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ORIGINAL ARTICLE

Radiation chemical studies of Gly-Met-Gly in aqueous solution

Sebastian Barata-Vallejoa�, Carla Ferreria, Tao Zhangb, Hjalmar Permentierb, Rainer Bischoffb,
Krzysztof Bobrowskic† and Chryssostomos Chatgilialoglua,d

aISOF, Consiglio Nazionale delle Ricerche, Bologna, Italy; bDepartment of Pharmacy, University of Groningen, Groningen, The
Netherlands; cRadiation Laboratory, University of Notre Dame, Notre Dame, IN, USA; dInstitute of Nanoscience and Nanotechnology,
NCSR Demokritos, Athens, Greece

ABSTRACT
Important biological consequences are related to the reaction of HO� radicals with methionine
(Met). Several fundamental aspects remain to be defined when Met is an amino acid residue
incorporated in the interior of peptides and proteins. The present study focuses on Gly-Met-Gly,
the simplest peptide where Met is not a terminal residue. The reactions of HO� with Gly-Met-Gly
and its N-acetyl derivative were studied by pulse radiolysis technique. The transient absorption
spectra were resolved into contributions from specific components of radical intermediates.
Moreover, a detailed product analysis is provided for the first time for Met-containing peptides in
radiolytic studies to support the mechanistic proposal. By parallel radiolytical and electrochemical
reactions and consequent product identification, the formation of sulfoxide attributed to the dir-
ect HO� radical attack on the sulfide functionality of the Met residue could be excluded, with the
in situ generated hydrogen peroxide responsible for this oxidation. LC–MS and high resolution
MS/MS were powerful analytical tools to envisage the structures of five products, thus allowing
to complete the mechanistic picture of the overall Met-containing peptide reactivity.
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Introduction

The oxidation of methionine (Met) is an important reac-
tion in the biological milieu. The major oxidation prod-
ucts by reactive oxygen species (ROS) are two epimeric
forms of sulfoxide (i.e. R and S epimers) that can be
repaired enzymatically by methionine sulfoxide reduc-
tase (Msr) [1,2]. Therefore, Met residues in proteins are
suggested to act as an antioxidant pool and several
studies support this hypothesis [3,4]. The reaction of
oxidants like H2O2, HOONO, or HOCl with Met occurs in
a site-specific manner with formation of methionine
sulfoxide, Met(O) [5–7], whereas the oxidation by HO�

radical is believed to be more complex [8].
Some of us recently reported the detailed product

studies of the gamma-radiolysis of free Met (1) [9]. We
disclosed that (i) HO� radicals and H� atoms are highly
specific for sulfur atom attack under anoxic and aerobic
conditions, (ii) HO� do not oxidize Met to the corre-
sponding sulfoxide either in the presence or absence of
oxygen, (iii) H� atom attack leads to the formation of

a-aminobutyric acid (2) or homoserine (3), in the
absence or presence of oxygen, respectively, and (iv)
H2O2 formed either from the radiolysis of water or from
the disproportionation of the by-product O2

�– is respon-
sible for Met(O) formation. These reactions are summar-
ized in Scheme 1 together with the reactive
intermediates suggested by pulse radiolysis studies, i.e.
the observed transient species assigned to a three-elec-
tron bond species 4 (the hydroxyl adducts
immediately coordinate with nitrogen) which decay
(k2¼ 3.6� 106 s�1) directly into CO2 and an a-amino-
alkyl radical (5) [10,11].

Although the reaction of HO� with free Met is well
understood [9], several fundamental aspects remain to
be defined when Met is a residue in peptides and pro-
teins. Functional groups (neighboring groups) adjacent
to the sulfur center, the primary site of initial oxidation,
have clearly a key influence. Such neighboring group
participation in the oxidation of Met not only stabilizes
the corresponding radical cation (Met> Sþ�) but may
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also render the reduction potential of Met less positive,
and therefore facilitate its oxidation [12]. Moreover, the
reactions of two intermediates, Met> Sþ� and Met
> S[OH within particular peptide and protein domains
are influenced by groups such as carboxylate, amino,
hydroxyl, and amide functionalities [13–16].

So far, the formation of sulfoxide in the radiolytic
study of model peptides under anaerobic conditions
was attributed to HO� attack at the sulfur of Met residue
[17–20]. It was also reported that sulfide radical cation
complexes, [S[S]þ and [S[N]þ, can form sulfoxide in
oxygen-containing aqueous solution, either through
reaction with superoxide or through a hydroxide-
dependent reaction with molecular oxygen [21,22].

On the other hand, the reactivity of H� atoms with
Met residues in peptides/proteins has been studied by
some of us [23,24]. We showed that the reaction of H�

atoms with peptides/proteins determines Met conver-
sion into the non-genetically coded amino acid a-ami-
nobutyric acid (Aba). We have identified this chemical
mutation in Met-enkephalin [25], b-amyloid [26], bovine
RNase A [27,28], human serum albumin [29], and vari-
ous metalloproteins [30]. This reactivity has also been
placed in a biomimetic context, since it has been sug-
gested as molecular basis of the tandem protein–lipid
damage [23,24]. Indeed, it was coupled with the forma-
tion of diffusible thiyl radicals originated from the pro-
tein desulfurization reactions. The methanethiyl radicals
(CH3S

�) should be able to migrate from the aqueous to
the membrane compartment and catalyze the double
bond cis–trans isomerization process of the phospho-
lipid unsaturated residues [31].

The present study focuses on the reaction of HO�

radicals and/or H� atoms with Gly-Met-Gly (7), the sim-
plest model peptide – where Met residue is internally
located – to investigate differences with free Met.
Identification and quantification of transient species

and final products has been provided.
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Materials and methods

Materials

Gly-Met-Gly as trifluoroacetate was obtained from
Peptide 2.0 Inc. (Chantilly, VA) and used as received.
Gly-Met-Gly and N-Ac-Gly-Met-Gly as free peptides were
purchased from Bachem (Bubendorf, Switzerland).
Orthophthaldi-aldehyde (OPA) perchloric acid (HClO4),
formic acid (HCOOH, FA, 98%) were purchased from
Fluka-Sigma Aldrich Co. (Milan, Italy and Steinheim,
Germany) and used without any further purification.
1-Palmitoyl-2-oleoyl-phosphatidylcholine (POPC) was
obtained from Avanti Polar Lipids (Alabaster, AL) and
used as received. Acetonitrile (HPLC SupraGradient
grade) was purchased from Biosolve (Valkenswaard, The
Netherlands). Other solvents (HPLC grade) were pur-
chased from Merck Millipore (Darmstadt, Germany) and
used without further purification. All solutions were
made with deionized water (18 MX resistance) provided
by a Millipore MilliQ system (conductivity 18.2 MX cm,
Millipore Corp., Billerica, MA). All aqueous peptide solu-
tions were prepared immediately before use.

Pulse radiolysis

Experiments were performed with the Notre Dame
Titan 8MeV Beta model TBS 8/16-1S linear accelerator
with typical pulse lengths of 2�10 ns. The data acquisi-
tion system allows for kinetic traces to be displayed on

Scheme 1. HO� radicals and H� atoms are highly specific for sulfur atom attack of methionine (1).
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multiple time scales. A detailed description of the
experimental setup for optical measurements has been
given elsewhere along with the basic details of the
equipment and the data collection system [32].
Absorbed doses per pulse were of the order of 4�8Gy
(1 Gy equals 1 J kg�1). For time-resolved measurements
of optical spectra, N2O-saturated solutions containing
10�2 M KSCN were used as the dosimeter, with a radi-
ation chemical yield of G¼ 0.635lmol J�1 and a molar
absorption coefficient of 7580 dm3mol�1 cm�1 at
472 nm for the (SCN)2

�� radical [33]. The SI units
(lmol J�1) for radiation chemical yield, G, are the con-
centrations of radicals (in micromoles) produced per
joule of energy absorbed. The pH of �5.5 was recorded
for N2O-saturated solutions of 0.2mM Gly-Met-Gly or N-
Ac-Gly-Met-Gly as free peptides. The pH 1 was adjusted
by adding HClO4. Solutions were purged for at least
30min per 500mL sample with the appropriate gas
(N2O or N2) before pulse irradiation. Experiments were
performed with a continuous gas flow of the solutions
at room temperature (23 �C). Experimental error limits
are 10% unless specifically noted.

Resolution of time-resolved spectra

Optical spectra, monitored at various time delays fol-
lowing the electron pulse, were resolved into specific
components (representing individual transients) by lin-
ear regression according to the following equation [34]:

G � eðkjÞ ¼
Xn

i¼1

Gi � eðkjÞ

Here, G� e(kj) is equal to the observed absorbance
change DA(kj) of the composite spectrum multiplied by
the factor (F) from the dosimetry. F¼ e472� G((SCN)2

��)/

DA472 where e472 is the molar extinction coefficient of
(SCN)2

�� at 472 nm, G((SCN)2
��) is the radiation chem-

ical yield of the (SCN)2
�� radicals, and DA472 represents

the observed absorbance change at 472 nm in the thio-
cyanate dosimeter. Gi is the linear regression coefficient
of the ith species and e(kj) is the molar extinction coeffi-
cient of the ith species, and the jth wavelength. Further
details of this method have been described
elsewhere [35].

Several criteria were applied to validate the spectral
resolutions and to eliminate unreasonable fits: (i) within
±15%, the combined yields of the transient species
derived from their respective extinction coefficients can-
not exceed the initial radiation chemical yield of the pri-
mary species, i.e. Gi(HO

�)¼ 0.60 lmol J�1 (at pH 5.5) or
0.29 lmol J�1 (at pH 1). The error limit of ±15% allows
for a ±5% variation in the experimental data and a
±10% combined error in the reported molar absorption
coefficients for the UV spectra of the components
under consideration. (ii) The radiation chemical yields of
the respective species (Scheme 2) in the optical
spectra were calculated taking the following representa-
tive molar absorption coefficients (units in
dm3 mol�1 cm�1): e340(SOH)¼ 3400 [36], e390(SN)
¼ 4500 [37], e480(SS1)¼ 6900 [38], e290(aS)¼ 3000 [39],
e260(aN)¼ 3300 [11], and e270(aC)¼ 6200,
e370(aC)¼ 1800 [40].

Steady-state c-radiolysis

Irradiations were performed at room temperature using
a 60Co-Gammacell at different dose rates. The exact
absorbed radiation dose was determined with the
Fricke chemical dosimeter, by taking G(Fe3þ))
1.61 lmol J�1 [41]. Mixtures of gases were obtained by

H3N CHC
H

O
H
N C C

CH2

O

CH2

S
CH3

H
N CHC

H
O

O

 9 (αC)

H2N CHC
O

H
N CHC

CH2

O

CH2

S
CH3

H
N CHC

H
O

O

 8 (αN)

H3N CHC
H

O H
N CHC

CH2

O

CH
S
CH3

H
N CHC

H
O

O

11 (αS)

H3N CHC
H

O H
N CHC

CH2

O

CH2

S
CH

H
N CHC

H
O

O

H3N CHC
H

O

H
N CHC

CH2

O

CH2

S
CH3

H
N CHC

H
O

O

12  (SS+)

H3N CHC
H

O
N CHC

CH2

O

CH2S

H
N CHC

H
O

O

CH3

13 (SN)

10 (SOH)

H3N CHC
H

O
H
N CHC

CH2

O

CH2

S
CH3

H
N CHC

H
O

O

HO

Scheme 2. Reactive intermediates discussed in the resolution of time-resolved spectra.
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an appropriate mixer, controlled by a flow meter con-
nected to the line, reaching the vessel through a nee-
dle. The flow was adjusted to get a continuous
bubbling during irradiation. Four milliliters of a N2-
purged aqueous solution of Gly-Met-Gly as trifluoroace-
tate (all experiments were run at 1mM peptide concen-
tration and at natural pH) (pH value of �6.8 was
recorded) was saturated with the desired gas or gas
mixture prior to c-irradiation.

OPA derivatization of irradiated samples and
HPLC analysis

HPLC analyses were recorded on an Agilent 1100 Liquid
Chromatograph, equipped with a quaternary pump
delivery system, a column thermostat, and a variable-
wavelength detector. RP18 5lm columns were
used in the HPLC analyses. Aliquots of the irradiated
Gly-Met-Gly solutions were withdrawn at the specified
doses for immediate conversion to the OPA (ortho-
phthaldialdehyde) derivatives following a protocol pre-
viously published by our group [9].

Electrochemical oxidation and EC-MS analysis

Twenty micromolars of Gly-Met-Gly (GMG) was pre-
pared in 89/10/1 (v/v/v) ultrapure water/acetonitrile/for-
mic acid and oxidized in a thin-layer cell (Flexcell, Antec
Leyden, Leiden, The Netherlands) with a Magic
Diamond (BDD) working electrode (8mm diameter, sur-
face area 50.3mm2) and a palladium (Pd/H2) reference
electrode (Hy-REF) at a flow rate of 5lL/min.
Pretreatment of BDD electrodes was performed accord-
ing to Roeser et al. [42]. Mass voltammograms of GMG
were recorded on-line by ramping the cell potential lin-
early from 0 to 4000mV at a scan rate of 20mV/s using
a homemade potentiostat controlled by a MacLab sys-
tem (ADInstruments, Castle Hill, NSW, Australia) and
EChem software (eDAQ, Denistone East, NSW, Australia).
The electrochemical oxidation products were analyzed
using an API365 triple quadrupole mass spectrometer
(MDS-Sciex, Concord, Ontario, Canada) upgraded to
EP10þ (Ionics, Bolton, Ontario, Canada).

HPLC–MS/MS measurements

Liquid chromatography was performed on an Acquity
UPLC system (Waters, Milford, MA) equipped with an
Alltima HP HILIC column (150mm� 2.1mm i.d., 3lm
particles, 120 Å pore size, Grace Alltech, Lokeren,
Belgium) at a flow rate of 400 lL/min. Mobile phase A
consisted of ultra-pure water with 0.1% formic acid.
Mobile phase B was acetonitrile with 0.1% formic acid.

Twenty-five microliters of 100 lM samples was injected,
and separation was achieved with a gradient of 2–50%
A in 25min. The column was directly coupled to a
Maxis plus quadrupole time-of-flight mass spectrometer
(QTOF) (Bruker, Billerica, MA) for product detection in
positive ion mode. High-resolution MS/MS experiments
of reaction products of Gly-Met-Gly were performed in
auto MS/MS mode (2GHz) with a maximum of seven
precursors per cycle and an active exclusion of 0.1min
using a mass range of 100–300 amu with a capillary
voltage of 3500 V.

Results and discussion

Reactions of HO� with Gly-Met-Gly in aqueous
solution: time-resolved spectra and analysis

The reaction of HO� with Gly-Met-Gly was investigated
in N2O-saturated solution of 0.2mM Gly-Met-Gly at nat-
ural pH (pH value of 5.5 was recorded). A transient spec-
trum obtained 1.4 ls after the electron pulse exhibits a
strong UV band having kmax¼270 nm with
G� e270¼ 1828 lmol J�1 dm3 mol�1 cm�1 and a very
weak and broad, almost flat, shoulder in the range
400–500 nm (� symbols in Figure 1). This spectrum can
be resolved into contributions from the following com-
ponents (cf. Scheme 2): the Ca-centered radicals (aC),
the a-amino type radicals (aN), the a-(alkylthio)alkyl rad-
icals (aS), the intermolecular sulfur–sulfur three-elec-
tron-bonded radical cations (SS1), and the
intramolecular sulfur-nitrogen three-electron-bonded
radical (SN) with the respective G-values: 0.052, 0.34,
0.14, 0.029, and 0.035lmol J�1 (Table 1). The sum of all
component spectra with their respective yields resulted

Figure 1. Resolution of the spectral components in the transi-
ent absorption spectrum recorded 1.4 ls after the electron
pulse in N2O-saturated aqueous solution containing 0.2mM
Gly-Met-Gly at pH 5.5 (the explanation of symbols is in the
legend and Scheme 2).
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in a good fit (�a symbols in Figure 1) to the experimental
spectrum. The total G-value (0.60 lmol J�1) is in a very
good agreement with the expected yield of HO� radi-
cals available for the reaction with Gly-Met-Gly peptide
at this pH. It is worthwhile to note that the HO� adduct
to the sulfur atom (SOH) is not included in the spectral
mix, which means that its life-time is shorter. This obser-
vation can be rationalized, by analogy to similar find-
ings for S-methylglutathione [43], in terms of a
concerted process which involves a fast proton transfer
from the terminal –NH3

þ group to S–O moiety, by
which elimination of HO– (in the form of water) occurs
and leads to the intramolecularly bonded species
[>S[NH2]

þ 14 (Scheme 3). The radical cation 14 can
give radical 8 through the sequential steps described in
Scheme S1 (see Supporting Information). The reducing
ability of radical 8 may play an important role in the
product outcome (see discussion for Scheme 6).

After 3.5 ls, the transient absorption spectrum did
not change much and it was still dominated by a dis-
tinct absorption band with the pronounced maximum
at k ¼ 270 nm with the G� e¼ 1844. In Table 1, G-val-
ues of radicals are collected together with their percent-
age contribution to the total yield of HO� radicals
present in the Gly-Met-Gly system at different times
after electron pulse. It is worthy to note that the most
abundant radicals present in the irradiated Gly-Met-Gly
system at short times after delivery of the electron pulse
are aN and aS, which constitute more than 80% of all
radicals. The transient spectrum obtained 75 ls after
the electron pulse exhibited a broad uncharacteristic
absorption band which shows no distinct kmax>260 nm

with G� e260¼ 1103 lmol J�1 dm3 mol�1 cm�1. This
spectrum was resolved into contributions from aC, aN,
and SS1 (Table 1).

The purpose of decreasing pH of the reaction envir-
onment to pH 1 was to test whether the elimination of
HO– from the> S[OH moiety by using external protons
can compete with a fast proton transfer from the ter-
minal –NH3

þ group to the same moiety (cf. reaction
10fi14 in Scheme 3). Detailed results are reported in
Supporting Information (Figures S1–S3 and Table S1). A
transient spectrum, obtained 1.4 ls after the electron
pulse in N2-saturated solutions containing 0.2mM of
Gly-Met-Gly at pH 1, exhibited a strong UV band having
kmax¼ 290 nm and a second broad band in the range
440–500 nm with weakly pronounced maximum at
k � 480 nm. The respective G� e values were 634 and
311lmol J�1 dm3 mol�1 cm�1 (see Figure S1). This
spectrum was resolved into contributions from the
components aN, aS, SS1, and SN using G-values 0.053,
0.11, 0.040, and 0.029lmol J�1, respectively. The calcu-
lated percentage contribution of the aN radicals to the
total yield of HO� present at pH 1 is substantially lower

7, Gly-Met-Gly
HO•
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Scheme 3. Suggested mechanism for the formation of aN from the HO� radical adduct to the sulfur atom (SOH) (see Scheme S1
for details)).

Table 1. The radiation chemical yields (G, lmol J�1) of radi-
cals and their percentage contribution (in parenthesis) to the
total yield of radicals present in the reaction of HO� with Gly-
Met-Gly at different times after electron pulse at pH 5.5.
Time, ls aC aN aS SS1 SN

1.4 0.052
(8.6%)

0.34
(57.1%)

0.14
(23.6%)

0.029
(4.8%)

0.035
(5.9%)

3.5 0.061
(10.2%)

0.35
(58.7%)

0.13
(21.8%)

0.027
(4.5%)

0.029
(4.8%)

75 0.052
(20.8%)

0.19
(78.3%)

0 0.002
(0.8%)

0
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than that calculated at pH 5.5 (cf. Table S1 with Table
1). This observation can be rationalized in terms of the
existence of two competitive reactions (cf. Scheme S1),
the formation of > Sþ� being more efficient at pH 1
than at pH 5.5, which is also reflected in the higher cal-
culated percentage contribution of the aS radicals to
the total yield of HO� present at pH 1, in comparison to
pH 5.5. After 3.5 ls, the transient absorption spectrum
was dominated by two distinct absorption bands with
the pronounced maxima at k¼ 290 nm and 490 nm
with the respective G� e of 756 and 466 (see Figure S2).
This spectrum was resolved into contributions from the
components aC, aN, aS, and SS1 using G-values 0.021,
0.019, 0.16, and 0.068lmol J�1, respectively. The total
G-value (0.26 lmol J�1) is slightly lower than the
expected yield of HO� radicals available for the reaction
with Gly-Met-Gly at this pH. Interestingly, the compari-
son of the radiation chemical yields of the SN radicals
and SS1 radical cations measured at 1.4 and 3.5 ls after
the pulse (Table S1) suggested that increase of G(SS1)
occurs at the expense of decrease of G(SN). This obser-
vation can be rationalized by the existence of two equi-
libria presented in Scheme 4. The transient
spectrum obtained 150 ls after the electron pulse
exhibits a broad uncharacteristic absorption band
which shows no distinct kmax>260 nm with
G� e260¼456 lmol J�1 dm3 mol�1 cm�1 (Figure S3). This
spectrum was resolved into contributions from the
components aC, aS, and SS1 using G-values 0.043, 0.
074, and 0.002lmol J�1, respectively.

Reactions of HO� with N-Ac-Gly-Met-Gly in
aqueous solution: time-resolved spectra and
analysis

The purpose of acetylation of the N-terminal group in
Gly-Met-Gly was to have another model of internally
located Met, eliminating the fast proton transfer from
free amino group to the> S[OH moiety. This process
was before suggested as the main decay reaction path-
way of the S-OH adduct in Gly-Met-Gly (cf. Scheme 3). A
transient spectrum, obtained 1.5 ls after the electron
pulse in N2O-saturated solutions containing 0.2mM
N-Ac-Gly-Met-Gly at natural pH (pH value of 5.4 was
recorded), exhibited a strong UV band having
kmax¼ 290 nm, a broad shoulder in the range
320–390 nm, and two shoulders in the range
400–550 nm (� symbols in Figure 2), suggesting the
superposition of absorption spectra of several transient

species. This spectrum can be resolved into contribu-
tions from the following components: SOH, aC, aS,
SS1, and SN with the respective G-values: 0.18, 0.047,
0.17, 0.079, and 0.10 lmol J�1 (Table 2). The sum of all
component spectra with their respective yields resulted
in a good fit (�a symbols in Figure 2) to the experimental
spectrum. The total G-value (0.58 lmol J�1) was slightly
lower than the expected yield of HO� available for the
reaction with N-Ac-Gly-Met-Gly at this pH. This could be
understood since at this time, the reaction of HO� with
the N-Ac-Gly-Met-Gly is about to be completed. It is
worthy to note that aN was not taken in the spectral
mix.

A transient spectrum obtained 3.75 ls after the elec-
tron pulse exhibited a strong distinct UV band having
kmax¼ 290 nm, and a broad, almost flat, shoulder in the
range 350–500 nm (� symbols in Figure 3). A good spec-
tral resolution was obtained for this spectrum taking
into account contributions from the same species: SOH,
aC, aS, SS1, and SN with the respective G-values: 0.07,
0.023, 0.29, 0.097, and 0.11 lmol J�1 (Table 2). The sum
of all component spectra with their respective yields

Figure 2. Resolution of the spectral components in the transi-
ent absorption spectrum recorded 1.4 ls after the electron
pulse in N2O-saturated aqueous solution containing 0.2mM N-
Ac-Gly-Met-Gly at pH 5.4 (the explanation of symbols is in the
legend and Scheme 2).

Table 2. The radiation chemical yields (G, lmol J�1) of radi-
cals and their percentage contribution (in parenthesis) to the
total yield of radicals present in the reaction of HO� with
N-Ac-Gly-Met-Gly at different times after electron pulse at
pH 5.4.
Time, ls SOH aC aN aS SS1 SN

1.4 0.18
(30.6%)

0.047
(8.1%)

0 0.17
(29.9%)

0.079
(13.6%)

0.10
(17.7%)

3.75 0.07
(11.8%)

0.023
(3.8%)

0 0.29
(49.0%)

0.097
(16.3%)

0.11
(19.2%)

7 0.058
(9.7%)

0.024
(3.9%)

0 0.32
(53.6%)

0.095
(15.9%)

0.10
(16.9%)

SN S
7

–7
SS+

Scheme 4. The partition of the radical cation on Met moiety
in two equilibria.
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resulted in a good fit to the experimental spectrum (�a
symbols in Figure 3). The total G-value (0.60 lmol J�1)
was in agreement with the expected yield HO� available
for the reaction with N-Ac-Gly-Met-Gly at this pH. It is
again worthy to note that aN radicals were not taken in
the spectral mix. The most abundant radicals present in
the irradiated N-Ac-Gly-Met-Gly system at 1.4 ls after
the electron pulse are SOH and aS, which constitute
more than 60% of all radicals (Table 2). The high yield of
the> S[OH radicals in the N-Ac-Gly-Met-Gly confirmed
that in the previous nonacetylated NH2-substrate the
fast proton transfer process from the N-terminal group
occurred, which is responsible for the fast decay of
the> S[OH in Gly-Met-Gly not observed here.
Moreover, the SS1 and SN constituted more than 30%
of all radicals, this value being threefold higher than
that in Gly-Met-Gly. With further time evolution, the
most abundant radicals present at 3.75 and 7 ls after
delivery of the electron pulse were the aS, which consti-
tute nearly 50% of all radicals (Table 2). An increase of
the G-values observed in this time domain for aS radi-
cals occurs mostly at the expense of decrease of
the> S[OH radicals.

Product studies from the continuous c-radiolysis of
aqueous solutions of Gly-Met-Gly

The products resulting from the continuous c-radiolysis
of aqueous solutions of Gly-Met-Gly in the absence and
presence of oxygen were investigated. In addition, the
reaction of Gly-Met-Gly with H2O2, simulating the
steady-state formation of H2O2 during c-irradiation, was
examined in order to have a better understanding of
the radiolysis outcome and the reactive species
involved in the formation of the each product. Two
approaches to analyze the reaction mixtures were

followed: (a) the OPA derivatization taking into account
that this reagent is able to react with amino-containing
moieties [44,45], followed by HPLC analysis; (b) the dir-
ect LC/MS analysis coupled with high-resolution MS/MS
spectra to determine product structures. It is worth not-
ing that the product analysis of Met-containing pepti-
des has never been provided in radiolytic studies, and
so far mechanistic schemes have been proposed with-
out evidence from product identification.

Reaction of Gly-Met-Gly with H2O2

Five hundred microliters of 0.2 M aqueous H2O2 were
introduced by syringe pump (flow rate 167lL/h) to an
aqueous solution of Gly-Met-Gly (25mL, 10.10mM, pH
6.8) under stirring for 3 h (H2O2 final
concentration¼ 3.9mM). Samples were withdrawn each
hour, followed by OPA derivatization of amino com-
pounds, and HPLC analysis. The oxidation of Gly-Met-
Gly to Gly-Met(O)-Gly (15) occurs readily and quantita-
tively with respect to consumed starting tripeptide (see
Figure 4). The samples withdrawn each hour during the
experiment were also analyzed by ESI-MS direct inser-
tion (positive mode), verifying the presence of two com-
pounds in the reaction mixture: m/z 264.1
corresponding to Gly-Met-Gly þ1 and m/z 280.1 corre-
sponding to Gly-Met(O)-Gly þ1. Analogous experiments
were also performed where superoxide radical anions
(O2

�–) are generated as the exclusive reactant upon
c-irradiation of O2-saturated aqueous. The reactivity of
HO2

�/O2
�– in aqueous solution is fully understood, and

disproportionation is expected to produce H2O2 [46].
The details of these experiments are reported in
Supporting Information.

Reaction of HO� radical and H� atom with
Gly-Met-Gly in oxygenated aqueous solution

Radiolysis of neutral water leads to the reactive species
eaq

–, HO�, and H� together with Hþ and H2O2 as shown
in reaction 1. The values in parentheses represent the
radiation chemical yields (G) in units of lmol J�1. In
1 atm of N2O:O2 (90:10 v/v) eaq

� is efficiently trans-
formed into HO� radicals via reaction 2
(k2¼ 9.1� 109M�1 s�1), affording G(HO�)¼
0.55 lmol J�1 [47,48], whereas 20% of the H� are trans-
formed into O2

�– (reaction 3).
-

H2O (1)eaq
−(0.27), HO•(0.28), H•(0.06), H+ (0.27), H2O2 (0.07)

e�aq þ N2O þ H2O ! HO� þ N2 þ HO� (2)

H� þ O2 ! HOO� �O��
2 þ Hþ (3)

N2O:O2 (90:10 v/v) saturated solutions containing
Gly-Met-Gly (1.10mM) at natural pH were irradiated

Figure 3. Resolution of the spectral components in the transi-
ent absorption spectrum recorded 3.75 ls after the electron
pulse in N2O-saturated aqueous solution containing 0.2mM N-
Ac-Gly-Met-Gly at pH 5.4 (the explanation of symbols is in the
legend and Scheme 2).
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under steady state conditions with a dose rate of ca.
5.5 Gy min�1, continuously bubbling the gas mixture
throughout the irradiation time. Aliquots were taken at
specified doses followed by OPA treatment [9], that
reacts with amino-containing compounds, and HPLC
analysis. The consumption of Gly-Met-Gly (green peaks,
Figure 5) led to the formation of five products, two
major and three minor ones. The product that eluted as
the second one from the column (Rt¼ 12.9min, red
peaks) was identified as Gly-Met(O)-Gly by comparison
with the corresponding OPA derivatives obtained from
Gly-Met-Gly oxidation by H2O2. The analysis of the data
in terms of chemical radiation yields for the consump-
tion of Gly-Met-Gly and formation of the products bear-
ing a primary amine functionality detectable by the
OPA – HPLC technique are shown in Table 3 (see also
Figure S5). It is worth mentioning that the G of dis-
appearance of starting material is �0.640 whereas the
sum of G values of the products is 0.601. The results evi-
dence one of the two possibilities: (i) only formation of
products that maintain the amine functionality or
(ii) products that loose the amine functionality together
with other containing the amine moiety generated by
chain processes.

Reaction of HO� radical and H� atom with
Gly-Met-Gly in deaerated aqueous solution

In N2O-saturated solution (�0.02M of N2O), eaq
– are effi-

ciently transformed into HO� radicals, affording

Figure 5. HPLC traces of c-irradiated of N2O:O2 (90:10 v/v)-
saturated solutions of 1.10mM Gly-Met-Gly at natural pH
(dose rate �5.5 Gy min�1) after OPA derivatization.

Table 3. G-values calculated from the HPLC analyses of c-irra-
diated N2O:O2 (90:10 v/v)-saturated solutions (oxygenated) or
N2O-saturated solutions (deaerated) of 1.10mM Gly-Met-Gly at
natural pH (dose rate �5.5 Gy min�1) after OPA derivatization.
Compound or
retention time (Rt)

Oxygenated solutionsa

G, lmol J�1
Deaerated solutionsb

G, lmol J�1

Gly-Met-Gly �0.640 �0.460
Rt¼8.7min 0.042 c

Gly-Met(O)-Gly 0.053 0.003
Rt¼13.2min 0.242 0.024
Rt¼13.4min 0.249 0.032
Rt¼14.5min c 0.020
Rt¼15.7min 0.015 0.007
aN2O:O2 (90:10 v/v)-saturated solutions.
bN2O-saturated solutions.
cNo detected.

Figure 4. (A) HPLC traces showing the oxidation of Gly-Met-Gly (green peak) to Gly-Met(O)-Gly (red peak) by H2O2. Samples were
withdrawn every hour, followed by OPA derivatization (detecting amino compounds) and HPLC analysis. (B) Time course of the
conversion of Gly-Met-Gly ( ) into Gly-Met(O)-Gly ( ).
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G(HO�) ¼ 0.55 lmol J�1; that is, HO� radicals and H�

atoms account for 90 and 10% of the reactive species
[47,48]. N2O-saturated solutions containing Gly-Met-Gly
(1.10mM) at natural pH were irradiated under stationary
state conditions with a dose rate of ca. 5.5 Gy min�1 fol-
lowed by OPA derivatization of amino compounds and
HPLC analysis [9]. The consumption of Gly-Met-Gly
(green peaks, Figure 6) led to the formation of five new
products, three major and two minor ones. The product
that eluted first from the column (Rt¼ 12.9min, red
peaks) was identified as Gly-Met(O)-Gly by comparison
with the corresponding OPA derivatives obtained from
Gly-Met-Gly oxidation by H2O2. It is worth underline
that the reaction in the absence of oxygen leads to the
formation of three products with retention times
13.2min, 13.4min, and 15.7min which are also present
when the reaction is carried out in the presence of oxy-
gen (cf. Figures 5 and 6). The HPLC analysis evidenced

the formation of another product with Rt¼ 14.5min,
noting that this product is not observed in the reaction
in the presence of oxygen. On the other hand, the reac-
tion in the presence of oxygen yielded a product with
Rt¼ 8.7min which is not present in the absence of
oxygen.

Based on our previous proteomic studies [23,31], the
formation of the product exclusively seen under deoxy-
genated conditions (Rt¼ 14.5min, Figure 6, black peaks)
is expected to be the corresponding tripeptide contain-
ing a-aminobutyric acid (compound 16). Therefore, we
proceeded analyzing the reaction of H� with Gly-Met-
Gly. For doing so, we studied the c-irradiation of N2O-
saturated solutions of 1.10mM Gly-Met-Gly at natural
pH (dose rate�5.5 Gy min�1) containing 0.2 M of tert-
butanol. In this reaction HO� radicals are efficiently
trapped by tert-butanol (k ¼ 6.0� 108 M�1 s�1).
Samples were withdrawn at a dose of 1.6 kGy followed
by OPA derivatization and HPLC analysis. Under these
reaction conditions the formation of a product with
Rt¼ 14.5min as well as of Gly-Met(O)-Gly was observed.
The irradiated samples were also analyzed by ESI-MS
(positive mode), verifying the presence of three

Figure 6. HPLC traces of c-irradiation of N2O-saturated solu-
tions of 1.10mM Gly-Met-Gly at natural pH (dose rate
�5.5 Gy min�1) after OPA derivatization.

Figure 7. LC–MS analyses of c-irradiated solutions of 1.10mM
Gly-Met-Gly at natural pH: (A) N2O:O2 (90:10 v/v)-saturated at
a dose of 450 Gy; (B) N2O-saturated at a dose of 1600 Gy.
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compounds in the reaction mixture identified by their
masses, i.e. m/z 264.1 corresponding to 7 þ 1, m/z
280.1 corresponding to 15 þ 1 and m/z 218.1 corre-
sponding to 16 þ 1.

Analysis of the data from the experiment reported in
Figure 6 in terms of chemical radiation yields afforded a
G value for the production of 16 of 0.02 lmol J�1 which
is one third of G(H�)¼ 0.06 lmol J�1. The G values for
the consumption of Gly-Met-Gly and formation of the
products bearing the primary amine functionality
detectable by OPA – HPLC technique are shown in
Table 3. The G for the consumption of Gly-Met-Gly is
�0.460 and the sum of the G-values of all the products
detected is 0.086. Comparison of these values suggests
formation of the products that lose the amine function-
ality. It is worth underlining that in the presence of oxy-
gen the radiation chemical yields (G-values) are quite
different (see Table 3).

LC–MS and high-resolution MS/MS

The HPLC analyses of the samples irradiated in the
absence or presence of oxygen are shown in Figure 7.
In agreement with the OPA derivatization, it is clear
that, including the starting material, six compounds are
present in the two experiments whereas an extra peak
is observed in the absence of oxygen. All peaks were
identified and assigned to the structures in Figure 8 by
their high resolution mass data together with their char-
acteristic fragmentation patterns as shown in Figures 9
and 10.

The high resolution MS/MS spectrum of the starting
material 7 (mw 264.1007Da) and the spectra of three
other products with higher molecular weights are
shown in Figure 9. The accurate masses of these prod-
ucts, m/z 280.0959, 296.0897, 296.0733, correspond to a
molecular weight increase equivalent to atomic masses
of one oxygen atom, two oxygen atoms and one sulfur
atom, respectively, as compared to the starting material.
By an independent synthesis using hydrogen peroxide
oxidation, the sulfoxide and sulfone of the tripeptide
were obtained, confirming the assignment of com-
pound 15 as the sulfoxide. The location of the two oxy-
gen atoms of the m/z 296.0897 product (compound 18)
could not be derived from the MS/MS spectrum.
However, the retention time of the authentic sulfone
was 0.7min while that of compound 18 was 1.3min so
this product cannot be assigned to the sulfone. The
structure of compound 18 will be further discussed in
the paper in the mechanistic proposal. The m/z
296.0733 product with the addition of a sulfur atom
was assigned to compound 17 by the characteristic
fragmentation of an asymmetrical disulfide. It is worth

underlining that this is the major product of the tripep-
tide transformation.

The high resolution MS/MS spectra of the products
with lower molecular weight compared to the starting
material are shown in Figure 10. These products are
assigned to compounds where the Met residue has lost
the CH3S moiety. The compound with mass m/z
218.1128 was assigned to the conversion of Met residue
into a-aminobutyric acid (compound 16) that is formed
only in the absence of oxygen (cf. Figure 7). The other
three compounds were identified by their high-reso-
lution MS/MS fragment ions as compounds 19, 20, and
21, for which the mechanistic steps of their formation
will be further discussed.

Electrochemical oxidation of Gly-Met-Gly

Electrochemical oxidation of peptides readily occurs at
tyrosine (Tyr), tryptophan (Trp), and Met [49], while
hydroxyl-radical-mediated oxidations occur at phenyl-
alanine (Phe) [42], which has been used in protein and
peptide chemistry [50–52]. We have recently reported
that both direct oxidation and hydroxyl radical-medi-
ated oxidation of peptides can be achieved in thin-layer
(amperometric) flow cells with boron doped diamond
(BDD) electrodes [42]. The specific property of BDD to
generate HO� by oxidation of water (when used as a
working electrode at high potential) is favorable for
studying the oxidation of Gly-Met-Gly peptide and mim-
icking its radiolytically induced oxidation.

In this work, electrochemical direct oxidation and
HO�-induced oxidation of Gly-Met-Gly were studied by
using a linear potential sweep in an on-line EC-MS
experiment. The measured mass-voltammograms
allowed monitoring of specific oxidation and corre-
sponding products at different potentials. A decrease of
the Gly-Met-Gly signal (Figure 11) indicated the onset of
electrochemical oxidation at �800mV. Oxidation effi-
ciency increased further with increasing working elec-
trode potential, reaching an oxidation yield of >75% at
potentials higher than 1200mV, which was determined
from a decrease in Gly-Met-Gly signal intensity. Signal
intensity for the oxidation product (Gly-Met(O)-Gly)
reached a maximum at 1200mV, followed by a decrease
at higher potentials (Figure 11(B)) likely due to the for-
mation of Gly-Met(O2)-Gly). It is clearly shown that for-
mation of Gly-Met(O2)-Gly started from �1200mV and
increased until 2500mV, after which the signal intensity
slightly decreased to a stable range of the voltammo-
gram from 2500 to 3000mV (Figure 11(C)). We have
shown that generation of OH-radicals occurs at poten-
tials higher than 2000mV on BDD electrode in this cell,
using LFL oxidation as the readout [35]. The formation
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of Gly-Met(O2)-Gly occurred based on further oxidation
of Gly-Met(O)-Gly, indicated by the consuming of Gly-
Met(O)-Gly from 1200mV to 2500mV. Since the poten-
tial of 1200mV is much lower than the hydroxyl radical

generating potential and since more than 75% of sub-
strate has been converted at a potential of 1200mV,
the conversion of Gly-Met-Gly to Gly-Met(O)-Gly can be
attributed to H2O2 generation at the BDD electrode.

Figure 9. High-resolution MS/MS spectra of starting material 7 (m/z 264.1007) and of the products with higher molecular weight
15 (m/z 280.0959), 17 (m/z 296.0733), and 18 (m/z 296.0897) with proposed structures of the fragment ions.
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c-irradiation of Gly-Met-Gly in deoxygenated POPC
vesicles: the role of thiyl radicals

The biomimetic model of a cell membrane consisted of
1mM suspensions of 1-palmitoyl-2-oleoylphosphatidyl-
choline (POPC) liposomes in the form of large unilamel-
lar vesicles (LUVET) containing the cis monounsaturated
fatty acid residues, to which solutions of Gly-Met-Gly at

natural pH were added to reach a final concentration of
100lM. A set of four vials was prepared and the mix-
tures were saturated with N2O prior to c-irradiation
for 25, 50, 100, and 150Gy, respectively. Each vial was
irradiated at the specified dose followed by lipid isola-
tion and derivatization to the corresponding fatty
acid methyl esters, and the cis/trans lipid isomer

Figure 10. High-resolution MS/MS spectra of the products with lower molecular weight that the starting tripeptide: 19 (m/z
232.0923), 20 (m/z 234.0907), 21 (m/z 248.0871), and 16 (m/z 218.1128) with proposed structures of the fragment ions.
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ratio was determined by GC analyses. Control
experiments in the absence of Gly-Met-Gly showed
no detectable amounts of elaidate after exposure to
250Gy. In all experiments, the geometrical isomer-

ization of the unsaturated lipid chain of the POPC
vesicle occurred and the formation of elaidate (trans
isomer) increased as the dose increases (see Table
S10 in Supporting Information). Similar experiment
by adding 0.2 M tert-butanol in order to trap HO�

radicals showed very similar results.
After 25Gy a 31.5% of elaidate was formed,

reaching 82.4% after 150Gy, which is close to the
trans/cis ratio at thermodynamic equilibrium. Based
on previous investigations [23,31], these findings can
be explained by the occurrence of peptide desulfur-
ization processes, generating diffusible CH3S

� radicals
from Gly-Met-Gly, which are able to migrate from
the aqueous phase to the membrane bilayer, and
transform the double bond of the oleate moiety by
the catalytic addition-elimination mechanism shown
in Scheme 5.

Figure 11. On-line mass-voltammograms of Gly-Met-Gly elec-
trochemical oxidation. On-line mass-voltammograms of Gly-
Met-Gly (20lM in 89/10/1 (v/v/v) water/acetonitrile/formic
acid) were recorded by ramping the potential from 0 to
4000mV with a scan rate of 20mV/s. Traces were extracted
and plotted versus cell potential for A: Gly-Met-Gly, B: Gly-
Met(O)-Gly and C: Gly-Met(O2)-Gly.
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Overall mechanism proposal

Our analytical approach allowed us proposing the
mechanism of Gly-Met-Gly (7) transformation by radiol-
ysis based on product identification. First, using the par-
allel radiolytical and electrochemical oxidation
protocols we could unequivocally demonstrate that the
formation of the sulfoxide 15 is not due to direct
hydroxyl radical reactivity, but to the in situ generation
of hydrogen peroxide (Scheme 6). In fact, we recall that
15 was found also when the DBB potential was around
1200mV, that is lower than the HO� radical generating
potential.

From pulse radiolysis the most important reaction of
HO� radicals with 7 is the formation of adduct radical
10 (SOH), which undergoes a variety of transformation
(cf. Scheme S1). As far as the product identification
from the Met moiety is concerned, the most relevant
reactivities are: (i) the H-abstraction of the CH2-S moiety
to give the intermediate 11 (aS), (ii) the HO� radical
addition to give 10 (SOH) followed by HO– elimination
to give the sulfide radical cation 22 (Scheme 6). This lat-
ter intermediate can react with another molecule of tri-
peptide 7, to give the disulfide radical cation 12 (SS1).
We suggest that 12 fragments and affords the observed
disulfide 17, which is the main product, and the alkyl
radical 23. The primary alkyl radical 23 can react with
molecular oxygen giving the peroxyl radical 24 that
decay via the recombination process. The resulting tet-
roxide intermediate decay into products 19 and 20
(Scheme 6) [53].

The intermediate 11 can react with oxygen to give
the peroxyl radical 25. We suggest that it can be
reduced to peroxide (e.g. by the radical 8 which is a
good electron donor) and internally give sulfide oxida-
tion, then reducing it to alcohol 18. The product 21 can
derive from the peroxyl radical 25 and/or 24, e.g.
through an intramolecular H-transfer with a five-mem-
bered transition state, giving the alkyl radical 26, then
via internal homolytic substitution affording an alkoxy
radical that further eliminate MeS� and the
aldehyde 21.

Finally, only in the absence of oxygen, the H� atom
addition to the Met moiety and formation of a

sulfuranyl radical intermediate occurs also in this tripep-
tide substrate, as known already for the amino acid
Met, thus bringing to a-aminobutyric moiety 16
(Scheme 7) [23,31]. Furthermore, the sulfuranyl radical
can produce a diffusible MeS� radical that is known to
give other reactions, such as to migrate to the mem-
brane phospholipid bilayer and catalyze the cis to trans
double bond isomerization (see Scheme 5).

Conclusions

The present study offers a multi-methodological
approach to contribute to solve the most intriguing free
radical-based mechanisms involving Met. Generation of
radical species through parallel methodologies, such as
radiolysis and electrochemistry, provided strong evi-
dence that Met oxidation in the tripeptide derives from
the in situ formed hydrogen peroxide. It is relevant that
the main product of the tripeptide is an unsymmetrical
disulfide obtained by the dimerization of an intermedi-
ate sulfur radical cation. The use of aerobic conditions
highlighted the formation of other products derived
from peroxyl radicals of the tripeptide, as well as the
desulfurization with formation of diffusible thiyl
radicals.

This model study provides new hints in free
radical research applied to biomolecules and is expect
to inspire proteomic studies of oxidative protein
damage.
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