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Abstract Among damages reported to occur on proteins,
radical-based changes of methionine (Met) residues are
one of the most important convalent post-translational
modifications. The combined application of Raman and
infrared (IR) spectroscopies for the characterisation of the
radical-induced modifications of Met is described here.
Gamma-irradiation was used to simulate the endogenous
formation of reactive species such as hydrogen atoms
('H), hydroxyl radicals ("OH) and hydrogen peroxide
(H,0,). These spectroscopic techniques coupled to mass
experiments are suitable tools in detecting almost all the
main radical-induced degradation products of Met that
depend on the nature of the reactive species. In particular,
Raman spectroscopy is useful in revealing the radical-
induced modifications in the sulphur-containing moiety,
whereas the IR spectra allow decarboxylation and deam-
ination processes to be detected, as well as the formation of
other degradation products. Thus, some band patterns
useful for building a library of spectra—structure correlation
for radical-based degradation of Met were identified. In
particular, the bands due to the formation of methionine
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sulfoxide, the main oxidation product of Met, have been
identified. All together, these results combine to produce a
set of spectroscopic markers of the main processes
occurring as a consequence of radical stress exposure,
which can be used in a spectroscopic protocol for providing
a first assessment of Met modifications in more complex
systems such as peptides and proteins, and monitoring their
impact on protein structure.
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Abbreviations

Aba «-Aminobutyric acid

ESI Electron spray ionisation
GC/MS Gas chromatography/mass spectrometry
HomoSer Homoserine

IR Infrared

Met Methionine

Met(O) Methionine sulfoxide

MTPA 3-(Methylthio)-propionaldeide
MTPNH, 3-(Methylthio)-propionamine
Introduction

The amino acid sequence in a protein is a reflection of the
DNA sequence of the corresponding gene and ultimately
establishes the function of the protein, whether it be
structural or catalytic. However, it is also well established
that post-translational modification of proteins can marked-
ly affect biological activity Among the covalent post-
translational modifications, oxidation of methionine resi-
dues is one of the most important consequences of the
attack of reactive oxygen species (ROS) [1, 2]. This is
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illustrated by Reaction 1 where hydrogen peroxide (H,0O,)
is used as ROS.

Met + H,O, — Met(O) + H,O (1)

The methionine residues in a number of proteins and
peptides including Escherichia coli ribosomal protein L12,
«-chymotrypsin and adrenocorticotropin have been oxi-
dized in this fashion [3, 4]. The presence of methionine
sulfoxide (Met(O)) residues can lead to severe effects on
protein structure and function. For example, oxidation of
Met to Met(O) destroys the antiproteinase activity in «-
antitrypsin [5], can lead to significantly shorter half-lives of
human IgG monoclonal antibodies and has important
repercussions for calcium/calmodulin signalling, since
oxidation-induced unfolding/structural destabilization takes
place [6, 7].

Unlike the oxidation of all other amino acid residues
(except cysteine residues), the oxidation of Met residue can
be reversed by the action of an enzyme methionine
sulfoxide reductase (Mrs). For this reason, it has been
hypothesized that Met residues could function as a “last
chance” antioxidant defence system for proteins [8]. In fact,
as endogenous components of proteins, their effective
concentration is very high, providing effective scavenging
of oxidants before they can attack residues that are critical
to structure or function [8, 9].

Although Met(O) can be “repaired”, oxidatively modi-
fied forms of Met residues accumulate in living systems,
also due to the impairment of the turnover and defence
systems; this is involved in a number of degenerative
process during aging and pathological conditions. Thus,
establishing approaches that allow detection of Met
modifications in proteins at early stages can be of great
importance for assessment and monitoring its impact on
protein structure.

The oxidation of Met occurs either by non-radical
oxidants (like H,O,, HOONO or HOCI) or by radical
species [10—12]. Although the non-radical oxidation is
site-specific with the formation of Met(O), the radical-
based oxidation is more complex [13]. Recently, the
reaction mechanisms of reactive species such as HO" and
H" (generated by gamma-radiolysis) with free Met have
been elucidated in the absence and presence of molecular
oxygen [14]. Based on detailed product studies, it has
been found that the major product of HO" radical attack in
the absence of molecular oxygen is the o-aminoalkyl
radical that can be converted into the corresponding
amine (MTPNH,) and aldehyde (MTPA) derivatives
(Scheme 1). The latter becomes the major product of
HO’ radical attack in the presence of molecular oxygen.
As regards H™ atoms attack, the major products are «-
aminobutyric acid (Aba) or homoserine (HomoSer),
depending on the absence or presence of oxygen,
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Scheme 1 Reaction mechanisms for the v-irradiation of N,O-
saturated Met solutions in the absence and presence of oxygen

respectively. On the contrary, Met(O) has resulted only
from the oxidation action of H,O, [14].

To obtain information on the radical-induced products of
individual amino acids or small peptides, gas chromatog-
raphy/mass spectrometry (GC/MS) and electron spray
ionisation (ESI)-Ion Trap MS have been generally used.
MS analysis is particularly informative given the wealth of
structural information that can be obtained from fragmen-
tation patterns and its ability to screen for multiple products
(if their masses are known or can be predicted) in single
runs [15].

In this context, vibrational spectroscopy can give a
useful contribution since it is capable of providing a rapid
and non-destructive analysis of the samples. Combined
with their little or no requirement for sample preparation,
infrared (IR) and Raman spectroscopies can be good
analytical methods for detection of Met modifications and
assessment of their effects on proteins.

The aim of the present study is the detection of Raman
and IR band patterns useful for building a library of
spectra—structure correlations for radical-based degradation
of Met. Model stress conditions were obtained by using -
radiolysis of aqueous solutions as source of free radicals,
and different experimental conditions were considered in
order to obtain a selection of the reacting radical species. In
radiolysis of water, together with radical (HO") and non-
radical oxidants (H,0,), primary reducing species like
hydrated electrons (e,q ) and H" atoms are produced. The
reaction of the latter reducing species with sulfur-containing
residues in proteins has been recently studied in connection
with tandem protein/lipid damages [16—18].

Raman and IR techniques coupled to mass experiments
have shown to be suitable tools in detecting almost all the
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main radical-induced degradation products of Met. In
particular, some markers bands, potential useful for detect-
ing the main oxidation products of Met in more complex
systems such as proteins, were identified.

Experimental
Materials

The following commercially available starting materials
were obtained from Sigma-Aldrich Co. and used as
received: L-methionine (Met), L-homoserine (HomoSer),
L-methionine-(R,S)-sulfoxide (Met(O)), L-2-aminobutiric
acid (Aba), 3-(methyl-thio)-propionamine (MTPNH,) and
3-(methyl-thio)-propionaldeide (MTPA). Solvents were pur-
chased from Merck (HPLC grade) and used without further
purification. Water was purified with a Millipore system.
All aqueous amino acid solutions were prepared immedi-
ately before use.

Methods

Continuous radiolysis was performed on Met aqueous
solutions containing by using a *°Co-Gammacell at the
dose rate of ~6.5 Gy/min. The exact absorbed radiation
dose was determined with the Fricke chemical dosimeter,
by taking G(Fe>")=1.61 umol J' [19]. Mixtures of gases
were obtained by an appropriate mixing, controlled by flow
meter. The gas stream was obtained by a line connected
with a needle inserted in the vessel, and the flow was
adjusted to get a continuous bubbling during irradiation.
Met solutions (10 mM) were freshly prepared at natural pH
(5.8) in tri-distilled water. Aliquots of the solutions were
transferred in different vials and saturated with N,O or
N,0/O,. One of the vials was directly lyophilised, whereas
the other vials were irradiated at 4 kGy dose and then
lyophilised.

When diluted aqueous solutions are irradiated, practical-
ly all the energy absorbed is deposited in water molecules,
and the chemical changes in solutes are brought about
indirectly by the primary water reactive species that are
three short-lived species, hydrated electron (e,q ), hydroxyl
radicals ("OH) and hydrogen atoms (H"), together with H"
and H,O, that make start the reaction sequence (Eq. 2) [20,
21].

H,0-Zs ., (0.27), HO®(0.28), H* (0.06), H' (0.27), H,0,(0.07)
()
The values in parentheses represent the radiation

chemical yields (G) in units of micromoles per Joule.
Radical stress on Met was stimulated in the absence and

presence of oxygen. In N,O saturated solutions (~0.02 M of
N,0), e,q are efficiently transformed into HO™ radicals
[Eq. 3, k3=9.1x10° M ' s7'], affording a G(HO")=
0.55 pmol J', i.e. H', HO, and HO" species accounted
for 9%, 9% and ~82%, respectively, of the reactive species.
This condition has been used as model of oxidative
damages occurring in vivo [22, 23], where "OH radicals
play a prominent role; this model is also used for making
biochemical correlations with human diseases and ageing
[24].

€q” +NoO + Hy,O — HO® + N, + HO™ (3)

Under N,O/O, (90/10, v/v) saturation, e,q are still
efficiently converted into HO® (Eq. 3) that remain the main
radical species formed in the system. On the contrary, H’
radicals (~10% of the total radical species formed) are
portioned between oxygen and Met: 20% of H' are
transformed into O, ~ (Egs. 4 and 5) and 80% react with
Met. As regards HO,'/O, ", they give rise to a dispropor-
tionation reaction, leading to H,O, production (Eq. 6).
Thus, under these conditions, the H,O, concentration is
higher than in the absence of oxygen.

H* + 0, — HOO* (4)
HOO® = 0, + H' (5)
027. + HO; + Hzo i H202 + 02 + H07 (6)

The Raman spectra were recorded by a Bruker IFS 66
spectrometer equipped with a FRA-106 Raman module and
a cooled Ge-diode detector. The excitation source was a
Nd**-YAG laser (1,064 nm), the spectral resolution was
4 cm™ " and the total number of scans for each spectrum was
800. The laser power on the sample was about 100 mW. No
carbonization effect was observed on the focused part of the
samples.

The IR spectra were recorded by using a Nicolet 5700
FT-IR/ATR (64 scans; resolution, 4 cm_l) on diamond
crystal. Raman and IR spectra were obtained on lyophilized
samples in order to improve the signal/noise ratio.
Lyophilisation was performed on a Modulyo 4K Freeze
Dryer equipped with a RV8 Rotary Vane Pump (Edwards).

Structural information were also obtained from multiple
fragmentation experiments using ESI-lon Trap MS" on an
Esquire 3000 Plus mass spectrometer (Bruker Daltonics)
equipped with a Cole Parmer syringe pump. All sample
solutions were prepared in 0.1% formic acid in water. The
measurements were performed for two types of samples: (a)
1%x10° mol L! standard solutions of Met, HomoSer, Met
(O), Aba or MTPNH, and (b) 1/100 dilutions of the
irradiated Met solutions under N,O saturated conditions or
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continuously flushed with N,O/O, (90/10) during the
irradiation time. The samples were infused at a flow rate
of 400 uL min~"'. The analyses were performed in positive
mode, the nebulizer pressure was 30 psi, the drying gas
flow was 10 L min~' and the drying gas temperature was
365 °C.

GC/MS measurements were performed by a Finnigan
Mat GCQ. Analyses were obtained on a 30-mx0.25-mm x
0.25-um cross-linked (5% phenyl)-methylpolysiloxane
capillary column (DB-5). Oven program was as follows:
starting at 30 °C for 5 min, followed by an increase of 5 °C
up to 250 °C. The analyses were performed on a CHCly
extract of the irradiated samples and on a CHClIj; solution of
3-methylthiopropanaldehyde reference compound.

Results and discussion
Characterisation of Met-irradiated solutions

The samples prepared for this study were analysed by
spectroscopic and spectrometric approaches described in
the “Experimental” section. ESI-lon Trap MS" and GC/MS
measurements were performed to verify the formation of
the Met degradation products, previously identified, in the
absence of oxygen and presence of oxygen (Scheme 1)
[14]. The irradiated solutions were analyzed by direct
infusion ESI-MS, whereas a CHCl; extract of the irradiated
samples was obtained to be analyzed by GC/MS.

Figure la shows the ESI-MS analysis of crude reactive
mixture N,O-saturated Met sample after 4 kGy irradiation
dose. The MS' spectrum confirmed the presence of 3-
methylthiopropylamine (MTPNH,) [m/z 106.2 (MTPNH,+
H")], the starting material [m/z 150.2 (Met + H") and 172.4
(Met + Na")] and Met sulfoxide (Met(O)) [m/z 166.3 (Met
(0) + H") and 188.3 (Met(O) + Na")]. In addition, to verify
the presence of 2-aminobutiric acid (Aba), the product
caused by the desulfuration reaction leading also to the
production of CH3SH (Scheme 1), the ion with m/z=104.0
(Aba + H") was isolated. The MS? spectrum showed a
daughter ion with m/z=58.0 due to the loss of CO+H,0
from Aba (Fig. 1b) [25]. The MS? spectra were taken also
for the ions corresponding to Met(O) and MTPNH,, further
confirming the peak assignments (see Figs. S1 and S2 in
Electronic Supplementary Material). The spectra recorded
for the irradiated sample were compared with those
obtained from the standard solutions analyses.

Analogously, the ESI-MS analysis was performed on
the irradiated Met sample continuously flushed with
N,0O/O, (90/10) during the irradiation time. The determi-
nation revealed the presence of Met [m/z 150.2 (Met + H")
and m/z 172.1 (Met + Na")] and Met(O) [m/z 166.2 (Met
(0O) + H") and m/z 188.1 (Met(O) + Na")] (Fig. 2a). Also,

@ Springer

the formation of HomoSer in the reaction mixture was
confirmed by isolating the ion m/z=120 (Homoser + H")
(Fig. 2b). In fact, the MS/MS spectra showed the
formation of the ions m/z 101.9 (HomoSer—H,0), m/z
74.2 (HomoSer — (CO+H,0)) and m/z 56.0 due to the loss
of water from the immonium ion formed during the
ionization process [25]. The spectra recorded on the
irradiated sample were compared with those obtained
from the standard solutions analyses. Also, in this case,
the MS recorded spectra were identical to those obtained
for the reference compounds.

In addition, the presence of the 3-methylthiopropanaldehyde
(MTPA) was confirmed by GC/MS analyses of a CHCl; extract
of the irradiated samples both in the absence and presence of
0,, followed by spike experiments. In all cases, a peak with
retention time of 3.54 min was obtained (see Electronic
Supplementary Material Fig. S3).

Degradation of Met in deareated aqueous solutions

To gain information on the spectra—structure correlations,
the vibrational spectra were recorded. The Raman spectra
of Met before and after irradiation under N,O saturation are
provided in Fig. 3, and the tentative assignments of the
main bands are listed in Table 1. Under these conditions,
HO® (mainly), H and H,O, are the reactive species
attacking Met residue.

From a qualitative examination of the spectra, many
differences were evident, in particular, in the bands due to
sulfur-containing moiety and the CH, group.

The side group —CPH,CYH,~S®-CHj can assume differ-
ent molecular forms in solution. The side chain of Met is
indeed more flexible than the side chains of leucine or
isoleucine, residues of comparable low polarity, and this
flexibility depends more on the presence of the sulfur atom
than on the lack of branching [26]. The C-S stretching
modes of this group can give rise to three bands of which
the ~720-cm ™! band has been attributed to the trans form,
the ~700-cm ' to the gauche form and the ~655-cm ™" to
both [27]. In the present investigation, strong Raman bands
at 723 (the most intense), 701 and 657 cm ' were visible in
the spectrum of Met (Fig. 3a). This confirms that untreated
Met is manly in the zrans position with respect to the —-CY—
S®, which is in good agreement with the X-ray investigation
[27]. Radical stress exposure induced a change in the
population ratio of the two molecular forms as shown by
the significant decrease in the doublet intensity (I751/I791;
Fig. 3b). The vC-S bands were also visible in the IR
spectra (at 720 and 708 cm '), although their intensities
were very low (Fig. 4).

The radical-based degradation of Met caused a complete
inversion of the intensity ratio of the Raman double at
1,445 and 1,424 cmfl, due to the in-plane deformation of
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Fig. 1 a ESI-Ion Trap MS' spectrum of 10 mM irradiated Met sample saturated with N,O. b ESI-Ion Trap MS? of the daughter ion with m/z=104

(Aba + H")

—CHj; and —CH, groups (Fig. 3a, b) [28, 29]. This spectral
changes can be connected with the modifications in the
structure of the aliphatic chain and in the number of the
CH, groups that take place both because of the desulfurisa-
tion reaction caused by the H" attach on the sulfur atom of
Met, and the decarboxylation process due to the HO" attack:
the first leads to the formation of CH;SH and the second
to the corresponding amine and aldehyde (Scheme 1) [18,
30-34]. The change in the CH, moieties was particularly
evident in the difference spectrum (Fig. 3¢), obtained by
subtracting from the untreated Met spectrum that of
irradiated Met: the SCH,/8CH; band was well visible at
about 1,446 cm™ !, as well as other bands due to some CH,
deformations (i.e. 1,352, 1,322, 878 and 764 cm ') [28],
indicating relevant modifications in the methylene struc-
ture and content before and after stress exposure. This
result was further supported by the weak intensity change
of the Raman band at 2,856 cm ! due to the C-H
stretching modes of CH, groups, as well as by the IR
bands at 2,920 and 2,850 ¢cm ', visible in the difference
spectrum (Fig. 5B (a)) [35]. Taking into account that G
(HO)+G(H")+G(H,0,)=0.68 umol J', these spectral
changes are so evident in the vibrational spectra since
about 90% of the reactive species (G(HO")+G(H")=
0.61 umol J ') results to affect the aliphatic backbone of
Met (Scheme 1).

In agreement with the decarboxylation reaction expected
to occur as a consequence of the “OH radical attack on Met
(Scheme 1), changes in the bands due to the carboxylate
group vibrations were visible. In particular, an intensity
decrease in the shoulder at 1,414 cm ', due to the COO~
symmetric stretching, as well as in the Raman band at
542 cm™', due to the COO™ rocking, occurred after
irradiation (Fig. 3b and Table 1) [29, 36]. These changes
were particularly evident in the difference spectrum, where
at least four bands due to the carboxylate group vibrations
were clearly visible (Fig. 3c, bands marked by asterisk),
indicating a higher content of this functional group in the
sample before irradiation. Also in the IR spectrum, the
intensity decrease of some COO bands was visible, in
particular, in the bands at 1,563 (v,COO"), 682 (wCOO")
and 645 cm™' (50-C = O; Fig. 4a, b) [28, 37].

As a consequence of the decarboxylation reaction, also
the ionic interactions resulted to be perturbed by the radical
attack, as shown by the spectral modifications visible in the
1,580-1,640-cm ™! region, where both -NH;" and -COO~
groups mainly contribute (Figs. 3 and 4) [28, 38]. In
addition, a higher content of NH;" groups is present before
radical attack as evidenced by the IR measurements
(Fig. 5A) and, in particular, by the difference spectrum
where a band at about 3,150 cm ™' (VNH;") was clearly
visible (Fig. 5B). This can be connected with the formation
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of Met degradation products due to the deamination
reactions (Scheme 1).

vC-S
oCH, o
—— N

876 M ICH,

764 B rCH

14.4550H3,SCH2

Raman Intensity

1600 1400

Wavenumber / cm™

1200 1000 800 600

Fig. 3 The 1,750-500-cm™' Raman region of Met (a) before and (b)
after 4 kGy irradiation under N,O saturation; ¢ difference spectrum
obtained by subtracting the spectrum of Met irradiated from untreated
Met (a, b). Asterisks, squares and circles: marker bands of changes
involving COO ", CH,/CHj3 and S-containing moiety, respectively
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As regards the negative bands visible in the difference
Raman spectrum (Fig. 3c), they are attributable to the
formation of new compounds with a different functional
group. For example, the broad band about 1,040 cm ',
attributable to the vS = O vibration [26],coupled with the
other negative peak at 701 cm ' due to vC-S [34], is
indicative of the formation of a small amount of Met(O)
due to the reaction of Met with H,O, (Scheme 1) produced
from the radiolysis of water (under these conditions, H,O,
is about 9% of the total reactive species present in the
system) [14]. Thus, the presence of these two bands
(marked by circles in Fig. 3) can be considered a marker
pattern of this Met oxidation product.

Degradation of Met in oxygenated aqueous solutions

When Met is undergone to radical stress in the presence of
oxygen, the formation of the corresponding sulfoxide (Met
(O)) is more favoured than in N,O saturated solution. This
conclusion can be drawn out from the analysis of the
Raman bands at about 1,040 and 700 cm™' (Fig. 6) that
showed a more significant increase in intensity under these
experimental conditions than in the absence of oxygen
(Fig. 3). In addition, the presence of a more relevant
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Table 1 Tentative assignment
of the main bands in the Raman

—1
Raman wavenumbers/cm

Assignments

spectra of Met before and after

irradiation exposure in the Met untreated

Met irradiated under N,O

Met irradiated under N,O/O,

absence and presence of oxygen

542 m 544 m

645 m 647 sh,w

657 m 657 m

681 m 681 sh,m

701 m 701 s

723 vs 723 s

764 m 764 m

806 m 806 w

876 m 876 m

1,030 w 1,030 w

- 1,043 sh,w

1,073 m 1,073 m

1,152 w 1,152 w

1,245 w 1,245 vw
Assignments: v stretching, § 1,322 1,322m
in-plane bending, v out-of-plane 1,352's 1,352 m
bending, ¢ twisting,  rocking, w 1,414 sh,s _
wagging. Intensities: w weak, m 1424 s 1,424 vs
medium, s strong, v very, sh
shoulder, b7 broad 1,445 vs 1,445 s
Asterisk, circle, square marker 1,590 w 1,590 sh,w
bands useful for identifying 1,618 br,w 1,618 br,yw

changes in COO™, CH,/CHj;
and sulfur-containing moieties

544 m rCOO  (asterisk)
649 sh,w 50-C = O (asterisk)
658 m vC-S (t+ g)

682 sh,m wCOO " (asterisk)
702 vs vC-S (g) (circle)
723 s vC=S (t)

762 m rCH,

807 w vC-C

874 m rCH,

1,032 w vC-C-N

1,038 w vS = O (circle)
1,072 m vC-N

1,152 w NH;"

1,246 vw tCH,

1,322 m wCH,

1,352 m wCH,

- v;COO (asterisk)
1,424 vs SCH; (square)
1,445 s SCH3;, 6CH; (square)
1,588 sh,w v,COO, SNH;"
1,629 br,w SNH;"

1,679 sh,vw vHC =0

amount of the sulfoxide derivative was further confirmed
by the difference IR spectra (Fig. 7). In fact, two bands at
about 1,037 and 1,020 cm ', due to the vS = O differently
H-bonded, were visible under both conditions. The inten-
sity of the latter was stronger in the presence of oxygen

(a)
[0} o/ % :
O |(b) PR
= P
9 | s |
£ e\ | A
n 5 : ‘ : ;
c Cl? e ' J *
S22 \NiIHN Lo L
g o 5 N8 3
- = | g 3 0 i’“ PRI
VW ez 5 2¢O T8
g\ 2\ 22 % °” 2
8NH,",v,COO 5CH_v COO
T T T T T T T T T T T T
1800 1600 1400 1200 1000 800 600

Wavenumber / cm”

Fig. 4 The 1,800-500 cm™' IR region of Met (a) before and after
4 kGy irradiation under N,O (b) or N,O/O, (90/10) (¢) saturation.
Asterisks and circles: marker bands of changes involving COO ™ and S-
containing moiety, respectively

(Fig. 7b), indicating a higher degree of Met oxidation, as
expected since under these conditions, the H,O, concen-
tration is higher than in the absence of oxygen (Egs. 4-0).
In accordance with this result, a larger amount of Met was
degradated under N,O/O, atmosphere, as indicated by the
more relevant intensity decrease in the I;,3/1799 doublet
(~55% and ~40% under N,0O/O, and N,O saturation,
respectively; Figs. 6 and 3).

As observed in the absence of oxygen, the intensity of
the doublet at 1,445 and 1,427 cm™ ' underwent a complete
inversion after radical attack (Fig. 6) because of the partial
loss of methylene groups connected with the formation of
CH;SH and the structural changes connected to the
decarboxylation reaction. Differently, in the presence of
oxygen, the desulfurisation reaction is expected to give rise
to the mutation of Met into HomoSer (Scheme 1) [14]. The
IR measurements were able to detect also this degradation
product. In fact, only in the N,O/O, experiment, a new
broad band due to vO-H mode was visible in the IR
spectrum at about 3,420 cm ' (Fig. 5A (c)). By using the
difference spectrum, this spectral change was even more
evident (Fig. 5B (b)).

Significant intensity changes were visible both in the
COO™ and NH;" bands in the IR and Raman spectra
(Figs. 5, 6, and 7), as observed in N,O-saturated solutions,
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Fig. 5 AThe 3,700-2,400-cm ' IR region of Met (a) before and after
4 kGy irradiation under N,O (b) or N,O/O, (90/10) (c) saturation. B
Difference spectra obtained by subtracting the IR spectrum of irradiated
Met under N,O (a) or N,O/O, (b) from that of untreated Met

and are compatible with the decarboxylation and deamina-
tion reactions expected to occur as a consequence of the
"OH radical attack on Met (Scheme 1). Differently, in the
presence of oxygen, a new weak IR band at about
1,715 cm ' was visible (Fig. 4). By using the difference
spectrum to stress this small spectral change, two weak
bands at 1,719 and 1,681 cm ' were evidenced (Fig. 7b).
These absorptions can be connected with the formation of
aldehyde groups, since they are attributable to the stretching
mode of free and H-bonded-HC = O moieties [38], in
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Fig. 6 The 1,750-500-cm' Raman region of Met (a) before and after
4 kGy irradiation under N,O/O, (90/10) (b) saturation; ¢ difference
spectrum obtained by subtracting the spectrum of Met irradiated
(N,0/O5, 90/10) from untreated Met (a—b). Asterisks, squares and
circles marker bands of changes involving COO , CH,/CH; and S-
containing moieties, respectively
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Fig. 7 The 1,800-500-cm ' IR region of the difference spectra
obtained by subtracting the spectrum of Met irradiated under N,O (a)
or N,0/O; (90/10) (b) saturation from untreated Met. The bands due
to the formation of degradation products are evidenced by the light
yellow and green area. Asterisks and circles marker bands of changes
involving COO ™ and the sulfur-containing moiety, respectively

agreement with the expected formation of MTPA
(Scheme 1). Aldehyde groups are known to be formed also
in the absence of O,, although in a much lesser amount, but
the weakness of the corresponding IR band does not allow
the undoubted assignment.

The Raman and IR spectra of the irradiated sample show
the chemical species which contribute significantly to the
spectrum profile are Met(O) (~1,040 and 700 cm™ ', Raman
and IR), HomoSer (3,420 cm ™', IR) and MTPA (~1,720 and
1,680 cm ', IR).

Conclusions

Data included in this work highlight the potential of Raman
and IR spectroscopy to be used, in combination with other
analytical strategies, for monitoring the formation of degra-
dation products of amino acids like Met after radical stress
exposure. In fact, both the Raman and IR spectra present some
marker bands useful for the identification of the main
degradation mechanisms and of some products formed. On
one hand, Raman spectroscopy is a useful tool for revealing
the occurrence of decarboxylation reactions and radical-based
modifications in the sulfur-containing moiety of Met, since
both the formation of the main oxidation product (Met(O))
and the loss of methylene moiety, due to the desulfurisation
process, are visible. On the other hand, the IR spectra allow to
detect processes like deamination and decarboxylation, as
well as the formation of degradation products such as MTPA,
HomoSer and Met(O).
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These information combine to produce a set of spectro-
scopic markers of the main processes occurring as a
consequence of radical stress exposure which can be used
in a spectroscopic protocol for providing a first character-
isation for the degradation processes also in more complex
systems such as peptides and proteins.
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