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ABSTRACT: Riboflavin (RF) is a well-known photosensitizer, responsible for the
light-induced oxidation of methionine (Met) leading to the spoilage of wine. An NMR
approach was used to investigate the role of gallic acid (GA) and sulfur dioxide (SO2) in
the RF-mediated photo-oxidation of Met. Water solutions of RF and Met, with and
without GA or SO2, were exposed to visible light for increasing time in both air and
nitrogen atmospheres. Upon light exposure, a new signal appeared at 2.64 ppm that was
assigned to the S(O)CH3 moiety of methionine sulfoxide. Its formation rate was lower
in a nitrogen atmosphere and even lower in the presence of GA, supporting the ability
of this compound in quenching the singlet oxygen. In contrast, SO2 caused relevant
oxidation of Met, moderately observed even in the dark, making Met less available in
donating electrons to RF. The competition of GA versus Met photo-oxidation was
revealed, indicating effectiveness of this antioxidant against the light-dependent spoilage
of wine. A pro-oxidant effect of SO2 toward Met was found as a possible consequence of
radical pathways involving oxygen.

1. INTRODUCTION
Light can be detrimental to the chemical and sensory
characteristics of many foods and beverages. A light-induced
defect called sunlight flavor or light-struck taste (LST) is
known in wine,1 beer,2 and milk.3,4 In wine, the photo-
degradative phenomena involve riboflavin (RF) and hit
methionine (Met) with the consequent formation of sulfur-
containing compounds, namely methanethiol and dimethyl
disulfide.5,6 The presence of RF in wine is mostly due to yeast
metabolism and its concentration can exceed 150 μg/L
depending on the yeast strain.7 Like other amino acids, free
Met is present in wine (average concentration 3�4 mg/L8,9)
and it can also derive from the yeast metabolism and lysis.7
LST occurs most frequently in white wine bottled in clear glass
and it can cause relevant economic losses and product waste.10

When wine is exposed to light, especially at wavelengths
ranging from 370 to 450 nm, RF is promoted from the ground
state (S0) to the reactive singlet state (S1) that can further
reach the triplet state (T1) through an intersystem crossing,
while generating singlet oxygen from molecular oxygen
(pathway Type II).9,11 Singlet oxygen is a highly reactive
electrophile able to react with amines, sulfides, and alkenes.12

Riboflavin in the T1 state can be reduced through the reaction
with electron-donor compounds, such as Met, thus returning
to a low energy state (pathway Type I).9,13�15 As a
consequence, Met is oxidized to methional after the loss of
two atoms of hydrogen. Methional is also unstable and
sensitive to light and, through a retro Michael reaction,
degrades to methanethiol. Eventually, two molecules of the
latter yield dimethyl disulfide (Figure S1).16 Both Type I and

II pathways may enhance oxidation through both the
formation of reactive radical species and the production of
singlet oxygen. The prevalence of one over the other depends
on the concentration of oxygen and the type and concentration
of electron-donors.17

Recently, Fracassetti and co-authors15 demonstrated the
effectiveness of hydrolysable tannins, namely, gallotannins
from nut gall and ellagitannin from oak and chestnut, against
the formation of volatile sulfur compounds causing the light-
induced fault. In these conditions, the sensory perception of
LST was also avoided in model wine solution. The positive
effect was comparable to that achieved by the addition of sulfur
dioxide (SO2), the most common additive used in winemaking.
To explain the protective effect of the hydrolysable tannins, the
authors suggested the ability of these compounds to quench
the singlet oxygen originating from pathway Type II.
Moreover, it was proposed that the limited degradation of
Met in presence of tannins might be due to their competition
with Met in pathway Type I.

This study aimed to better clarify the role of tannins in the
photo-oxidative reactions involving Met and RF. In particular,
the possible singlet oxygen scavenging activity of gallic acid
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(GA), as a constitutive unit of hydrolysable tannins, and its
competition with Met were evaluated in an aqueous solution
containing RF and Met. Moreover, the role of SO2 was
evaluated in dedicated experiments. In this study, an approach
based on a nuclear magnetic resonance (NMR) technique was
adopted. The NMR technique is a powerful tool to elucidate
specific reaction mechanisms and highlight related chemical
changes. Moreover, in the last few years, NMR methods have
been increasingly applied for the analysis of complex matrices,
such as liquid foods including fruit juices, beer, and wine, due
to improvements in high-throughput automations, NMR
sensitivity, and solvent-suppression routines.18�21 These
aspects make NMR a versatile technique suitable for
monitoring alcoholic fermentation as well.22 To the best of
our knowledge, this is the first study applying an NMR
approach for the evaluation of the light-dependent reaction
mechanisms occurring between RF and Met in the presence of
GA and SO2 in an aqueous environment.

2. RESULTS AND DISCUSSION
The light-dependent reactions between RF and Met, also in
presence of GA and SO2, were followed in aqueous solutions at
pH 3.0 ± 0.1, which were carefully adjusted in order to
minimize the effect of pH on the reaction rate and chemical
shifts.24 Different conditions in terms of the presence of

oxygen were also considered, indicated throughout the
manuscript as “air condition” and “nitrogen condition”. In
the latter, oxygen was removed from the solutions by extensive
sparkling with nitrogen.

The laboratory-made illuminating apparatus allowed to
reproduce the photodegradation reactions under standardized
conditions with negligible variations of temperature (±2 °C),15

while running the experiments within the NMR tubes was the
innovative approach that we adopted to monitor the trend of
the reactions due to the possibility to perform spectra
measurements immediately and with high throughput.

2.1. Kinetic Analysis of Relevant Chemical Reactions.
The scheme reported in Figure 1 shows the relevant light-
dependent chemical reactions that Met may undergo in all our
experimental conditions. This kinetic scheme is general, as it
takes into account conditions like presence of GA and SO2 as
well as air and nitrogen conditions. For the sake of discussion,
we use the term “SO2” with a broad meaning, as generally
accepted in oenology, as it considers the complex equilibria
occurring in water solution among the metabilsulfite ion
(S2O5

�, the chemical species actually used in this study), sulfi�te
ion (HSO3

�, the ion actually present in water solution at acidic
pH), and SO2 itself. This scheme reflects what is known in the
literature about the photodynamic activity of RF.9,13,15 Other
side reactions, such as oxidation of GA25,26 and production of

Figure 1. Photocatalytic cycle for the riboflavin-mediated oxidation of methionine in the presence of gallic acid and sulfur dioxide through Type I
and Type II mechanisms.

Table 1. Rate Constant Values (k) and Reaction Rate Values for Methionine Sulfoxide Formationa

antioxidant (mM)
air/nitrogen
condition

[O2]
(mM)

k0
(mM�1 s�1)

k1 × 103

(mM�1 s�1)
k2[antiox]

(mM�1 s�1)
k3

(mM�2 s�1)
reaction rate × 103*

(mM s�1)

no antioxidant air 0.26 0.20 0.28 nd nd 0.17 ± 0.02
gallic acid (2 mM) air 0.26 0.20 0.28 0.12 nd 0.030 ± 0.003
sulfur dioxide (2 mM) air 0.26 0.20 0.28 0.034 0.015 3.18 ± 0.64
sulfur dioxide (2 mM) + sodium azide

(20 mM)
air 0.28 0.20 0.28 0.14 0.0075 2.41 ± 0.26

sulfur dioxide (1 mM) air 0.26 0.20 0.28 0.017 0.015 1.47 ± 0.16
no antioxidant nitrogen 0.13 0.20 0.28 nd nd 0.071 ± 0.010
gallic acid (2 mM) nitrogen nd nd nd nd nd < 0.005
sulfur dioxide (2 mM) nitrogen 0.03 0.20 0.28 0.034 0.015 0.19 ± 0.01
aIn all reported experimental conditions, the light exposure was carried out with one fluorescent lamp up to 600 s. *: reaction rate was measured
from d[Met-SO]/dt at t = 0. Estimated standard error for k values is ±10%. Legend: nd, not determined.
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volatile sulfur compounds,15,16 might also occur but have not
been represented here.

From the scheme in Figure 1, the following chemical
reactions were considered, leading to the minimum set of
kinetic differential equations able to describe the experimental
data (equations 12�16). In this way, we have been able to
discriminate between the experimental formation rates of Met
sulfoxide, also reported in Table 1, and the corresponding
kinetic constants, as their values are independent on the
addition of antioxidants, singlet oxygen quenchers, or oxygen
depletion:
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Reaction 1 describes the production of singlet oxygen by
1RF after light exposure, assuming that intersystem crossing is
the rate-determining step (Type II mechanism). Singlet oxygen
is going to oxidize Met to produce Met sulfoxide through a
multistep mechanism. This reaction is governed by k1 (reaction
2). In the presence of an antioxidant and/or singlet oxygen
quencher, such as GA or sodium azide, respectively, singlet
oxygen converts back to molecular oxygen (k2 rate constant,
reaction 3).

Besides reaction 1�4, additional mechanisms can occur due
to the addition of SO2. The chemistry of the most used
additive in winemaking is quite complex, and it has been
studied in the past years.27�29 The presence of SO2 can
introduce additional oxidative pathways to the Type I
mechanism (Figure 1). Met might act as electron donor to
the excited RF triplet state, thus generating a Met radical
cation and a RF radical anion,30 which further interacts with
molecular oxygen producing superoxide radical (reaction 6). In

the presence of HSO3
�, generated by the hydrolysis equilibria

of metabisulfite (reaction 7), superoxide ion is able to react
with the sulfite ion generating HSO3 and OH· radical species
(reaction 8).31 This introduces further radical chain reactions
that increase the rate in Met sulfoxide release, collectively
described by the k4 kinetic constant (reaction 4).32 As long as
oxygen is present in the solution, the radical chain reaction is
sustained by superoxide production (reaction 10). Eventually,

the chain reaction is terminated by a reaction between two
radical species, mainly OH·, HSO3, and Met·+ (reaction 9 and
11), ultimately producing additional Met sulfoxide and SO3.
The overall reaction is actually given by reaction 4.

2.2. Assay with Gallic Acid. Gallic acid is the constitutive
unit of gall nut tannins,33,34 which have already shown a
protective effect against the appearance of LST.15 The light-
dependent reactions involving RF and Met in the presence of
GA were first monitored by irradiating the solutions in glass
vials. Initial concentrations of the investigated compounds
(RF, Met, GA) much higher than in real oenological
conditions15 were chosen in order to have detectable NMR
signals in a short time span during the kinetic experiments and
to unambiguously highlight the involved reactions. A new
signal was revealed at 2.64 ppm in the NMR spectra obtained
for lightened samples, either in the absence (Figure 2B) and in

the presence (Figure 2C) of GA. This signal, labeled as 3 in
Figure 2, was assigned to the S(O)CH3 group of Met sulfoxide.
The same signal, although with a much lower intensity (<1% of
the main Met signal), could also be found in samples kept in
the dark (Figure 2A), but it might be due to some unavoidable
oxidation of Met during the sample preparation. After
prolonged light exposure in the absence of GA, other
resonances could be detected in the same spectral region
(Figure 2B). The photoinduced oxidation of Met in presence
of a photosensitizer compound, namely RF, could give origin
to numerous compounds, with Met sulfoxide described as the
major one produced in air conditions.35 The detected
additional resonances might therefore originate by subsequent
oxidative degradation of Met and/or Met sulfoxide. The actual
chemical structure was not determined, but we could exclude
the formation of methionine sulfone, methional, by means of
spiking experiments (data not shown), or methanethiol, as the
measured chemical shifts did not match with literature data. As
shown later, these resonances did not appear when milder light
conditions were applied (one fluorescent lamp, shorter
exposure times).

A possible Met oxidation by other reagents, in particular,
nitric acid, was excluded since neither a variation of Met signals
nor extra resonances were detected in samples prepared with
or without RF (data not shown).

The experimental evidence for the formation of Met
sulfoxide derived not only from the resonance at δ 2.6 ppm

Figure 2. 1H-NMR spectra (600 MHz) for 2 mM methionine (H2O/
D2O 9:1 (v/v), pH 3.0 ± 0.1) exposed to light in the NMR tube in
the presence of 0.2 mM riboflavin and 2 mM gallic acid (three
fluorescent lamps) in an air condition. (A) control sample (dark
condition); (B) after 15 min of light exposure; (C) after 15 min of
light exposure with 2 mM gallic acid. Assignments are as follows: 1,
methionine γ-CH2; 2, riboflavin 6-CH3 (low field) and 7-CH3 (high
field); 3, methionine sulfoxide S(O)CH3.
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but also from the characteristic multiplet resonating at δ 2.85�
3.05 ppm assigned to the γ-CH2 moiety of Met sulfoxide
(Figure S2). It should be noted that the sulfoxide group is
actually a stereogenic center and thus may exist in two forms
with opposite configurations (R/S). As Met itself has a
stereogenic center at Cα (S configuration), Met sulfoxide might
be produced in solution as a diastereomeric mixture (SR and
SS configurations). The observed pattern of the γ-CH2
multiplet corresponds to the overlap of two separate γ-CH2
spin systems and, indeed, it is identical to the pattern described
for a 1:1 mixture of the two diastereoisomers.36 The
assignment was finally confirmed by the addition of the
standard compound. During light exposure, the relative
intensities of the γ-CH2 multiplets did not significantly change
and were identical to those measured in the commercial
compound. This indicates that both diastereoisomers increased
at the same time, providing further evidence for the non-
stereospecific formation of Met sulfoxide.37

The reaction rate constant of Met sulfoxide formation was
preliminary determined by the initial curve slope (d[Met-
S(O)CH3]/dt)t = 0. In air conditions, the reaction rate was 28.4
× 10�3 mM s�1 but was two-fold lower (12.54 × 10�3 mM s�1)
in the presence of GA (Figure S3). We have related these
results to the known ability of GA, actually observed for other
phenolics, to act as a singlet oxygen quencher.25,26

Further experiments were carried out under milder
conditions by changing the light exposure (one lamp, shorter
irradiation time, up to 10 min). Most decisively, by directly
exposing to light the solutions within the NMR tube, we were
able to accurately monitor the Met-RF photo-oxidation
reactions by acquiring NMR spectra every 30 s of light
irradiation. Figure 3 shows the comparison of the NMR spectra

obtained for samples after 120 s light exposure under air
conditions in the absence (Figure 3B) and in the presence
(Figure 3C) of GA. Even in such less severe lighting
conditions, the signal corresponding to Met sulfoxide is clearly
evident in the absence of GA, whereas it was negligible in the
presence of GA. It is worth noting that the small signal
appearing at 2.65 ppm in Figure 33A and C is actually due to
the partial overlap with the C13 satellite signal of Met γ-CH2
(1JCH = 139 Hz).

The overall oxidation of Met was indirectly evaluated by
repeating the experiment in nitrogen conditions (Figure 4). In

such conditions, the signal of Met-S(O)CH3 was detected in
the experiment performed in the absence of GA (Figure 4B),
whereas in the presence of GA, it resulted almost undetectable
even after 10 min of light exposure (Figure 4C). We noticed
that in the absence of GA after 420 s of light exposure, the
signals of RF disappeared (Figure 4B). On the contrary, RF
resonances were found even after 10 min of light exposure in
the presence of GA (Figure 4C). Similar observation occurred
for the aromatic RF signals at δ 7.89 ppm and δ 7.86 (data not
shown). This is consistent with the suggested ability of GA to
quench not only singlet oxygen but also the RF triplet state
(T3).

2 The loss of RF signals is related to a change in the
electronic state of RF as discussed as follows (see Section 2.3).

Figure 5A reports the kinetics of Met sulfoxide formation
during the above described experiments. The experimental
data were fitted by directly solving the differential equations
related to the reactions described in Section 2.1 (equations
12�16; see also Section 4.5). As no decrease of both GA and
RF (ground state) was found during light exposure at least up
to 240 s, their concentrations were kept fix to the initial
conditions during the numerical simulation. We did not
consider the time course of Met as its decrease was negligible.
Actually, the detected amount of Met sulfoxide was about 2.5%
of Met.

In the absence of GA, the formation of Met sulfoxide was
two times higher in air conditions than in nitrogen conditions
(d[Met-S(O)CH3]/dt = 0.17 × 10�3 mM s�1 vs 0.071 × 10�3

mM s�1) (Table 1, Figure 5A). In the presence of GA, the
reaction rate of Met sulfoxide formation resulted in a six-fold
decrease (d[Met-S(O)CH3]/dt = 0.030 × 10�3 mM s�1 vs
0.17 × 10�3 mM s�1) (Table 1, Figure 5A) in air conditions,
while under nitrogen, the absence of oxygen obviously
depressed the rate of formation to an undetectable level
(estimate: <0.005 × 10�3 mM s�1, Table 1).

2.3. Assay with Sulfur Dioxide. The photo-oxidative
reactions between RF and Met in presence of SO2 were
measured by direct light exposure of solutions in the NMR
tubes in both air and nitrogen conditions. As for the GA trials,
concentrations were higher than those usually found in wine in
order to follow the reactions by NMR easily and rapidly.

Figure 3. 1H-NMR spectra (600 MHz) for 2 mM methionine (H2O/
D2O 9:1 (v/v), pH 3.0 ± 0.1) exposed to light in the NMR tube in
the presence of 0.2 mM riboflavin and 2 mM gallic acid (one
fluorescent lamp) in an air condition. (A) control sample (dark
condition); (B) after 120 s; (C) after 120 s of light exposure with 2
mM gallic acid. Assignments are as follows: 1, methionine γ-CH2; 2
riboflavin 6- CH3 (low field) and 7-CH3 (high field); 3, methionine
sulfoxide S(O)CH3. *: C13 satellites of Met γ-CH2.

Figure 4. 1H-NMR spectra (600 MHz) for 2 mM methionine (H2O/
D2O 9:1 (v/v), pH 3.0 ± 0.1) exposed to light in the NMR tube in
the presence of 0.2 mM riboflavin and 2 mM gallic acid (one
fluorescent lamp) in a nitrogen condition. (A) control sample (dark
condition); (B) after 420 s of light exposure; (C) after 600 s of light
exposure with 2 mM gallic acid. Assignments are as follows: 1,
methionine γ-CH2; 2, riboflavin 6-CH3 (low field) and 7-CH3 (high
field); 3, methionine sulfoxide S(O)CH3. *: C13 satellites of Met γ-
CH2.
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Surprisingly, in both cases, addition of metabisulfite caused a
relevant formation of Met sulfoxide even after 60 s of light
exposure (Figure 5B and Figure 6). Presence of this oxidative

product was negligible in solutions kept in the dark (with or
without SO2). We hypothesized that Met sulfoxide could arise
from aerobic oxidation of bisulfite, leading to several radical
species. These last might also be present in the dark;32 for this
reason, we measured the concentration of Met-S(O)CH3 in a
solution of Met with metabisulfite that was kept in the dark
(see Section 4.3.2). After 3 h, Met sulfoxide was 0.05 mM, a

concentration by far negligible when compared to that
obtained after 60 s under light exposure (0.31 mM). Under
this condition, Met sulfoxide formation was faster in the
presence than in the absence of SO2, (e.g., d[Met-S(O)CH3]/
dt = 3.18 × 10�3 mM s�1 vs 0.17 × 10�3 mM s�1, in air
condition, Table 1) irrespective of whether in air or nitrogen
conditions. Consistently, Met oxidation rate depends on the
concentration of SO2. When the amount of SO2 was halved (1
mM vs 2 mM), the oxidation rate proportionately decreased
(d[Met-S(O)CH3]/dt = 1.47 × 10�3 mM s�1 vs 3.18 × 10�3

mM s�1) (Table 1, Figure 5B). This finding gave evidence that
the rate of Met sulfoxide formation is first order with respect to
SO2.

The experimental data were used to directly solving the
differential equations related to the reactions described in
Section 2.1 (equations 12�16; see also Section 4.5). As
described in the previous paragraph, RF concentration was
kept constant during the numerical simulation (see below).
The action of SO2 is governed by the k3 constant (equation
15) the value of which is 50-fold higher than Met oxidation by
singlet oxygen (k3 = 15 × 10�3 mM�2 s�1 vs k1 = 0.28 × 10�3

mM�1 s�1) (Table 1, Figure 5B). This indicates that upon light
exposure in our experimental conditions, SO2 has a relevant
pro-oxidant behavior toward Met sulfoxide formation rather
than behaving as an antioxidant. Oxygen is the ultimate
oxidant reagent in all conditions, but SO2 promotes Met
sulfoxide formation by introducing an alternative radical
pathway.31,32 Radicals HSO3

·, OH·, and O2
·� were the

dominant species that cause Met oxidation (see reactions 8
and 9).

In both air and nitrogen conditions, the two RF methyl
signals resonating at δ 2.38�2.5 ppm experienced a severe line
broadening and a remarkable decrease in intensity after 240 s
of light exposure (Figure 6B). The same effect was observed in
the absence of SO2, although after longer exposure (Figure
6A). This should not be interpreted as oxidative bleaching,
responsible for irreversible destruction of RF, but rather as the
accumulation of the 2RF·� radical anion produced from the RF
excited triplet state during the Type I mechanism.9 The

Figure 5. Time course of methionine sulfoxide formation during light exposure (one fluorescent lamp) for a 2 mM methionine (Met) solution
(H2O/D2O 9:1 (v/v), pH 3.0 ± 0.1) in the presence of 0.2 mM riboflavin under the following conditions: (A) air condition in the absence (circle
open) and presence (box) of 2 mM gallic acid (GA); nitrogen condition in the absence of GA (box solid). (B) air condition in the presence of 1
mM (circle open) and 0.5 mM (box solid) Na2S2O5; air condition in the presence of 1 mM Na2S2O5 and 20 mM sodium azide (*); nitrogen
conditions in the presence of 1 mM Na2S2O5 (box). Data are the average of experiments performed in triplicate. Standard deviations are reported
as error bars. Lines represent the numerical simulations based on equations 12�16 using the kinetic constants reported in Table 1.

Figure 6. 1H-NMR spectra (600 MHz) for 2 mM methionine (H2O/
D2O 9:1 (v/v), pH 3.0 ± 0.1) exposed to light in the NMR tube in
the presence of 0.2 mM riboflavin and 1 mM Na2S2O5 (one
fluorescent lamp). (A) Without Na2S2O5; (B) with 1 mM Na2S2O5.
Irradiation times are reported on top of spectra. Assignments are as
follows: 1, methionine γ-CH2; 2, riboflavin 6-CH3 (low field) and 7-
CH3 (high field); 3, methionine sulfoxide S(O)CH3.
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unpaired electron exerts a strong influence on NMR resonance
transverse relaxation rates of neighbor protons (1/T2). This
leads to detectable line broadening by chemical exchange with
the flavin radical and eventually to complete signal
disappearance (see Figure 7B and Figure 2 in reference 38).

Such flavin radical rapidly accumulates soon after the
consumption of molecular oxygen during Met oxidation,
which occurs more rapidly in the presence of SO2. A direct
proof of the reversible formation of RF radical anions was
given by detecting the restoration of RF signals and the 30%
increase in Met sulfoxide concentration after bubbling air
directly into the NMR solution for two min (Figure 7C).

As depicted in Figure 1, both Type I and Type II
mechanisms might co-exist in the presence of SO2. In order
to evaluate the role played by singlet oxygen (Type I
mechanism) in Met oxidation in comparison with the above
described radical pathway, further experiments were devised in
the presence of sodium azide. Figure 8A shows the NMR
spectrum obtained in the presence of SO2 in nitrogen
conditions at 240 s of light exposure. As previously discussed,
a little formation of Met sulfoxide was observed due to the
limited amount of oxygen leading to the accumulation of an
RF radical intermediate. As a consequence, the signals assigned
to RF were not detected. In the presence of oxygen (Figure
8B), we observed the formation of Met sulfoxide, leading to a

complete consumption of molecular oxygen. As a consequence,
the accumulation of the RF radical intermediate occurred and,
like in nitrogen conditions, the signals assigned to RF were not
detected. The addition of sodium azide had only a little effect
on preventing Met oxidation with about a 25% decrease in the
oxidation rate (Table 1). However, in this case, the
characteristic NMR signals of RF were preserved (Figure
8C), suggesting that the RF radical ion did not accumulate.
Sodium azide is a well-known singlet oxygen quencher,39,40 but
the little difference between the formation rates might suggest
that only a small fraction of the overall Met oxidation relates to
Type I mechanism with a major role played by the SO2-
catalyzed radical pathway. In addition, it has been suggested a
possible role of sodium azide in quenching the RF triplet
state.41,42 This is consistent with our findings that the RF
signals were still detected even after 600 s of light exposure in
presence of sodium azide (Figure 8C).

3. CONCLUSIONS
The photo-oxidation reactions involving RF and Met brought
to formation of Met sulfoxide, which allows pointing out
specific behaviors for both GA and SO2. The first compound
acts as a very effective photoprotector inhibiting the increase of
Met sulfoxide in both air and nitrogen conditions. On the
contrary, SO2 behaves as pro-oxidant under light conditions,
promoting a fast and quantitative oxidation of Met to Met
sulfoxide mainly through radical pathways using the dissolved
molecular oxygen. The oxidation of Met, however, ends up
once the molecular oxygen is completely consumed.

In this work, a model system was conceived where Met was
the only electron donor. Both GA and SO2 were added at
levels higher than those usually found in wine and this has to
be considered in terms of their effect against the photo-
oxidative reactions. However, we believe that the mechanisms
outlined here are still valid in a real oenological condition. A
lower amount of Met sulfoxide could be expected to form in
bottled wine also depending on dissolved oxygen at bottling.
However, the radical species originated as a consequence of the
light exposure can oxidize other wine components, such as
aromatic compounds and amino acids other than Met.

NMR was found to be a suitable technique, with reference to
Met sulfoxide, to investigate the photoinduced oxidation
mechanisms occurring between RF and Met. The NMR
approach allows elucidating such reactions in an aqueous
environment in a short time.

Figure 7. 1H-NMR spectra (600 MHz) for 2 mM methionine (H2O/
D2O 9:1 (v/v), pH 3.0 ± 0.1) exposed to light in the NMR tube in
the presence of 0.2 mM riboflavin and 1 mM Na2S2O5 (one
fluorescent lamp). (A) control sample (dark condition); (B) after
light exposure under air conditions for 600 s; (C) after 600 s under
light (air condition) and subsequent air bubbling for 2 min in the
dark. Assignments are as follows: 1, methionine γ-CH2; 2, riboflavin 6-
CH3 (low field) and 7-CH3 (high field); 3, methionine sulfoxide
S(O)CH3; 4, 1,4-dioxane; 5, methionine α-H; 6, methionine SCH3; 7,
methionine β-CH2; 8, methionine sulfoxide β-CH2; 9, methionine
sulfoxide γ-CH2 [δ 2.88 ppm (S,R); δ 2.93 ppm and δ 2.83 ppm
(S,S)].

Figure 8. 1H-NMR spectra (600 MHz) for 2 mM methionine (H2O/
D2O 9:1 (v/v), pH 3.0 ± 0.1) exposed to light in the NMR tube for
240 s in the presence of 0.2 mM riboflavin and 1 mM Na2S2O5 (one
fluorescent lamp). (A) Without sodium azide in nitrogen conditions;
(B) without sodium azide in air conditions; (C) with 20 mM sodium
azide in air conditions. Assignments are as follows: 1, methionine γ-
CH2; 2, riboflavin 6-CH3 (low field) and 7-CH3 (high field); 3,
methionine sulfoxide S(O)CH3.
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From an oenological perspective, the addition of phenolics
can exert a protective effect against the photo-oxidative
reactions representing an appropriate tool to avoid the light-
dependent spoilage of wine. Further researches will be carried
out in order to understand the effectiveness of phenolics at a
wine concentration level as well as their effect on wine
composition and occurrence of LST depending on wine
storage conditions.

4. EXPERIMENTAL SECTION
4.1. Chemicals and Reagents. Riboflavin (RF), L-

methionine (Met), methionine sulfoxide (Met sulfoxide),
methionine sulfone, methional, nitric acid, sodium 4,4-
dimethyl-2-silapentane-1-sulfonate (DSS), deuterium oxide
(99.8% isotopic purity), and 5 mm O.D. NMR tubes (Wilmad
535-PP type) were purchased from Sigma-Aldrich (Milan,
Italy). Gallic acid (GA) was purchased from Carlo Erba
(Rodano, Milan, Italy) and sodium metabisulfite from Baker
(Deventer, Holland). All solutions were prepared using water
purified through a Milli-Q system (Millipore Filter Corp.,
Bedford, MA, USA).

4.2. Conditions of Light Exposure. The light treatment
was carried out using a laboratory-made apparatus previously
described15 and consisting of three fluorescence light bulbs
placed 40 cm from each other. The glass vials (10 mL)
containing the sample were positioned in order to be fully
illuminated. The compact fluorescent light bulbs (Philips)
emitted cold light (6500 K) with a luminous flux of 3172
Lumen with high emission in the absorption wavelengths of
riboflavin (370 and 440 nm). The apparatus was kept in a dark
room with air conditioning set at 20 ± 2 °C. The temperature
was monitored in the middle of the apparatus using a
thermometer dipped in a vial containing water.

A lamp of the same type was mainly used for the light
exposure of the samples into the NMR tube. The tube was
filled with the sample and placed in front of the lamp at the
distance of about 30 cm.

The samples were maintained at 20 ± 2 °C and protected
from light before and after the controlled light exposure.

4.3. Experimental Plan. Experiments carried out under
both air and nitrogen atmospheres were designed with the
purpose of evaluating the ability of GA to (i) scavenging the
singlet oxygen and (ii) competing with Met in donating
electrons to RF. A separate set of experiments was designed to
evaluate the effect of SO2 on RF and Met photo-oxidation
under both air and nitrogen atmospheres.

4.3.1. Assays with Gallic Acid. In a preliminary assay, a
water solution containing RF (0.2 mM; 75.3 mg/L) and Met
(2 mM; 298.4 mg/L) in the absence and in the presence of GA
(2 mM; 340.2 mg/L) and adjusted at pH 3 ± 0.1 with 0.01 N
nitric acid was exposed to light up to 120 min in 10 mL clear
glass vials closed with a screw cap (Fisher Scientific, Rodano,
MI, Italy). The solution was poured into six vials, five of which
were exposed to light, and one was maintained at dark. The
light exposure lasted 120 min in total, and every 15 min, one
vial was collected, the solution was transferred in a NMR tube
protected from light, and the NMR spectrum immediately
registered (Table S1). Both the signal found at 2.64 ppm
assigned to the S(O)CH3 moiety and the characteristic
multiplet at 2.85�3.05 ppm assigned to the γ-CH2 moiety
pointed to the identification of Met sulfoxide (Figure S2).
Compound identity was confirmed through the addition of
pure Met-sulfoxide (50 μL of a 10 mM solution) into the

NMR tube. In order to identify the other resonances not
ascribable to Met sulfoxide, the addition into separate NMR
tubes of 50 μL of standard 10 mM methionine sulfone and
methional were carried out. The above described solutions
were used for further experiments directly carried out into the
NMR tube (550 μL). The tube was filled with the solution,
exposed to up to eight lighting cycles (10 min each), as
detailed in Table S1, and then the NMR spectrum was
immediately recorded. Additional experiments (referred to as
“nitrogen conditions” throughout the text) were carried out
after removal of oxygen from the stock solutions by nitrogen
bubbling for 15 min and introducing the solutions under
nitrogen into the NMR tube followed by nitrogen sparging of
headspace for 5 min. Further details of the experiments are
reported in Table S1. In order to exclude Met oxidation not
directly linked to light exposure, a 2 mM water solution of Met
with and without addition of RF (0.2 mM) and adjusted at pH
3.0 ± 0.1 by addition of nitric acid 0.01 N was kept under dark
conditions and analyzed by NMR every 15 min up to 3 h.

4.3.2. Assays with Sulfur Dioxide. A water solution (550
μL) containing RF (0.2 mM; 75.3 mg/L), Met (2 mM; 298.4
mg/L), and 1 mM sodium metabisulfite equivalent to 2 mM
SO2 (128 mg/L) was adjusted at pH 3.0 ± 0.1 with 0.01 N
nitric acid, poured into the NMR tube and exposed up to 10
lighting cycles for a total of 10 min under light. Both air and
nitrogen conditions were tested (see Section 4.3.1). The NMR
spectra were acquired immediately after light exposure.
Moreover, after 10 min (600 s) of light exposure, air was
bubbled directly into the NMR tube protected from light for 2
min and NMR spectra were registered. As a control, the same
solution was kept in the dark and NMR spectra were registered
every 15 min up to 3 h.

In order to evidence the impact of SO2 concentration on the
Met sulfoxide formation rate, further experiments were carried
out under air conditions in presence of 1 mM SO2 equivalent
(0.5 mM sodium metabisulfite), RF (0.2 mM), and Met (2
mM) at a pH value adjusted to 3.0 ± 0.1 with nitric acid 0.01
N.

To clarify the role of singlet oxygen in Met oxidation in the
presence of SO2, an experiment was repeated by adding
sodium azide (20 mM) under air conditions (see Table S2).

4.4. NMR Analysis. The 1H-NMR spectra were recorded
on a Bruker AV600 spectrometer (Bruker Spectrospin AG,
Rheinstetten, Germany), operating at 600.1 MHz for the 1H
nucleus and equipped with a standard triple-resonance probe
with z-axis gradients and temperature control unit. 1H-
chemical shifts (δ) were measured in ppm, used as a reference
external DSS set at 0.00 ppm. All NMR samples were prepared
in 550 μL H2O:D2O (9:1, v/v). Water signal suppression was
achieved by excitation sculpting with gradients.23 Other
relevant acquisition parameters were: time-domain, 16 K;
number of scans, 196; relaxation delay, 4 s; total acquisition
time, 13 min. All NMR experiments were performed in
triplicate, except for that in glass vials, on solutions prepared
from daily-made stock solutions that had undergone the
relevant treatment. NMR acquisition was carried out at 25 ± 1
°C.

4.5. Data Treatment. Raw NMR data were Fourier
transformed after 0.3 Hz exponential multiplication and
baseline correction. Spectra were processed using Bruker
software TOPSPIN v.1.3.

For each NMR experiment, all concentrations were
measured upon integration and referred on the response of
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1,4-dioxane 0.09 mM (δ 3.58 ppm) added as internal standard.
The quantification of Met sulfoxide (S(O)CH3, δ 2.64 ppm)
took into account the partial overlap of C13 satellites of Met (δ
2.64 ppm and 2.44 ppm). The intensity of C13 satellite defined
the limit of detection (LOD) of Met sulfoxide as 3.37 μM
(0.55%). Apparent kinetic rate constants (k) were determined
by solving with numerical methods the following general
kinetic differential equations (see Section 2.1). As Type I and
Type II reaction cycles depicted in Figure 1 are rather complex
to be completely described by formal differential equations, we
tried to limit the number of kinetic parameters to a minimum
and devise a minimum number of rate-determining steps that
are able to numerically describe the experimental data:
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where k0 � k3 have the following meaning:
k0 (mM�1 s�1): photodynamic singlet oxygen production by

RF;
k1 (mM�1 s�1): Met sulfoxide production by singlet oxygen

(Type II mechanism);
k2 (mM�1 s�1): singlet oxygen quenching by antioxidant or

sodium azide;
k3 (mM�2 s�1): Met sulfoxide production by radicals

originated from molecular oxygen and sulfite ion (superoxide
radical-mediated Type I mechanism).

“[antiox]” indicates the molar concentration of GA, sodium
azide, or SO2 according to the actual experimental conditions
reported in Table 1.

Calculations were performed with the aid of wxMaxima
(Maxima, a Computer Algebra System, version19.01.2x (2019)
http://wxmaxima.sourceforge.net/). Rate constant were opti-
mized using a “grid-search” least-squares fitting, using 5%
spacing for each parameter.

Initial conditions for the differential equations were defined
as the actual experimental concentrations of RF, Met, and all
relevant antioxidants. The initial concentration values of Met
sulfoxide were introduced as measured by NMR at t = 0. For
air conditions, the concentration of oxygen was assumed to be
equal to 0.26 mM. In nitrogen conditions, it varied between
0.03 and 0.12 mM, the actual value being optimized during
fitting as reported in Table 1.

The data are expressed as the concentration of Met sulfoxide
(mM) calculated from the integral of the methyl resonance
assigned to Met sulfoxide-S(O)CH3, using 1,4-dioxane as
internal reference. The reaction rate (mM s�1) was determined
as the concentration of Met sulfoxide as function of time
(d[Met-S(O)CH3]/dt).

Besides Met sulfoxide and IS, the signals followed through
the light exposure were those assigned to RF (δ 2.48 and 2.38
ppm for 6-CH3 (low field) and 7-CH3 (high field),
respectively; δ 7.89 and δ 7.86 ppm for 9-H and 6-H,

respectively), methionine γ-CH2 (δ 2.55 ppm), and GA (δ 7.05
ppm).
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