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A B S T R A C T   

Sulfite addition is a common tool for ensuring wines’ oxidative stability via the activity of its free and weakly 
bound molecular fraction. As a nucleophile, bisulfite forms covalent adducts with wine’s most relevant elec-
trophiles, such as carbonyls, polyphenols, and thiols. The equilibrium in these reactions is often represented as 
dissociation rather than formation. Recent studies from our laboratory demonstrate, first, the acetaldehyde 
sulfonate dissociation, and second, the chemical stability of cysteine and epicatechin sulfonates under wine aging 
conditions. Thus, the objective of this study was to monitor by 1H NMR the binding specificity of known 
carbonyl-derived SO2 binders (acetaldehyde and pyruvic acid) in the presence of S-containing compounds 
(cysteine and glutathione). We report that during simulated wine aging, the sulfur dioxide that is rapidly bound 
to carbonyl compounds will be released and will bind to cysteine and glutathione, demonstrating the long-term 
sulfur dioxide binding potential of S-containing compounds. These results are meant to serve as a complement to 
existing literature reviews focused on molecular markers related to wines’ oxidative stability and emphasize once 
more the importance of S-containing compounds in wine aging chemical mechanisms.   

1. Introduction 

The year 1487 marked a turning point in the history of winemaking. 
In that year, a Prussian royal decree officially permitted the use of the 
wine additive sulfur dioxide (or SO2) for the first time. To help preserve 
their wines during transport, Dutch and English wine traders regularly 
burned sulfur candles inside barrels before filling them. To this day, 
sulfites remain common preservatives used for antimicrobial and/or 
antioxidant (browning) stability in fruits, vegetables and processed 
foods (Friedman, 1996). Sulfur dioxide is commonly added as bisulfite 
(HSO3

− ) rather than its gaseous form and has been used for many pur-
poses in wine production. Firstly, it is an efficient antiseptic that pro-
vides protection against detrimental microorganisms, particularly 
bacteria (Bartowsky, 2009). SO2 also has high antioxidant activity as it 
inhibits or delays the deteriorating effects of oxidation (Wissemann & 
Lee, 1980). Up to 30 mg/L of SO2 can be frequently produced in the must 

as a natural product derived from yeast metabolism according to OIV 
(Stockley et al., 2021). 

Sulfur dioxide is present in wine in free and bound forms. The free 
and weakly bound SO2 are the active forms that provide antioxidant 
protection to the wine. At wine pH (between 3 and 4), HSO3

− is the 
predominant form, representing about 94–99% of the total free form, 
the rest being molecular SO2, since SO3

2− is usually negligible (Aberl & 
Coelhan, 2013; Goncalves et al., 2010). Bisulfite is a nucleophile and 
forms covalent adducts with electrophiles, such as carbonyls, ketoacids, 
sugars, quinones, indoles, anthocyanins and other compounds, forming 
sulfonated adducts (Arapitsas et al., 2018; Waterhouse et al., 2016). The 
equilibrium in these reactions is often represented as dissociation rather 
than formation. The dissociation constant (Kd) has been calculated 
mainly for carbonyl compounds (Burroughs & Sparks, 1973), phenolic 
compounds and sugars (Waterhouse et al., 2016) summarized in our 
recent publication (Tachtalidou et al., 2024). Based on the same study, 
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we have described the chemical mechanism of sulfonation of both free 
sulfur containing compounds (-SH) and flavan-3-ols under wine aging 
conditions (presence/absence of oxygen and Fe (II)). Under wine 
oxidation conditions, regardless dissolved oxygen and Fe (II) concen-
trations, thiols and flavan-3-ols form sulfones that are stable over time. 
Additionally, the quantitative data in young and aged bottled wines 
showed increasing concentrations in aged wines. This highlights the 
contribution of the as yet unexplored role of thiols and polyphenols on 
the stable bound fraction of SO2 and proves the necessity of reconsi-
dering the strength of the SO2-binders when they are in competition. 

Moreover, in recently published studies, non-targeted mass 
spectrometry-based metabolomic analyses provided evidence that white 
wine’s antioxidant metabolome is essentially composed of sulfur con-
taining compounds, principally peptides (36% CHONS and 20% CHOS) 
and amino acids (Karbowiak et al., 2019; Nikolantonaki et al., 2018; 
Romanet et al., 2021; Roullier-Gall et al., 2019). The addition of sulfites 
during the pre-fermentative steps of winemaking impacts the chemical 
diversity of amino acids, carbohydrates and phenolics (Roullier-Gall 
et al., 2017), while indole and polyphenol sulfonated products were 
reported as molecular markers related to aged wines (Arapitsas et al., 
2014; Arapitsas et al., 2018). Recently, Nikolantonaki et al. (2022) after 
combining FTICR-MS based metabolomics and sensory analysis of a 
vertical series of white wines, evidenced that in their majority S- con-
taining molecular features possessing between 4 and 12 O atoms 
appeared to be related to stable aged wines indicating the importance of 
sulfonation reaction instead of dimerization reactions on wines’ oxida-
tive stability during aging. In the same study, molecular networking 
suggested that sulfonation of peptides, aldehydes and polyphenols could 
be a fundamental reaction related to white wines’ oxidative stability. 

In order to gain control over the wine oxidation mechanisms, it is 
clear that a solid fundamental understanding of SO2 reactivity with key 
wine relevant compounds is needed, as SO2 is an important additive in 
winemaking. Deciphering its reactivity with other wine components is 
crucial for the fine-tuning of SO2 addition with respect to what is 
actually needed for a given wine. Thus, the next step to unravel the 
complicated mechanisms involved in sulfonation reactions of thiols 
would be the monitoring of the competition between thiols and car-
bonyls for the available SO2 during aging. In the present study, 1D and 
2D NMR spectroscopy was used for the identification and character-
ization of targeted carbonyls (acetaldehyde and pyruvic acid) and thiols 
(cysteine and glutathione) sulfonation products under wine acidic con-
ditions. 1H NMR was further used to profile the competitive kinetics of 
carbonyl and thiol sulfonation reactions in controlled (low and high) 
oxygenation levels and molecular ratios in order to simulate barrel and 
bottle aging conditions. 

2. Materials and methods 

2.1. Chemicals 

Ultrapure water (18.2 MΩ) was obtained from Millipore (Germany). 
Acetaldehyde, pyruvic acid, glutathione, L-cysteine, ethanol (>99.8% 
MS grade), tartaric acid and trimethylsilylpropionic acid sodium salt 
(TSP) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium 
hydroxide was purchased from ChemLab and D2O from Euriso-top 
(Saarbrücken, Germany). Sodium metabisulfite (Na2S2O5) was pur-
chased from Merck (Darmstadt, Germany) and dissolved directly in 
model wine solutions to obtain the desired SO2 concentrations (referred 
to as commercial SO2). Ethanol (MS grade > 99.8%) and formic acid 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium 
formate was purchased from Sigma Aldrich, while methanol (MS grade) 
and acetonitrile (MS grade) were purchased from Biosolve Chimie 
(Dieuze, France). 

2.2. Synthesis of cysteine and glutathione sulfonates for NMR 
characterization (exp.1) 

Glutathione or cysteine (70 mM each) was dissolved into a sodium 
bisulfite model wine solution (12% v/v ethanol, 5 g/L tartaric acid, pH 
3.5 adjusted by drops of NaOH at room temperature) in a 1/5 M ratio 
and stirred for 5 min at room temperature. The sample preparation 
occurred under aerobic conditions and the reaction was monitored for 6 
weeks by 1H NMR spectroscopy. 

2.3. Kinetic study of commercial sulfur dioxide reaction with carbonyls 
and thiols in mixture (exp.2) 

In a model wine solution (12% v/v ethanol, 5 g/L tartaric acid, pH 
3.5) with SO2 (Na2S2O5), 10 mM of each of the following compounds, 
acetaldehyde, pyruvic acid, cysteine and glutathione, were mixed in 3 
different binder/SO2 molar ratios in order to simulate the enological 
conditions related to barrel aging (1/4), bottle aging at one year (1/1) 
and late bottle aging (2/1). Thus, the concentrations of HSO3

− in the 
three ratios were 160 mM, 40 mM and 20 mM respectively. During the 
sample preparation for the first two conditions, the model wine solutions 
were purged with air, while the third one (late bottle aging) was pre-
pared under anaerobic conditions in the presence of nitrogen flow 
(bubbling). All 20 mL amber vials were full without any headspace and 
were immediately sealed. Reactions took place in duplicate at room 
temperature (298 K). 

2.4. LC-QToF-MS characterization of reaction products (for exp.1) 

For LC-QToF-MS analyses, the synthesized sulfonated adducts in 
model wine (5 μL) were injected onto an Acquity BEH C18 column (1.7 
μm, 100 × 2.1 mm, Waters, Guyancourt, France). A standard reverse- 
phase linear gradient with acidified water with 5% of acetonitrile 
(0.1% v/v of formic acid) and acidified acetonitrile (0.1% v/v of formic 
acid) was run over 15 min at a flow rate of 400 μL/min, and the eluent 
was monitored for negative ions by a MaXis plus MQ ESI-Q-TOF mass 
spectrometer (Bruker, Bremen, Germany). Source parameters were 2 bar 
nebulizer pressure, 10 L/min dry gas flow at 200 ◦C, 4500 V capillary 
voltage and 500 V end plate off set. Before batch analysis, the mass 
spectrometer was calibrated using sodium formate in enhanced 
quadratic mode. The mass range was between 100 and 600 m/z in 
negative and positive ionization mode. Quality controls were analyzed 
before and throughout each batch, to verify the stability of the LC-MS 
system. All samples were analyzed randomly. The instrument control 
and the analysis of the data were performed by the “Data Analysis” 
software. 

2.5. Acquisition of NMR spectra and apparatus 

For exp.1, NMR analyses were performed on a Bruker 500 MHz 
spectrometer at constant temperature 298 K. Samples were mixed with 
100 μL of D2O that contained 0.1% of TSP. TSP was used as an internal 
standard for quantification. 1H NMR spectra were obtained by using 
WET multiple solvent suppression experiment for simultaneous sup-
pression of water and ethanol proton peaks. 2D NMR spectra were 
performed for the identification of free and bound cysteine and gluta-
thione. The 2D acquisition parameters for the COSY experiment were as 
follows: The standard cosygpprqf Bruker pulse sequence was used, with 
a spectral width of 6009.615 Hz (F2) and 6001.588 Hz (F1), the 
acquisition time was 0.17 s, 48 scans and 16 dummy scans. Acquisition 
parameters for the 1H − 13C HSQC experiment were as follows: The 
hsqcedetgpsisp2.3 Bruker pulse sequence, which also incorporates DEPT 
editing of the signals based on carbon multiplicity (methine, methylene, 
methyl) was used, with a spectral width of 6009.615 Hz in the F2 
dimension and 25,153.443 Hz in the F1 dimension. The acquisition time 
was 0.17 s, 64 scans and 16 dummy scans. Acquisition parameters for 
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the 1H − 13C HMBC experiment were as follows: The hmbcgplpndqf 
Bruker pulse sequence was used, with a spectral width 6493.506 Hz in 
the F2 dimension and 30,196.844 Hz in the F1 dimension. Acquisition 
time was 0.15 s, and 72 scans with 16 dummy scans were acquired. All 
NMR data were processed using Topspin 3.5 NMR (Bruker) software. 

For exp.2, NMR analysis was performed on a Bruker 600 MHz 
spectrometer using a cryoprobe at 298 K. Samples were mixed with 100 
μL of D2O that contained 0.1% of TSP. 1H NMR spectra were obtained by 
using WET multiple solvent suppression experiment for simultaneous 
suppression of water and ethanol proton peaks. Acquisition time was 
2.72 s, number of scans 32 and dummy scans 16. All NMR data were 
processed using Topspin 4.0.6 NMR (Bruker) software. 

2.6. NMR and MS description of studied compounds 

NMR and MS assignments of acetaldehyde and pyruvic sulfonates 
were based on published data.(Nikolantonaki et al., 2015) Assignments 
of free and sulfur bound cysteine and glutathione as well as the reaction 
products identified in the mixture, pyroglutamic acid and cys-
teinylglycine sulfonate, are reported as follows: 

Cysteine (8): 1H NMR (500 MHz, H2O + D2O) δ 3.02 (1H, dd), 3.10 
(1H, dd), 3.97 (1H, dd). 13C NMR (125 MHz, H2O + D2O) δ 27.79 (C1), 
58.88 (C2), 173.07 (C3). ESI-MS (m/z) [M - H]+, calc. For C3H7O2SN 
122.0270; measured, 122.0268; retention time: 0.63 min. 

Cysteine sulfonate (9): 1H NMR (500 MHz, H2O + D2O) δ 3.49 (1H, 
H1a*, dd), 3.66 (1H, H1b*, dd), 4.18 (1H, H2*, dd). 13C NMR (125 MHz, 
H2O + D2O) δ 35.54 (C1*), 55.05 (C2*), 172.42 (C3*). ESI-MS (m/z) [M 
- H]− , calc. For C3H7O5S2N, 199.9692; measured, 199.9706; retention 
time: 0.67 min. 

Glutathione (10): 1H NMR (500 MHz, H2O + D2O) δ 2.16 (2H, H6*, 
m), 2.55 (2H, H5*, m), 2.94 (2H, H4*, dd), 3.80 (1H, H2*, m), 3.94 (2H, 
H3*, dd), 4.50 (1H, H1*, dd). 13C NMR (125 MHz, H2O + D2O) δ 29.06 

(C6*), 34.05 (C5*), 28.32 (C4*), 57.17 (C2*), 46.35 (C3*), 58.55 (C1*), 
179.10 (Cx*), 174.51 (Cy*), 177.72 (Cf*), 176.83 (Cz*). ESI-MS (m/z) 
[M - H]− , calc. For C10H17O6SN3, 306.0765; measured, 306.0765; 
retention time: 0.74 min. 

Glutathione sulfonate (11): 1H NMR (500 MHz, H2O + D2O) δ 2.18 
(2H, H6*, m), 2.54 (2H, H5*, m), 3.40 (1H, H4a*, dd), 3.56 (1H, H4b*, 
dd), 3.84 (1H, H2*, m), 3.95 (2H, H3*, dd), 4.80 (1H, H1*, dd). 13C NMR 
(125 MHz, H2O + D2O) δ 26.64 (C6*), 31.81 (C5*), 36.17 (C4*), 54.44 
(C2*), 42.48 (C3*), 53.75 (C1*), 174.34 (Cx*), 172.66 (Cy*), 174.98 
(Cf*), 174.08 (Cz*). ESI-MS (m/z) [M - H]− , calc. For C10H17O9S2N3, 
386.0333; measured, 386.0331; retention time: 0.65 min. 

Pyroglutamic acid (12): 1H NMR (500 MHz, H2O + D2O) δ 2.14 (1H, 
H6a’, m), 2.54 (1H, H6b’, m), 2.41 (2H, H5’, m), 4.30 (1H, H2’, m). 13C 
NMR (125 MHz, H2O + D2O) δ 25.98 (C6’), 30.05 (C5’), 57.57 (C2’), 
182.04 (Cf’), 169.14 (Cz’). ESI-MS (m/z) [M - H]− , calc. For C5H7O3N, 
128.0353; measured, 128.0350; retention time, 0.75 min. 

Cysteinylglycine sulfonate (13): 1H NMR (500 MHz, H2O + D2O) δ 
3.55 (1H, H4a’, dd), 3.65 (1H, H4b’, dd), 3.95 (2H, H3’, dd), 4.50 (1H, 
H1’, dd). 13C NMR (125 MHz, H2O + D2O) δ 35.88 (C4’), 42.48 (C3’), 
53.13 (C1’), 172.33 (Cx’), 168.41 (Cy’). ESI-MS (m/z) [M - H]− , calc. for 
C5H10O6S2N2, 256.9907; measured, 256.9921; retention time: 0.68 min. 

3. Results and discussion 

3.1. Identification and quantification of thiol sulfonation reaction 
products in comparison with known carbonyl sulfonates 

1D and 2D NMR spectroscopy were used for the identification and 
quantification of free and bound forms of tested compounds, as proposed 
by Nikolantonaki et al. (2015). NMR spectroscopy allows the direct 
online monitoring of sulfonation reactions equilibria without dilution or 
artifacts related to any pH modifications. Two carbonyl compounds 

Fig. 1. Structures of identified free and sulfonated acetaldehyde (A); pyruvic acid (B); cysteine (C) and, glutathione (D) derived compounds in model wine (12% v/v 
ethanol, 5 g/L tartaric acid, pH 3.5) at room temperature. Acetaldehyde (1), hydrated acetaldehyde (2), acetaldehyde ethyl hemiacetal (3), acetaldehyde sulfonate 
(4), pyruvic acid (5), hydrated pyruvic acid (6), pyruvic sulfonate (7), cysteine (8), cysteine sulfonate (9), glutathione (10), glutathione sulfonate (11), pyroglutamic 
acid (12), cysteinylglycine sulfonate (13). 
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(acetaldehyde and pyruvic acid) and two sulfur containing compounds 
(cysteine and glutathione) were tested separately in model wine solution 
for their binding potential at different molecular ratios of available SO2 
and oxygen. Glutathione and cysteine sulfonates gave a yield of 82% and 
36%, respectively, at 6 weeks. In accordance with literature, the yields 
of acetaldehyde and pyruvic acid sulfonates were 100% after a few 
minutes when SO2 was in excess (Deshmukh et al., 2009). The chemical 
structures of the identified compounds and their assignments are pre-
sented in Fig. 1 and Table 1, respectively. 2D NMR spectra used for the 
assignment of cysteine and glutathione sulfonates are presented in 
Supplementary Information (Figs. S1-S8). In the case of glutathione sul-
fonate 2D COSY, HSQC and HMBC experiments revealed the presence of 

additional peaks attributed to pyroglutamic acid and cysteinylglycine 
sulfonate (Supplementary Information Fig. S5). This indicates that the 
scission of glutathione sulfonate can occur under wine acidic conditions 
at room temperature in a few weeks. It should be noted that the mech-
anism of the non-enzymatic self-degradation of glutathione has been 
already reported at a pH range 6.2–7.4 (Zecchini et al., 2019). In that 
respect, cysteinylglycine sulfonate can be considered as a by-product of 
glutathione sulfonate and explain its fate during wine aging. 

Fig. 2 shows the 1H NMR spectrum and the quantification assign-
ments of all tested free and bound compounds in the mixture of model 
wine at room temperature after one month of reaction (binder/SO2: 1/ 
4). When SO2 is added in the model wine solution in the presence of 
carbonyls and thiols, it is expected that acetaldehyde (Kd = 1.5 × 10− 6) 
and pyruvic acid (Kd = 1.55 × 10− 4) will be the first compounds to bind 
with it. After the addition of SO2, the doublet of the –CH3 (2.23 ppm) 
group of free acetaldehyde is protected and shifted to a higher field 
region at 1.46 ppm. In the same way, when pyruvic acid is dissolved in 
model wine, the hydrated form is initially produced (6). After the 
addition of SO2, the singlet of the –CH3 (2.44 ppm) group of pyruvic acid 
is also protected and shifted to a higher field region at 1.67 ppm. On the 
other hand, the sulfonation reactions of thiols are slow and incomplete, 
thus both free and bound forms of cysteine and glutathione are present 
during the first weeks of reaction. Free cysteine contributes two doublet 
of doublets (dd) peaks at 3.02 and 3.10 ppm originating from the pro-
tons of the CH2 group and a dd at 3.97 ppm from the methine proton. Its 
sulfonated adduct appears with two doublets of the doublets, one at 3.49 
and the other at 4.18 ppm. In fact, 2D NMR (Figs. S1-S4 Supplementary 
Information) experiments showed that the -CH2 group of cysteine sul-
fonate forms two different dd peaks because the magnetic environment 
of each proton is different. Thus, the chemical shift for one proton of the 
-CH2 group appears at 3.49 ppm and the other at 3.66 ppm. More spe-
cifically, in COSY 2D NMR experiment (Fig. S2), a correlation crosspeak 
between a proton (dd) at 3.49 ppm and a proton at 3.66 ppm is observed 
(this proton is not visible in the 1D proton spectrum as it is hidden under 
the ethanol peak). Also, these two protons are correlated to a dd at 4.18 
ppm, leading to the conclusion that H1a and H1b can be assigned to the 
two protons of the CH2 group of cysteine sulfonate, while H2 is assigned 
to the proton of the CH group of the same compound. In the HSQC 
spectrum (Fig. S3) we observe a correlation peak between proton H1a* 
at 3.49 ppm and its attached carbon C1, at 35.55 ppm, a spectral region 
characteristic of carbons that are chemically bound to sulfur. Addi-
tionally, it is observed that proton H2* at 4.18 ppm is correlated with a 
carbon at 55.01 ppm, a spectral region characteristic of C–N carbons 
bound to a nitrogen. So, we conclude that cysteine sulfonation takes 
place at the –SH side and not at the –NH2 unit. The HMBC spectrum 
(Fig. S4) showed that all these three protons (H1a*, H1b* and H2*) have 
a long-range H–C correlation with the carboxyl carbon C3, verifying 
that sulfonation does not occur at the –COOH group. This character-
ization is consistent with the known literature (Zecchini et al., 2019). 

Glutathione is a tripeptide composed of glutamate, cysteine and 
glycine. The identification of glutathione sulfonate was achieved by 2D 
NMR experiments (Figs. S6-S8). In the COSY spectrum (Fig. S6) the 
correlation between the protons H5*-H6*, H2*-H6*, 2 H4* and H4*-H1* 
is observed. The HSQC spectrum (Fig. S7) also presented the correlation 
between a proton and its carbon, but to confirm the recommended 
structure, HMBC 2D experiment was necessary (Fig. S8). In HMBC, the 
correlation between proton H3* and the carboxyl carbon (Cx*), proton 
H2* and the carbonyl carbon (Cz*) and proton H5* and the carbonyl 
carbon (Cf*) are observed. Thus, we can clearly confirm the chemical 
structure of glutathione sulfonate, which similar to cysteine, results from 
the reaction with sulfites at the sulfhydryl group, forming an S–S bond. 

In Fig. S5 (Supplementary Information), there are additional peaks 
(marked with apostrophes as H́ and Ć in Figs. S5-S8) coming from 
pyroglutamic acid and cysteinylglycine sulfonate, compounds that are 
produced from the dissociation of glutathione sulfonate. In the COSY 
spectrum (Fig. S6), we observed the correlation between the two H4́

Table 1 
NMR assignments of identified free and sulfonated acetaldehyde; pyruvic acid; 
cysteine and, glutathione derived compounds in model wine (12% v/v ethanol, 
5 g/L tartaric acid, pH 3.5) at room temperature. The peaks used for the quan-
tification of the sulfonated adducts are presented in italics.  

Compound 1H (ppm) 13C (ppm) Assignment 

Acetaldehyde (1) 9.66 207.2† -CHO 
2.23 30.8† -CH3 

Acetaldehyde hydrated (2) 5.23 88.8† -CH 
1.35 23.8† -CH3 

Acetaldehyde Ethyl Hemiacetal (3) 4.94 94.69† -CH 
3.77 63.3† -CH2 (Ha) 
3.51 63.3† -CH2 (Hb) 
1.17 14.87† -CH3 

1.30 22.6† -CH3 

Acetaldehyde sulfonate (4) 4.54 81.0† -CH 
1.46 17.6† -CH3 

Pyruvic acid (5) 2.44 26.6† -CH3 

Pyruvic acid hydrated (6) 1.57 25.8† -CH3 

Pyruvic sulfonate (7) 1.67 21.3 -CH3 

Cysteine (8) 3.02 27.8¥ -CH2 (H1a) 
3.10 27.8¥ -CH2 (H1b) 
3.97 56.4¥ -CH (H2) 
– 173.1¥ -COOH (C3) 

Cysteine sulfonate (9) 3.49 35.5 -CH2 (H1a*) 
3.66 35.5 -CH2 (H1b*) 
4.18 54.9 -CH (H2*) 
– 172.4 -COOH (3*) 

Glutathione (10) 2.16 29.1 -CH2 (H6) 
2.55 34.1 -CH2 (H5) 
2.94 28.3 -CH2 (H4) 
3.80 57.2 -CH (H2) 
3.94 46.4 -CH2 (H3) 
4.50 58.6 -CH (H1) 
– 179.1 -COOH (Cx) 
– 174.5 -CO (Cy) 
– 177.7 -CO (Cf) 
– 176.8 -COOH (z) 

Glutathione sulfonate (11) 2.18 26.6 -CH2 (H6*) 
2.54 31.8 -CH2 (H5*) 
3.40 36.2 -CH2 (H4*a) 
3.56 36.2 -CH2 (H4*b) 
3.84 54.4 -CH (H2*) 
3.95 42.5 -CH2 (H3*) 
4.80 53.8 -CH (H1*) 
– 174.3 -COOH (Cx*) 
– 172.7 -CO (Cy*) 
– 175.0 -CO (Cf*) 
– 174.1 -COOH (Cz) 

Pyroglutamic acid (12) 4.30 57.57 -CH (H2́) 
2.41 30.1 -CH2 (H5́) 
2.14 / 2.54 26.0 -CH2 (H6́) 
– 182.0 -CO (Cf́) 
– 169.1 -COOH (Cź) 

Cysteinylglycine sulfonate (13) 4.50 53.1 -CH (H1́) 
3.95 42.5 -CH2 (H3́) 
3.55 / 3.65 35.9 -CH2 (H4́) 
– 172.3 -COOH (Cx́) 
– 168.4 -CO (Cý)  

† (Nikolantonaki et al., 2015). 
¥ https://hmdb.ca/metabolites/HMDB0000574 
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protons and their correlation with H1́, as well as a correlation between 
H5́ and the two H6́ that appear at 2.15 ppm and 2.54 ppm respectively, 
due to stereochemical reasons. HSQC (Fig. S7) showed the correlation 
between the protons of pyroglutamic acid, and their carbon and this 
assignment was consistent with the assignment given by databases and 
studies (http://www.hmdb.ca/, 2024; Koda et al., 2012). In the 2D 
HSQC experiment we also observed signals originating from proto-
n‑carbon pairs of the sulfonated dipeptide cysteinylglycine sulfonate 
(13). Their assignment was consistent with the respective assignment of 
glutathione sulfonate, with only small deviations in chemical shift. In 
the HMBC spectrum (Fig. S8), the correlation between proton H2́ and 
the carboxyl carbon (Cź) and proton H5́ and the carboxyl carbon (Cf́) for 
glutathione is depicted. Moreover, the correlations between proton H1́
and the carbonyl carbon (Cý) as well as proton H3́ and the carboxyl 
carbon (Cx́), were observed. It should also be noted that under our 
experimental conditions no trace of oxidized glutathione, GSSG, was 
detected in the NMR spectra of sulfonated GSH, and this was verified by 
comparison with reported literature data for GSSG (data not provided) 
(Kontogianni et al., 2017; Sharma et al., 2013). 

For the quantification of compounds of interest in the NMR spectra, 
peaks in spectral regions clear of overlap were selected. These peaks are 
as follows: 1.46 ppm for acetaldehyde sulfonate, 1.67 ppm for pyruvic 
sulfonate and 4.18 ppm for cysteine sulfonate. However, the peaks of 
glutathione sulfonate were overlapped by other peaks, therefore, it was 
only possible to calculate the concentration of cysteinylglycine sulfo-
nate. Although its peaks were also overlapped, the peak of pyroglutamic 
acid at 2.41 ppm could be used for the quantification of cysteinylglycine 
sulfonate since the two compounds were produced in equimolar 
amounts by the scission of sulfonated glutathione. 

The characterization of the reaction products of the mixture was 
further confirmed after LC-QToF-MS analysis. The chromatogram of the 

reaction mixture containing glutathione and SO2 exhibited peaks cor-
responding to a majority of two sulfonated adducts (adducts 11 and 13), 
both having a precurcor ion (glutathione) with molecular mass of m/z =
306.0765 ([M - H]− ). These sulfonate mono-adducts had retention times 
of 0.65 and 0.68 min, respectively. Additionally, the formation of 
pyroglutamic acid was also confirmed after the identification of a peak 
at 0.75 min presenting a molecular mass of m/z = 128.0350 ([M - H]− ). 

3.2. Kinetics of SO2 binding of carbonyls and thiols under simulated 
barrel and bottle aging conditions 

Based on the assignment of free and bound forms of the reaction 
mixture, the kinetic study of SO2 binding was monitored under varying 
conditions of SO2 and dissolved oxygen concentrations (Fig. 3). Ac-
cording to the literature, dissolved oxygen as well as total SO2 levels 
decrease during bottle aging in a 2/1 ratio (SO2/O2) (Danilewicz & 
Standing, 2018; Ugliano, 2013). In this study, the binders/SO2 ratios 1/4 
and 1/1 with dissolved oxygen at saturation, were used as experimental 
parameters to simulate barrel aging and bottle aging (at the very 
beginning) conditions, respectively. On the other hand, the binders/SO2 
ratio 2/1 under anaerobic conditions (dissolved O2 < 1 μg/L) was used 
to simulate late bottle aging conditions (> 2 years). 

In our previous work, the impact of oxidation catalysts such as O2 
and iron II on the mechanism of sulfonation reaction of thiols has been 
addressed (Tachtalidou et al., 2024). This study clearly demonstrated 
that, under wine oxidation conditions, sulfonation products of thiols are 
formed. The derived sulfones are chemically stable (non-reversible), and 
their formation was promoted by the presence of iron and oxygen. 
Recent studies have also focused on how the formation and breakdown 
of polysulfanes from thiols are catalyzed by copper, with the involve-
ment of SO2 (Kreitman et al., 2017). However, in the current study, our 

Fig. 2. 1H NMR spectrum of free and SO2 bound forms of 1, 5, 8 and 10 in mixture. Cysteinylglycine sulfonate was quantified indirectly by the peak of pyroglutamic 
acid. Acetaldehyde sulfonate (4), pyruvic sulfonate (7), cysteine (8), cysteine sulfonate (9), glutathione (10), glutathione sulfonate (11), pyroglutamic acid (12), 
cysteinylglycine sulfonate (13). 
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approach was to simplify the model solutions by examining the avail-
ability of oxygen and SO2 without adding further reactions that occur 
simultaneously under real wine conditions. 

The results presented in Fig. 3 show the potential of the binders to 
react with SO2 in the presence of other compounds under different SO2 
and O2 conditions. More specifically, it is shown that in all ratios, at t0, 
only the formations of acetaldehyde and pyruvic sulfonate have 
occurred, an observation which is expected given that the equilibrium 
constants of these two compounds are 1.5 × 10− 6 and 1.55 × 10− 4, 
respectively (Waterhouse et al., 2016). Although it was expected that 
the sulfonation reactions of acetaldehyde and pyruvic acid would be 
complete, the yields were between 40 and 85%. This could be explained 
by the interactions that occurred between binders. More specifically, 

except of the reaction of acetaldehyde with glutathione, which is already 
known from the literature (Peterson & Waterhouse, 2016), acetaldehyde 
also reacts with cysteine forming 2-methylthiazolidine-4-carboxylic acid 
(Yamashita et al., 2010). Based on this, pyruvic acid could also possibly 
react with cysteine. Indeed, it has been already demonstrated that the 
concentration of pyruvic acid decreases in the presence of cysteine (Yoo 
et al., 2011) and it is well known that these two compounds react 
(Friedmann & Girsavicius, 1936), although the molecular formula of 
their reaction product has not been reported yet. In the present study, we 
observed and identified in the NMR spectra, minor products that could 
be due to the pyruvic acid/cysteine reaction, but their stereochemical 
configuration is still under investigation. 

Continuing with the kinetics of the mixture after one month, the 
equilibrium has changed. Sulfonation of cysteine and glutathione has 
started under all experimental conditions. The yield of sulfonated ad-
ducts of acetaldehyde and pyruvic acid remain stable (error bars are 
significantly low) when SO2 is in excess (Fig. 3A), while pyruvic sulfo-
nate degraded when SO2 was in a lower molecular ratio under both 
aerobic (Fig. 3B) and anaerobic (Fig. 3C) conditions. At month 4, the 
concentration of cysteine and glutathione sulfonated products increased 
in all modalities, while the dissociation of pyruvic sulfonate has started 
(Fig. 3B and C). Most interestingly, even if acetaldehyde sulfonate re-
mains stable under aerobic conditions and high SO2 concentration 
(Fig. 3A and B), it was observed that under anaerobic conditions 
(Fig. 3C) it degrades. This result indicates that there should be free SO2 
released from the carbonyls at month 4. In this experiment, the initial 
added ratio of binders/HSO3

− was 2/1, meaning that insufficient amount 
of SO2 was added for all available binders. Thus, if at t0 the carbonyls 
(fast binding potential) have bound the majority of the available SO2, at 
month 4, only the SO2 released from the carbonyls should be available 
for binding. In that respect we conclude that at the late stages of bottle 
aging (Fig. 3C), SO2 bound to carbonyls can be released and in turn 
bound to thiols, forming a strong and stable disulfide bond. These results 
are in accordance with previous published data indicating the possible 
dissociation of acetaldehyde sulfonate under wine oxidation conditions 
as well as the formation and stability of S-sulfonates under in absence of 
oxygen (Tachtalidou et al., 2022; Tachtalidou et al., 2024). 

4. Conclusions 

The sulfonation reactions of thiols and carbonyls were monitored 
under simulated barrel aging, bottle aging at the very beginning, and 
longer-term bottle aging conditions, by direct 1H NMR spectroscopy. 
This study reports that during simulated wine aging, sulfur dioxide first 
bound to carbonyls is released and bind to cysteine and glutathione. This 
result demonstrates the long-term sulfur dioxide binding potential of S- 
containing compounds. This work supports the reconsideration of the 
categorization of SO2 binders into strong and weak, since despite sulfur- 
containing compounds reacting slowly with sulfur dioxide, once they 
bind, the resulting disulfide bond is strong and the adducts remain stable 
over time. 
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