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Covalent crosslinks within or between proteins play a key role in determining the structure and function of proteins.
Some of these are formed intentionally by either enzymatic or molecular reactions and are critical to normal
physiological function. Others are generated as a consequence of exposure to oxidants (radicals, excited states or
two-electron species) and other endogenous or external stimuli, or as a result of the actions of a number of
enzymes (e.g., oxidases and peroxidases). Increasing evidence indicates that the accumulation of unwanted

crosslinks, as is seen in ageing and multiple pathologies, has adverse effects on biological function.

crosslink dimerization protein oxidation dityrosine photooxidation Aggregation

Amyloid Alzheimers / Parkinsons Post-translational modification

| 1. Introduction

The formation of covalently linked peptides and proteins plays a key role in many biological processes, both
physiologically and pathologically. These can be formed intentionally, such as in the oxidative folding of nascent
proteins within mammalian cells in the endoplasmic reticulum or Golgi involving the generation of disulfide bonds
from two cysteine (Cys) residues and in the assembly of insect exoskeletons via the crosslinking of two tyrosine
(Tyr) residues, or as a result of accidental exposure to oxidizing species (low-molecular mass or enzymes) that
chemically link two protein sites. These crosslinks can be formed between different sites within the same molecule
(intramolecular or intrachain crosslinks), between two different chains in a single molecule (e.g., the interchain
crosslinks in mammalian insulins), or between two separate species (intermolecular crosslinks). Some of these
crosslinks play a key role in stabilizing or maintaining proteins structures and can be essential to functional activity
[l whereas others have negative effects of biological function (e.g., altered turnover, lifetime or activity) [&. Whilst
some crosslinks appear to be benign and devoid of adverse effects and end up as targets of catabolic processes
(e.g., degradation by proteasomes, lysosomes, other proteases), others are strongly associated with adverse

effects and are implicated (in some cases, causally) in the development of pathologies (e.g., Bl4),

| 2. Enzymatic Protein Crosslinking

Multiple enzymes can mediate the crosslinking of proteins, with a few key examples briefly summarized below.
Enzyme-generated crosslinks are critical to the formation of many three-dimensional structures as these provide

strength and rigidity, if biologically required. Examples include crosslinks formed within the extracellular matrix
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(ECM) of most, if not all, tissues, such as those formed between matrix proteins, and particularly collagens by the
copper-containing lysyl oxidase (LOX) and LOX-like (LOXL) enzymes . LOX oxidizes specific lysine (Lys) and
hydroxylysine residues to carbonyls that undergo subsequent reactions to crosslink collagens (e.g., types | and Ill)
and elastin BB, |n contrast, the LOXL family of enzymes acts on collagen type IV and drives the assembly of
basement membranes B, Other enzymes also contribute to collagen crosslinking in the ECM with peroxidasin, a
member of the heme peroxidase superfamily, mediating the formation of highly specific methionine (Met) to Lys
crosslinks within the NC1 domains on collagen via generation of the oxidant hypobromous acid (HOBr). This
species reacts rapidly with the Met residue to form an intermediate that then reacts with a suitably positioned Lys
residue LY (see also below). This type of crosslinking has been reported across many species 12, Other
members of the peroxidase superfamilies (e.g., horseradish peroxidase, myeloperoxidase, laccase) can also
generate crosslinks via enzyme-mediated oxidation of substrates to radicals which then undergo radical-radical

coupling. A classic example is oxidative coupling of Tyr and a wide range of other phenols via phenoxyl radical
generation [31[14]1[15]

An overview of the crosslinks is presented in Figure 1.

Types of crosslinks Examples
Types of reactions -Disulfides
~Glutathionylated products
Di .
Carbon-carbon —s  -Di-tryptophan
~Tyrosine-tryptophan

-Lysyl pyridine and pyrrole species
Carbon-nitrogen =\ /inine-histidine
o AU

Carbon-ox ——s  -lso-di-tyrosine
L ~Vinyl ethers

Figure 1. Overview of crosslinks formed on proteins, their nature and mechanisms of formation.

| 3. One-Electron (Radical-Radical) Reactions

Dimerization of two radicals to form a new covalent bond is typically a very fast process due to the low energy
barriers for such reactions. Therefore, they are a major source of crosslinks in peptides and proteins when the
radical flux is high and there are limited competing reactions. Most carbon-centered protein radicals (P°) formed
from aliphatic side-chains by hydrogen—atom abstraction reactions react rapidly with O, at diffusion-controlled rates
(k ~ 10° M1 s71) to give peptide or protein peroxyl radicals (P-O0°) (28], The rapidity of these reactions limits direct
reactions of two P*, except in circumstances where the O, concentration is low. This is of biological relevance, as

hypoxia is a common phenomenon, with endogenous levels of O, being typically in the range 3-70 uM 1,
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However, lower concentrations are present in situations where demand is great (e.g., high metabolic rates) or
perfusion is poor (e.g., in the core of many solid tumors), thereby limiting P-OO" formation and allowing (P-P) dimer
formation 18 For the limited number of P*, where reaction with O, is slow or modest, as is the case for Cys-
derived thiyl radicals (RS*, k < 107 M1 s71 [13)) tryptophan (Trp) indolyl radicals (Trp°, k < 4 x 10% M1 s~1 [29][21]y
and Tyr phenoxyl radicals (Tyr’, k < 103 M1 s71 [22)) formation of disulfides (cystine) from two RS", di-tyrosine from

two Tyr®, di-tryptophan from two Trp°, and crossed dimers between these (e.g., Tyr-Trp) can be generated.

Light, particularly of wavelengths >~280 nm, which are not absorbed by the ozone layer, can penetrate significantly
into biological structures and be absorbed either directly by protein residues, particularly Trp, Tyr and cystine 23], or
by other species with high extinction coefficients in the long wavelength UV or visible regions. Energy absorption
by non-protein species can give rise to indirect protein oxidation via the formation of excited states (e.g., singlet
oxygen, 10, and reactive triplets) and/or radicals 23, Direct UV absorption by proteins can form RS® from
homolysis of the —S—S— bond of cystine (with C-S cleavage being an alternative pathway), and Tyr and Trp radicals

by photo-ionization of these side-chains. These species can then give rise to crosslinks.

| 4. Radical-Molecule Reactions

Radical-molecule reactions appear to be a limited pathway for the formation of protein crosslinks, due to the
absence of double bonds to which radicals might add in proteins, and limited stability of adducts to aromatic rings.
Notable exceptions are the rare amino acids dehydroalanine (DHA; 2-aminoacrylic acid) and dehydroaminobutyric
acid (DHB; 2-aminocrotonic acid). These contain a double bond between the a- and B-carbons of the side-chain
and are non-proteinogenic species (24l with these being generated via elimination reactions of serine residues
(Ser), phospho-Ser and selenocysteine (Sec) residues (in the case of DHA) 24 and from threonine (Thr) and
phospho-Thr (in the case of DHB) [23l. DHA can also be formed via cleavage of the carbon—sulfur bonds of the

disulfide cystine, via mechanisms involving RS® or nucleophilic elimination reactions 241,

Although radical addition to double bonds is typically rapid and energetically favorable due to low energy barriers,
these reactions are rare as the concentrations of both DHA and DHB (with the former more abundant) and the
radicals that might undergo addition with them are very low. Nevertheless, some examples are known for radicals

that have relatively long lifetimes and modest rates of reaction with O, (i.e., Cys thiyl, Tyr phenoxyl, Trp indolyl) (28!,

| 5. Two-Electron (Molecule-Molecule) Reactions

Reactions between two molecules are typically much slower than between two radicals or radical-molecule
reactions. However, the concentration of the reactants is often much higher than for reactive intermediates, and
consequently, the overall rates of these reactions may be significant—and the yield of products greater—than for
the processes outlined above. These reactions are therefore major sources of protein crosslinks. The rate

constants for these reactions would be expected to vary enormously—though quantitative data is lacking for most

https://encyclopedia.pub/entry/19799 3/13



Oxidative Crosslinking of Peptides and Proteins | Encyclopedia.pub

systems—uwith some reactions involving unstable species (e.g., sulfenic acids (RSOH), S-nitrosothiols (RSNO),

unsaturated aldehydes/ketones, quinones) being relatively rapid (i.e., occurring over seconds/minutes).

6. Types of Crosslinks Detected within and between Proteins
and Peptides

The following sections and Table 1 summarize various types of crosslinks that have been detected within and
between peptides and proteins, the nature of these species, their reversibility, mechanisms of formation and,

subsequently, methods available to detect, identify, characterize and quantify these species.

Table 1. Examples of major non-disulfide protein crosslinks generated during non-enzymatic oxidative processes

and methodologies employed to characterize them.

Chemical Nature and/or

Cross_llnked Protein(s) Mechanism of Formation = Method(s) Refs
Residues -
of the Crosslink
) 1) Michael addition from
a) Myoglobin . .
thiols (Cys) to oxidized Mass
Tyr species (a
b) Galactose oxidase yr species (a) spectrometry () [27]jg)
Tyr-Cys X-ray [29]
L 2) Thioether bridge (C-S) (b Crystallography
C) Cysteine dioxygenase (b, c)
and c)
1) Michael addition from N
(Trp indole) to DHA
Trp-Cys Human growth hormone (hGH) (il il ) Mass [26]
spectrometry
2) Thioether bridge (C-S)
Met- Formation of S=N bridge Mass
Hydroxy- Collagen IV (sulfilimine bond) induced spectrometr (11]
lysine by peroxidasin/HOBr P y
i Nitrogen—oxygen—sulfur X-ray 130]
Lys-Cys Transaldolase (NOS) link/redox switch crystallography
Cys-Ser a) Human growth hormone 1) Formation of a vinyl Mass [260124]
ether between Ser and spectrometry (a)
b) . _ X-ray
Tyrosine phosphatase 1B Cys that result in the crystallography
elimination of the thiol (b)

group from Cys (a)

https://encyclopedia.pub/entry/19799 4/13



Oxidative Crosslinking of Peptides and Proteins | Encyclopedia.pub

Chemical Nature and/or

C;{oesssigﬂle(:d Protein(s) Mechanism of Formation Method(s) Refs
of the Crosslink
2) Sulfenyl amide (S-N
bridge) between Cys-OH
and main-chain amide of
Ser residue (b)
Crosslink between
Cys-Phe hGH thioaldehyde from (_Zys and Mass [26]
dehydrophenylalanine spectrometry
generated from Phe
Cys-DHA Lens proteins (BB1, fB2, BA3, Nucleophilic addition from Mass 32]
Cys-DHB BA4 and yS crystallins) Cys (GSH) to DHA or DHB spectrometry
Michael addition of primary Mass
Tyr-Gly Insulin amines (N-terminal Gly) to 23]
. . spectrometry
oxidized Tyr species
Crosslink between 3-
Tro-Gl Matrilysin (Matrix chloroindolenine (3-CI-Trp) NMR [34]
P-5l metalloproteinase 7) and the main-chain amide spectroscopy
adjacent to a Gly
Tyr-His Insulin M|F:hael addition from His to Mass [33]
oxidized Tyr spectrometry
Tyr-Tyr Isolated proteins including: o- C—C and/or C-O crosslinks ~ Western blotting e
(selected lactalbumin, caseins, glucose 6- via radical-radical reactions UPLC/HPLC 26371
data) phosphate dehydrogenase, with various (28139
lysozyme, fibronectin, laminins, detection (40][41]
tropoelastin, CAMP receptor methods [42][43]
protein, a-synuclein, calmodulin, Mass (44][45]
insulins, hemoglobin, human spectrometry [sli27]
A25 centrin 2. [48][49]
Human lipoproteins (50151
Human plasma proteins, [52][53]
including those from people with [54](55]
chronic renal failure (8157]
Human atherosclerotic lesions (581(59]
Erythrocytes exposed to H205 [e0lIE1l
[62]

Brain proteins (amyloid-beta and
o-synuclein) from Alzheimer’s
subjects

Lipofuscin from aged human
brain

Urine from people with diabetes
Human lens proteins
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Chemical Nature and/or
Protein(s) Mechanism of Formation = Method(s) Refs
of the Crosslink

Crosslinked
Residues

Bacterial spore coat proteins
Parasite oocysts

a) a-Lactalbumin

b) Superoxide dismutase 1

(hSOD)
[35][42]
C—C or C-N crosslinks via Mass [63][64]
= C -
Trp-Trp ) Lysozyme-hSOD radical-radical reactions spectrometry [65]
d) aB-Crystallin
e) Fibronectin
a) Cytochrome c peroxidase
b) a-Lactalbumin
¢) Glucose 6-phosphate
dehydrogenase X-ray
Il h
C—C (or C-O and C—N) crysta (Z;:‘”ap y B
Tyr-Trp d) Lysozyme crosslinks via radical— Mass (411421
radical reactions a]l66]
spectrometry (b—
e) B-Crystallin 9)
f) Human cataractous lenses
9) Fibronectin
a) Immunoglobulin G1
Mass
A b) Immunoglobulin G4 Nucleophilic addition of His spectrometry 71168
to oxidized His (a,b) [691z0]
¢) N-Ac-His AL
. ) Nucleophilic addition of Ar Mass
His-Arg Ribonuclease A (RNAse) t(F)) oxidized His ’ spectrometry -
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Crosslinked Chemical Nature and/or -links
Residues Protein(s) Mechanism of Formation = Method(s) Refs
of the Crosslink
His-Lvs immunoalobulin G1 Nucleophilic addition of Lys Mass 671691  Bohm,
y 9 to oxidized His spectrometry
. . Nucleophilic addition of Cys Mass [69]
His-Cys Immunoglobulin G1 to oxidized His spectrometry
a) RNAse xase
TyrLys b) Interferon beta-1a Michael addition of Lys to Mass 24
oxidized Tyr spectrometry as. M.J.
¢) Insulin it Rev

6. Kagan, H.M. Lysyl oxidase: Mechanism, regulation and relationship to liver fibrosis. Pathol. Res.

Pract. 1994, 190, 910-919. ]
6. Secondary Reactions of Crosslinks

. Lopez, B.; Gonzaléz, A.; Hermida, N.; Valencia, F.; de Teresa, E.; Diez, J. Role of lysyl oxidase in
In AP ERIEHRA diRIRER I~ RERPASIESSMRE CantPpRIGRIBIRE 66smAIIBn bf RRy&ielvid @8 thfeiCeB&y®iR) such
as apitﬁ,, aQBonquHIQ/r—Trp, are considered as ‘final’ oxidation products 2. However, over-oxidation of these
POFIRmArs PE PR IBNiHLE" iCOtEH AR F RN P p ARAg pur It 8 YE ORI BYR Wik Iong-
ter@%egpgﬁgwgﬁﬂw)ﬁﬂ@ﬁsr%a@& %fé?'%, Wg&@n oxidation with formation of radicals such as di-

Tyr", di-Trp’, or Tyr—Trp" may occur. Such radicals can mediate similar reactions to those described above for Tyr’
ShPIAPORCMing PGS RNENE S (& BRTAOY D driaMA RRNEES (M BIGHRR o RS xibrers PR Lerr-
reattion$ i!LOBeﬂe;r&?é‘ lllﬁﬁergarﬁt}'%ﬁgﬁhgs eﬁh%'s%‘?‘?ﬂa%é‘?%??ﬁ“ﬁ %rr%teﬂﬂ T&é?&"i%@t%?ﬁgﬁwiﬂgve been
detBRAIPHERGRI I JYRGAY €RIIRAR0 ASSEMblY RS FRRIR elah R3S me HF ARG RIARIE Bl
pargt&'ﬁc ﬁ%%t‘o%%% In addition, oligomers of Tyr (n = 2-8) have been reported in a-lactalbumin exposed to a

1mraeslsh peRxidanshia s SGtEm BRave: Ton: hasrkesoreerRriadag dime Gaak We O Pllitiaser ! Gy BRIl
whijg drr Bgsentad tiidere leydnefoxias seimbin @PLdIlwgen nepedediod Stisruedéeeldpment aifepflavin
il ariine IGetinEnain 865 n@dghteguting diode L2,

L BHRNG, GG URaRIRASaEE0 YANBFOIS, Riind WRHRE GresSRaCrehaehdlive o deuRall Mcesses
ARG S sRGEERENSH Viokreanlpld; EeStiRlsd bt ahoRSIFARB AU R SHERIRG of diotyr
croSRIUGR! PORGS SR RNAUBKS ARILS PhSSHGAF0GS Sl SAGHau B2 H 258 rifiihgd Wygest

1thaPiterficss@eRs mayheraiietidexirist ReiatioplasasesHesiRnesige newisatmuaisoBieapiams, Jruao these
are3mBORRIBOY be of major impact in systems with very extensive extents of oxidation. The scope and role of
these pathways is unexplored, as well as the ability of peroxides such as di-Trp-OOH to extend protein oxidation

13. Jacob J.%.; Cistola, D.P.; Hsu, F.F.; Muz@_tlfar, g Mueller, D.M.; Hazen, S.L.; Heinecke, J.W.

(in line with the ¢apacity of other hydroperoxides ). ] )
Human phagocytes employ the myeloperoxidase-hydrogen peroxide system to synthesize

dityrosine, trityrosine, pulcherosine, and isodityrosine by a tyrosyl radical-dependent pathway. J.

.Detection.of Crasslinks, including Advantages an
Disadvantages of Different Methods
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172. L enadysistof Thangesrindislesular Mass by Electro plronesisrandeSizecExclusion
Chyamateghaphya{SEG) making. J. Agric. Food Chem. 2007, 55, 6357—6365.
19 RN R ELOUPS SR HARKS GRP SELAGRAI RIGROSISEY: FEURI ARSI 55085 the

preye%tchee(r)lfacr}gssﬁ%ggg ]oPol%elﬁg' ﬁ6§amples. Separation by electrophoresis is typically achieved through the use of

1iIDanies)iNe. JeRratididitxielitmmessize ppisdtiat iiratRiesmambe UR LS|, Wit Bih80&R82&ch, such as running
giels under native, denaturing and/or reducing conditions. This_allows the investigation and differentiation of the
17. Carreau, A.; El Hafny-Rahbi, B.; Matejuk, A.; Grillon, C.; Kieda, C. Why Is the partial oxygen
contributions of reducible Jintermolecular bonds (e.g., dlSUlfIdET between two protein chains) from non-reducible
pressure of human tissues a crucial parameter? Small molecules and hypoxia. J. Cell Mol. Med.

bonds (e.g., carbon—carbon bonds).
2011,715, 1239-1253.

18/hitit thesg ke cviigSimimnvh@viksolatomatiod cimatiaeterésation of rddintderuiad dsedaliiesticuebpdeyide
infadipaties. bW . tRadiaseBiol ol 98FZNAdeABA-—BBies. Moreover, data analysis needs to be carried out with

care, as multiple 8roteins maa/_be present in each band/fraction from com{olex matrices.
19. Schoneich, C. Thiyl radicals and induction of protein degradation. Free Radic. Res. 2016, 50,

7.21.4Rﬁja‘i?/sis of Protein Crosslinks by Western (Immuno-) Blotting and ELISA
2Assays X.; Jin, F; Jin, H.; von Sonntag, C. Reaction of the superoxide radical with the N-centred

radical derived from N-acetyltryptophan methyl ester. J. Chem. Soc. Perkin. Trans. 1998, 259—
TheZ%%e of antibodies to investigate the formation of oxidation products, including di-Tyr, is a widely used strategy.

These are typically examined using immunoblotting or ELISA assays, with the former providing (limited) information
20n B NdRIRSak e VR IMAL pfoteMa 8RR tENG JEARRO 2,8 TPavaR AR fBfiGAlS O T PR IAHBR Qfiar
(in %{yrﬂt%ﬁ?ef?)%?qdiéﬁialﬁrﬁg%%%%.aﬁ%&)&?We%eJar%%%Jp \QZH—gl%grEgt%ﬁzed antibodies against crosslinked
ZBPadianten 2P sO@oIMIECMtE. ISirit SRETICTThaneiRate v iy yEhSURE G B &g RifeRBLIPERSXIRRE VIt
withaeffeeil 6\@@@§in@’1ﬁﬁéﬁ6@(ﬂ redRdngETRIESt v hinr S I GigoBasIeN SRetiogINay H.1nggl, or not,

recognized by (large) antibodies. Thus, appropriate control experiments are critical, and both cE)ositive and negative
Zd?.. Paﬁtls?y, D.l. ahrBan}o, A.S.; Daweg, M.J. Photo-oxidation of proteins. PhotoChem. PhotoBiol.
ata should be validated by alternative methods.

Sci. 2012, 11, 38-53.
24.3iRikectDetectipn by S peetiephotemetricand b lvanemelic Assays2015, 47, 1-17.

280 hEieenaamM SaerRisty, dpcherasiny. MuEFiRR AP R 0RIAIeERIYSIBP BlABHR 1 BINRINREAS: and
fluspest dristdinaalaningy it edanseothal dXPLe Red ifgHItH 5iROhr BE M9 artt dpgréRimatd htknnen) to
PO iriRTalRe BOUNIS 25 REEE S 45l A ARH 29R e SBHBATg R JHEVaYEh iy, 3PPERaideR et provide
infOBHRIBR QG AEBR FHIRAR rRF TS iRLE R IRR ARdisgreRithoRlr s thersims xigBe Ve darmatan

of Repyily aggkegated species, as soluble dimers and oligomers do not contribute significantly to the turbidity of

solutions.
27. Nagy, P.; Lechte, T.P.; Das, A.B.; Winterbourn, C.C. Conjugation of glutathione to oxidized

In d¥FaaieRsiklieRds peRlideh ANARIMRIRE. rdiddily GPeMicZile A8 Fe LBiARS 58046 di-Tyr (excitation

2B RIRISSHRaMBX T alls BEB ALY, TIMCSBSRIRNY) Rk, Rt Satthaeri-©yReciiewifiRdviifecare,
Par e Y S TYENOFE S eSSyl SOMBRIE O RIGHRRS | ASIY e HIIRTC SRR 05 PPUenly alisomping species (e.g., Tyr,

Trp, Trp-derived products, co-factors) may be present that distort excitation or emission processes.
29. Davies, C.G.; Fellner, M.; Tchesnokov, E.P.; Wilbanks, S.M.; Jameson, G.N. The Cys-Tyr cross-

7.47KPLCHEPE C I MedRBSIBgiages the optimal pH of the reaction without a structural change.
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The3o cbeamicpieg 20h4pbBidédGibenabBquantitative data on both the consumption of the parent amino acid
. o ] et inks [811[801(82](83)
IR R B B A ST R PRI Y VOSSP Curth, U.; Diederichsen, U.:

ranga, J.; Ye, J.; P.; Pan, K.T.; et al. A lysine-cysteine redax swifch wit NOS bridge
7.%% Beqecilon anrf &Waractertatldn 6# ér%ss |n¥(e%"i§rotems sing B?ﬂer g
.requlates elni me fungtion. Nature 2021, 593, 460—464.
Biophysica )bproac es
31. Van Montfort, R.L.; Congreve, M.; Tisi, D.; Carr, R.; Jhoti, H. Oxidation state of the active-site
Biop{ysialdsAhIaEH Brtddnke GIRBEp RS TE CRAvBt S68HCT s STpd_angie neutron scattering (SANS),
small angle X-ray scattering (SAXS), X-ray crystallography, NMR spectroscopy, and electron microscopy can
3;%‘0W eng$(§q’l lTXf%Pr%a%h -Igrllj Sp(%(o){(ta’inRS‘f]_r'uc%ﬁg?)f‘hlé'slé' H(lajt oas_ %'}g_tesg]nsaig\llggfoMn?oCIdfflc:eac]tlgtrr]u%{[';crles, supplying
val FABRSRK NG QU SR O AIBIAG G G e N LLQ PN NG NS M edIRLGRAURA TR £ ditnty 2
[8—4]@6§gn3¥e1'0f these can also yield data on increased electron density between residues, thus supporting the
3B eFonosanitulein RitietozridontezgiolectBharossinkStiepacieh, Thisliskpoadl. Eisetrieal wredificatioray
crystebeyrph tetl dicre to niiavanmeh the @xaaissites inticoosdliblsnve taidizgd pexkiceddaition: tOorealent 2 and
yS-crossslliinking wizlnvidhteeh addiion coosploinetorizinGyn PTodys o0 HiBiNg aR &6 ricg: SPFGECIET,
How@@s, most of these methods (with the exception of X-ray crystallography, NMR spectroscopy and cryogenic
electron microsco‘ﬁa{) cannot provide a structure of sufficiently high-resolution to provide definitive identifications
34. Fu, X.; Kao, JL.; Bergt, C.; Kassim, S.Y.; Hug, N.P.;"d’Avignon, A.; Parks, W.C.; Mecham, R.P,;
and they must therefore be combined with other methodologies. Moreover, these methods are currently limited to
Heinecke, J.W. Oxidative cross-linking of tryptophan to glycine restrains matrix metalloproteinase
homogeneous (single protein) samples that are available in Iaré;e quantities (m%:?lmounts(_)).
activity: Specific structural motifs control protein oxidation. J. Biol. Chem. 2004, 279, 6209-6212.

3B.6.HMass; Specirametey (MS)»Based. Detection andSivuetural Charxeterizationof
Crpsslinkeek Pviateinsd, M.N. Generation of aggregates of alpha-lactalbumin by UV-B light

exposure. J. Agric. Food Chem. 2020, 68, 6701-6714.
MS is a highly versatile technique for analysis of protein crosslinks that can be applied to (i) detect crosslinks and

3RS LeMUSnEe,; ®VRakze IR derd QM RinG site SRIFE Poly Bt RRVARS: (M) revEQREZ identity of
the RAIBECHRk G- ARBRs 30APRiasEaRRILiBgredAtondRAvce d dY-UhRfaviysensiizeg ghotamxidationnd

carQRFHER IR DA ARINSL T ON S K BRI R @VERILGRISEYEIR L FRGRGRNT. Food Chem. 2018, 256,
119-128.

*.g_o@msg|chWMﬁgzﬁi6ppconi, F.; Giustarini, D.; Portinaro, N.; Garavaglia, M.L.;

Rossi, R.; Dalle-Donne, I.; Milzani, A. Thiol oxidation and di-tyrosine formation in human plasma

At prestemsthrdeced ninfletimdattst ednoeatealidasioanfsethio ndusassitk JcdPeseaiior20 Withl s 2major
limigRioB2being the non-availability of pure standards, particularly from commercial sources. Thus, there is a

3pressing need_for further pure crosslink standards for quantitative _anallyses. Disulfides are a major exception,
8. Leinisch, F.; Mariotti, M.; Rykaer, M.; Lopez-Alarcon, C.; Hagglund, P.; Davies, M.J. Peroxyl
together with di-Tyr (Whlch_ls commercially avallable) and a few species generated via glycation reactions (e.g.,
radical- and photo-oxidation of glucose 6-phosphate dehydrogenase generates cross-links and
pentosidine). Di-Tyr can therefore be quantified in absolute terms using some of the methods outlined above, usin
functional chan(]qes via oxidation of tyrosine and tryptophan residues. Free Radic. Biol. Med. 201

thel?Luzrifizegomzaé%ria to construct standard curves (e.g., for MS or fluorescence detection, and UPLCILC
separatfon). Relative concentrations can also be obtained from ELISA assays using an anti-di-Tyr antibody, and

3 dresemntas-enosisy &ic¥ aroiti MY . ahagalsingh ReakigiaiseasEs, Rigsiiowhn; SideEprilemiesvidkd - protein
turd¥p e ALREC OBL iGN altes, ahdyasoine dosiicrdiy pasmanirrdionlm srvclypo atniryReithw values,
sudyeiiic atiofserto sk ohastivifgrangoesr ateyl ipkspemthcaas easln ks dFeeR aslicatiol giiedn2021,

167, 258-270.
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