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Short communication 

Reaction of cysteine residues with oxidized tyrosine residues mediates 
cross-linking of photo-oxidized casein proteins 

Chiara Rossi, Eduardo Fuentes-Lemus *,1, Michael J. Davies *,1 

University of Copenhagen, Department of Biomedical Sciences, Copenhagen, Denmark   
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A B S T R A C T   

Photo-oxidation of casein proteins is commonplace during milk processing and storage. A major consequence of 
such light exposure is protein cross-linking and aggregation. Although caseins are key milk components, the 
nature of the cross-links and the mechanisms involved are poorly characterized, with most previous work having 
been focused on detecting and quantifying di-tyrosine formed on dimerization of two tyrosine-derived phenoxyl 
radicals. However, this is only one of a large number of possible cross-links that might be formed. In this study, 
we have investigated the potential involvement of secondary reactions between oxidized protein side-chains and 
the thiol group of cysteine (Cys) residues in casein cross-linking. Casein proteins were subjected to photo- 
oxidation using visible light in the presence of a sensitizer (riboflavin or rose Bengal) and O2, then incubated 
with a Cys-containing peptide (glutathione, GSH) or protein (κ-casein), and subsequently analyzed by SDS-PAGE, 
immunoblotting and LC-MS. Our data indicate that that photo-oxidized (but not parent) caseins react efficiently 
with the Cys-containing species, likely via Michael addition to quinones formed from tyrosine residues to give 
glutathionylated species or protein adducts. Thus, oxidized α-casein reacts with native κ-casein to give high 
molecular mass aggregates. This adduct formation was prevented by alkylation of the Cys thiol group. The cross- 
link site and the residues involved have been confirmed by liquid chromatography-mass spectrometry (LC-MS) 
proteomic analysis. Together, these data extend our knowledge of the mechanisms involved in casein oxidation 
and aggregation.   

1. Introduction 

Protein cross-linking is a major consequence of the exposure of milk 
proteins to light in presence of molecular oxygen (O2) and endogenous 
(e.g. riboflavin, vitamin B2, typically present in milk at ~ 5 μM) or 
exogenous photosensitizers (Dalsgaard et al., 2007, 2011; Fuentes- 
Lemus et al., 2018). This is partly explained by the structural proper-
ties and the high concentration of the proteins encountered in milk 
(~35 mg mL− 1) with caseins representing ~ 80% of these (Fuentes- 
Lemus et al., 2021; Huppertz et al., 2018). The abundance and structural 
features of these intrinsically disordered and amphiphilic proteins favor 
protein self-assembly, which is essential to form the micellar macro-
structures in milk that carry calcium phosphate and participate in the 
stabilization of the oil–water interface (Fox & Brodkorb, 2008; Huppertz 
et al., 2018). However, these same structural characteristics enhance the 
probability of forming intra- and inter-molecular bonds between caseins 
when these proteins are exposed to light, other oxidants (e.g. H2O2) used 

in equipment sterilization, and high thermal loads (e.g. pasteurization, 
spray drying) (Dalsgaard et al., 2011; Fuentes-Lemus et al., 2018; 
Fuentes-Lemus et al., 2021). 

Although photo-oxidation is known to induce protein cross-linking 
through different pathways (e.g. via recombination of two radicals, or 
via secondary reactions between oxygenated products and nucleophilic 
residues (Fuentes-Lemus & López-Alarcón, 2020; Pattison et al., 2011), 
most literature to date has focused on detecting and quantifying di- 
tyrosine (diTyr), formed as a result of the oxidation of two tyrosine 
(Tyr) residues, during casein oxidation (Chen et al., 2019; Fenaille et al., 
2006; Hellwig, 2019; Scheidegger et al., 2016). This is surprising as 
multiple different types of cross-links are generated as a result of protein 
oxidation (Hägglund et al., 2018). In the present work we have explored 
the potential role of reaction of thiol groups, present on Cys residues, in 
secondary reactions that result in casein cross-linking. To examine the 
occurrence of such reactions individual casein proteins were exposed to 
photo-oxidation in presence of Rose Bengal (RB) or riboflavin (RF) and 

* Corresponding authors. 
E-mail addresses: eduardo.lemus@sund.ku.dk (E. Fuentes-Lemus), davies@sund.ku.dk (M.J. Davies).   

1 Joint senior. 

Contents lists available at ScienceDirect 

Food Chemistry 

journal homepage: www.elsevier.com/locate/foodchem 

https://doi.org/10.1016/j.foodchem.2022.132667 
Received 1 November 2021; Received in revised form 6 March 2022; Accepted 7 March 2022   

mailto:eduardo.lemus@sund.ku.dk
mailto:davies@sund.ku.dk
www.sciencedirect.com/science/journal/03088146
https://www.elsevier.com/locate/foodchem
https://doi.org/10.1016/j.foodchem.2022.132667
https://doi.org/10.1016/j.foodchem.2022.132667
https://doi.org/10.1016/j.foodchem.2022.132667
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodchem.2022.132667&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Food Chemistry 385 (2022) 132667

2

O2, and subsequently incubated with the thiol-containing species 
glutathione (GSH) or κ-casein. Potential changes in molecular mass and 
cross-link formation were examined by electrophoresis, immunoblotting 
and liquid chromatography-mass spectrometry (LC-MS). 

2. Materials and methods 

2.1. Reagents 

αs-, β-, and κ-casein (>70%, 98%, and > 70% purity, respectively), 
glutathione (GSH), rose Bengal (RB), riboflavin (RF), Coomassie bril-
liant blue G, iodoacetamide, N-ethylmaleimide (NEM), tris-(2-carbox-
yethyl) phosphine hydrochloride (TCEP) were obtained from Sigma- 
Aldrich/Merck (Søborg, Denmark). Biotinylated GSH (bioGSH) was 
obtained from Thermo Fisher (Roskilde, Denmark). A polyclonal anti- 
κ-casein antibody was purchased from NordicBiosite (Copenhagen, 
Denmark), whilst the anti-αs1 casein polyclonal antibody and anti-αs2 
polyclonal casein antibodies were obtained from Bioss (Woburn, MA, 
USA). Anti-rabbit IgG HRP-linked antibody was obtained from Cell 
Signaling Technology (Danvers, MA, USA). All solutions were prepared 
using phosphate-buffer (200 mM, pH 6.8), unless otherwise specified. 
LC-MS grade solvents were obtained from VWR (Søborg, Denmark). 

2.2. Photo-oxidations 

Solutions containing αs- or β-casein (3 mg mL− 1), and RB (10 µM), or 
RF (10 µM), were illuminated with visible light for up to 30 min in 
phosphate buffer (200 mM, pH 6.8) using a Leica P150 slide projector 
emitting a continum spectrum of white light from a tungsten-filament 
light source for 30 min at 21 ◦C as previously described in (Jiang, Car-
roll, Rasmussen, et al., 2021) at a flux of 2 × 1016 photons s− 1. Control 
samples included casein solutions that were illuminated for 30 min in 
the absence of RB or RF, and samples that were incubated in the dark for 
30 min in the presence of RB or RF. No changes in the UV–visible 
spectrum of RB or RF were detected in the presence of the casein pro-
teins at the concentrations employed (data not shown), consistent with 
an absence of photosensitizer-protein complexes. 

2.3. Incubation of oxidized casein proteins with GSH, bioGSH and 
κ-casein 

Aliquots (50 μL) of control and photo-oxidized casein samples were 
incubated with 50 μL of phosphate buffer (200 mM, pH 6.8) or with 50 
μL of solutions containing GSH (20 mM), biotin-tagged GSH (bioGSH, 
200 μM) or κ-casein (3 mg mL− 1) in the dark for 60 or 90 min at 21 ◦C, 
unless otherwise stated. 

2.4. Electrophoresis and immunoblotting assays 

Control and oxidized protein samples were separated using sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Briefly, 
aliquots of control and oxidized samples (9 μg protein) were mixed with 
NuPAGETM LDS sample buffer, in the absence of any reducing agent 
before heating the samples at 60 ◦C for 10 min. The samples were then 
loaded onto NuPAGETM 4–12 % Bis-Tris gels and run using NuPAGETM 

MOPS or MES SDS running buffer. Electrophoresis was performed at 
160 V for 50 min. After this, gels were either stained with Coomassie 
blue, or transferred to a polyvinylidene (PVDF) membrane using an iBlot 
2 system (Thermo Fisher, 25 V, 6 min). PVDF membranes were blocked 
for 90 min with a solution containing 1% BSA and 0.05% N-ethyl-
maleimide (NEM) in 0.1% phosphate-buffered saline containing Tween- 
20 (PBST). Then these were incubated either with an anti-bioGSH 
detection system (streptavidin, 3 μL diluted in 10 mL PBST) for 90 
min at 21 ◦C, or overnight at 4 ◦C with a primary anti-casein antibody 
(anti-κ-casein antibody, diluted 1:1000 in PBST; anti-αs1 or anti-αs2 
antibody, diluted 1:500 in PBST). After incubation with the primary 
anti-casein antibodies, membranes were then washed and incubated 
with a secondary anti-rabbit IgG HRP-linked antibody diluted 1:4000 in 
PBST for 2 h at 21 ◦C. Finally, membranes were developed using ECL- 
Plus solution and chemiluminescence detected using a Sapphire Bio-
molecular Imager (Azure Biosystems, USA). To facilitate determination 
of the molecular masses of immunopositive bands, the imager was 
programmed to also detect the optical absorbance of the pre-stained 
molecular mass markers which were included in the first lane (left 
hand side) of the gels. The resulting optical and chemiluminescent im-
ages were automatically overlaid using the image capture software to 
give composite images. 

Fig. 1. Photo-oxidation of α-casein (3 mg mL− 1) result in the formation of products that react with GSH (10 mM) to give modified α-casein species. Panel A: 
Representative SDS-PAGE run under non-reducing conditions of α-casein illuminated with visible light in presence of RB (10 μM) in phosphate buffer (200 mM, pH 
6.8) for 0, 10, 20 or 30 min, and then subsequent reaction with GSH; Panel B: software analysis of lanes 5 (top) and 6 (bottom) from image depicted in Panel A. 
Images are representative of three independent experiments. 
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2.5. Mapping of sites of modification by LC-MS 

The formation of side-chain oxidation products and gluta-
thionylation of αs-casein was examined by LC-MS analysis of tryptic 
peptides as described previously with minor modifications (Fuentes- 
Lemus et al., 2021). Briefly, control and oxidized casein (20 μg) samples 
were dissolved in 20 μL 8 M urea, 50 mM Tris-HCl at pH 8.0, and 4 μL of 
iodoacetamide (500 mM). These samples were incubated for 60 min 
(21 ◦C) in the dark, before addition of 74 μL of 50 mM ammonium bi-
carbonate and 4 μL of trypsin (0.1 μg μL− 1) and incubation overnight at 
37 ◦C. The peptides were then subjected to StageTip solid-phase 
extraction before analysis on an Impact II ESI-QTOF (Bruker Daltonics, 
Bremen, Germany) mass spectrometer in the positive ion mode with a 
Captivespray ion source connected on-line to a Dionex Ultimate 3000 
chromatography system (Thermo Fisher Scientific) (Fuentes-Lemus 
et al., 2021). Data analysis was performed using MaxQuant (version 
1.6.1.4) with semi-specific tryptic constraints at a 1% peptide level false 
discovery rate. The variable modifications examined were: methionine 
(Met), m/z + 16 (sulfoxide), m/z + 32 (sulfone); tryptophan (Trp), m/z 
+ 4 (kynurenine, Kyn), m/z + 13.98 (carbonyl formation), m/z + 16 
(addition of a single oxygen atom, hydroxylation) and m/z + 32 (addi-
tion of 2 oxygen atoms, N-formylkynurenine, dihydroxylation or 
peroxide formation); Tyr, m/z + 13.98 (carbonyl formation, DOPA 
quinone), and m/z + 16 (hydroxylation to give DOPA); histidine (His), 
m/z + 16 (hydroxylation). In addition, glutathionylation (m/z +
306.08), and oxidation followed by glutathionylation (m/z + 321.06) of 
Trp and Tyr residues were included as potential modifications. 

2.6. Statistical analysis 

Each gel image or blot is representative of three independent ex-
periments carried out on different days. Quantitative data are presented 
as means ± SD from at least three independent replicates. Statistical 
analyses were carried out using the packages available in OriginPro 8.5, 
using one-way ANOVA with Tukey’s post-hoc test with p < 0.05 taken as 
statistically significant. 

3. Results and discussion 

In order to investigate the potential role of secondary reactions be-
tween thiol groups with photo-oxidized caseins, αs-casein samples (3 mg 
mL− 1) were subjected to illumination with visible light in the presence 
of 10 μM RB for different periods of time, and then incubated with GSH 
(10 mM, in 200 mM phosphate buffer, pH 6.8) for 60 min. As depicted in 

Fig. 1A, SDS-PAGE analysis showed a high extent of αs-casein cross-link 
formation, and the presence of high-molecular-mass-aggregates 
(HMMA, > 250 kDa) in the samples illuminated in the presence of RB, 
but not in the controls (protein samples illuminated in absence of RB, or 
incubation with RB in the absence of light; lanes 1 and 3, respectively). 
In the control lanes (lanes 1–4) a pre-existing dimer band is evident in 
the commercial preparations, but the intensity of this band was mark-
edly enhanced on oxidant exposure. The intensity of staining of the 
bands corresponding to protein cross-links and HMMA was not 
increased in samples exposed to longer periods of illumination (data not 
shown). Analysis of the SDS-PAGE gels showed a small shift to higher 
apparent molecular mass of the monomer band for samples that were 
incubated with GSH (Fig. 1A, lanes 5, 7 and 9 compared to lanes 6, 8 and 
10, respectively; Fig. 1B). This shift, which is more evident on gels run 
under higher resolution conditions (Supplementary Figure 1), is 
consistent with an increase in the mass of αs-casein monomer, and the 
potential formation of GSH-protein adducts, as these changes were not 
detected in the absence of GSH (e.g. lanes 7 and 9). Similar data have 
been reported for α-lactalbumin/RB/visible light systems on subsequent 
incubation of oxidized proteins with GSH (Jiang, Carroll, Rasmussen, 
et al., 2021), with this ascribed to 1O2-induced-oxidation of the disulfide 
bonds present in α-lactalbumin to give one (or more) reactive in-
termediates that form adducts with GSH (Jiang, Carroll, Rasmussen, 
et al., 2021). In contrast, when αs-casein was illuminated in the presence 
of RF in place of RB, lower levels of protein cross-links and HMMA were 
detected by SDS-PAGE (Supplementary Figure 2), and no evident shift in 
the monomer band was detected in the presence of GSH for the photo- 
oxidized αs-casein samples suggesting little or no GSH-casein adduct 
formation. This difference may arise from dissimilarities in the proper-
ties of the two sensitizers, with RB acting primarily as a type 2 photo-
sensitizer (i.e. 1O2 formation; quantum yield, Φ, 0.77) which may targets 
a different population of side-chains in αs-casein, including disulfide 
bonds (Davies, 2003), whereas RF induces casein photo-oxidation 
mostly via electron transfer reactions with higher yields of Tyr and 
Trp modifications (Fuentes-Lemus et al., 2018). 

The potential formation of GSH adducts to photo-oxidized caseins 
was examined further using samples that were subjected to immuno-
blotting using an anti-GSH antibody (Fig. 2A). Little or no immuno-
staining was observed for photo-oxidized samples that were not 
incubated with bioGSH (Fig. 2A; lanes 1, 3, 5, 7, and 9) or for control 
samples that were incubated with bioGSH after illumination in the 
absence of RB (Fig. 2A; lane 2). In contrast, a weak band was detected for 
samples incubated in the presence of RB in the dark (Fig. 2A, lane 4, 
possibly due to residual light exposure during sample handling), and 

Fig. 2. Glutathionylation of photo-oxidized α-casein on incubation with bioGSH (100 μM). α-Casein (3 mg mL− 1) was illuminated with visible light in presence of RB 
(10 μM) for 0, 10, 20 or 30 min at 21 ◦C. Aliquots (50 μL) of the photo-oxidized α-casein were then incubated with 50 μL of bioGSH (200 μM) and incubated for 90 
min in the dark. Panel A: immunoblot analysis using an antibody against bioGSH, with molecular mass markers (detected simultaneously by optical detection) 
included on the left hand side of the composite image (see Materials and methods). Panel B: Optical density analysis of the bands in lanes 2, 4, 6, 8 and 10 in Panel A. 
The blot is a representative image from one of three experiments carried out on independent samples. Asterisks in Panel B indicate statistical differences (p < 0.05) 
vs. lane 4. 
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much more intense bands were detected for samples of photo-oxidized 
protein incubated with bioGSH (Fig. 2B). The intensity of these bands 
increased with greater lengths of light exposure. The detection of these 
bands is consistent with the formation of GSH adducts (i.e. cross-links) 
to the photo-oxidized (but not native) αs-casein monomer, with higher 
degrees of pre-oxidation favoring the formation of these species (Fig. 2A; 
lanes 6, 8, and 10). The absence of any significant bands for the control 

samples (either illuminated in the absence of RB, or incubated with 
bioGSH in the dark) suggests that artefactual (non-specific) binding of 
the antibody to αs-casein is not significant, and that the bands observed 
for the photo-oxidized samples incubated with bioGSH, reflect the for-
mation of GSH-protein covalent adducts. The presence of non-reducible 
covalent linkages was confirmed by treating the samples with the 
reducing agent tris(2-carboxyethyl)phosphine (TCEP) before gel 

Fig. 3. LC-MS analysis confirms the occurrence of reaction between the oxidized Tyr78 (Y) residue in the peptide 71ITVDDKHYQK80 with GSH. Panel A: Extracted ion 
chromatogram showing the formation and consumption of the + 14 Da modified peptide, and the relevant control sample. Panel B: Extracted ion chromatogram 
showing the + 14 Da and + 321 Da shifted peptide. Panel C: MS-MS spectra of the ion assigned to 71ITVDDKHY(+14)QK80, with the Tyr residue detected as a + 14 Da 
(quinone) species relative to the parent peptide. Panel D: MS-MS spectra of the 71ITVDDKHY(+321)QK80 ion assigned to the adduct of GSH to the oxidized Tyr78 
residue. The identified y and b ions are indicated for each peptide. 

Fig. 4. Evidence for secondary reaction of native κ-casein with photo-oxidized α-casein. α-Casein (3 mg mL− 1) was illuminated with visible light in presence of RB 
(10 μM) for 0, 10, 20 or 30 min at 21 ◦C. Aliquots (50 μL) of the photo-oxidized α-casein were then mixed with 50 μL of native κ-casein (3 mg mL− 1) and incubated for 
90 min in the dark. Panel A: SDS-PAGE analysis run under non-reducing conditions with subsequent Coomassie staining. Panel B: immunoblot analysis using an anti- 
κ-casein antibody of the corresponding experiment to that shown in panel A. Molecular mass markers (detected simultaneously by optical detection) are included on 
the left hand side of the composite image (see Materials and methods). The images are representative from three experiments carried out on independent samples. 
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analysis. This treatment did not result in any significant change in the 
band intensities (data not shown), consistent with the absence of di-
sulfide crosslinks. 

To obtain evidence about the pathways leading to such αs-casein 
glutathionylation and the role of disulfide bond-derived intermediates 
(see above, and also studies with other proteins and oxidant systems 
(Carroll et al., 2020; Jiang, Carroll, Mariotti, et al., 2021; Jiang, 
Hägglund, et al., 2021), similar experiments were carried out using 
β-casein, which does not possess Cys residues or disulfide bonds (Hup-
pertz et al., 2018), in place of the αs-casein mixture that contains αs1 and 
αs2. Supplementary Fig. 3 depicts the changes in molecular mass of 
β-casein after illumination in presence of RB followed by incubation 
with GSH. Similar results were obtained as with αs-casein, with high 
yields of casein oligomerization detected by SDS-PAGE. Whilst no clear 
shifts in the monomer band were detected for the photo-oxidized sam-
ples, after incubation with bioGSH, that could indicate glutathionylation 
of β-casein, immunoblotting assays clearly showed the presence of GSH- 
β-casein adducts (Supplementary Figure 3). The different yields of high 
molecular mass aggregates between the α- and β-casein systems (Fig. 2 
versus Fig. 4), indicates significant differences in the susceptibility of 
these two oxidized proteins to reaction with GSH, when compared to 
other protein molecules (and hence aggregate formation). The structural 
features that underlie these differences remain to be elucidated. The 
increase in the intensity of these bands with greater extents of pre- 
oxidation (i.e. longer light exposure times) followed a similar trend to 
that observed for αs-casein (Fig. 2A). However, the absence of disulfide 
bonds (or Cys residues that might give rise to these) in β-casein (Hup-
pertz et al., 2018), indicates that the mechanism of GSH-adduction 
(glutathionylation) of β-casein must occur via an alternative pathway. 

Further insights into the nature of the GSH adducts formed with 
casein proteins was obtained by subjecting the adducted αs-casein 

samples (and controls) to trypsin digestion and peptide mass-mapping 
using LC-MS. The sequence coverages obtained for αs1-and αs2-caseins 
in the control samples were 97.5 and 70.6 %, respectively, whilst for the 
photo-oxidized samples these values were 97.5 and 67.6%, respectively. 
As depicted in Fig. 3, evidence for a GSH adduct at Tyr78 on αs2-casein 
was obtained. For the photo-oxidized protein (in the absence of GSH), 
the peptide 71ITVDDKHYQK80 was found modified with + 14, +16 and 
+ 32 Da shifts relative to the control non-oxidized species (samples 
incubated with RB in the dark). The detection of the + 16 Da ion is 
consistent with the addition of a single oxygen atom to Tyr78 (i.e. for-
mation of 3,4-dihydroxyphenylalanine, DOPA) and hydroxylation of 
His77 (data not shown). The MS/MS spectrum of + 14 Da ion (detected 
with m/z 630.8145, double charged ion, mass error 0.1613 ppm; Fig. 3) 
showed that the modification was present at Tyr78 (i.e. 71ITVDD-
KHYoxQK80), and is consistent with the presence of a quinone derived 
from Tyr78; this is believed to be formed from further oxidation of the +
16 Da (DOPA) species formed at this residue. 

Incubation of these αs-casein samples with GSH resulted in a decrease 
in the intensity of the + 14 Da quinone species (as determined by the 
peak areas of the extracted ion chromatograms) (Fig. 3A), and the 
appearance of a new peak with a longer retention time (Fig. 3B) with m/ 
z 784.3564 (double charged, mass error 0.1357 ppm; Fig. 3D). The mass 
increase for this ion corresponds to the addition of GSH to the oxidized 
peptide depicted in Fig. 3C, confirming the occurrence of a secondary 
addition reaction of GSH to the oxidized (quinone) Tyr78 residue in αs2- 
casein. Adduction of GSH to oxidized Tyr residues has been reported 
previously in model peptides and myoglobin, exposed to one-electron 
oxidation in the presence of superoxide radicals with corresponding 
hydroperoxide formation, and subsequent GSH adduction to the 
α,β-unsaturated aldehyde (Nagy et al., 2012). Furthermore quinones, 
such as 1,2- and 1,4-benzoquinone and related species, have been shown 

Fig. 5. Scheme of the proposed mechanism for reaction between thiol containing peptides and proteins with oxidized Tyr residues in caseins as result of photo- 
oxidation reactions. 
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to form adducts with protein Cys residues via related Michael addition 
reactions (Li et al., 2016; Shu et al., 2019). The generation of such 
crosslinks, and other processes that result in protein crosslinking/ag-
gregation, has been recently reviewed (Fuentes-Lemus et al., 2022). 

To explore the potential occurrence of these reactions in complex 
systems that more closely resemble intact milk or casein micelles, photo- 
oxidized αs-casein was incubated with (non-oxidized) κ-casein with the 
samples subsequently subjected to analysis by SDS-PAGE and immu-
noblotting. As expected on the basis of the above data, the pre-oxidized 
α-casein showed the presence of protein oligomers and HMMA (Fig. 4A). 
Incubation of the pre-oxidized α-casein without or with κ-casein gave 
rise to significant differences on the SDS-PAGE gels, with the samples 
incubated in the presence of κ-casein showing smeared bands in the 
region where α-casein oligomers would be expected to appear. As 
κ-casein (molecular mass 20 – 25 kDa) would not be expected to be 
present in these regions of the gels, these data are consistent with the 
presence of mixed α-casein-κ-casein mixed dimers or higher oligomers. 
The formation of such species may arise from reaction of one or more of 
the Cys residues (Cys11 or Cys88) on κ-casein with the oxidized residues 
on αs-casein, as reported above for the GSH adduction. Immunoblotting 
experiments utilizing an anti-κ-casein antibody, confirmed the presence 
of κ-casein in the upper parts of the gel including the regions where 
dimer, oligomers and HMMA are present (Fig. 4B). These higher mass 
species were not observed when photo-oxidized α-casein was incubated 
with κ-casein samples that had been previously been alkylated at the Cys 
residues (Supplementary Figure 4). In the latter case immunoreactivity 
was only detected in the 20 – 25 kDa region of the gel consistent with the 
molecular mass of κ-casein. Overall, our data suggest that secondary 
reactions between native Cys residues and products generated by photo- 
oxidation on other caseins can play a role in the crosslinking and ag-
gregation of these proteins in milk. The mechanism is likely to involve 
nucleophilic attack of the thiolate anion of the Cys residue (i.e. RS-) on 
one of the carbonyl-conjugated (electron-deficient) double bonds pre-
sent in the quinone formed as a result of oxidation of a Tyr residues 
(Fig. 5). The importance of such reactions remains to be tested in 
commercial milk samples, but this proof-of-concept study is expected to 
guide future analyses aimed to detect crosslinked species formed as a 
result of oxidative insults to milk proteins. 

4. Conclusions 

The data presented here demonstrate that Cys residues in GSH and 
κ-casein can react with oxidized residues, particularly with quinone 
species formed from Tyr residues, to generate covalent adducts. In the 
case of reactions with κ-casein this would mediate the formation of 
casein aggregates. This novel pathway to casein aggregation indicates 
clear knowledge gaps in our understanding of the mechanisms involved 
in casein oxidation and aggregation. Other novel cross-links may be 
formed via similar Michael addition reaction involving other oxidized 
residues on casein proteins. The detection and identification of these 
materials may provide additional pathways to assess the quality of dairy 
products. 
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