S@2.13 Å). These two bands may be tentatively as-
signed to the experimental ones at 1534 and 1500 cm�1 (bands B
and C, Figure 3), respectively. The NHþ3 umbrella mode is red
shifted in structure MetH+SO_3 (1492 cm�1) where the amino
group is involved in two less strong hydrogen bonds between the
oxygen atom of the sulfoxide and the carbonyl group and in struc-
ture MetH+SO_5 (1427 cm�1) where the amino group is involved in
only one hydrogen bond.

Band D at 1456 cm�1 is attributed to the coupling of CH2 and
CH3 bending modes, while the two bands at 1420 and 1339 cm�1

(bands E and F, respectively) can be attributed to the coupling of
the bending mode of the C–OH group with those of the CH and
CH2 groups.

The intense band G at 1162 cm�1 may be assigned to the bend-
ing mode of the C–O–H group. The position of this band nicely
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matches that of the calculated one for structures MetH+SO_1,
MetH+SO_3 and MetH+SO_4, in which the C–O–H group is not in-
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energy range. The structures of the non-irradiated and irradiated protonated dipeptide
volved in any hydrogen bond. Its position is red shifted in the cal-
culated spectrum of structure MetH+SO_2 and MetH+SO_5, in
which the OH group is not free.

Band H at 947 cm�1 may be unambiguously attributed to the
stretching mode of the S@O group, which forms a strong hydrogen
bond with the protonated amino group. This band is in fact not ob-
served at all in the IRMPD spectrum of [MetH+] and can be used as
a good diagnostic of the oxidation occurred on the sulphur atom.

The position of the band is, as a consequence of the strong
hydrogen bond formed with the amino group, significantly red
shifted compared to the stretching mode of the S@O group in mod-
el molecules like the dimethylsulfoxide [31] (webbook of chemis-
try) and the protonated sulphuric acid [32].

The position of the stretching mode of the S@O group in proton-
ated sulphuric acid has been observed in the experimental IRMPD
spectrum of the naked ion by Sinha et al. [32] at 1413 cm�1 in a
good agreement with calculations. The stretching mode of the
S@O group is calculated to be 1123 cm�1 for the neutral dimethyl-
sulfoxide. This band constitutes an important vibrational signature
of the presence of the S@O group and its position seems to depend
on the surrounding environment.

3.3. Search for methionine sulfoxide among the products of oxidation
of the dipeptide methionine–lysine by �OH radicals

The dipeptide methionine–lysine (Met–Lys) was irradiated in
aqueous solutions at pH 6 and 9.8 in N2O atmosphere in the ab-
sence and in the presence of catalase. The non-irradiated sample
(Table 3) presents the expected peak at m/z 278 ([(Met–Lys)H]+)
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(Supporting information Figure S2). In addition to this peak, the
irradiated samples exhibit a peak at m/z 294, i.e. an addition of
16 to the initial compound (Table 3 and Figure S2). The relative
intensity of this peak, with respect to that of the initial compound
(m/z 278) increases linearly with the dose (Figure 4). This peak is
higher if irradiation took place without catalase than in the pres-
ence of catalase, showing that a noticeable amount of this com-
pound comes from the two-electron oxidation by hydrogen
peroxide. Nevertheless, a substantial amount of (Met–Lys+16) is
noticeable if irradiation took place with catalase.

The CID-MS2 mass spectra of the dipeptides [(Met–Lys)H]+ non-
oxidized and oxidized by �OH radicals produced by water gamma
radiolysis have been recorded. The m/z values of the most intense
peaks present in the fragmentation mass spectra of the non-irradi-
ated and irradiated dipeptides with or without catalase are re-
ported in Table 3.

The non-irradiated samples behave quite similarly upon frag-
mentation at both pH values (6 or 9.8).

The IRMPD spectrum of [(Met–Lys)H]+ (Figure 5a) shows some
similarity with that of protonated methionine (Figure 1) and some
features resemble the IR spectrum of protonated L-lysine in the gas
phase [33]. Four bands are observed. The band around 1200 cm�1

are reminiscent of that at 1170 cm�1 in [MetH+] (Table 1 and Fig-
ure 1) and might be attributed to the bending mode of the C–O–H
group. Those at 1500–1600 cm�1 should be due to the amine scis-
soring like in [MetH+].

In addition to these bands, [(Met–Lys)OH]+ exhibits a sharp
band centred at 1050 cm�1 (Figure 5b and c) that falls in the range
of the S@O bond stretching mode although it is blue-shifted com-
pared to that of free methionine sulfoxide. The presence of this
sharp band is in agreement with the formation of a sulfoxide func-
tion. This compound results not only from the oxidation by hydro-
gen peroxide, but also to the one-electron oxidation by �OH radicals
since it is still present with an unchanged shape if irradiation took
place in the presence of catalase. We conclude that upon oxidation
of the methionine residue in the dipeptide Met–Lys, methionine
does lead to its sulfoxide and that the amount is proportional to
the dose.

4. Conclusion

In this Letter we have unambiguously established the vibra-
tional signature of the SO bond in methionine sulfoxide by IRMPD
spectroscopy that exhibits an additional band compared to methi-
onine in the 1000 cm�1 region. DFT calculations have allowed an
interpretation of the spectrum and have confirmed that this band
was due to the stretching mode of the SO bond.

We used this result to examine the problem of one-electron oxi-
dation of a dipeptide containing methionine extracted from the hu-
man Prion protein sequence. These proteins are extremely rich in
methionine and lysine residues (8 Met residues, 6 Lys residues in
the 90–231 sequence) among them the Met–Lys sequence). The
conversion of the cellular Prion protein (PrP(C)) into the infectious
form (PrP(Sc)) is the key event in neurodegeneration [34]. The sul-
foxidation of the methionine might be the switch for triggering the
pathogenic conversion [35].

Our aim was also to unravel a controversy recently brought
about [10] and to show whether or not MetSO was produced after
one-electron oxidation of the methionine residue in the absence of
oxygen. We used c radiolysis in N2O atmosphere to oxidize the
peptide. �OH radicals are the major oxidants and H2O2 is a minor
compound (the yields are 0.55 and 0.07 lmol J�1, respectively),
thus the oxidants are the same as in oxidative stress. H2O2 was re-
moved by the addition of catalase. The MS spectra of the Met–Lys
peptide oxidized showed that the main oxidation product was the
peptide to which an oxygen atom was added. IRMPD spectra
unambiguously revealed the presence of a band characteristic of
the SO bond elongation in the 1000 cm�1 region. Moreover, the
addition of catalase prior to irradiation, which efficiently removed
H2O2, did not suppress this peak. Its height was less, as expected.
There is no doubt that the species having m/z 294, corresponding
to the addition of oxygen to the protonated dipeptide (Met–Lys),
exhibits a SO bond and thus is identified as the peptide having
methionine sulfoxide.

As for the mechanism of sulfoxide formation in one-electron
oxidation, the first steps are well known. The �OH radicals add on
the sulphur atom, which is followed by OH� elimination. The sulf-
uranyl radical cation undergoes stabilization by the formation of a
two centre-three electron bond with any atom having a lone pair
doublet available ([7,8] and references therein). This stabilization
notably increases the lifetime of the radical. We propose that this
longer lifetime allows the radical to disproportionate, which would
be accompanied by hydration of the sulphur. Our findings allow
explaining why one finds methionine sulfoxide in proteins from
the oxidation of methionine residue after oxidative stress.
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