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A B S T R A C T   

Proteins are modified during milk processing and storage, with sidechain oxidation and crosslinking being major 
consequences. Despite the prevalence and importance of proteins in milk, and particularly caseins (~80% of total 
content), the nature of the cross-links formed by oxidation, and their mechanisms of formation, are poorly 
characterized. In this study, we investigated the formation and stability of cross-links generated by the nucle-
ophilic addition of Cys residues to quinones generated on oxidation of Tyr residues. The mechanisms and sta-
bility of these adducts was explored using ubiquitin as a model protein, and β-casein. Ubiquitin and β-casein were 
oxidized using a rose Bengal/visible light/O2 system, or by the enzyme tyrosinase. The oxidized proteins were 
incubated with glutathione or β-lactoglobulin (non-oxidized, but unfolded by treatment at 70 ◦C), before analysis 
by SDS-PAGE, immunoblotting and LC-MS. Our data indicate that Cys-quinone adducts are readily-formed, and 
are stable for >48 h. Thus, oxidized β-casein reacts efficiently with the thermally unfolded β-lactoglobulin, likely 
via Michael addition of the exposed Cys to a Tyr-derived quinone. These data provide a novel, and possibly 
general, mechanism of protein cross-link formation, and provides information of the stability of these species that 
have potential as markers of protein quality.   

1. Introduction 

Illumination of milk proteins in presence of endogenous (e.g. ribo-
flavin, vitamin B2) or exogenous photosensitizers (e.g. rose Bengal, RB) 
in aerobic milieus results in oxidative modifications that include side-
chain modification and formation of protein cross-links and aggregates 
[1–3]. These species have been detected in infant formulas, and in whole 
milk and skim milk powder, with their formation related to light 
exposure (i.e. photo-oxidation), oxidants used in equipment sterilization 
(e.g. H2O2), and high thermal loads (e.g. pasteurization, spray drying) 
[4,5]. The high tendency of proteins to form high molecular mass ag-
gregates in bovine milk can be partly explained by their structural 
properties, and their high concentration in milk (protein content ~35 g 
L− 1), with casein proteins being of particular importance, as they 
represent ~80% of the total protein content [6]. Caseins are intrinsically 
disordered proteins that possess a high tendency to form micelles (i.e. 
protein self-assembly), a characteristic that is important for calcium 
phosphate transport [7]. However, these packed structures where ca-
seins monomers are in close proximity to each other are also likely to 

favor the propagation of oxidative damage, the formation of intra- and 
inter-molecular bonds, and possibly modulate other secondary re-
actions, as a consequence of exposure to oxidative insults [6,8]. 

Although protein cross-linking and aggregation can occur via mul-
tiple different pathways [9], most studies have focused on disulfides 
(from oxidation of two reduced Cys residues, or thiol-disulfide ex-
change) or di-tyrosine (diTyr, formed from two tyrosine-derived phe-
noxyl radicals). The former can be cleaved by powerful reducing agents 
(e.g. dithiothreitol, DTT, as used in SDS-PAGE under reducing condi-
tions), whereas the latter contain strong covalent bonds that are essen-
tially irreversible [9]. Both reducible and non-reducible (assumed to be 
primarily diTyr) protein cross-links have been detected in complex food 
matrices, such as milk and milk powders, and the presence of these 
species have been used to evaluate food quality [4,5,10]. However, we 
have recently reported that photo-oxidation of caseins induced by 
endogenous and exogenous photosensitizers results in quinone forma-
tion from Tyr residues, with these species undergoing secondary re-
actions that induce cross-linking [1]. Due to the electrophilic nature of 
quinones, these can react with nucleophiles, such as the thiol (RSH) or 
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thiolate (RS− ) forms of cysteine (Cys) residues, via Michael addition 
reactions to give Cys-Tyr cross-links [11,12]. Despite that the reaction 
between nucleophilic side chains (e.g. RSH or RS− ) with electrophiles (e. 
g. quinone and carbonyl species) has been reported to be a slow process, 
formation of adducts between these species have been reported for 
different proteins [11,13]. We have recently detected these in 
photo-oxidized α-casein samples that were subsequently incubated with 
Cys-containing peptides and proteins [1]. 

In the present work, we have explored whether similar Cys-Tyr ad-
ducts are involved in the formation of β-casein–β-lactoglobulin cross- 
links, and have further characterized the formation and stability of 
such adducts using ubiquitin as a model protein. To examine these re-
actions, ubiquitin and β-casein were exposed to photo-oxidation (visible 
light/RB/O2), or incubated with the enzyme tyrosinase that specifically 
oxidizes Tyr residues to quinones [14], and subsequently incubated with 
glutathione (GSH), biotinylated-GSH (bioGSH) or unfolded β-lacto-
globulin. The resulting adducts have been characterized by electro-
phoresis, immunoblotting and liquid chromatography-mass 
spectrometry (LC-MS). 

2. Materials and methods 

2.1. Reagents 

β-Casein (98% purity), β-lactoglobulin (≥85% purity), glutathione 
(GSH), rose Bengal (RB), Coomassie brilliant blue G, 1,4-dithiothreitol 
(DTT), iodoacetamide (IAM), N-ethylmaleimide (NEM) penta (carbox-
ymethyl)diethylenetriamine (DTPA) and tyrosinase from mushroom 
(8503 units/mg solid) were obtained from Sigma-Aldrich/Merck 
(Søborg, Denmark). Recombinant human ubiquitin (>95% purity) was 
purchased from R&D Systems (Denmark). Biotinylated GSH (bioGSH) 
was purchased from Thermo Fisher (Roskilde, Denmark). All solutions 
were prepared in sodium phosphate buffer (100 mM, pH 7.4) containing 
0.1 mM DTPA as chelating agent. LC-MS grade solvents were obtained 
from VWR (Søborg, Denmark). 

2.2. Photo-oxidation 

Ubiquitin (200 μM) and β-casein (125 μM) were illuminated with 
visible light in the absence or presence of 10 μM RB using a Leica P150 
slide projector emitting a continuum spectrum of white light from a 
tungsten-filament light source for up to 90 min at 21 ◦C as described 
previously [6]. 

2.3. Oxidation of Tyr residues with tyrosinase 

Ubiquitin (200 μM) or β-casein (125 μM) were incubated with 
mushroom tyrosinase (1:20 or 1:40 enzyme to protein ratio) in 100 mM 
sodium phosphate buffer (pH 7.4) for up to 4 h at 30 ◦C [15]. The re-
action was stopped by addition of trichloroacetic acid (10% w/v final 
concentration). The samples were subsequently centrifuged at 735 g for 
35 min with the supernatant removed. At this stage the protein pellets 
were either resuspended in 100 mM sodium phosphate buffer (pH 7.4) 
for further analysis or stored at − 20 ◦C until use. 

2.4. Incubation of oxidized proteins with GSH or β-lactoglobulin 

The formation of Cys-Tyr adducts was investigated by incubation of 
50 μL of the previously prepared control and oxidized samples of 
ubiquitin or β-casein with 50 μL of sodium phosphate buffer (100 mM, 
pH 7.4; controls), or with 50 μL of 20 mM GSH (or 200 μM biotin-tagged 
GSH (bioGSH)) in the dark for 90 min at 21 ◦C. Alternatively, 50 μL of 
control and oxidized β-casein were incubated with 50 μL of native or 
previously alkylated β-lactoglobulin (163 μM) for 90 min at 70 ◦C. 
Alkylation of β-lactoglobulin was achieved by incubation of the protein 
with NEM (10-fold molar excess over protein concentration) in the dark, 

at 21 ◦C for 90 min, with the excess of NEM removed from the samples 
before use by filtration using 5 kDa centrifugal concentrators (30 min, 
9000 g) (Vivaspin®, Sartorius). 

2.5. Electrophoresis and immunoblotting 

Control and oxidized ubiquitin and β-casein samples, incubated in 
the absence or the presence of GSH or unfolded β-lactoglobulin, were 
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) under reducing and non-reducing conditions. For non- 
reducing SDS-PAGE analysis, aliquots of each experimental condition 
(containing 12 μg of protein) were mixed with NuPAGE™ LDS sample 
buffer (Thermo Fisher) before heating the samples at 90 ◦C for 10 min. 
Reducing SDS-PAGE gels were carried out with protein samples (12 μg) 
incubated with NuPAGE™ LDS sample buffer and NuPAGE™ sample 
reducing agent (Thermo Fisher) before heating at 90 ◦C for 10 min. 
These solutions were then loaded onto NuPAGE™ 4–12% Bis-Tris gels or 
Novex™ 16% Tricine gels (Thermo Fisher) and run using NuPAGE™ 
MOPS SDS running buffer or Novex™ SDS Tricine running buffer 
(Thermo Fisher). Gels were run at 160 V for 50 min. After this, gels were 
stained with Coomassie blue, or transferred to a PVDF membrane using 
an iBlot 2 system (Thermo Fisher, 25 V, 6 min) and analyzed as reported 
previously [1]. 

2.6. Analysis of intact proteins by LC-MS 

Control and oxidized ubiquitin and β-casein samples that were 
incubated in the absence or the presence of GSH or β-lactoglobulin were 
subjected to StageTip solid-phase extraction on activated Empore C18 or 
C4 reversed-phase discs (3 M, St. Paul, MN, USA) [6]. Once ready for 
LC-MS analysis the samples were separated by liquid chromatography 
using a Dionex Ultimate 3000 chromatography system (Thermo Fisher 
Scientific) connected to an Impact II ESI-QTOF mass spectrometer 
(Bruker Daltonics, Germany) in the positive ion mode. Separation was 
achieved using a MabPac column 150 mm × 150 μm (Thermo Fisher 
Scientific) kept at 60 ◦C and a flow rate of 10 μL min− 1, with gradient 
elution using 0.1% formic acid in H2O (Solvent A) and 80% acetoni-
trile/0.1% formic acid in H2O (Solvent B). The solvent gradient started 
with 5% solvent B from 0 to 3 min followed by a linear increase between 
3 and 15 min to 60% solvent B, this was subsequently increased to 95% 
solvent B (15–18 min), then kept at this composition for 9 min (18–27 
min), before returning to 5% B (27–28 min), with the column then 
re-equilibrated with 5% solvent B for 7 min (28–35 min), before injec-
tion of the next sample. The electrospray needle was held at 4500 V, 
with an end plate offset of 500 V and temperature of 200 ◦C. N2 was used 
as both the nebulizer (0.7 Bar) and drying gas (6.0 L min− 1). MS1 pre-
cursor scans (150–2200 m/z) were followed by data dependent MS/MS 
fragmentation of the three most intense precursors with a sampling rate 
of 2 Hz. The resulting data was analyzed using the Bruker software 
packages. 

2.7. Characterization of casein-lactoglobulin heterodimers after SDS- 
PAGE by in-gel digestion and LC-MS analysis 

In-gel digestion was performed as described previously [16], with 
the resulting tryptic peptides obtained by solid phase extraction [6]. 
Analysis of the protein digests was carried out by LC-MS using an Impact 
II ESI-QTOF (Bruker Daltonics, Bremen, Germany) spectrometer in the 
positive ion mode with an Apollo ion source connected on-line to a 
Dionex Ultimate 3000 chromatography system (Thermo Fisher Scienti-
fic). Analytes were separated using a Luna column (Phenomenex) kept at 
20 ◦C with a flow rate of 20 μL min− 1 by gradient elution using 0.1% 
formic acid in H2O (solvent A) and 80% acetonitrile/0.1% formic acid in 
H2O (solvent B). The resulting data was analyzed for protein identifi-
cation and peptide mass mapping using the search engine MaxQuant 
(version 1.6.1.0). The search parameters were: carbamidomethylation 
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of Cys (fixed modification); Met oxidation (m/z +16, variable modifi-
cation); phosphorylation of Ser and Thr residues (m/z +79.97, variable 
modification); maximum 3 missed cleavages; 0.07 Da for the first search 
mass tolerance; 0.006 Da for the main search peptide tolerance. The 
resulting peptides were analyzed against the following UniProt protein 
accession numbers: β-casein P02666; β-lactoglobulin P02754. The data 
were validated via manual confirmation of the experimental data, with 
the peptide list peak with monoisotopic mass using the in-silico protein 
cleavage approach included in the software GPMAW (version 9.1, 
Lighthouse Data, Denmark). 

2.8. Statistical analysis 

Gel and blot images represent individual experiments repeated at 
least three times on different days. Quantitative data are presented as 
mean ± SD from three individual experiments, with the figures created 
using Origin 8.5 (OriginLab Corporation, Northampton, MA, USA). 
Statistical differences between samples were analyzed in Origin 8.5 by 
one-way ANOVA with Tukey’s post-hoc test (p < 0.05). 

3. Results and discussion 

Protein modification occurs during milk processing, transport, 

storage, and/or reconstitution of milk powders, as well as in many other 
biological systems [17,18]. In particular, oxidative reactions in milk 
have been reported to be of comparable relevance to other deterioration 
processes such as Maillard reactions [2], and can result in protein 
fragmentation, cross-linking, unfolding, and oxidation of sidechains to a 
wide variety of products [17,18]. However, most literature on the 
presence of protein oxidation products in milk and dairy materials has 
focused on detecting and quantifying protein carbonyls and diTyr [4,5, 
10]. This has resulted in a major knowledge gap, as in vitro studies have 
described multiple pathways that can contribute to protein cross-linking 
on exposure to oxidants [3,19]. In particular, we have reported that 
Cys-containing peptides and proteins, such as GSH and κ-casein, react 
with Tyr-derived quinones on α- and β-casein proteins and that this 
contributes to protein cross-linking [1]. As β-lactoglobulin, the most 
abundant whey protein, contains a buried thiol (Cys121) that becomes 
exposed on incubation at temperatures commonly employed during 
processing, or reconstitution of milk and milk powders [20], we hy-
pothesized that this Cys residue might react with Tyr-derived quinones 
on oxidized caseins resulting in the formation of casein-lactoglobulin 
adducts. In addition, the stability of such Cys-quinone adducts was 
examined using ubiquitin as model protein. This protein with a molec-
ular mass of ~8.6 kDa only has a single, partially-exposed, Tyr residue 
(Tyr59) (Supplementary Fig. 1). In addition to this residue, only Met1 

Fig. 1. Incubation of GSH with photo-oxidized ubiquitin results in the formation of glutathionylated protein adducts. Ubiquitin (200 μM) was illuminated in absence 
or presence of 10 μM RB for 90 min at 21 ◦C, and subsequently incubated with 10 mM GSH for up to 120 min before analysis by SDS-PAGE or by LC-MS analysis at the 
intact protein level. Panel A: SDS-PAGE analysis of the time-course of ubiquitin glutathionylation. Lane 1: ubiquitin illuminated for 90 min in absence of RB and then 
incubated in the dark for 120 min at room temperature. Lane 2: photo-oxidized ubiquitin incubated in the dark for 120 min at room temperature. Lanes 3–8: photo- 
oxidized ubiquitin incubated with 10 mM GSH in the dark for 0, 15, 30, 60, 90 and 120 min at room temperature, respectively. Panel B: Image analysis of lanes 1, 2 
and 8 (and the molecular mass markers for reference) using the software Image J. Panel C: MS spectrum of ubiquitin control (black; m/z = 856.9708, z = 10), photo- 
oxidized ubiquitin incubated in absence (red) or presence of GSH (purple) depicting formation of the glutathionylated ubiquitin (m/z = 889.0766, z = 10). The 
monoisotopic masses are indicated for each species (black arrows). The full mass spectrum is available in the Supplementary material. Gels and blot images are 
representative data from one of three experiments carried out on different days. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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and His68 in ubiquitin would be expected to be readily modified by the 
oxidants (e.g. 1O2, excited states and O2

.- and H2O2) generated by the 
photosensitization reactions induced by RB/visible light in the presence 
of O2 [21]. 

3.1. Glutathione reacts with photo-oxidized ubiquitin to give Cys-Tyr- 
derived quinone adducts 

Quinone-derived Tyr products were generated on ubiquitin by illu-
mination of the protein (200 μM) with visible light in the presence of 10 
μM RB for different periods of time in the presence of O2. These samples 
were subsequently incubated with 10 mM GSH in 100 mM sodium 
phosphate buffer (pH 7.4) for up to 120 min. SDS-PAGE analysis of 
control samples showed a single protein band at a molecular mass of 
~8.6 kDa (lane 1, Fig. 1A) as expected from the primary sequence. 
Exposure of ubiquitin to the photo-oxidation system for 90 min, and 
subsequent analysis by SDS-PAGE using Novex™ 16% tricine gels did 
not provide evidence of further bands (i.e. no cross-linked species) (lane 
2, Fig. 1A). Samples of ubiquitin that were oxidized and subsequently 
incubated with 10 mM GSH for up to 120 min before SDS-PAGE analysis, 
showed the presence of slightly broadened monomer bands with these 
running at a higher apparent molecular mass than the control samples 
incubated in absence of GSH (compare lanes 1 and 2 versus lane 8, 
Fig. 1A). This observation was more evident after analysis of the SDS- 
PAGE images using the software Image J (Fig. 1B). Exposure of the 
ubiquitin to the photo-oxidation system for increasing periods of time, 
and subsequent analysis, resulted in a significant decrease in the in-
tensity of the monomer band when analyzed with 4–12% Bis-tris 
acrylamide gels (Supplementary Fig. 2). Interestingly, samples of ubiq-
uitin that were oxidized and subsequently incubated with GSH, before 
SDS-PAGE analysis, also showed the presence of broadened monomer 
bands with a slightly higher apparent molecular mass than the control 
samples incubated in absence of GSH (compare lanes 3, 5 and 7 versus 4, 
6 and 8, Supplementary Fig. 2). Furthermore, the presence of GSH 
decreased the loss in band intensity seen in the absence of GSH. The 
consistent changes in apparent molecular mass of the photo-oxidized 
ubiquitin samples that were subsequently incubated with GSH using 
both type of gels, suggest that this is a real phenomenon. 

To determine whether these changes arise from the formation of GSH 
adducts to the oxidized ubiquitin, membranes generated from the SDS- 
PAGE gels were probed for the presence of GSH adducts using an anti- 
GSH antibody (or a streptavidin system when bio-GSH was used in 
place of GSH). These immunoblotting experiments confirmed the pres-
ence of GSH adducts to the photo-oxidized ubiquitin with immunore-
activity detected at the position of the ubiquitin monomer band 
(Supplementary Fig. 2). The immunoreactivity detected in these ex-
periments appeared to indicate the presence of more than one species 
with molecular masses similar to that of the parent protein. This may be 
due to the presence of different conformations of the glutathionylated 
species, or alternatively species that contain both a glutathione adduct 
and also additional oxidative modifications (e.g. at Met or His residues) 
thereby resulting in species with slightly different molecular masses or 
structures, that would migrate at different rates on the gel. The latter 
suggestion is supported by the detection of other modifications (e.g. Met 
oxidations) in the LC-MS analyses of β-casein samples (see below). 

To confirm the presence of GSH-ubiquitin adducts, analogous control 
and photo-oxidized ubiquitin samples were analyzed by LC-MS 
(Fig. 1C). An ion (10 positive charges, z = 10) with mass-to-charge 
ratio (m/z) 856.9708 was observed from controls, with illumination 
(RB/visible light/O2) resulting in the loss of this ion and formation of 
ions from multiple oxidized species (Fig. 1C). In contrast, incubation of 
the photo-oxidized ubiquitin with GSH resulted in the detection of a 
major ion with m/z 889.0766 (z = 10) corresponding to a mass shift of 
321 Da with respect to the parent (Fig. 1C). This is in agreement with the 
formation of a Tyr-derived quinone, with a +14 Da mass shift, and 
subsequent adduction of GSH (307 Da) to the quinone [1]. Furthermore, 

these experiments confirmed that a pool of different products was 
generated in addition to the quinone species (e.g. a product with a mass 
shift of +30 Da relative to the parent ubiquitin) indicating the formation 
of multiple products such as formation of the Tyr-derived quinone (i.e. 
+14 Da shift) plus addition of a single oxygen atom at either His or Met 
(i.e. +16 Da shift) (Fig. 1C). 

3.2. Covalent adducts between Cys residues and Tyr-derived quinone 
species are stable products 

To characterize the stability of these covalent adducts, glutathiony-
lated ubiquitin was incubated in the dark at 21 ◦C for up to 48 h with LC- 
MS analysis carried out at specific time points. Fig. 2 depicts the relative 
abundance of the glutathionylated adduct (calculated with an inhouse 
script, using the sum of the signal intensities of the non-modified and 
modified ubiquitin species), expressed as a percentage of the value 
determined for the 0 h sample (i.e. photo-oxidized ubiquitin incubated 
with GSH for 90 min and immediately analyzed). The absence of any 
significant loss of signal intensity over the 48 h investigated, indicates 
that the Cys-quinone adducts are long lived, under the conditions 
examined. Thus, these adducts have the potential to be used as in-
dicators of the occurrence of such reactions in complex system (e.g. in 
foods), though this is likely to require authentic standards of these 
materials, and possibly heavy-isotope labelled materials to distinguish 
added standards from newly synthesized materials generated during 
possible oxidative stress conditions. 

3.3. Cys-quinone adducts mediate the crosslinking between unfolded 
β-lactoglobulin and photo-oxidized β-casein 

Subsequently, we explored the potential formation of hetero-dimers 
between photo-oxidized casein proteins and thermally-unfolded 
β-lactoglobulin. Photo-oxidized β-casein was generated by exposing 
the protein (125 μM) to RB/visible light/O2 for 0, 1 or 10 min. Aliquots 
(50 μL) were subsequently incubated with β-lactoglobulin (50 μL of 163 
μM) before analysis by SDS-PAGE under non-reducing condition. Con-
trol samples of β-casein showed (lane 1, Fig. 3) a major band with an 
apparent molecular mass of ~26 kDa consistent with the presence of 
β-casein monomers, which migrates at a higher apparent molecular mass 
than expected from its primary sequence, due to its high hydrodynamic 

Fig. 2. GSH-ubiquitin adducts are long lived that can be detected without loss 
of signal intensity over a period of 48 h. Glutathionylated-ubiquitin samples 
were prepared as described in the Materials and methods and incubated for 0, 
4, 24 and 48 h at 21 ◦C in the dark before LC-MS analysis. Data are presented as 
mean ± SD of three independent replicates. 
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radii [19]. β-Lactoglobulin control samples showed a major band from 
the monomer (~18 kDa), and also dimer (~35 kDa) and trimer (~48 
kDa) species. These dimers and trimers migrated at slightly lower mo-
lecular masses than expected due to the compactness of these species 
(Fig. 3). Exposure of samples of β-casein alone to RB/visible light/O2 
resulted in the formation of cross-linked species and high molecular 
mass aggregates with the extent of aggregation increasing with the 
photolysis time (lanes 3 and 5, Fig. 3). SDS-PAGE analysis of 
photo-oxidized samples that were subsequently incubated with native 
β-lactoglobulin that had been thermally unfolded at 70 ◦C, resulted in 
the detection of the bands observed for control β-lactoglobulin and 
photo-oxidized β-casein (as described above), together with a new band 
below that from the β-lactoglobulin trimer, with an apparent molecular 
mass of ~45 kDa (lanes 4 and 6, Fig. 3). Experiments in which 
photo-oxidized β-casein was incubated with native β-lactoglobulin at 
20 ◦C (i.e. folded protein) did not give this band (data not shown). The 
apparent molecular mass of this species is close to the sum (~42.4 kDa) 
of the individual masses of β-casein (~24 kDa) and β-lactoglobulin 
(~18.4 kDa) suggesting that this species may be a heterodimer between 
the two proteins. Subsequent experiments where photo-oxidized 
β-casein was incubated with unfolded and alkylated β-lactoglobulin 
(with subsequent analysis by SDS-PAGE under reducing conditions), 
showed that alkylation of the single Cys in β-lactoglobulin significantly 
reduced the yield of this putative heterodimer, and confirms a role for 
the Cys residue in its formation (Supplementary Fig. 4). 

Additional evidence for a role for Tyr-derived quinones in the for-
mation of the proposed heterodimer, was obtained by selectively 
oxidizing the Tyr sidechain of β-casein to the quinone, by incubation 
with the enzyme tyrosinase, before incubation of the modified protein 
with thermally-unfolded β-lactoglobulin. This approach to selectively 
generating Tyr-derived quinones has been employed previously with 
other proteins [14,15]. A band corresponding to a heterodimer of 
β-casein and β-lactoglobulin was observed in these samples (Fig. 4), 
confirming that Tyr-derived quinones are key intermediates. 

Further confirmation that this species involves a β-casein-β-lacto-
globulin cross-link, was obtained by LC-MS analysis of bands excised 
from the SDS-PAGE gels. Thus, the proposed β-casein–β-lactoglobulin 
dimer band (from experiments using β-casein treated with RB/visible 
light/O2, or tyrosinase, followed by incubation with β-lactoglobulin), 
together with the bands corresponding to native β-lactoglobulin and 

native β-casein, were cut from representative gels, then subjected to in- 
gel digestion and LC-MS analysis (see Materials and methods). The 
number of peptides and sequences identified from each sample, and the 
corresponding proteins to which these are assigned, are summarized in 
Table 1. The parent protein bands showed, as expected, peptides from 
native β-lactoglobulin (21 peptides, 98.1% sequence coverage) and 
native β-casein (11 peptides, 47.8% sequence coverage). The putative 
dimer band, from reaction of pre-oxidized β-casein with β-lactoglobulin 
at 70 ◦C for 90 min, yielded 6 peptides from β-casein (27.3% sequence 
coverage) and 16 peptides from β-lactoglobulin (89.5% sequence 
coverage) (Table 1). The detection of peptides from both proteins in this 
band is consistent with the proposed cross-linked species, and confirms 
that oxidation of Tyr residues in β-casein gives quinones, which can 
react with exposed Cys residues in thermally-unfolded β-lactoglobulin to 
give stable covalent inter-protein cross-links. This may be of particular 
relevance in milk and milk powders, as photosensitizers are present in 
these foods thus light exposure and the high thermal loads employed 
during processing and/or reconstitution of these materials could lead to 
protein modification and cross-linking. 

4. Conclusions 

The data presented here show that Cys residues present on peptides 
(GSH) or proteins (β-lactoglobulin) can react with oxidized Tyr residues 
in caseins to generate protein cross-links. In particular, the single Cys 
residue in β-lactoglobulin reacts with quinones generated on the Tyr 
side-chains of β-casein via Michael addition, inducing the formation of 
hetero-dimers. This reaction is favored by incubating β-lactoglobulin 
with oxidized β-casein at elevated temperatures (70 ◦C) as this exposes 
the Cys121 residue of β-lactoglobulin, as a result of partial unfolding and 
formation of a molten globule state. Derivatization (i.e. alkylation) of 
this Cys residue prevented this reaction, indicating that this is the 
reactive species on the unfolded β-lactoglobulin. The intentional for-
mation of thioether cross-links has been utilized as a strategy to increase 
the stability of proteins with respect to proteolytic digestion in phar-
maceutical preparations [22]. However, the formation of this type of 
cross-links would be expected to be undesirable in food systems as it 
would likely result in a lower digestibility of proteins, and therefore a 
lower nutritional value of these modified species. These aspects require 
further study. Similar reactions are expected to occur with other proteins 
that contain Tyr-derived quinones, and these are likely to be 

Fig. 3. Photo-oxidation of β-casein results in the formation of protein cross- 
links and products that react with native β-lactoglobulin to give β-casein–β- 
lactoglobulin heterodimers. Representative SDS-PAGE run under non-reducing 
conditions of β-casein (125 μM) illuminated with visible light in presence of RB 
(10 μM) in sodium phosphate buffer (100 mM, pH 7.4) for 0, 1 or 10 min, and 
then subsequent incubation with β-lactoglobulin at 70 ◦C for 90 min in the dark. 
Lane 1: β-casein control; lane 2: β-casein control + β-lactoglobulin; lanes 3 and 
5: photo-oxidized β -casein (1 and 10 min illumination, respectively); lanes 4 
and 6: photo-oxidized samples + β-lactoglobulin; lane 7: β-lactoglobulin con-
trol. Gels images are representative data from one of three experiments carried 
out on different days. 

Fig. 4. Oxidation of Tyr residues in β-casein (125 μM) generates quinones that 
react with unfolded β-lactoglobulin (163 μM) to give β-casein–β-lactoglobulin 
heterodimers. Representative SDS-PAGE gel run under non-reducing conditions 
of β-casein oxidized enzymatically with mushroom tyrosinase in sodium phos-
phate buffer (100 mM, pH 7.4) for 0, 2 or 4 h at 30 ◦C, and then subsequent 
incubation in the dark with native β-lactoglobulin at 70 ◦C for 90 min. Lane 1: 
β-casein control; lane 2: β-casein control + β-lactoglobulin; lanes 3, 5 and 7: 
oxidized β-casein (0, 2 and 4 h, respectively); lanes 4, 6 and 8: oxidized samples 
+ β-lactoglobulin; lane 9: β-lactoglobulin control. Gels images are representa-
tive data from one of three experiments carried out on different days. 
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commonplace in systems containing photosensitizers, as Tyr residues 
are one of the most readily and easily oxidized amino acids on proteins. 
Thus second-order rate constants of 1.4 × 109, 5.1 × 106 and 8 × 106 

M− 1 s− 1, have been reported for the reaction of Tyr residues with the 
excited triplet states of riboflavin and rose Bengal, and singlet oxygen 
(1O2), respectively [21]. Tyr oxidation may occur both directly, via 
direct reaction with one- or two-electron oxidants and excited state 
species, but also as a result of rapid electron transfer reactions with other 
oxidized species present on proteins and other macromolecules (cf. rapid 
electron transfer reactions with oxidized Trp, Met, and Cys residues 
[23–26]). As thiols are abundant in cells (up to 10 mM GSH and 20–60 
mM protein thiols [27,28]), reaction of Tyr quinones with thiols is likely 
to be commonplace, and occur in many biological matrices (foods, 
pharmaceutical preparations, plants, animals, etc), though this has yet 
to be confirmed. These Cys-oxidized Tyr cross-links are long-lived and 
may have potential as markers of protein modification and aggregation 
in complex matrices, and in the assessment of protein quality in multiple 

situations. However, the use of these cross-links as markers of modifi-
cation will require authentic standards of these materials which are not 
yet available. 
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Table 1 
Peptides (and identified proteins) observed from in-gel digestion (with trypsin) followed by LC-MS/MS analysis. The bands of interest (β-lactoglobulin control (β-Lg), 
β-casein control (β-Cn), and β-lactoglobulin–β-casein dimer) were cut from multiple representative gels, and subsequently analyzed by in-gel digestion coupled with MS 
spectrometry as described in the Materials and methods. UniProt protein accession numbers: β-casein P02666; β-lactoglobulin: P02754. MS/MS spectra of these 
peptides are presented in the Supplementary material.  

Proteina Peptide sequence m/zb Charge 
state 

Mass error 
(ppm)c 

Sampled 

Control band 
β-Lg 

Control band 
β-Cn 

Cross- 
link 

β-lactoglobulin 1LIVTQTMK8 467.2755 2 − 0.2608 X   
1LIVTQTMKGLDIQK14 529.9761 3 0.23113 X   
9GLDIQK14 337.1976 2 − 0.2613   X 
9GLDIQKVAGTWYSLAM(ox) 
AASDISLLDAQSAPLR40 

845.1907 4 1.1264 X   

15VAGTWYSLAMAASDISLLDAQSAPLR40 542.2810 5 0.6543 X  X 
41VYVEELK47 440.2447 2 0.9415 X  X 
41VYVEELKPTPEGDLEILLQK60 771.7578 3 − 1.0703 X  X 
48PTPEGDLEILLQK60 484.9363 3 0.6779 X  X 
61WENGEC*AQK69 561.2376 2 − 0.3796 X  X 
70KIIAEK75 351.2314 2 0.6245 X   
76TKIPAVFK83 301.8602 3 0.9284 X  X 
78IPAVFKIDALNENK91 524.6312 3 0.4377 X  X 
84IDALNENK91 458.7403 2 − 0.6159 X  X 
84IDALNENKVLVLDTDYK100 655.0176 3 0.0196 X   
84IDALNENKVLVLDTDYKK101 697.7159 3 1.1465 X   
92VLVLDTDYK100 533.2949 2 0.4107 X  X 
92VLVLDTDYKK101 398.5640 3 − 0.3207 X  X 
102YLLFC*MENSAEPEQSLACQCLVR124 705.3221 4 0.7288 X  X 
102YLLFC*M(ox)ENSAEPEQSLACQCLVR124 945.4253 3 − 0.3380 X   
125TPEVDDEALEK135 623.2958 2 0.3697 X  X 
125TPEVDDEALEKFDK138 818.3910 2 − 0.2470 X  X 
142ALPMHIR148 419.2418 2 − 1.2357 X  X 
149LSFNPTQLEEQC*HI162 858.4065 2 0.2012 X  X 

β-casein 1RELEELNVPGEIVESLS#SSEESITR25 961.4604 3 3.0944  X  
1RELEELNVPGEIVESLSS#S#EESITR25 988.1158 3 0.9957  X  
1RELEELNVPGEIVES#LS#S#S#EESITR25 1561.6365 2 − 0.5794  X  
30IEKFQS#EEQQQTEDELQDK48 811.3549 3 0.5006  X  
33FQSEEQQQTEDELQDK48 661.2922 3 0.6548  X  
33FQS#EEQQQTEDELQDK48 687.9476 3 0.3826  X X 
98VKEAMAPK105 437.2467 2 − 0.7303  X  
106HKEMPFPK113 338.5128 3 0.6020  X X 
106HKEM(ox)PFPK113 343.8444 3 − 0.2373  X  
108EMPFPK113 374.6885 2 − 1.1534  X X 
170VLPVPQK176 390.7525 2 − 0.0988  X X 
177AVPYPQR183 415.7296 2 − 0.5330  X X 
184DMPIQAFLLYQEPVLGPVR202 729.3941 3 0.6505  X X 
184DM(ox)PIQAFLLYQEPVLGPVR202 734.7257 3 1.3179  X  
184DMPIQAFLLYQEPVLGPVRGPFPIIV209 970.5381 3 0.2286  X  
203GPFPIIV209 742.4497 1 − 1.3154  X   

a Proteins assigned from the match between observed peptides and Uniprot data. 
b Observed mass-to-charge ratio (m/z). 
c Mass errors were determined using Maxquant. 
d Protein gel bands that contain the detected peptides. Asterisks (*) indicates alkylation of the noted Cys residue with a mass shift of +57 Da. M(ox) refers to Met 

residues detected as oxidized (sulfoxide) species.# indicates phosphorylation of Ser or Thr. Manual validation of the peptide mass mapping data from Maxquant was 
performed using GPMAW 9.5 software. 
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