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High concentrations of casein proteins exacerbate radical chain reactions 
and increase the extent of oxidative damage 

Eduardo Fuentes-Lemus *, Shuwen Jiang, Per Hägglund, Michael J. Davies ** 

University of Copenhagen, Department of Biomedical Sciences, Copenhagen, Denmark   

A R T I C L E  I N F O   
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A B S T R A C T   

The co-existence of proteins, lipids and riboflavin (RF) in milk together with the harsh conditions encountered 
during processing (e.g. high temperatures, light exposure) results in oxidative damage. Proteins represent ~30 % 
of the dry mass of milk, with caseins accounting for ~80 % (28 g L− 1). Due to their high abundance and 
amphiphilic nature, caseins are targets for both hydrophilic and lipophilic oxidants. Although caseins are key 
milk components, and highly abundant, most previous work has employed non-biological dilute solutions. In this 
work we have investigated oxidative modification of αs-, β- and κ-caseins elicited by AAPH-derived oxygenated 
radicals, or RF-mediated photo-oxidation, at both low and high protein concentrations, to determine whether 
and how oxidative damage and resulting structural modifications are modulated by the protein concentration. 
The data obtained demonstrate that the pathways leading to casein modification are dependent on both the 
protein concentration and the oxidant employed. AAPH-mediated oxidation was more efficient than RF-induced 
photo-oxidation, in respect to the number of moles of amino acid side-chains consumed per mole of oxidant 
generated, the extent of damage detected by SDS-PAGE, and immunoblot detection of oxidation products. 
Quantification of amino acid consumption and product generation, using UPLC and LC/MS, demonstrates the 
occurrence of short chain reactions, with the chain-length dependent on the protein concentration. LC/MS 
peptide mass mapping analyses provide data on the sites of modification. Molecular crowding, arising from high 
casein concentrations and casein-casein interactions, therefore favors the occurrence of radical chain events that 
enhance the extent of protein oxidative damage.   
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1. Introduction 

Milk is one of the most valuable agricultural commodities worldwide 
due to its widespread consumption, low price and high nutritional value. 
The latter is a consequence of the high content of proteins, lipids and 
carbohydrates in this colloid along with an abundance of vitamins and 
minerals. However, this heterogeneity and complexity makes milk 
components susceptible to oxidation by the ultra-high temperatures 
(UHT), high pressures and light exposure encountered during processing 
or storage (Hellwig, 2019; Stapelfeldt, Meisen, & Skibsted, 1997). In 
particular, the presence of unsaturated fatty acids, O2 and riboflavin 
(RF, vitamin B2) have been associated with deleterious oxidative 

reactions resulting in off-flavors and a decreased nutritive value 
(Obando, Papastergiadis, Li, & De Meulenaer, 2015; Park & Drake, 
2014; Smith, Campbell, Jo, & Drake, 2016). 

Of the components in milk, proteins are likely to be major targets for 
modification by oxidative reactions due to their high concentration 
(~30 % by dry mass), their amphiphilic nature, and the high reactivity 
(rate constants) for reaction of oxidants with some of their amino acid 
residues (particularly sulfur-containing and aromatic side chains) 
(Davies, 2016; Hellwig, 2019). Of the total protein content of milk, ca-
seins represent 80 %. These proteins are flexible, intrinsically disordered 
and amphiphilic species that exist in micellar macrostructures. The 
presence of these casein micelles is critical for the stabilization of other 
milk components, and is mediated by weak hydrophobic interactions 
between individual casein species (αs1, αs2, β and κ) (Fox & Brodkorb, 
2008). As a result of the importance of caseins in milk stabilization, 
several studies have been carried out to understand the effects and 
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consequences of oxidation of caseins mediated by metal ion/H2O2 
(Fenton-like) reactions (Z. L. Li, Mo, Le, & Shi, 2014), RF-mediated 
photosensitized processes (Dalsgaard, Otzen, Nielsen, & Larsen, 2007; 
Dalsgaard & Larsen, 2009; Fuentes-Lemus, Silva, Leinisch, et al., 2018b) 
and peroxyl radicals (ROO●) (Fuentes-Lemus, Silva, Barrias, et al., 
2018). However, these studies have typically employed low protein 
concentrations which do not reflect the situation within whole milk 
(Bourassa, Côté, Hutchandani, Samson, & Tajmir-Riahi, 2013; Dals-
gaard et al., 2007; Fuentes-Lemus, Silva, Barrias, et al., 2018). This is 
significant as it has been recently demonstrated that oxidative reactions 
of proteins, or susceptible amino acidic residues, are modulated by high 
protein concentrations and hence crowded environments (Aicardo, 
Mastrogiovanni, Cassina, & Radi, 2018). Thus, further investigations 
appear warranted of the oxidative events, and mechanisms, that occur at 
native milk protein concentrations, as such data are of relevance for 
improved technological strategies that may limit deleterious reactions. 

Caseins share many of the characteristics of other intrinsically 
disordered proteins, in that they contain large numbers of small and 
hydrophilic amino acids as well as proline residues in their unstructured 
regions (Dyson & Wright, 2005; C.; Holt, Raynes, & Carver, 2019). This 
composition results in the exposure of large surface areas to the solvent, 
and enhances the occurrence of protein-protein interactions; this pro-
vides the specificity and capacity to form casein micelles (C. Holt, 
Carver, Ecroyd, & Thorn, 2013). These complex structures contain a 
high abundance of κ-casein, the most hydrophilic casein, on the surface, 
whereas αs1-, αs2-and β-casein are predominantly present in the interior 
of the micelles. This localization occurs as consequence of specific in-
teractions between the hydrophobic domains of αs1-, αs2-and β-caseins 
and their phosphoserine residues that bind colloidal calcium phosphate 
(Huppertz, Fox, & Kelly, 2018). The disordered and amphiphilic nature 
of caseins allows different degrees of oligomerization, and is permissive 
of the formation of micelles or fibrils by single caseins even in the 
absence of other members of the family (Pan & Zhong, 2015; Wijaya 
et al., 2020). These characteristics make caseins desirable hydrocolloids, 
and useful in the design of bio-films and for biomedical purposes 
(Khodaverdi et al., 2019; Picchio et al., 2018). However, these same 
features make caseins prominent targets for hydrophilic and lipophilic 
oxidants generated during processing and storage, as the disordered 
domains and flexible structure facilitate the oxidation of residues (e.g. 
aromatic residues) that are typically buried and protected against 
damage in classical globular structures. 

Oxidative species are constantly generated in biological systems and 
foods by multiple pathways. The co-existence of lipids and proteins in 
milk, along with exposure to atmospheric O2, and the harsh conditions 
used during processing, favor the formation of ROO● via lipid peroxi-
dation and other processes (Hellwig, 2019; Obando et al., 2015). Despite 
the moderate reactivity of ROO● (Ered ~ 1.0 V (Buettner, 1993)), which 
limits their reactions to a subset of specific amino acids (Cys, Met, His, 
Tyr and Trp), these radicals are important mediators of protein oxida-
tion and peroxidation (Davies, 2016; López-Alarcón, Arenas, Lissi, & 
Silva, 2014). The reaction of ROO● with proteins (Protein-H) mainly 
occurs via hydrogen atom abstraction, with consequent formation of a 
molecule of peroxide (ROOH) and formation of a secondary free radical 
on the protein (Protein●). The latter undergo rapid (typically 
diffusion-controlled) reaction with O2 to generate a protein peroxyl 
radical (Protein-OO●), or alternatively, when the concentration of O2 is 
limited, react with another Protein● to give protein cross-links (i.e. 
radical-radical dimerization) (Davies, 2016). These secondary radicals 
may propagate damage within the same protein (intra-molecular) or 
react with other protein in close proximity (inter-molecular), as both 
Protein● and Protein-OO● are also reactive oxidants (Davies, 2016; 
López-Alarcón et al., 2014). The quantitative importance of each of 
these pathways will depend on the number, and total concentration, of 
oxidizable residues in each protein, the concentration of O2, and the 
steady state concentrations of ROO●, Protein● and Protein-OO●. 
Consequently, the high casein concentrations encountered in milk, 

along with the close association of the casein proteins, arising from 
favourable casein-casein interactions, may facilitate both the propaga-
tion of radical chain reactions within a particular protein, and also 
radical transfer between protein structures. These processes would be 
expected to enhance the overall extent of damage in the system, in a 
manner similar to that reported for other proteins at high concentrations 
(Aicardo et al., 2018). 

Photochemical oxidation mediated by the excited triplet state of RF 
(3RF1) can result in electron transfer and hydrogen atom abstraction 
processes (type 1 mechanism) to give Protein● (and Protein-OO● in the 
presence of O2). Alternatively energy transfer to (ground state) O2 can 
generate singlet oxygen (1O2) via a type 2 mechanism. Subsequent re-
action of 1O2 with protein residues, and particularly Trp, Tyr and His, 
can generate peroxides, which can either induce molecular oxidation 
reactions, or undergo decomposition to form protein radicals (Davies, 
2004; Pattison, Rahmanto, & Davies, 2012). The high concentration of 
casein proteins might be expected to favor type 1 reactions (as a result of 
increased competition between protein and O2), with a consequent 
greater concentration of secondary free radicals and greater propagation 
of oxidative damage (Fuentes-Lemus & López-Alarcón, 2020). 

In spite of the relevance of protein oxidation for food and 
biochemical research, and the significance that modification of αs1-, αs2-, 
β-, and κ-casein can have at a nutritional (Chen, Leinisch, et al., 2019b) 
and toxicological level (B. Li et al., 2019), the oxidative pathways 
involved in casein modification still need to be clarified, and particularly 
at the protein concentrations present in milk, and milk concentrates. In 
the study reported here, we hypothesized that the close association of 
caseins favored at high protein concentrations would enhance the rate 
and extent of oxidation and result in an increased occurrence, and longer 
chain lengths, of damage propagation reactions. In addition, αs1-, αs2-, 
β-, and κ-caseins represent excellent models to explore the role of Trp, 
Tyr and Cys residues in the propagation of damage in 
intrinsically-disordered proteins in both dilute and crowded environ-
ments. To test this hypothesis, we exposed low and high concentrations 
of commercial αs- (a mixture of αs1 and αs2), β-, and κ-caseins to 
AAPH-derived radicals (primarily ROO● (López-Alarcón et al., 2020)) 
and photo-oxidation induced by RF. Electrophoresis, immunoblotting, 
8-anilinonaphthalene-1-sulfonic acid-binding, Thioflavin T-assay, elec-
tron microscopy, and mass spectroscopy were used to detect and 
quantify protein modification and its consequences at an amino acid, 
peptide and protein level. The resulting data demonstrate that the na-
ture and extent of oxidative modification are modulated by the protein 
concentration, with chain reactions and propagation of oxidative dam-
age favored at high concentrations. These results are of significance not 
only for dairy research, but also for other multi-component environ-
ments containing high protein concentrations, including mammalian 
cells and tissues. 

2. Materials and methods 

2.1. Proteins and reagents 

Proteins αs-, β-, and κ-casein (>70 %, 98 %, and >70 % purity, 
respectively), 2,2′-azo-bis(2-amidinopropane) dihydrochloride (AAPH), 
riboflavin (RF), amino acid standard solutions, 8-anilinonaphthalene-1- 
sulfonic acid (ANS), Coomassie brilliant blue G, 5,5′-dithiobis(2-nitro-
benzoic acid) (DTNB), iodoacetamide, methanesulfonic acid (with 0.2 % 
tryptamine), N-ethylmaleimide (NEM) and tris-(2-carboxyethyl) phos-
phine hydrochloride (TCEP) were obtained from Sigma Aldrich (Søborg, 
Denmark). Thioflavin T (ThT) ultrapure grade was obtained from 
AnaSpec (USA). Singlet oxygen sensor green, NuPAGE™ MOPS SDS 
running buffer (20X), NuPAGE™ LDS sample buffer (4X), NuPAGE™ 
Sample Reducing Agent (10X), and NuPAGE™ 4–12% Bis-Tris gels were 
obtained from Thermo Fisher (Roskilde, Denmark). Anti-diTyr (clone 
1C3) monoclonal antibody (mAb) was obtained from the Japan Institute 
for the Control of Aging (Japan), and the horseradish peroxidase (HRP)- 

E. Fuentes-Lemus et al.                                                                                                                                                                                                                        



Food Hydrocolloids 121 (2021) 107060

3

conjugated sheep anti-mouse secondary antibody was purchased from 
VWR (Søborg, Denmark). Western lightning Plus ECL Enhanced chem-
iluminescence substrate was purchased from PerkinElmer (Skovlunde, 
Denmark). Di-tyrosine (diTyr) was purchased from Toronto Research 
Chemicals (Toronto, Canada). Sequencing grade trypsin was purchased 
from Promega (Denmark). All solutions were prepared in Milli-Q grade 
water (Millipore Advantage, Søborg, Denmark). LC-MS grade solvents 
were obtained from VWR (Søborg, Denmark). 

2.2. Preparation of native and alkylated κ-casein samples 

Solutions containing commercial κ-casein were incubated with TCEP 
(10-fold molar excess over protein concentration) in sodium phosphate 
buffer (200 mM, pH 6.74) for 90 min at 21 ◦C before use to ensure that 
the two Cys residues in the protein (Cys 11 and Cys 88) were in the 
reduced form. Alkylated samples were generated by incubation with 
NEM (10-fold molar excess over protein concentration) in the dark, at 
21 ◦C for 90 min. Excess TCEP (and NEM for the alkylated samples) were 
then removed before use, by centrifugal filtration using 5 kDa centrif-
ugal concentrators (30 min, 9000 g) (Vivaspin® Sartorius). 

2.3. Oxidation protocols 

Solutions containing αS-casein (1 or 10 mg mL− 1), β-casein (1, 9 or 
27 mg mL− 1), or κ-casein (1, 4 or 20 mg mL− 1, treated as described 
above) were incubated with 10 mM AAPH for 3 h at 37 ◦C in phosphate 
buffer (200 mM, pH 6.74). Samples were constantly stirred, and bubbled 
with air to replenish O2 levels for 1 min each 30 min. After oxidation, 
excess AAPH was removed by centrifugal filtration using 5 kDa cen-
trifugal concentrators (30 min, 9000 g) (Vivaspin®, Sartorius). Control 
samples were incubated under the same conditions, but in the absence of 
AAPH. 

Photo-oxidation of caseins was carried out by illumination of sam-
ples containing the casein proteins (as above) and RF (5 μM) in phos-
phate buffer (200 mM, pH 6.74). Illumination was performed employing 
a Leica P150 slide projector (white light) for 30 min at 21 ◦C. Control 
samples included casein solutions that were illuminated for 30 min in 
the absence of RF, and sampled were incubated in dark for 30 min in the 
presence of RF. No changes in the UV–visible spectrum of RF or AAPH 
were detected in the presence of the casein proteins, consistent with an 
absence of oxidant-protein complexes. 

2.4. Determination of radical and 1RF3 fluxes generated from AAPH 
thermolysis and RF illumination, respectively 

Radical fluxes generated from the thermolysis of AAPH (10 mM) 
were determined using the known rate constants for AAPH decomposi-
tion at 37 ◦C (López-Alarcón et al., 2020). Using these data, over a 3 h 
incubation period, a concentration of 0.288 μmoles of AAPH-derived 
radicals would be expected to be generated in the 2.0 mL solutions 
employed (i.e. 144 μM). 

The flux of 1RF3 generated in RF-containing samples was determined 
using the decomposition quantum of Trp (Φ = 23 × 10− 3 mol E− 1), and 
the quantum yield of intersystem crossing for RF (Φ = 0.67), as reference 
(Silva et al., 2019). Briefly, to establish Iabs, solutions containing Trp 
(300 μM) and RF (5 μM) in phosphate buffer (200 mM, pH 6.74) were 
illuminated with visible light under air (20 % O2) and the same exper-
imental conditions used for the casein photo-oxidations. Subsequently, 
Trp decomposition was quantified by HPLC with fluorescence detection 
(λex 280 nm and λem 360 nm) giving a total decomposition of (1.85 ±
0.08) x 10− 7 mol after 30 min (Supplementary Fig. 1). From this value a 
total Iabs of 8.0492 × 10− 6 E was determined, implying that during the 
30 min illumination period employed in the photo-oxidation experi-
ments a total of 5.38 μmoles of 3RF1 were generated in a volume of 2 mL 
(i.e. 2.69 mM). 

2.5. Detection of 1O2 formation 

Casein samples (1–27 mg mL− 1) containing the pro-fluorescent 
probe Singlet Oxygen Sensor Green Reagent (10 or 50 μM) were illu-
minated in the absence and presence of RF (5 μM) for 1 min. A solution 
containing Rose Bengal (35 μM), and the probe was used as positive 
control. Fluorescence was measured on a SpectraMax® i3 plate reader 
(Molecular Devices, USA) using λex 488 nm and λem 525 nm as described 
by the manufacturer (Thermo Fisher). 

2.6. SDS-PAGE and immunoblotting analysis 

Control and oxidized protein samples were separated using sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under 
reducing and non-reducing conditions. Briefly, aliquots of control and 
oxidized samples (15 μg protein) were mixed with NuPAGE™ LDS 
sample buffer and NuPAGE™ reducing agent (for reducing gels only), 
before heating at 60 ◦C for 10 min. The samples were then loaded onto 
NuPAGE™ 4–12% Bis-Tris gels, and run using NuPAGE™ MOPS SDS 
running buffer. Electrophoresis was performed at 40 V for the first 20 
min, and then at 150 V for a further 60 min. After gels were then either 
stained with Coomassie blue, or transferred to a PVDF membrane using 
an iBlot 2 system (Thermo Fisher, 25 V, 6 min). Membranes were 
blocked with BSA 1 % (w/v) in 0.1 % PBST for 1 h at 21 ◦C, and then 
incubated with primary anti–diTyr antibody (diluted 1:1000 in 0.1 % 
PBST, overnight at 4 ◦C). The membranes were washed 3 times with 0.1 
% PBST, before being incubated with an anti-mouse HRP-conjugated 
secondary antibody (diluted 1:5000 in 0.1 % PBST, 2 h, 21 ◦C). 
Enhanced chemiluminescence from ECL-Plus solution was detected 
using a Sapphire Biomolecular Imager (Azure Biosystems, USA). 

2.7. Particle size analysis 

Analysis of changes in the particle size of the caseins after oxidant 
exposure was carried out by dynamic light scattering (DLS) employing a 
DynaPro NanoStar Instrument (Wyatt Technology, USA). Before anal-
ysis, all samples (control and oxidized) were diluted to 1 mg mL− 1 to 
maintain a constant protein concentration. Solutions (5 μL) were placed 
into NanoStar disposable microcuvettes (Wyatt technology, USA) and 
measured using Dynamics software. A refractive index of 1.333, and a 
viscosity of 1.019 cP, was assumed for the phosphate buffer solution at 
20 ◦C. Results are presented as the mean radius size (nm), with the 
corresponding polydispersity index (PI), from 10 acquisitions. 

2.8. Evaluation of hydrophilic sites and fibril formation 

Protein unfolding, and exposure of hydrophobic sites upon oxida-
tion, was evaluated using the fluorescent dye ANS. Prior to analysis all 
samples were diluted to 0.4 mg mL− 1 in phosphate buffer (200 mM, pH 
6.74). Solutions (196 μL) were mixed with 4 μL of ANS (50 mM) in 
phosphate buffer (200 mM, pH 6.74), and incubated for 10 min before 
measurement of the fluorescence using a plate reader with λex 350 nm 
and λem 460 nm. 

Fibril formation by κ-casein samples (1, 4 and 20 mg mL− 1) was 
examined by changes in the fluorescence of ThT (10 μM) in phosphate 
buffer (200 mM, pH 6.74) over a period of 48 h at 25 ◦C. Briefly, fluo-
rescence (λex 440 nm, λem 490 nm) arising from 200 μL samples of 
control and oxidized samples containing ThT was measured on a Clar-
iostar Plus plate reader (BMG Labtech, Germany) every 5 min for 48 h. 

2.9. Quantification of amino acid loss and diTyr formation 

Quantification of the loss of parent amino acids (with the exception 
of Cys), and quantification of diTyr formation, was achieved by LC-MS 
(Gamon et al., 2020). Briefly, samples containing 25 μg of protein 
were precipitated with TCA (w/v 10 %) and a mixture of 17 stable 
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isotope-labeled amino acid standards (2500 pmoles) and [13C18, 15N2] 
di-tyrosine (100 pmoles) added. These solutions were then dried down 
using a centrifugal vacuum concentrator (60 min, 30 ◦C), and resus-
pended in methanesulfonic acid (4 M) containing tryptamine (0.2% 
w/v). These solutions were placed in Pico tag hydrolysis vials, and 
subjected to three cycles of gassing with N2 (1 min) followed by 10 min 
under vacuum, to remove O2 and prevent artefactual oxidation. Protein 
hydrolysis was then carried out overnight at 110 ◦C. The samples were 
then purified by solid-phase extraction using 30 mg/1 mL mixed-mode 
strong cation exchange Strata X–C cartridges (Phenomenex) as 
described previously (Gamon et al., 2020). Columns were activated with 
methanol (1 mL), and equilibrated with 0.1 % formic acid in ultrapure 
water (1 mL) before adding the samples (10 μL of hydrolysate in 1 mL of 
0.1 % formic acid solution). Samples were then washed with 0.6 mL of 
0.1 % formic acid (v/v) in water, and 0.6 mL 0.1 % (v/v) formic acid in 
acetonitrile. Elution was performed by adding 0.6 mL of ammonium 
hydroxide 1 % (v/v), and acetonitrile 20 % (v/v) in water. The eluted 
fractions were dried down at 30 ◦C under vacuum, and then resuspended 
in 50 μL of 0.1 % formic acid in water. 

Quantification of the analytes was achieved by ESI LC-MS in positive 
mode using a Bruker Impact HD II mass spectrometer. Samples were 
separated by gradient elution, using an Imtakt Intrada Amino Acid 100 
× 3.0 mm column, and formic acid 0.3 % in acetonitrile as Solvent A, 
and ammonium formate (100 mM) in 20 % acetonitrile as Solvent B. The 
gradient was initiated with 20 % Solvent B for 4 min before increasing to 
100 % B over a period of 10 min, and keeping this value constant for 
another 2 min before returning to 20 % B over 2 min, and re- 
equilibration for 2 min. The electrospray needle was held at 4500 V, 
with end plate set at 500 V, and a temperature of 350 ◦C. N2 gas was used 
was used for both the nebulizer (2.0 bar) and the dry gas (11.0 L min− 1). 
MS analyses and quantification were carried out at the MS1 level. 

Quantification of Cys consumption in κ-casein samples was achieved 
using Ellman’s assay (Hawkins, Morgan, & Davies, 2009). Briefly, 200 
μL of a solution 500 mM of 5,5′-dithiobis(2-nitrobenzoic acid) prepared 
in phosphate buffer (200 mM, pH 6.74) were mixed with 5 μL of diluted 
control or oxidized κ-casein samples, and incubated in the dark, at 21 ◦C 
for 30 min. The sample absorbance was then measured at 412 nm using a 
96-well plate reader. Values were converted to absolute concentrations 
using a standard curve constructed with reduced glutathione (0–500 
μM). 

Data for amino acid loss are presented as moles of amino acid 
consumed per mole of initial casein protein, and as moles of amino acid 
consumed per mole of ROO● or 1RF3 generated in the system. 

2.10. Mapping of sites of modification by LC-MS 

The formation of side-chain oxidation products was examined by 
analysis of tryptic peptides as described previously (Fuentes-Lemus 
et al., 2020). Control and oxidized casein (20 μg) samples were dissolved 
in 20 μL 8 M urea, 50 mM Tris-HCl at pH 8.0, and 2 μL of dithiothreitol 
(DTT, 450 mM) was added. These solutions were incubated (45 min, 
21 ◦C), and then iodoacetamide (4 μL, 500 mM) was added, and the 
samples were incubated again for another 60 min at 21 ◦C, in the dark. 
74 μL of 50 mM ammonium bicarbonate and 4 μL of trypsin (0.1 μg μL− 1) 
were then added, followed by incubation overnight at 37 ◦C. The pep-
tides were then subjected to StageTip solid-phase extraction on activated 
Empore C18 reversed-phase discs (3 M, St. Paul, MN, USA), with the 
samples eluted using 50 μL 80 % acetonitrile, 0.5 % trifluoroacetic acid. 
The eluents were dried down (Speedvac™ concentrator, 3 min) and 
samples re-suspended in 50 μL 0.1 % (v/v) formic acid in H2O. Samples 
were analyzed on an Impact II ESI-QTOF (Bruker Daltonics, Bremen, 
Germany) mass spectrometer in the positive ion mode with a Captive-
spray ion source connected on-line to a Dionex Ultimate 3000 chroma-
tography systems (Thermo Fisher Scientific). Analytes were separated 
using an MabPac column 150 mm × 150 μm column (Thermo Fisher 
Scientific) at 60 ◦C with a flow rate of 10 μL min− 1 by gradient elution 

using 0.1% formic acid (Solvent A) and 80 % acetonitrile/0.1 % formic 
acid (Solvent B). The electrospray needle was held at 4500 V, with end 
plate offset of 500 V and temperature of 200 ◦C. Nitrogen gas was used 
for both the nebulizer (0.7 Bar) and as the drying gas (6.0 L min− 1). MS1 
precursor scans (150–2200 m/z) were followed by data dependent 
MS/MS fragmentation of the three most intense precursors with sam-
pling rates of 2 Hz. 

Data analysis was performed using MaxQuant (version 1.6.1.4) with 
semi-specific tryptic constraints and a 1 % peptide level false discovery 
rate. Carbamidomethylation of Cys was used as a fixed modification for 
all samples with the exception of native κ-casein. The following variable 
modifications were examined: Met, m/z +16 (sulfoxide); Trp, m/z +4 
(kynurenine, Kyn), m/z +13.98 (carbonyl formation), m/z +16 (addi-
tion of a single oxygen atom, hydroxylation) and m/z +32 (addition of 2 
oxygen atoms, N-formylkynurenine and dihydroxylation); Tyr, m/z +16 
(addition of a single oxygen atom, to give the hydroxylated product 
DOPA); His, m/z +16 (addition of a single oxygen atom, hydroxylation) 
(Fuentes-Lemus et al., 2020). In addition, phosphorylation (m/z +79.97) 
and glycosylation (m/z +203.08 (HexNAc) and m/z +365.13 (Hex(1) 
HexNAc(1))) of Ser and Thr residues was also included as potential 
modification in line with previous reports (Huang et al., 2014). 

2.11. Imaging of native and modified caseins using electron microscopy 

Imaging of αs- and κ-casein aggregates and fibrils was carried out 
using a FEI/Philips CM 100 transmission electron microscope (operated 
at 100 kV accelerating voltage) connected to an Olympus Veleta camera 
(Japan). Before imaging all samples were diluted using phosphate buffer 
(200 mM, pH 6.74) to a final concentration of 1 mg mL− 1. Aliquots (3 
μL) of the diluted control, alkylated, or oxidized casein samples were 
deposited on a hydrophilized carbon grid (pure C, 200 mesh Cu, Pelco, 
USA), and negatively stained with 3 μL of 2 % uranyl acetate. 

2.12. Protein sequence analysis 

The hydrophobicity score for each amino acid residue in the 
sequence of αs1-casein (UniProt ID: P02662), αs2-casein (UniProt ID: 
P02663), β-casein (UniProt ID: P02666) and κ-casein (UniProt ID: 
P02668) was assigned according to the Kyte-Doolittle scale of hydrop-
athy (Kyte & Doolittle, 1982). The aggregation score was calculated 
based on the prediction of amyloid-prone regions of each protein using 
the programs TANGO (Fernandez-Escamilla, Rousseau, Schymkowitz, & 
Serrano, 2004), WALTZ (Maurer-Stroh et al., 2010), AmylPred (Frou-
sios, Iconomidou, Karletidi, & Hamodrakas, 2009), and Foldamyloid 
(Garbuzynskiy, Lobanov, & Galzitskaya, 2009). An aggregation score of 
0 indicates that none of the four programs identified the residues as 
amyloidogenic, whereas a score of 4 indicates that all four programs 
identified the residues as relevant sites for protein interaction and ag-
gregation. Positive hits were identified using the following criteria; 
TANGO: beta sheet aggregation values > 21.4; WALTZ: values > 0.00; 
FoldAmyloid: amino acid residues with values > 21.4 for 5 consecutive 
residues; AmylPred: sequence regions predicted as hits by the consensus 
method. For all sequences, the signal peptide was discounted. 

2.13. Statistical analysis 

Data are presented as means ± SD from at least three independent 
experiments. To reduce the complexity of some of the figures and tables, 
only mean values are presented. 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 values < 0.05 taken as significant. 
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3. Results 

3.1. Analysis of the changes in the size and molecular mass of caseins 
upon oxidation by riboflavin-mediated photo-oxidation and ROO● 

To investigate the modifications elicited by RF-induced photo- 
oxidation casein samples were illuminated for 30 min with visible light 
in the presence of O2 and RF (5 μM). Modifications triggered by ROO● 

were studied using the thermally-labile azocompound AAPH, which 
generates alkyl radicals that subsequently react with O2, in a diffusion- 
controlled reaction to give ROO● at a known and constant rate; this 
allows the dose of radicals supplied to be readily calculated 
(López-Alarcón et al., 2020). Fig. 1 shows SDS-PAGE gels (top panels) 
and immunoblots (bottom panels) run under non-reducing conditions of 
control and oxidized αs-, β-, and native and alkylated κ-casein samples at 
protein concentrations over the range 1–27 mg mL− 1. Control samples of 
each protein (lanes labeled ‘C’) gave rise to a single major band 
consistent with the presence of the monomer species of each individual 
casein. The apparent masses (~25 kDa) of these bands, when calculated 
from the markers, differ slightly from those expected from the protein 
sequences. This effect has been reported previously, and is ascribed to 
the different hydration states of these proteins (Creamer & Richardson, 
1984; D. L. Holt & Zeece, 1988). Incubation with AAPH (10 mM) for 180 
min resulted in significant changes, with cross-linked and oligomeric 
species detected to varying extents. The highest apparent concentrations 
of the aggregated species were detected with the lowest casein con-
centrations (1 mg mL− 1) (Fig. 1). Samples with higher casein concen-
trations (αs-casein 10 mg mL− 1; β-casein 9 and 27 mg mL− 1; native and 
alkylated κ-caseins 4 and 20 mg mL− 1) resulted in lower levels of 
cross-linked species. Concurrently, a depletion of the parent monomer 
bands was observed, with the greatest decrease also occurring at the 
lowest casein concentrations (1 mg mL− 1), with the exception of 
αs-casein where marked loss was also detected at 10 mg mL− 1. This is in 
agreement with previous reports that have shown that αs-casein has a 
marked tendency, upon oxidation, to form very high mass aggregates 
which do not penetrate into the gels (Fuentes-Lemus, Silva, Barrias, 

et al., 2018). 
Illumination of individual caseins with visible light in the presence of 

RF (5 μM) also resulted in oligomer formation (Fig. 1) when compared to 
controls exposed to neither RF nor light (lane C). The formation of the 
cross-linked species required both light and RF (cf. lanes C2 and C3, 
Fig. 1). Oxidized native κ-casein showed the highest degree of apparent 
formation of cross-linked species at concentrations of 1 and 4 mg mL− 1. 
In contrast, κ-casein samples where the two free thiols were alkylated 
with acetamide, showed significantly less protein cross-links (Fig. 1), 
consistent with a key role for Cys residues in cross-link formation. 
Further insights into the nature of these cross-links was obtained from 
SDS-PAGE analyses carried out under reducing conditions (Supple-
mentary Fig. 2). Under these conditions, lower levels of oligomers were 
detected with native κ-casein when compared to the non-reducing gels. 
In contrast, no major differences were observed between the reducing 
and non-reducing conditions for the alkylated κ-casein samples, 
consistent with a key role for reducible cross-links, presumed to be 
disulfides, between the Cys residues in κ-casein. 

As cross-links between two Tyr residues (diTyr) have been reported 
to be a major contributor to casein aggregation (Dalsgaard, Nielsen, 
Brown, Stadler, & Davies, 2011), studies were carried out by immuno-
blotting, employing an anti-diTyr antibody, to examine the presence of 
diTyr in the cross-linked and monomeric protein bands. As expected, the 
non-oxidized protein samples did not show any positive immunoreac-
tivity (Fig. 1). However, samples of αs- and β-casein incubated with 
AAPH (10 mM) showed weak bands consistent with the presence of 
diTyr in the dimer, but not monomer, bands. The pixel density was 
greater for the αs- and β-casein samples oxidized with the RF/light/O2 
photo-oxidation system when compared to AAPH treatment (Fig. 1). 
This data correlates well with diTyr quantification by LC-MS (vide infra) 
and that reported in other studies (Fuentes-Lemus, Silva, Barrias, et al., 
2018). DiTyr formation was evident in the dimer, trimer, and tetramer 
bands from these proteins. The signals arising from cross-linked αs- and 
β-casein samples subjected to photo-oxidation at high protein concen-
tration (10 mg mL− 1 for αs-casein, and 9 and 27 mg mL− 1 for β-casein) 
did not show a decrease in intensity when compared to the Coomassie 

Fig. 1. Oxidation of αs-casein (A,E), β-casein (B,F), native κ-casein (C,G) and alkylated κ-casein (D,H) by AAPH-derived free radicals, or by photo-processes induced 
by illumination in presence of RF, results in protein cross-linking with formation of diTyr cross-links. Caseins were oxidized at different protein concentrations and 
separated by SDS-PAGE under non-reducing conditions. Lanes C, C2, and C3 represent control samples incubated in the absence of AAPH or RF, incubated with RF in 
the dark, and illuminated during 30 min in absence of RF, respectively. Numbers above each lane (with exception of the control lanes) indicate the concentration (in 
mg mL− 1) at which oxidation was performed. Immunoblots (E–H) were carried out using a primary anti-dityrosine antibody (for further details see Materials and 
methods). Each image is typical of three experiments carried out on independent samples. 
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stained SDS-PAGE gels (Fig. 1). This suggests that diTyr formation is 
increasingly important in αs- and β-casein aggregation at high protein 
concentrations. In contrast, oxidized native and alkylated κ-casein did 
not give defined bands upon immunoblotting indicating that diTyr does 
not play a significant role in κ-casein aggregation (vide infra). 

Aggregate formation induced by oxidation was confirmed by dy-
namic light scattering (DLS). As presented in Table 1, control solutions 
of αs-casein gave an average radius of 2.7 nm, consistent with a mo-
lecular mass of ~33.4 kDa. Oxidation induced by ROO● resulted in a 
change in the radius of the major species present, with an increase in the 
average radius from 2.7 nm, to 4.6 and 3.9 nm for αs-casein oxidized at 1 
and 10 mg mL− 1, respectively. Similar results were obtained upon 
photo-oxidation in the presence of RF (Table 1). 

In contrast, the data obtained for β-casein indicated the presence of 
highly aggregated species even in the control samples. The average 
hydrodynamic radius of the β-casein control samples was 11 nm (cor-
responding to a mass of ~930 kDa). Oxidation with either oxidant sys-
tem, resulted in the detection of slightly larger species (Table 1), when a 
protein concentration of 1 mg mL− 1 was employed. However, with 
higher protein concentrations (9 and 27 mg mL− 1), oxidation resulted in 
hydrodynamic radii closer to those of the controls. Similar behavior was 
observed for native and alkylated κ-casein samples, where the average 
radius of control samples was 11.6 nm (consistent with a molecular mass 
of ~1044 kDa) and 11.9 nm (molecular mass ~1098 kDa), respectively 
(Table 1). Oxidation of both native and alkylated κ-casein at different 
protein concentrations did not give a distinct pattern of changes prob-
ably due to the formation of fibrils (vide infra). 

3.2. Effect of oxidation of caseins, at different concentrations, on ANS 
binding 

As caseins contain hydrophobic domains within their sequences that 
are important for protein-protein interactions, the effect of oxidant- 

induced modification of these sites, was investigated using the fluores-
cent probe 8-anilinonaphthalenesulfonate (ANS) which binds to exposed 
hydrophobic residues, resulting in an enhanced fluorescence emission at 
460 nm. Incubation of non-oxidized αs-, β- and native or alkylated 
κ-casein (final concentrations of 0.4 mg mL− 1) with ANS (final con-
centration 1 mM) for 10 min gave rise to a significant increase in the 
fluorescence emission from the probe when compared to that detected in 
the absence of any of the proteins (data not shown). Control samples 
incubated at 37 ◦C for 180 min, prior to ANS binding (as above) gave 
similar fluorescence intensity values to non-incubated samples (data not 
shown), indicating that incubation alone did not affect the protein 
conformations. In contrast, samples of αs-casein, β-casein and native or 
alkylated κ-casein (1 mg protein mL− 1) exposed to AAPH-derived ROO● 

before addition of ANS showed a significant decrease in fluorescence 
emission. This is interpreted in terms of reduced ANS binding (Fig. 2) 
due to a decreased number (due to oxidation by oxygen-derived radi-
cals) or availability (i.e. due to protein cross-linking or altered folding) 
of binding sites for the probe. With higher concentrations of protein, this 
change was not observed, with the fluorescence emission values for the 
probe being similar to control values (Fig. 2). An exception to this trend 
was β-casein, which gave higher fluorescence intensity values at 9 mg 
mL− 1. However, at 27 mg mL− 1, the fluorescence emission returned to 
control levels (Fig. 2C). 

Parallel studies on ANS binding to caseins exposed to the RF (5 μM)/ 
light/O2 system showed similar behavior to the AAPH-treated samples 
(Fig. 2), with αs-, native and alkylated κ-caseins, showing a significant 
decrease in ANS binding after oxidation at low protein concentrations. 
In contrast, photo-oxidation at high protein concentrations did not alter 
the extent of ANS binding. For β-casein, no significant differences in ANS 
binding were detected between the control and photo-oxidized samples 
at any protein concentration examined (Fig. 2D). 

3.3. Imaging of α-casein aggregates and κ-casein fibrils 

In their native multimeric states, caseins undergo significant in-
teractions yielding casein micelles (Huppertz et al., 2018). When these 
proteins are isolated they also show a tendency to form non-covalent 
oligomers and, under some conditions, disordered aggregates or fi-
brils. This is particularly important for κ-casein due to intermolecular 
disulfide bond formation between Cys residues in κ-casein monomers 
(see above). This protein is therefore susceptible to destabilization by 
both oxidation to give these species, and reducing agents that remove 
them (C. Holt et al., 2019; Pan & Zhong, 2015). To gain a better un-
derstanding of the oligomers generated by protein oxidation, the shape 
and size of these structures was examined using TEM. Using the DLS data 
in Table 1, the instrument was calibrated to visualize αs-casein mono-
mers with a radius of ~2.7 nm. As depicted in Fig. 3A, TEM analysis 
showed that the predominant protein species present had diameters of 
4.3–7.6 nm, consistent with the presence of αs-casein monomers and 
dimers, and previous data (Malin, Brown, Wickham, & Farrell, 2005). 
Markedly different data were obtained for αs-casein samples exposed, at 
10 mg mL− 1, to AAPH-derived ROO●, with highly aggregated species 
detected with diameters >200 nm (Fig. 3B). Such species was not evi-
denced in the DLS experiments, probably due to rapid precipitation, but 
these data are consistent with the SDS-PAGE analyses for ROO●-oxi-
dized αs-casein at 10 mg mL− 1, where the decreased intensity of the 
monomer band, and absence of new bands, suggested that high molec-
ular mass species were generated that did not enter the gel (Fig. 1). 

The ability of κ-casein to form fibrils, and the effects of oxidation on 
this process, was examined using the ThT binding assay (Supplementary 
Fig. 3). The formation of κ-casein fibrils was rapid, at 25 ◦C, for all the 
species tested, with alkylated κ-casein (control) and oxidized samples 
showing a lower capacity to bind ThT than native κ-casein (Supple-
mentary Fig. 3). Analysis using TEM confirmed the formation of κ-casein 
fibrils and aggregates, with the extent and nature of these species 
depending on the samples analyzed (Fig. 3C and D, Supplementary 

Table 1 
Mean hydrodynamic radius (nm) of the predominant macromolecules present in 
solutions of control and oxidized casein samples. Samples containing control or 
pre-oxidized caseins were diluted to 1 mg mL− 1 and analyzed by DLS. Radius 
(nm), intensity distribution (%), mass distribution (%) and the polydispersity 
index (PI) of each sample is indicated.  

Protein Original 
protein 
concentration 
/mg mL− 1 

Oxidant Radius 
(nm) 

Intensity 
(%) 

Mass 
(%) 

PI 

α-casein Control  2.7 79.2 97.2 0.29 
1 AAPH 4.6 55.9 96.7 0.27 
10 3.9 96.3 99.9 0.24 
1 RF 4.4 27.0 98.7 0.12 
10 5.2 44.7 99.7 0.10 

β-casein Control  11.0 50.7 80.6 0.26 
1 AAPH 12.8 47.5 74.8 0.19 
9 12.3 60.1 85.5 0.20 
27 11.7 51.4 82.7 0.19 
1 RF 12.7 44.2 80.1 0.25 
9 11.4 52.7 80.5 0.23 
27 11.7 49.7 79.5 0.19 

κ-casein Control  11.6 26.1 76.8 0.18 
1 AAPH 9.6 76.1 88.5 0.26 
4 14.9 85.7 88.2 0.26 
20 13.2 79.2 81.4 0.29 
1 RF 11.7 72.4 86.8 0.21 
4 12.0 34.5 82.2 0.41 
20 11.0 19.1 80.3 0.12 

Alkylated 
κ-casein 

Control  11.9 30.8 74.8 0.21 
1 AAPH 15.1 73.7 73.8 0.27 
4 19.0 68.8 78.0 0.56 
20 11.6 82.4 68.4 0.35 
1 RF 13.5 27.6 75.3 0.28 
4 9.7 64.2 81.8 0.23 
20 9.1 58.3 74.0 0.30  

E. Fuentes-Lemus et al.                                                                                                                                                                                                                        



Food Hydrocolloids 121 (2021) 107060

7

Fig. 4). TEM images of native κ-casein confirmed the presence of a 
limited number of fibrillar structures, with the predominant species 
being spherical aggregates of different diameters (Fig. 3C). The smaller 
species had an average diameter of ~20 nm, whilst the larger aggregates 
showed diameters >200 nm. The latter appeared to be macro-structures 
formed from the smaller species. TEM images showed an increased 
presence of fibrillar structures (10–16 nm in diameter, 100–300 nm in 
length) in the alkylated κ-casein samples (Supplementary Fig. 4). These 
results support previous reports indicating that the Cys residues in 
κ-casein play a pivotal role in its aggregation (Thorn et al., 2005). 
Similarly, when native κ-casein was oxidized (at 4 mg protein mL− 1) 
before TEM analysis, fibre-like structures (diameter ~10 nm, length 
~200 nm) were detected (Fig. 3D). 

3.4. Extent of amino acid oxidation and diTyr formation in diluted and 
concentrated casein solutions 

As Cys residues are destroyed during acid hydrolysis of proteins, 
oxidation of the Cys residues in native κ-casein was quantified using 
DTNB (Hawkins et al., 2009). After incubation with 10 mM AAPH for 3 
h, 100 % of the Cys residues were consumed in dilute (1 mg mL− 1) native 
κ-casein solutions (Table 2), implying oxidation of 2 mol of Cys (in 
addition to modification at other residues, see below) per mole of casein. 
Incubation of higher concentrations of native κ-casein with 10 mM 
AAPH resulted in the oxidation of 1.50 and 0.58 mol of Cys per mole of 
protein, at protein concentrations of 4 and 20 mg mL− 1, respectively 
(Table 2). Despite this decrease is the number of moles of Cys consumed 
per mole of casein as the κ-casein concentration is increased, the total 

Fig. 2. Effect of oxidation at different protein con-
centrations elicited by AAPH-derived ROO● (panels 
A, C, E, G) or RF-photosensitization (panels B, D, F, 
H) on the binding of the hydrophobic fluorescent 
dye 8-anilinonaphthalenesulfonate (ANS) at pH 6.7 
in sodium phosphate buffer, to α-casein (A and B), 
β-casein (C and D), native κ-casein (E and F) and 
alkylated κ-casein (G and H), as determined by 
fluorescence spectroscopy at 460 nm. Data are 
mean ± SD from three independent experiments. 
Bars indicated with * are significantly different (p 
< 0.05) from the control samples.   
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consumption of Cys residues elicited by AAPH-derived ROO●, increased, 
with 0.104, 0.312 and 0.604 mM of Cys oxidized at 1, 4 and 20 mg 
protein mL− 1, respectively. Comparison of these values with the flux of 
ROO● generated (0.144 mM ROO●), gives a ratio of moles of Cys 
consumed per mole of ROO● supplied, of 0.73, 2.18, and 4.23 at κ-casein 
concentrations of 1, 4 and 20 mg mL− 1, respectively (Table 2). The ratios 
of amino acid consumed/total dose of ROO● provided of >1.0, imply 
that more than one residue is consumed per ROO●

, and the occurrence 
of chain reactions. Illumination in the presence of RF (5 μM) resulted in 
the loss of 1.92, 1.85 and 0.10 mol of Cys per mole of casein for samples 
containing 1, 4 and 20 mg mL− 1 of native κ-casein, respectively 
(Table 3). A comparison of the normalized data for Cys residue con-
sumption in κ-casein between these two oxidation systems (Tables 2 and 
3) indicates that AAPH-derived ROO● show a higher efficiency than 
RF-mediated photo-oxidation in terms of the extent of damage per 

oxidant species generated. 
Quantification of the loss of other amino acids was carried out on 

samples subjected to acid hydrolysis and subsequent LC-MS quantifi-
cation against isotope-labeled standards (Gamon et al., 2020). Of the 17 
common amino acids analyzed using this method, only Trp, Met and Tyr 
showed significant decreases after incubation in the presence of AAPH 
(Table 2). Exposure to the RF photo-oxidation system also resulted in 
loss of these three species, together with His (Table 3). The extent of loss 
was dependent on the protein examined, the oxidizing system, and also 
the protein concentration. Thus, a total amount of 4.12 amino acid 
residues were consumed per mole of αs-casein at a concentration of 1 mg 
mL− 1 when exposed to ROO● (Table 2), implying a total concentration 
of 174.6 μM amino acids consumed, and 1.22 amino acid residues 
oxidized per ROO● generated. With a αs-casein concentration of 10 mg 
mL− 1 (with a fixed AAPH concentration) a total loss of 1.36 residues was 

Fig. 3. Electron micrographs of control (A,C) and 
oxidized (B,D) αs- and native κ-casein samples. 
Monomers and aggregates of α-casein (10 mg mL− 1) 
were observed in control (A) and ROO●-oxidized 
samples (B), respectively. Fibrillary and aggregated 
structures (C) were evidenced after 72 h of incu-
bation of native κ-casein (4 mg mL− 1). ROO●- 
mediated oxidation of native κ-casein (4 mg mL− 1) 
resulted in an enhancement in the number of visible 
fibrillary structures and a decreased number of ag-
gregates (D) after removal of the oxidant and in-
cubation for 72 h. Control and oxidized α-casein 
solutions were prepared on the day of TEM imaging, 
whilst control and oxidized κ-casein solutions were 
incubated for 72 h in phosphate buffer at room 
temperature before TEM imaging. Prior to analysis 
by TEM, all samples were diluted to a protein con-
centration of 1 mg mL− 1 (for further details, see 
Materials and methods). Scale bars in the lower 
right side of the micrographs represent 200 nm.   

Table 2 
Moles of amino acid consumed per mole of casein, and moles of amino acid lost per mole of ROO● generated on thermolysis of AAPH (in parenthesis).  

Protein Original protein concentration for oxidation 
/mg mL− 1 

Cys His Met Trp Tyr 
∑

αS-casein 1 – NS 1.04 (0.31) 1.15 (0.34) 1.93 (0.57) 4.12 (1.22) 
10 – NS NS 0.34 (1.00) 1.02 (3.00) 1.36 (4.00) 

β-casein 1 – NS 2.05 (0.59) 0.57 (0.16) 0.85 (0.24) 3.47 (0.99) 
9 – NS 0.53 (1.38) 0.24 (0.64) NS 0.77 (2.02) 
27 – NS NS 0.24 (1.85) NS 0.24 (1.85) 

κ-casein 1 2.00 (0.73) NS 1.78 (0.65) 0.55 (0.20) 1.73 (0.63) 6.06 (2.21) 
4 1.50 (2.18) NS NS 0.23 (0.33) NS 1.73 (2.51) 
20 0.58 (4.23) NS 0.61 (4.42) 0.26 (1.87) NS 1.45 (10.52) 

Alkylated 
κ-casein 

1 – NS 1.45 (0.53) 0.45 (0.16) 1.45 (0.53) 3.35 (1.22) 
4 – NS 0.58 (0.84) 0.21 (0.31) NS 0.79 (1.15) 
20 – NS NS 0.20 (1.44) NS 0.20 (1.44) 

Values indicated with NS did not showed a significant difference with control samples at p < 0.05 level. 
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detected per protein molecule (576.3 μM) indicating that 4.0 amino acid 
residues were oxidized per ROO●. Additionally, at this higher protein 
concentration only significant consumption of Tyr and Trp residues was 
detected (Table 2), indicating that Met residues are a less favored target 
for oxygen-derived radicals, and that there are changes in the oxidative 
pathways with increasing protein concentration. This was also observed 
for the RF system, where photo-oxidation of αs-casein at 1 mg mL− 1 

resulted in loss of His, Trp and Tyr residues, whereas at 10 mg mL− 1 only 
damage to Met and Trp residues was detected (Table 3). Moreover, 
photo-oxidation at 10 mg protein mL− 1 resulted in an increased effi-
ciency of amino acid loss when calculated relative to the 3RF1 generated 
in the system, when compared to αs-casein subjected to photo-oxidation 
at 1 mg protein mL− 1. 

As diTyr cross-links were detected in oxidized αs- and β-casein 
samples in immunoblotting experiments (Fig. 1), quantification of this 
species was carried using LC-MS. No diTyr was detected in controls (data 
not shown), but low levels were detected for all three caseins when 
oxidation was elicited by AAPH-derived ROO● at low protein concen-
trations (1 mg mL− 1) (Fig. 4). For αs-casein, 0.33 μM diTyr were detected 

by LC-MS, imply that 0.66 μM Tyr were oxidized to give this species 
(Fig. 4A). However as ~82 μM Tyr were consumed under these condi-
tions (Table 2), it can be determined that only ~0.8% of the Tyr 
consumed is converted to diTyr. With αs-casein at 10 mg mL− 1, and an 
otherwise identical oxidation system, 2.14 μM Tyr (and ~0.5% of the 
total Tyr consumed) were determined to participate in diTyr formation 
(Fig. 4A). These low values of diTyr formation induced by ROO●, are in 
agreement with previous reports (Fuentes-Lemus, Silva, Barrias, et al., 
2018). Likewise, β-casein oxidation induced by AAPH-derived ROO● 

also gave low levels of diTyr formation at both low and high protein 
concentrations (Fig. 4B). In contrast, αs-casein and β-casein oxidation 
induced by RF-mediated photo-oxidation resulted in higher levels of 
diTyr formation (Fig. 4) in agreement with the data presented in Fig. 1 
and other data on diTyr formation in photo-oxidation systems (Dals-
gaard et al., 2011, 2007; Fuentes-Lemus, Silva, Leinisch, et al., 2018). 
Interestingly, β-casein photo-oxidation at high protein concentrations (9 
and 27 mg mL− 1) did not reveal higher levels of Tyr consumption when 
compared to controls (Table 2), but the yield of diTyr formation was 
enhanced with 15.6 and 55.0 μM Tyr residues calculated as being 

Table 3 
Moles of amino acid consumed per mole of casein, and moles of amino acid lost per mole of 3RF1 generated in the system during the illumination period (in 
parenthesis).  

Protein Original protein concentration for oxidation 
/mg mL− 1 

Cys His Met Trp Tyr 
∑

α-casein 1 – 0.29 (0.005) NS 0.44 (0.007) 0.57 (0.009) 1.30 (0.021) 
10 – NS 0.83 (0.13) 0.41 (0.065) NS 1.24 (0.195) 

β-casein 1 – 0.49 (0.008) NS 0.24 (0.004) 0.34 (0.005) 1.07 (0.017) 
9 – NS NS 0.19 (0.03) 0.31 (0.04) 0.5 (0.07) 
27 – NS NS 0.35 (0.15) 0.34 (0.14) 0.69 (0.29) 

κ-casein 1 1.92 (0.04) NS 0.41 (0.008) 0.26 (0.005) 0.62 (0.012) 3.21 (0.065) 
4 1.85 (0.14) NS NS NS 0.53 (0.04) 2.38 (0.18) 
20 0.10 (0.04) 0.45 (0.17) NS 0.26 (0.10) 1.13 (0.44) 1.94 (0.75) 

Alkylated 
κ-casein 

1 – NS NS 0.18 (0.004) 2.33 (0.05) 2.51 (0.054) 
4 – NS 0.59 (0.05) 0.14 (0.01) NS 0.73 (0.06) 
20 – 0.36 (0.14) NS 0.24 (0.09) NS 0.60 (0.23) 

Values indicated with NS did not showed a significant difference with control samples at p < 0.05 level. 

Fig. 4. Quantification of diTyr generated in αs- 
casein (A), β-casein (B), native κ-casein (C) and 
alkylated κ-casein (D) at different protein concen-
trations after incubation with AAPH (10 mM) or 
illumination in the presence of RF (5 μM) in phos-
phate buffer (200 mM) pH 6.7. diTyr formation and 
quantification was achieved by LC-MS as described 
in the Materials and methods. Values represent the 
moles of oxidized products produced in each sam-
ple. The data for diTyr were multiplied by two to 
determine the number of Tyr residues involved in 
diTyr bridges. Data represent the means ± standard 
deviations of at least three independent 
experiments.   
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converted to this product, respectively (Fig. 4B). These data indicate 
that more of the Tyr oxidized is converted to diTyr cross-links when 
photo-oxidation is performed at high β-casein concentrations. 

In contrast to αs- and β-caseins, low levels of diTyr were detected 
from oxidized native κ-casein, and this was independent of the oxidant 
system and the protein concentration (Fig. 4C). In contrast, with the 
alkylated form of κ-casein, significant levels of diTyr formation were 
detected in the photo-oxidized samples, and these levels were similar to 
those detected from photo-oxidized αs-casein, but lower than for 

β-casein (Fig. 4D). These data indicate that the Cys/cystine species 
present in the native κ-casein modulate the photo-chemistry, and that 
this effect is lost when the Cys/cystine residues are reduced and alky-
lated to give thioethers. 

3.5. Mapping of modifications by LC-MS 

Information on the specific His, Met, Trp and Tyr residues modified 
by AAPH or RF photo-oxidation, was determined by trypsin digestion, 

Table 4 
Modified peptides identified by LC-MS after tryptic digestion of oxidized αs-casein samples (1 and 10 mg mL-1). The mass to charge ratio (m/z) of modified peptides, with 
the charge state in parenthesis, and the mass error (ppm) are indicated. The last five columns specify the experimental conditions where the modified peptides were 
identified and the number of replicates showing the modified peptides (indicated with a + symbol).  

Peptide m/z 
modified 
peptide 

Mass error 
(ppm) 

Sequence and site of modification Protein ctrl 1 mg 
mL− 1 

AAPH 

10 mg 
mL− 1 

AAPH 

1 mg 
mL− 1 RF 

10 mg 
mL− 1 RF 

a 972.3469 
(+2) 

− 0.0413 43DIGS(Phos)ES(Phos)TEDQAM(+16)EDIK58 αs1- 
casein  

+++ +++ +++ +++

b 642.3533 
(+2) 

0.1835 91YLGY(+16)LEQLLR100 αs1- 
casein  

+ +++ +++ ++

c 656.6540 
(+3) 

− 0.1991 104Y(+16)KVPQLEIVPNS(Phos)AEER119 αs1- 
casein  

+++ +++

d 764.7855 
(+5) 

0.9994 120LHSMKEGIHAQQKEPMIGVNQELAYFYPELFR151(+16)a αs1- 
casein  

++ +

959.7288 
(+4) 

0.8755 120LHSM(+16)KEGIH(+16) 
AQQKEPMIGVNQELAYFYPELFR151 

αs1- 
casein    

++

e 806.6525 
(+4) 

0.5431 125EGIHAQQKEPM(+16)IGVNQELAYFYPELFR151 αs1- 
casein  

+++ +++

f1 1166.5696 
(+2) 

0.4593 133EPM(+16)IGVNQELAYFYPELFR151 αs1- 
casein  

++ + +

f2 1166.5696 
(+2) 

0.5592 133EPMIGVNQELAY(+16)FYPELFR151 αs1- 
casein   

+ ++ +

f3 783.3804 
(+3) 

− 0.4675 133EPM(+16)IGVNQELAY(+16)FYPELFR151 αs1- 
casein  

++ +

g1 376.6860 
(+2) 

− 1.0210 194TTMPLW(+4)199 αs1- 
casein  

++ +++ +++

g2 381.6782 
(+2) 

0.8213 194TTMPLW(+14)199 αs1- 
casein  

+++ +

g3 382.6860 
(+2) 

− 1.0452 194TTMPLW(+16)199 αs1- 
casein   

+++ +++

g4 382.6860 
(+2) 

0.1808 194TTM(+16)PLW199 αs1- 
casein  

+++ ++ + +

g5 384.6835 
(+2) 

− 0.8320 194TTM(+16)PLW(+4)199 αs1- 
casein  

+++ ++ + +

g6 389.6756 
(+2) 

− 1.1903 194TTM(+16)PLW(+14)199 αs1- 
casein  

++

g7 390.6835 
(+2) 

− 0.2722 194TTM(+16)PLW(+16)199 αs1- 
casein   

++ +

g8 390.6835 
(+2) 

1.0505 194TTMPLW(+32)199 αs1- 
casein  

+++ +++ +

g9 398.6809 
(+2) 

− 0.2761 194TTM(+16)PLW(+32)199 αs1- 
casein  

+++ +

h 703.9650 
(+3) 

0.0143 25NM(+16)AINPS(Phos)KENLCSTFCK41 αs2- 
casein  

+++ +++

i 692.3487 
(+2) 

− 0.3958 81ALNEINQFY(+16)QK91 αs2- 
casein  

++

j 741.8071 
(+2) 

− 0.1258 138TVDM(+16)ES(Phos)TEVFTK149 αs2- 
casein 

+++ +++ +++ +++ +++

k 498.2816 
(+2) 

− 0.6695 174FALPQY(+16)LK181 αs2- 
casein  

+++ +++ +++ +

l1 557.8075 
(+2) 

1.1663 189AM(+16)KPWIQPK197 αs2- 
casein  

+++ ++ + ++

l2 556.7997 
(+2) 

− 0.4181 189AMKPW(+14)IQPK197 αs2- 
casein  

++

l3 373.5390 
(+3) 

0.7857 189AM(+16)KPW(+4)IQPK197 αs2- 
casein  

++

l4 377.5390 
(+3) 

− 0.6327 189AMKPW(+32)IQPK197 αs2- 
casein  

+ +++

l5 573.8024 
(+2) 

− 0.8840 189AM(+16)KPW(+32)IQPK197 αs2- 
casein  

+++

m 381.7290 
(+2) 

− 0.4815 200VIPY(+16)VR205 αs2- 
casein   

+ +

a Sequencing for peptide120LHSMKEGIHAQQKEPMIGVNQELAYFYPELFR151 found with a +16 modification did not yield an MS2 spectra sufficient to indicate which 
residue was modified. Therefore, the +16 modification could be located at Met123, His128 or Met135. 
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and peptide mass-mapping using LC-MS. The sequence coverages ob-
tained for αs1-and αs2-caseins in the control and oxidized αs-casein 
mixture were 89.4 and 98.1%, respectively, while coverage of β-casein 
and κ-casein were 98.1 and 90.5%, respectively (Supplementary Fig. 5). 
As presented in Table 4 and Supplementary Tables 1–3, a significant 
number of modified peptides were detected from the oxidized samples 
by LC-MS. Fig. 5A presents the MS2 spectrum of the double charged 
peptide DIGSESTEDQAMEDIK (parent mass 1766.7516 Da), which 
showed modifications at Ser 46 and Ser 48 (phosphorylation), and Met 
54 (m/z +16 Da, assigned to the sulfoxide) in samples of αs-casein (1 mg 
mL− 1) incubated with AAPH (10 mM) for 3 h at 37 ◦C. The modified 
peptide showed a significant shift in the retention time as depicted in 
Supplementary Fig. 6. Modification of αs1-casein was also detected at 
Tyr94 (Fig. 5B, Supplementary Fig. 6), Met123, Met135, His128, Tyr104 
and Tyr144 when αs-casein (1 mg mL− 1 or 10 mg mL− 1) was exposed to 
AAPH-derived ROO●, or illuminated in presence of RF (Table 4, Sup-
plementary Fig. 7). In addition, evidence was also detected for addi-
tional modifications (m/z +4, +14, +16, +20, +30, +32 and + 48 Da) in 
the peptide TTMPLW at either Met 196 or Trp199 (Table 4, Supple-
mentary Fig. 7) indicating that this (C-terminal) region of αs1-casein is 
especially susceptible to ROO●-mediated oxidation. Modifications were 
also detected at Met 26, Met 141, Met 190, Tyr89, Tyr179, Tyr203 and 
Trp 193 residues in αs2-casein (Supplementary Fig. 7). 

Of the six Met, five His, four Tyr and single Trp residues present in 
β-casein, modification was detected at all the Met residues (Met 93, Met 
102, Met 109, Met 144, Met 156 and Met 185), two Tyr residues 
(Tyr180, Tyr193) and the single Trp143, on exposure to AAPH-derived 
ROO● or RF-induced photo-oxidation at either low or high protein 
concentrations (Supplementary Table 1; Supplementary Fig. 8). How-
ever, some of these products were found predominantly in samples 
where oxidation was performed at the highest protein concentrations 
(27 mg mL− 1). Thus, an ion with m/z +32 Da corresponding to an 
addition of 2 oxygen atoms to Trp143 was found in all the replicates of 
β-casein oxidized (with either oxidation system) at a protein concen-
tration of 27 mg mL− 1 (Supplementary Table 1). Oxidation at Met res-
idues was more prevalent at low protein concentrations in agreement 
with the data presented in Table 2. 

Similar trends were detected on LC-MS analysis of the native and 
alkylated κ-casein samples (Supplementary Tables 2 and 3, Supple-
mentary Fig. 9). Oxidation induced by AAPH-derived ROO● at low 
native κ-casein concentrations (1 mg mL− 1) resulted in the modification 
Tyr25, Tyr30, Tyr42, Trp76, Met95 and Met106 (Supplementary 
Table 2). At higher protein concentrations (20 mg mL− 1) modifications 
were detected at Tyr25, Tyr30, Tyr42, Tyr58, Trp76, Met95 and Met 106 
suggesting that ROO● induced modification of κ-casein occurs specif-
ically and at a limited number of susceptible residues. RF-mediated 

Fig. 5. MSMS spectra of: (a) peptide corresponding to 43DIGS(Phos)ES(Phos)TEDQAM(+16)EDIK58 and (b) peptide corresponding to 91YLGY(+16)LEQLLR100 

formed after the oxidation of αs-casein by ROO●. Identification of y and b ions is included for each peptide. 
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photo-oxidation gave modifications at some of the same sites (Met 95, 
Met106 and Trp76), but also at His98, His100 and His102 (Supple-
mentary Table 2). 

Alkylation of the Cys residues in κ-casein before oxidation did not 
result in major changes in the sites of modification induced by radicals 
derived from AAPH, with modifications detected at Tyr25, Tyr30, 
Trp76, Met95 and Met106 at low κ-casein concentrations. At higher 
protein concentrations (20 mg mL− 1) the same residues were modified 
except for Tyr25 (Supplementary Table 3; Supplementary Fig. 9). Unlike 
AAPH-mediated oxidation, alkylation of κ-casein had a significant effect 
on RF-mediated photo-oxidation at the lowest protein concentration (1 
mg mL− 1), with modifications at His98, His100, His102 found in all the 
replicates (Supplementary Table 3). A summary of the modification sites 
detected by LC-MS in each protein are indicated schematically by the red 
lines in Fig. 6. 

3.6. Analysis of specific casein sequence elements that may contribute to 
protein interactions and oxidation 

The lack of crystal data and high-resolution 3-dimensional structural 
information for caseins has limited our understanding of the role of 
specific amino acid residues in the oxidation of these proteins. Never-
theless, computational tools have been developed that allow the pre-
diction of specific elements in protein structures, such as the 
hydrophobicity and packing density of different regions, which are key 
elements in protein-protein interactions (Fernandez-Escamilla et al., 
2004; Garbuzynskiy et al., 2009; Kyte & Doolittle, 1982; Maurer-Stroh 
et al., 2010). Using four different software packages, analyses were 
carried out on the hydrophobicity and aggregation score of the four 
caseins (αs1, αs2, β and κ) as these are expected to give significant in-
formation about solvent accessibility and hydrogen bonding (Garbu-
zynskiy et al., 2009). By using consensus data from all the packages, the 
αs1-casein regions comprising residues Leu20–Ala26, Leu142–Pro147, 
Gln152–Leu156 and Gly162–Pro168 were determined to have high 
aggregation scores (≥2) suggesting that these regions are potentially 
important in protein-protein interactions (Fig. 6A). The same analysis 
determined that the regions comprising residues between Asn86–Gln90 
and Gln94–Gln101 in αs2-casein are the most likely to be involved in the 
formation of hydrogen bonds within and between casein molecules 
(Fig. 6B). In β-casein these regions were Leu133–Leu139 and 
Ile187–Gln194 (Fig. 6C), whilst in κ-casein the identified domains were 
Ile28–Ser33, Tyr38–Gln45, Ala49–Asn53, Ile73–Leu79, Leu103–Ala107 
and Ile122–Ala126 (Fig. 6D). 

4. Discussion 

Protein oxidation is a prevalent, but undesired consequence of milk 
processing. The harsh conditions employed (e.g. elevated temperatures, 
light exposure), along with the complex heterogeneity of this colloid, 
favor the occurrence of oxidative damage on milk proteins mediated by 
RF sensitization, and by oxygen-derived radicals generated during per-
oxidation of lipids. The oxidation of these milk proteins affects both 
their organoleptic properties and nutritive value, and can generate toxic 
products (Chen et al., 2019a; Chen et al., 2019b). Chronic intake of 
modified materials (e.g. hydroperoxides, carbonyls, Trp oxidation 
products, diTyr) has been associated with compromised renal and liver 
function in rats, and also impaired spatial learning and brain function 
(Carabotti, Scirocco, Maselli, & Severi, 2015; B.; Li et al., 2019; Z. L.; Li, 
Shi, Ding, Ran, & Le, 2017, 2014; Saraf et al., 2017). 

The moderate reactivity of ROO● (Ered ~1.0 V), the major oxygen- 
derived radical generated during peroxidation processes, results in se-
lective reaction with a limited number of amino acid side chains, prin-
cipally Cys, Trp, Tyr, Met and His (Dorta, Ávila, Fuentes-Lemus, 
Fuentealba, & López-Alarcón, 2019; López-Alarcón et al., 2005). Simi-
larly, the excited triplet of RF (3RF1) modifies these side chains via type 
1 or type 2 photoreactions (Fuentes-Lemus & López-Alarcón, 2020). 

Cysteine thiyl (Cys-S●), tryptophanyl (Trp●) and tyrosyl (Tyr●) radicals, 
generated by ROO● or 1RF3, are key intermediaries in radical-mediated 
protein oxidation, as these amino acid-derived species can react with O2 
and O2

●- to generate oxygenated products. Alternatively they can un-
dergo self- (or cross-) reactions giving cross-linked species, including 

Fig. 6. Hydrophobicity (black), aggregation score (blue) and modification sites 
(red lines) determined for αs1-casein (A), αs2-casein (B), β-casein (C) and 
κ-casein (D). The hydrophobicity of each residue in the sequence of caseins was 
assigned employing the Kyte-Doolitle scale of hydrophobicity. The aggregation 
score for each residue was calculated based on the prediction of amyloid-prone 
regions using the programs WALTZ, TANGO, AmylPred and Foldamyloid. An 
aggregation score of four means that all four programs identified the residue as 
crucial for interactions (amyloidogenic). Residues that were detected as 
modified in LC-MS analyses after oxidation induced by ROO● or 3RF1 are 
indicated as vertical red lines. Sequence of caseins were obtained from Uniprot 
with the peptide signal removed before carrying out the analysis of each 
sequence. (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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disulfides (Cys–Cys), diTyr, diTrp, and Trp-Tyr (Hägglund, Mariotti, & 
Davies, 2018). Moreover, Trp●, Tyr●, and Cys●, and their oxygenated 
counterparts (e.g. Trp-OO● and Cys-OO●) can propagate oxidative 
damage by participating in damage transfer or short chain reactions 
(Fuentes-Lemus et al., 2016; Janković & Josimović, 2001; Schöneich, 
2008). In the present work, we have examined casein oxidation induced 
by AAPH-derived radicals in the presence of O2 and by 3RF1 (from 
visible light illumination of RF, an endogenous photo-sensitizer present 
in milk). AAPH decomposition generates ROO●, at a known and con-
stant rate (Niki, 1990), which can then induce hydrogen atom or elec-
tron transfer reactions, whilst 3RF1 can mediate oxidation by electron 
transfer process followed by hydrogen atom abstraction (type 1 mech-
anism) or via formation of singlet oxygen (1O2, type 2 mechanism). 
Although evidence has been reported for the formation of alkoxyl rad-
icals (RO●) from self-reactions of ROO● (Dorta et al., 2015; Werber, 
Wang, Milligan, Li, & Ji, 2011), which have higher reactivity than ROO● 

(Buettner, 1993), this reaction is unlikely to be of major significance 
here due to the high concentrations of oxidizable targets employed when 
compared to the steady state concentrations of ROO●. Even at the lowest 
casein concentrations (1 mg mL− 1) examined here, ratios close to 1.0 
were obtained for amino acid loss per ROO● generated (Table 2), sug-
gesting that RO● formation is unlikely to be a major contributing 
pathway. Despite this, the participation of RO● or other oxygen-derived 
radicals formed via secondary reactions during the oxidation of caseins, 
cannot be completely eliminated. Similarly, 3RF1 mediated formation of 
1O2 is unlikely to be a major process as the experiments using the Singlet 
Oxygen Sensor Green probe showed limited formation of this species 
when compared to a positive control system containing the alternative 
photo-sensitizer Rose Bengal (Supplementary Fig. 1). The initial stages 
of casein oxidation mediated by AAPH-derived radicals can therefore be 
represented by reactions (1) and (2a: hydrogen abstraction; or 2 b: 
electron transfer followed by proton transfer):  

AAPH → 2 ROO●                                                                           (1)  

ROO● + casein-H → ROOH + casein• (2a)  

ROO● + casein-H → ROO− + casein•+ → ROOH + casein• (2b) 

Self-reactions of casein● (reaction 3), to form dimers, can compete 
with reaction with O2 (reaction 4), thereby modulating the reaction 
pathways and the respective yields of cross-linked species versus 
oxygenated products.  

casein● + casein● → casein-casein →→→ high molecular aggregates     (3)  

casein● + O2 → casein-OO● →→ oxygenated products                        (4) 

The casein-OO● generated via reaction (4) can contribute to the 
propagation of damage via reactions with species containing reactive 
C–H bonds or high electron density, within the same protein (intra-
molecular reaction) or other molecules (intermolecular reaction) (re-
actions 5a or 5 b).  

casein-OO● + casein-H → casein-OOH + casein●                             (5a)  

casein-OO● + casein-H → casein-OO- + casein•+ → casein-OOH + casein•
(5b) 

Reactions (3) to (5) are also major processes in RF-induced photo- 
oxidation when a type 1 mechanism is the predominant photochemical 
pathway (Silva et al., 2019). Thus, the AAPH and RF oxidative systems 
can be compared under specific circumstances such as those employed 
here. 

The data presented indicate that both the oxidant system, and the 
casein concentration, modulates the pathways that occur resulting in 
changes to the molecular mass of αs-, β- and κ-casein as evidenced by the 
SDS-PAGE and immunoblot analysis (Fig. 1), DLS measurements 
(Table 1) and TEM imaging (Fig. 3). Casein oxidation at low protein 

concentrations (1 mg mL− 1) results in significant structural modifica-
tions on each protein, and formation of cross-links. In contrast, oxida-
tions performed at high casein concentrations (>4 mg mL− 1) gave lower 
levels of cross-links (Fig. 1). The nature of these cross-links was exam-
ined using an anti-diTyr antibody in immunoblot experiments (Fig. 1). 
These studies demonstrate that diTyr formation does not contribute 
significantly to casein cross-linking when damage is induced by AAPH- 
derived radicals, and that this is independent of the casein examined, or 
its concentration. These data were confirmed by the LC-MS analyses 
where diTyr was quantified (Fig. 4)). However, diTyr formation does 
appear to play a role in αs- and β-casein cross-linking when 3RF1 is the 
oxidant (Figs. 1 and 4), consistent with previous reports (Fuentes-Lemus, 
Silva, Barrias, et al., 2018; Fuentes-Lemus, Silva, Leinisch, et al., 2018). 
These data indicate that different pathways are involved in casein 
cross-linking depending on the oxidant, and also the casein protein. 
Thus, the RF system appears to favor Tyr● recombination (reaction 3), 
whereas AAPH-mediated oxidation clearly involves additional reactions 
that trigger casein aggregation. Reactions involving casein● and O2 
(reaction 4) can generate multiple oxygenated products (e.g. 
carbonyl-containing species) that may undergo secondary reactions 
with nucleophilic amino acid side chains, including lysine (Lys), the 
N-terminal amino groups, histidine (His) and arginine (Arg) residues, to 
generate Michael adducts, Schiff bases, and other downstream products 
(reaction 6) (Flores-Morales et al., 2011; Fuentes-Lemus, Silva, Barrias, 
et al., 2018; Yamamoto et al., 1990).  

casein-C––O + casein-NH2 →→→ aggregates                                      (6) 

While dimerization via reaction (3) will be favored under conditions 
where the radical flux is high, and a pair of casein● are formed at the 
same time and in close proximity, reaction (6) depends on the concen-
tration and accessibility of oxygenated products and uncharged amino 
(and related) groups, and therefore both the extent of oxidation and the 
protein concentration. 

In the case of κ-casein, the immunoblots indicate that diTyr forma-
tion is not quantitatively relevant for covalent oligomerization of the 
protein, and this is independent of the oxidant or protein concentration. 
The observed differences between the Coomassie-stained gels of native 
and alkylated κ-casein, run under reducing and non-reducing condi-
tions, support the hypothesis that Cys oxidation to give intermolecular 
disulfides is a critical process in the cross-linking of this protein induced 
by both AAPH-derived radicals and 3RF1 (Fig. 1, Supplementary Fig. 4). 
TEM imaging demonstrated that under experimental conditions that 
impede random disulfide bridging of κ-casein, formation of ordered 
oligomers is favored (Supplementary Fig. 4). Similar findings have been 
reported for the formation of κ-casein fibrils in presence of reducing 
agents (Thorn et al., 2005). On the other hand, when random disulfide 
bridges are generated, disordered aggregates are the predominant 
structure formed (Fig. 3 and Supplementary Fig. 4). These results sug-
gest that alkylation is not essential to favor formation of κ-casein fibrils, 
but are consistent with modification of Cys to different oxygenated 
products rather than disulfide bonds. 

The data from the ANS binding assay confirm that significant 
changes occur with regards to casein structure when oxidation is carried 
out at low protein concentrations (Fig. 2). The alterations to ANS 
binding are attributed to the conversion of hydrophobic Tyr and Trp 
residues to hydrophilic products, with this being of particular conse-
quence when these side chains are located in, or close to, hydrophobic 
domains where ANS binds. The observation that binding of ANS to ca-
seins that were oxidized at high protein concentrations is similar to that 
of the control samples, suggests that the oxidation at high protein con-
centrations targets a limited number of residues. This conclusion is 
supported by the amino acid analysis data (Tables 2 and 3). Modification 
of caseins elicited by both AAPH-derived radicals and RF-induced photo- 
oxidation, resulted in a more significant loss of amino acid residues per 
casein molecule, when the protein concentration was low. The principal 
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targets of ROO● in αs-casein and β-casein were Trp, Met and Tyr, whilst 
for κ-casein, Cys residues were the main target, followed by Trp, Met and 
Tyr (Table 2). Similar data were obtained from the photo-oxidation 
experiments, with Cys, Trp and Tyr being the principal targets, fol-
lowed by His (Table 3). 

For αs- and β-caseins, ~4.1 and ~3.5 residues were modified per 
protein molecule when these were exposed to AAPH-derived radicals at 
a concentration of 1 mg protein mL− 1, whereas at higher concentrations 
(>9 mg mL− 1) modification of 1.36 and 0.24 amino acid residues were 
detected per αs- and β-casein molecule, respectively (Table 2). This 
supports a model of increased specificity of damage by ROO● as the 
protein concentration increases. Nevertheless, the total amount (con-
centration) of amino acids consumed increased from ~175 μM to 576 
μM in samples of αs-casein oxidized at 1 and 10 mg protein mL− 1, 
respectively. This reflects the observation that despite a lower number of 
amino acid residues being modified per casein molecule at 10 mg mL− 1, 
the total amino acid consumption was 3.3 times larger at this concen-
tration when compared to the 1 mg mL− 1 concentration. As the flux of 
AAPH-derived ROO● (144 μM) generated from AAPH was kept constant, 
the ratio of total amino acids consumed per ROO● can be calculated. 
From these data, it is clear that reaction (5) plays an important role in 
the oxidation of each of the casein species when the protein concen-
tration is high (Table 2), and indicates that ROO● -mediated oxidation at 
low protein concentrations results in a higher degree of damage at in-
dividual protein side chains, but oxidation at high casein protein con-
centrations is quantitatively significant, and involves the propagation of 
damage via radical chain reactions. 

Although the total dose of 3RF1 generated in the experiments (2.69 
mM 3RF1) was higher than the overall concentration ROO● generated 
from AAPH (0.144 mM ROO●, both over 30 min) a lower overall 
number of moles of amino acid side chains were consumed per mole of 
casein when the protein concentration was 1 mg mL− 1. This lower ef-
ficiency of oxidation induced by RF-photosensitization when compared 
to ROO●-mediated oxidation, is consistent with previous data on the 
modification of the globular proteins lysozyme and human serum al-
bumin by these oxidants (Arenas, Vasquez, López-Alarcón, Lissi, & Silva, 
2011). The current data extend this observation to highly flexible and 
unstructured (intrinsically-disordered) proteins, of which caseins are 
examples. This low efficiency of 3RF1 -mediated damage is attributed to 
a reverse electron-transfer reaction between the initial intermediates 
generated from the initial oxidation of Trp or Tyr by 3RF1 (i.e. back 
transfer from RF●- to TrpH●+/TyrH●+). In the absence of the back 
transfer process, the TrpH●+ or TyrH●+ undergo rapid deprotonation to 
give the neutral radicals Trp● and Tyr● (Fuentes-Lemus & 
López-Alarcón, 2020). Back electron transfer has been proposed to be a 
significant process under anoxic conditions (Silva et al., 2019; Sorma-
cheva, Sherin, & Tsentalovich, 2017), as in the presence of O2, rapid 
electron transfer from RF●- to O2 occurs to give O2

●-. The latter can then 
react rapidly (at near diffusion-controlled rates) with Trp● and Tyr● to 
form peroxides and multiple other oxygenated products (e.g. N-for-
mylkynurenine, alcohols, diols, DOPA) (Carroll et al., 2017; Jin, Leitich, 
& Von Sonntag, 1993). Nevertheless, the low consumption of Trp and 
Tyr residues observed here with the low casein protein concentrations 
suggest that back electron transfer can be a major process even in the 
presence of O2. However, as the casein concentration increases, a higher 
consumption of Tyr and Trp was detected, and a higher ratio of total 
amino acids modified per total dose of 3RF1, indicating that back elec-
tron transfer is less important under high protein concentration condi-
tions (Table 3). 

Oxidation of native and alkylated κ-casein at 1 mg mL− 1 by AAPH- 
derived ROO● gave a total number of 6.06 and 3.35 mol of amino 
acids consumed per mole of protein, respectively (Table 2) The differ-
ence between these numbers is believed to be due to the absence of the 
Cys residues in alkylated κ-casein, as the extent of loss of Trp, Met and 
Tyr were similar between the two forms (Table 2). The critical impor-
tance of Cys residues in κ-casein oxidation was also evident on 

comparison of amino acid loss data, and the ratio of total moles of amino 
acid consumed per ROO● generated in the system. When native κ-casein 
was oxidized at 1 and 20 mg mL− 1, 6.06 and 1.45 mol of amino acid per 
mole of casein were lost, implying a total amino acid consumption of 
~316 and 1502 μM, respectively. In both cases these values are greater 
than that of ROO● generated, giving a ratio of moles of amino acid 
consumed per mole of ROO● of 2.21 and 10.52, respectively (Table 2). 
This indicates that, unlike αs- and β-casein, short chain reactions occur 
even at low protein concentrations. The length of these chain reactions 
increased at higher protein concentrations. These chains are likely to 
involve thiyl radicals (Cys-S●) which can both induce hydrogen atom 
abstraction reactions directly (Nauser & Schöneich, 2003; Schöneich, 
2008), or react with O2 with high rate constants (k1 108–109 M− 1 s− 1) 
leading to the (reversible, k-1 ~6 × 105 M− 1 s− 1) formation of thiyl 
peroxyl radicals (Cys-SOO•) (Schöneich, Dillinger, von Bruchhausen, & 
Asmus, 1992; Wardman & von Sonntag, 1995; Zhang, Zhang, Schuch-
mann, & Von Sonntag, 1994). Like Trp-OO●, Cys-SOO● can propagate 
damage via short radical chain reactions (Schöneich, 2008). A similar 
phenomenon has been reported on exposure of high concentrations of 
bovine serum albumin to peroxynitrite (Aicardo et al., 2018). 

Mapping of the oxidation sites on tryptic peptides using LC-MS 
demonstrated that independent of both the oxidant employed and the 
protein concentration, damage was specific (Table 4, Fig. 5 and Sup-
plementary Tables 1–3) These results are consistent with the flexibility 
of caseins, and indicate that certain domains on these proteins are 
especially sensitive to oxidation. Thus, for αs1-casein, damage appears to 
be mostly localized at the C-terminal region where modifications where 
detected at Met 196 and Trp199 (Table 4 and Fig. 6A). Similarly, β- and 
κ-casein showed modifications at some (but not all) Trp, Tyr, His and 
Met residues, independent of the oxidant or protein concentration. In 
native κ-casein five (Tyr25, Tyr30, Tyr42, Tyr58 and Tyr60) of the nine 
Tyr residues were modified by ROO●, whilst only Tyr30, Tyr42, Tyr58 
and Tyr61 were modified by 3RF1 (Supplementary Table 2). The dif-
ferences in the residues modified by 3RF1 compared to AAPH-derived 
ROO● may reflect differences in the oxidation mechanisms, with elec-
tron transfer reactions, which can occur over long distances and are less 
subject to steric influences, being a major mechanism with 3RF1, 
whereas direct hydrogen atom abstraction from the affected residues 
may be the major process with oxygen-derived radicals. Most of the 
residues modified on exposure of αs1-, αs2-and κ-casein to AAPH-derived 
radicals or 3RF1 were determined, by computational modeling of ag-
gregation prone regions, to be located in (or nearby) regions that have 
high computed aggregation scores, and therefore modification at these 
sites would be expected to affect the propensity of the proteins to form 
aggregates (Fig. 6). In contrast to the apparent localization of damage in 
αs1-, αs2-, and κ-caseins to specific domains and sites, β-casein showed 
modification at the single Trp residue, all Met residues, and two of its 
Tyr residues (Supplementary Table 1). Interestingly, comparison of the 
casein domains with a high predicted probability of hydrogen bond 
formation and packing density of residues, with the oxidative modifi-
cations detected by LC-MS, indicates that oxidation of β- and κ-casein 
occurs in close proximity to these sites (Fig. 6). 

5. Conclusions 

The data presented here demonstrate that casein modification by two 
different oxidation systems is highly dependent on the protein concen-
tration. Crowded environments, arising from the high casein concen-
trations and close association between protein chains appear to favor the 
occurrence of radical chain propagation reactions with this enhancing 
the extent of damage. Protein cross-linking is a favored process at low 
protein concentrations, however, at high protein concentrations chain 
reactions predominate. This is associated with enhanced formation of 
oxygenated products, that may contribute to the formation of high 
molecular mass aggregates. The most susceptible residues to modifica-
tion elicited by AAPH-derived ROO● and 3RF1 are Cys, Trp, Tyr, Met and 
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His, with peroxyl radicals formed from these residues being key in-
termediates in the propagation of damage at high protein concentrations 
in the presence of O2. Together, these data demonstrate that macro-
molecular crowding and protein interactions are of major importance in 
determining the extent, mechanisms and sites of damage, and these 
factors need to be taken into consideration in order to understand 
oxidation pathways (and their consequences) in complex matrixes such 
as milk, biological systems such as cells, and also in protein-based 
medicines (e.g. monoclonal antibodies) where protein concentrations 
as high as 200 mg mL− 1 are encountered (Schermeyer, Wöll, Kokke, 
Eppink, & Hubbuch, 2017). 
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