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Study of the mechanism of radiation-and photo-induced oxidation of methionine containing peptides

Several factors (radiation, metabolism, pollutants) lead to the generation of oxidizing free radicals in living organisms that damage all biomolecules and especially proteins. One of the protein targets is Methionine (Met). Its oxidation causes highly damaging effects, such as Alzheimer's or prion disease.

The aim of this work was to investigate the transient species and the stable products formed after radiolytic and photolytic oxidation of Met-containing peptides. The reaction of hydroxyl radicals ( • OH) and 3-carboxybenzophenone triplet state with Met-residue in peptides was investigated. The oxidation of Met-containing peptides was investigated as model compounds for longer peptides, (e.g. Bradykinin -an important human hormone lowering the blood pressure). Laser flash photolysis and pulse radiolysis were used to characterize short-lived transient species, while gamma radiolysis and steady-state photolysis were used for quantitative and qualitative characterization of stable products. The structural modifications induced by oxidation have been characterized by the HPLC coupled with mass spectrometry and Infrared Multi Photon Dissociation Spectroscopy (IRMPD, CLIO Free electron laser).

The oxidation of investigated Met-containing compounds by • OH or 3 (3CB)* led to the formation of S-centered radical cation >S •+ on Met-residue, that were further stabilized by formation of two-centered three-electron bond (S∴Y) + or underwent the deprotonation reaction yielding the α-S radicals. The oxidation of Met-containing dipeptides by • OH radicals yielded the formation of Met sulfoxide as a main product.

Undoubtedly, the identification and characterization of the sulfoxide products in deoxygenated solutions containing catalase was a milestone in investigation of stable products.

However, in some cases, other products were identified. The stable products of photolysis were adducts with 3-carboxybenzophenone moiety, probably resulting from radical recombination reaction. Another identified product formed during photolysis was 3CB-3CB benzpinacol photoadduct, which has similar structure to the product of benzophenone irradiations. Identified products (the sulfoxide and the photo-adduct) were formed from the α-(alkylthio)alkyl radicals via disproportionation or reaction with 3CBH • /3CB •-.

In addition, the oxidation of Met-Lys-Bradykinin and Neurokinin B yielded formation of similar photo-adducts via sensitized reaction with the triplet 3CB. The • OH induced oxidation of Oxidation of Met-containing peptides Met-Lys-Bradykinin yielded several products, indicating that • OH radicals are not selective. As major products, the sulfoxide and hydroxylated phenylalanine in Met-Lys-Bradykinin sequence were identified.

In addition, other derivatives of benzophenone (oxybenzone (OXB) and sulisobenzone (SB)) were investigated. They are widely used in commercial sun-protecting products due to their unique photophysical properties. However the application of sunscreens awakes controversies because some epidemiological studies indicated an increased risk of malignant melanoma for their users. Photo-instability of sunscreen filters would result in reduced protection and may produce reactive free radicals or mutagens. In addition, the reactions of the sunscreens with oxygen free radicals e.g. hydroxyl radicals are likely to arise and they were not yet sufficiently documented.

Finally, the radiolytic and photolytic properties of SB and OXB were investigated using femto-and nanosecond laser flash photolysis. Pulse radiolysis studies of the one-electron oxidation of those molecules by • OH radicals were performed. The results obtained for SB and OXB were compared to several other benzophenone derivatives. The results shown the formation of excited singlet state that was deactivated efficiently via the Excited State Intramolecular Proton Transfer (ESIPT). In case of polar solvent, the formation of trace amounts phenoxyl radicals was identified, while for nonpolar media (e.g. C 6 H 6 ) those radicals were not observed.

The reactivity of UV-excited sun filters towards simple derivatives of Methionine was also investigated, however, this topic requires further and more detailed investigations.

Badanie mechanizmów indukowanych fotochemicznie i radiacyjnie reakcji utleniania peptydów zawierających metioninę

Wiele czynników (takich jak promieniowanie, metabolizm, zanieczyszczenia środowiska) prowadzą do tworzenia zwiększonej ilości utleniających wolnych rodników w organizmach żywych, które mogą powodować uszkodzenie wszystkich biologicznie ważnych cząsteczek, a zwłaszcza białek. Reszta metioninowa (Met) jest jedną z najłatwiej utlenianych reszt aminokwasowych w białkach, i dlatego też jest łatwym celem dla wielu utleniaczy.

Utlenianie Met powoduje poważne uszkodzenia białek, zidentyfikowane w wielu stanach chorobowych, takich jak choroba Alzheimera czy choroba prionowa.

Celem pracy doktorskiej było przebadanie indywiduów przejściowych i produktów trwałych radiolitycznego i fotolitycznego utleniania peptydów zawierających resztę metioninowa w sąsiedztwie różnorodnych grup funkcyjnych. Utleniaczami w badanych reakcjach były rodniki hydroksylowe ( • OH) i wzbudzony stan trypletowy sensybilizatora, 3 (3CB)*. Badane układy modelowy były wybrane tak, aby ułatwić przeprowadzenie badań dla dłuższych peptydów -Met-Lys-Bradykininy i Neurokininy B, pełniących ważne funkcje w ludzkim ciele.

Krótko żyjące indywidua przejściowe badane były z wykorzystaniem technik czasowo-rozdzielczych -laserowej fotolizy błyskowej i radiolizy impulsowej, natomiast produkty trwałe tworzone były wykorzystując układy do naświetlań stacjonarnych wyposażone w lampy rtęciowe, ksenonowe lub laser diodowy. Analiza modyfikacji reszty metioninowej wykonana była wykorzystując metody chromatograficzne, spektrometrię mas i spektroskopię multifotonowej dysocjacji jonów w podczerwieni (IRMPD, Centrum Laserów w Podczerwieni CLIO, Orsay).

Utlenianie atomu siarki (II) reszty metioninowej w badanych peptydach przez rodniki • OH lub stan trypletowy 3 (3CB)* prowadzi do powstania kationorodników zlokalizowanych na atomie siarki >S •+ , które mogą być stabilizowane poprzez tworzenie dwu-centrowego trójelektronowego wiązania typu (S∴Y) + z grupą aminową, karbonylową lub drugą nieutlenioną Met.

Kationorodniki >S •+ ulegają także reakcji deprotonacji prowadząc do powstania rodników αalkilotioalkilowych (α-S).

Głównym produktem trwałym powstałym w wyniku utleniania dipeptydów zawierających Met przez rodniki hydroksylowe był sulfotlenek metioniny, którego zidentyfikowanie było niewątpliwie ''kamieniem milowym'' w badaniu produktów trwałych.

Oxidation of Met-containing peptides Należy podkreślić, że sulfotlenek metioniny tworzony był w czasie gamma radiolizy odtlenionych i nasyconych N 2 O roztworów wodnych zawierających katalazę. Dlatego też wykluczono udział tlenu, nadtlenku wodoru i innych dwu-elektronowych utleniaczy w tworzeniu tego produktu. W przypadku niektórych dipeptydów, takich jak Lys-Met, zidentyfikowano także dwa inne produkty powstałe podczas napromieniowania. Sensybilizowana fotoliza roztworów dipeptydów w obecności 3CB prowadzi do utworzenia foto-adduktu z wiązaniem kowalencyjnym C-C pomiędzy reszta metioninowa peptydu a cząsteczką sensybilizatora. Produkt ten tworzony był prawdopodobnie w wyniku rekombinacji rodników. Drugim produktem tworzonym podczas fotolizy był foto-dimer 3CB-3CB, posiadający strukturę zbliżoną do struktury benzpinakolu tworzonego z benzofenonu. Prekursorami tworzenia sulfotlenku jak i foto-adduktu są rodniki αS, które ulegają reakcji dysproporcjonacji lub rekombinacji rodnikowej.

Sensybilizowane utlenianie dłuższych peptydów -Met-Lys-Bradykininy i Neurokininy B -prowadziła do utworzenia podobnego foto-adduktu, jak w przypadku badanych związków. Co więcej, w przypadku Met-Lys-Bradykininy zidentyfikowano utworzenie się sulfotlenku metioniny w wyniku utleniania stanem trypletowym 3CB. Reakcja utleniania tych związków z wykorzystaniem rodników • OH prowadziła do utworzenia się w warunkach beztlenowych produktów pojedynczego, podwójnego i potrójnego utleniania, natomiast nasycenie roztworu tlenem spowodowało powstanie nowego produktu o różnicy masy -2Da.

Założono, iż jest to produkt powstały wskutek utworzenia wiązania podwójnego w początkowej sekwencji Met-Lys, prawdopodobnie na reszcie metioninowej. Głównymi modyfikacjami pojawiającymi się w łańcuchu Met-Lys-Bradykininy w wyniku ataku rodnika hydroksylowego były: sulfotlenek Met, hydroksyprolina, tyrozyna (tworzona poprzez utlenienie Phe).

Sensybilizator (3CB) stosowany do utleniania peptydów w wyżej opisanych badaniach jest pochodną benzofenonu. Interesujące było więc przebadanie dwóch pochodnych beznofenonu -oksybenzonu (OXB) i sulisobenzenu (SB) -stosowanych w produktach kosmetycznych do ochrony przeciw słonecznej. Jednakże ich użycie w kosmetykach wywołuje kontrowersje związane z foto-stabilnością tych związków. Badania epidemiologiczne wykazały wzrost częstotliwości występowania czerniaka skóry powiązany z stosowaniem OXB i SB. Fotoniestabilność OXB i SB powoduje powstawanie reaktywnych rodników i co za tym idzie obniżonej ochronie przeciw UV. Dodatkowo, związki te mogą reagować z reaktywnymi formami tlenu prowadząc do utworzenia rodników na OXB/SB, a reakcje te nie zostały w pełni udokumentowane.

Oxidation of Met-containing peptides

Właściwości foto-fizyko-chemiczne SB i OXB przebadano z wykorzystaniem femtoi nanosekundowej fotolizy błyskowej. Dodatkowo wykonano radiolizę impulsową wodnych roztworów tych związków w celu scharakteryzowania reakcji z rodnikami • OH. Otrzymane wyniki pozwoliły na określenie foto-stabilności OXB i SB w czasie naświetlania. Wykazano, iż w niepolarnych i aprotycznych rozpuszczalnikach typu cykloheksan, tworzony wskutek wzbudzenia impulsem lasera o długości 340 nm stan singletowy ulega dezaktywacji poprzez wewnątrzcząsteczkowe przeniesienie protonu (ESIPT). Zmiana rozpuszczalnika na polarny i protyczny spowodowała osłabienie wiązania wodorowego pomiędzy grupą hydroksylowa w pozycji orto i grupą karbonylową, a w dalszej kolejności powstawanie rodników fenoksylowych.

Czas życia singletu w zależności od rozpuszczalnika wynosił około 300-500 pikosekund.

Przeprowadzono także wstępne badania wykazujące reaktywność tworzonych z OXB/SB rodników wobec prostych pochodnych metioniny.

Oxydation radio-et photo-induite de peptides contenant la méthionine Plusieurs facteurs (radiations, le métabolisme, les polluants) conduisent à la génération de radicaux libres oxydants dans les organismes qui endommagent les biomolécules et en particulier les protéines du vivant. L'une des cbles de l'oxydation dans les protéines est la méthionine (Met).

Son oxydation provoque des effets très dommageables, comme la maladie d'Alzheimer ou les maladies à prion.

Nous avons étudié la réaction des radicaux hydroxyle ( • OH) (en radiolyse) et de l'état triplet de la 3-carboxybenzophénone (en photolyse) avec ces peptides. Le but de ce travail était de caractériser les espèces transitoires et les produits stables formés après oxydation radiolytique et photolytique de peptides contenant la méthionine. Nous avons tout d'abord considéré des dipeptides contenant de la méthionine en tant que modèles pour des peptides plus longs. Puis nous nous sommes intéressés à des pepetides plus longs tels que la bradykinine, une hormone humaine importante impliquée dans la diminution de la pression artérielle. Nous avons utilisé la Photolyse éclair laser et la radiolyse pulsée pour caractériser les espèces transitoires de courte durée de vie, tandis que la radiolyse gamma et la photolyse continue ont été utilisées pour obtenir une caractérisation quantitative et qualitative des produits stables. Les modifications structurelles induites par l'oxydation ont été caractérisées par des techniques de HPLC et par couplage de la spectrométrie de masse et la détection par spectrométrie infrarouge couplée à la spectrométrie de masse (IRMPD, CLIO laser à électrons libres).

En outre, il nous a paru intéressant d'étudier deux autres dérivés de la benzophénone, l'oxybenzone (OXB) et le sulisobenzone (SB), qui sont largement utilisés dans les produits de protection solaire commerciaux. En effet, l'application d'écrans solaires est controversée car certaines études épidémiologiques ont indiqué un risque accru de mélanome malin pour leurs utilisateurs. La Photo-instabilité des filtres solaires se traduirait par une protection réduite et pourrait produire des radicaux libres réactifs ou mutagènes. En outre, les réactions des filtres solaires avec les radicaux issus de la réduction de l'oxygène libre, par exemple les radicaux hydroxyles, sont susceptibles d'être formés et leur effet sur les filtres solaires n'est pas encore suffisamment documenté. L'oxydation de dipeptides contenant Met-par les radicaux • OH ou photosensibilisée par la 3 (3CB)* a conduit à la formation de radicaux cations centrés sur le soufre de la méthionine (>S •+ ) qui ont été en outre stabilisés par la formation de liaison deux centres à trois électrons (S∴Y) + , Y étant un atome possédant un doublet libre, ou qui ont subi une déprotonation donnant les radicaux contrés sur le carbone en α (α-S). L'oxydation des dipeptides par • OH a abouti à la formation de sulfoxyde de Met en tant que produit principal. Sans aucun doute, l'identification et la caractérisation des sulfoxydes en solutions désoxygénées contenant la catalase est une étape importante dans la quête de produits stables. Toutefois, dans certains cas, d'autres produits ont été identifiés. En ce qui concerne, les produits stables de photolyse, ce sont des adduits avec le groupement 3-carboxybenzophénone, probablement résultant de la réaction de recombinaison radical-radical. Un autre produit formé au cours de la photolyse était 3CB-3CB benzopinacol résultant d'une photo -addition, qui a une structure similaire à celle du produit d'irradiations de la benzophénone. Tous les produits identifiés ( le sulfoxyde et la photo-adduits ) ont été formés à partir des radicaux alkyle α-(alkylthio) par l'intermédiaire d' une dismutation ou une réaction avec 3CBH • /3CB •-. L'oxydation de la Met-Lys-bradykinine et de la Neurokinin B a abouti à la formation de photo-adduits similaires par réaction sensibilisée avec 3CB. L'oxydation induite de Met-Lysbradykinine par • OH a abouti à plusieurs produits, en accord avec la non sélectivité des radicaux • OH. L'un des principaux produits est le sulfoxyde avec la phénylalanine hydroxylée. Notons que l'arginine n'est pas oxydée.

Enfin, la photolyse de SB et OXB a été étudiée à l'aide de photolyse éclair au laser femtoet nanoseconde, ainsi que l'oxydation à un électron de ces molécules par radicaux • OH ont été réalisées en radiolyse pulsée. Les résultats obtenus pour SB et OXB ont été comparés à ceux d'autres dérivés de la benzophénone. L'état singulet excité subit un quenching à 100 % par transfert de proton intraomléculaire à l'état excité (ESIPT) en milieu aprotique et en milieu non polaire comme le cyclohexane. Dans le cas d' un solvant polaire, la formation de radicaux phénoxyles a été identifiée. La réactivité des filtres solaires UV -excité vers dérivés simples de méthionine est également en cours d'étude.

1

I. Introduction and aim of the work I.1. Introduction

Living organisms are constantly exposed to several internal and external factors that generate free radicals. Environmental factors, such as radiation (UV, X-ray, gamma, cosmic rays) and pollution induce formation of different kinds of radicals, e.g. carbon-centered, hydroxyl radicals, ketyl radicals etc. Internal factors such as metabolism of toxic chemicals, activity of mitochondria and some enzymatic reactions (cytochrome oxidase, xanthine oxidase, NADPH oxidase) yield formation of reactive oxygen species (ROS) and reactive nitrogen species (RNS). ROS include radicals and non-radical species (Table I.1) [1,2].

The superoxide anion is produced by mitochondria and initiate formation of H 2 O 2 and • OH radicals (via reaction of H 2 O 2 with metal ions, Fenton and Fenton-like reactions). ROS and RNS are usually under enzymatic control, however, pathogenic and environmental factors increase their amounts in living cells. The imbalance between the production of free radicals and the ability of the cellular mechanisms to detoxify their harmful effect by action of antioxidants yields the states called oxidative stress.

Many biomolecules, like proteins, nucleic acids and lipids, become easy targets for these reactive species, therefore damaging their structure and functions. This work is concentrated on peptides, in which free radicals can induce damage by hydrogen abstraction, electron transfer, dimerization, disproportionation, decarboxylation, fragmentation, rearrangement, addition or elimination [3]. I am especially interested in peptides containing methionine (Met), an essential component to healthy growth of skin, hair, nails, structure of some enzymes and proteins, as well as production of S-adenosylmethionine (SAM) 1 [5,6]. Met oxidation is interesting due to its hydrophobic side chain with an electron rich sulfur atom (similar to another amino acid, cysteine, Cys) and its sensitivity to oxidation [7].

Methionine sulfoxide (MetSO), a Met modification appearing as a result of oxidative stress was identified in e.g. Alzheimer disease, aging, oxidative states, muscular dystrophy, rheumatoid arthritis, atherosclerosis, prion proteins, Parkinson's disease and β-amyloids [8][9][10][11][12][13][14][15][16][17][18][19][20][21][22][23]. In β-amyloids, MetSO serves as a characteristic switch from α-helical to β-sheet structure [24]. Met oxidation influences also the reactivity of some enzymes (cytochrome C, chymotrypsin, calmodulin, hemoglobin) [8,22,[25][26][27] and their stability (e.g. Rhodospirillum Rubrum) [28]. Application of femtosecond lasers in medicine and cosmetology may also oxidize Met [29]. In vitro Met modifications have been identified e.g. in milk, where the riboflavin transforms it into methional yielding the characteristic ,,sunlight flavor'' [30].

Living cells contain a series of natural defenses against oxidative modifications. Both epimers of MetSO, R and S, can be reduced back to Met by a special enzyme called Methionine Sulfoxide Reductase (Msr). The MsrA reduces mainly the S epimer and MsrB reduces the R 2 epimer [31][32][33]. Interestingly, MsrA works as a methionine oxidase due to the auto-oxidation of its Met 229 [34]. Thus proteins containing Met on the surface can serve as a first line of defense against ROS [8,27,28,35].

I.2. Methionine oxidation

Many reviews have been dedicated to these processes [13,22,25,[36][37][38][39]. Met residue in proteins are oxidized in vivo by one-or two-electron oxidants listed in Table I.1. Up to now, in proteins the main final compound was found to be MetSO (Scheme I.1) [12,[39][40][41][42]. Its further oxidation yields methionine sulfone (MetSO 2 ). As mentioned above MetSO can be repaired, while MetSO 2 is an irreversible modification. The studies on sulfur containing compounds, starting from simple thioethers to proteins have been carried out for over 30 years [43][44][45], while the investigations on the radiolytic oxidation of amino acids had begun much earlier [46]. Despite the hundreds of research papers, the oxidation of Met-containing compounds by • OH radicals is still not fully understood. 

I.2.1. First steps of oxidation of Met-residue by hydroxyl radicals ( • OH)

Hydroxyl radical-induced oxidation of Met in aqueous solution is complex, and its primary steps depend highly on pH and solute concentration. At low pH (pH < 3, N 2 O-saturated solutions) the mechanism is similar to the one observed for thioethers. The complications arise at pH ~ 7 and pH > 7 (close to neutral and higher).

Bonds between sulfur and carbon atoms in Met side chain exhibit a high degree of p character, while the two non-bonded electron pairs are not equivalent, one has more s and the second more p character [47]. The diffusion-controlled reaction between the S atom and • OH radicals (r.1, Scheme I.2) yields the formation of unstable hydroxysulfuranyl radicals >S • -OH 2 (see right spectrum in Figure I.1 -▲-) [36,44]. The rate constant is equal to 10 9 -10 10 M -1 s -1 [44,49], and it competes with hydrogen atom abstraction (r.2) (k H = 1.1•10 9 M -1 s -1 ) [44]. Hydroxysulfuranyl radicals >S • -OH undergo decomposition to S-centered radical cations (>S •+ ) and -OH or H 2 O (in H + catalyzed elimination) with k > 10 10 s -1 (r.3) [START_REF] Asmus | SN and SO three-electron-bonded radicals and radical cations in aqueous solutions[END_REF]. S-centered radical cations are highly unstable and difficult to detect for Met and its derivatives. Information concerning the spectral properties of (>S •+ ) comes from the investigation of simple organic thiols in aprotic solvents, where their maximum of absorption is about 300 nm [START_REF] Glass | Neighbouring group participation: General principles and application to sulfur-centered reactives species[END_REF]. (>S •+ ) can be stabilized by an interaction with another electron rich atom, e.g. O, N, Cl, Br, I, Se or S [START_REF] Asmus | SN and SO three-electron-bonded radicals and radical cations in aqueous solutions[END_REF][START_REF] Bobrowski | Formation of three-electron bonds in one-electron oxidized methionine dipeptides: a pulse radiolytic study[END_REF][START_REF] Hug | Conformational influence on the type of stabilization of sulfur radical cations in cyclic peptides[END_REF][START_REF] Bobrowski | Stabilization and Reactions of Sulfur Radical Cations: Relevance to One-Electron Oxidation of Methionine in Peptides and Proteins[END_REF][START_REF] Carmichael | Theoretical studies of some SN three-electron bonded radical cations[END_REF][START_REF] Bobrowski | Stabilization of Sulfide Radical Cations Through Complexation with the Peptide Bond: Mechanism Relevant to Oxidation of Proteins Containig Multiple Methionine Residues[END_REF].

It has to be pointed out here, that the fundamental and enormous work of prof. Klaus-Dieter Asmus led to the foundations for understanding the 3e-2c bond stabilization of S-centered radical cations in different S-containing compounds. The formation of (S∴X) bonded species (r.6-7) was proved by ESR investigations in the liquid and solid states. Their absorption spectra are broad and structureless with maxima between 460 and 530 nm. The stabilization of the Scentered radical cation in Met by the nitrogen atom from the peptide amino group (r.7) induces the formation of a cyclic (S∴N) + species (Figure I.2 -▼-) [START_REF] Asmus | SN and SO three-electron-bonded radicals and radical cations in aqueous solutions[END_REF][START_REF] Hug | Conformational influence on the type of stabilization of sulfur radical cations in cyclic peptides[END_REF][START_REF] Bobrowski | Stabilization of Sulfide Radical Cations Through Complexation with the Peptide Bond: Mechanism Relevant to Oxidation of Proteins Containig Multiple Methionine Residues[END_REF][START_REF] Pogocki | Investigation of Radical Processes Induced by Hydroxyl Radical in Amino Acids and Peptides Containing Thioether Group[END_REF] capable of opening to yield a monomeric radical cation centered on the nitrogen atom (r.8). In the case where R 2 = OH, the (S∴N) + intermediate can undergo βelimination decomposing to carbon dioxide and the α-aminoalkyl radicals (α-N) with the rate constant k Met = 3.2•10 6 s -1 (r.9) [44,[START_REF] Asmus | SN and SO three-electron-bonded radicals and radical cations in aqueous solutions[END_REF]. (>S •+ ) can also be stabilized as the dimeric radical cation (S∴S) + (r.6), especially at lower pH in highly concentrated solutions or in proteins with the proper conformation. Its absorption maximum can vary for different Met-compounds (Figure I.1, -◄-) [7,44]. It was suggested that (>S •+ ) can also be stabilized by the interaction with the peptidic oxygen atom (r.5.b-c) yielding (S∴O) + . (S∴O) + absorbs in the same range as (S∴N) + (Figure I.1, -•-, maximum between 380-400 nm), with a different molar absorption coefficient [START_REF] Schoneich | Intramolecular sulfur-oxygen bond formation in radical cations of N-acetylmethionine amide[END_REF]. These three-electron two-centered bonded species (S∴X) + can be in equilibrium (r.5.a-c). When stabilization does not occur, then (>S •+ ) undergoes deprotonation yielding the α-(alkylthio)alkyl radical (α-S radical, -○-Figure I.1) with the rate constant k dep = 2.4•10 5 s -1 (r.11). The α-S radical is also formed via the hydrogen atom abstraction by • OH radicals (r.2) or deprotonation of the (S∴N) + species (r.10). Legend: (-▼-) (S∴N) + radical cation (ε 390 = 4500 M -1 cm -1 ); (-◄-) (S∴S) + radical cation (ε 480 = 7300 M -1 cm -1 ); (-•-) (S∴O) + radical cation (ε 390 = 3250 M -1 cm -1 ); (-■-) αC radicals (ε 360 = 3400 M -1 cm -1 ); (-○-) α-S radicals (ε 290 = 3000 M -1 cm -1 ); (-▲-) >S • -OH (ε 360 = 3500 M -1 cm -1 ).

The neighboring group effect plays an important role in understanding the mechanism of Met oxidation in proteins. Small derivatives have been investigated to demonstrate the effect of blocked amino and carboxylic groups [START_REF] Glass | Neighbouring group participation: General principles and application to sulfur-centered reactives species[END_REF] on decarboxylation and to study the transient species formed during one-electron oxidation. The effect of an adjacent second molecule of Met was investigated using Met-Met dipeptides (linear and cyclic). Peptides containing multiple Met in its sequence are good models for proteins. The side chains in the naturally occurring linear peptides and proteins are forced to be spatially in opposite direction due to the formation of trans amides in the peptide bond. However, a change in the configuration from L-L to L-D leads to an opportunity to study the effect of the interactions between two adjacent side chains. Investigation of cyclo-(L-Met-L-Met) and cyclo-(L-Met-D-Met) peptides (Figure I.2) has shown the differences between intra-and intermolecular (S∴S) + radical cations. In case of cyclic dipeptides, the amide has a cis configuration, and thus the L-L isomer has the side chains on the same side of the diketopiperizine ring. The (>S •+ ) can be stabilized not only by (S∴N) + , but also by intramolecular (S∴S) + [START_REF] Bobrowski | Stabilization of Sulfide Radical Cations Through Complexation with the Peptide Bond: Mechanism Relevant to Oxidation of Proteins Containig Multiple Methionine Residues[END_REF]. The L-D isomer has its side chains pointing in opposite directions and requires highly concentrated solutions to form (S∴S) + . This finding was confirmed by the similar experiment with cyclo-(Gly-L-Met), that has no possibility to create an (S∴S) + bond [START_REF] Hug | Conformational influence on the type of stabilization of sulfur radical cations in cyclic peptides[END_REF]. Scheme I.2. Primary steps of Met-containing compounds oxidation by • OH radicals in the absence of oxygen. R 1 : peptide, -H, -COCH 3 . R 2 : peptide, -OCH 3 , -CONH 2 , -OH. Source: [44]. 
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I.2.2. 3 (CB)*-sensitized photo-induced oxidation of Met-residue

Sensitized oxidation can occur via two different reaction pathways. Type I leads to damage induced by the one electron oxidation or hydrogen abstraction from the peptide. The type II occurs via energy transfer from the excited sensitizer molecule to an oxygen molecule yielding the formation of singlet oxygen [3,[START_REF] Cilento | Generation of electronically excited triplet species in biochemical systems[END_REF].

I.2.2.a. Photo-sensitizers

The application of sensitizers to the photo-oxidation of Met is well known in the literature [38,[START_REF] Bobrowski | Free Radicals Reactions of Methionine in Peptides: Mechanisms Relevant to -amyloid Oxidation and Alzheimer's Disease[END_REF]. In the following work, 3-carboxybenzophenone (3CB) was used in the photochemical part, as it has slightly better spectral characteristics than the previously used, wellcharacterized 4-carboxybenzophenone (4CB) [Pedzinski et al, submitted]. Both of these substituted benzophenones are water-soluble, well-characterized organic sensitizers. A comparison of some of the photochemical properties of 3CB and 4CB is presented in Table I. 2 [61, 62]. The 3CB derived transients have lower molar absorption coefficients compared to 4CB, and their absorption maxima are blue shifted. The spectral characteristics of 3CB allows for a better sampling of the transients derived from Met, especially the (S∴N) + and (S∴O) + species. The rate constants of the 3CB •-/3CBH • equilibrium are presented in Table I.3. The difference in pK a between 3CB and 4CB was explained by the extensive delocalization of the negative charge on the carbonyl oxygen in 4CB compared to 3CB (DFT calculation, Pędziński et al. submitted). In aqueous solution, 3CB as well as 4CB exist in their anionic forms. The transient spectra of the triplet state 3 The absorption of photons at λ=355nm by CB3 induces the formation of an excited singlet state 1 (CB)*, which undergoes conversion via ISC to a lower energetically excited triplet state 3 (CB)* (Scheme I.3). Electron transfer (ET) from an electron-rich sulfur-containing quencher molecule (Met-residue) to the 3 (CB)* triplet state (r.12) yields the formation of a charge transfer complex 4 (CTC) (CB •-•••S •+ ). The CTC decays via three different pathways: (i) proton transfer (k H , r.13) from the α-carbon (of the S atom) to the carbonyl oxygen of CB •- yielding the formation of α-(alkylthio)alkyl radicals (α-S) and ketyl radicals CBH • ; (ii) escape of the radical ions (k sep , r.14) with the formation of the CB •-radical anion and the >S •+ on the Metmoiety; (iii) back electron transfer (k bt , r.16); and (iv) proton transfer from the protonated amino group (when R 1 =2H) of the peptide to CB •-within the reaction cage (k NH , r.15) [START_REF] Bobrowski | Free Radicals Reactions of Methionine in Peptides: Mechanisms Relevant to -amyloid Oxidation and Alzheimer's Disease[END_REF]63].

Electron transfer from the sulfur atom in the Met-residue to the 3 (CB)* triplet state at neutral and high pH is followed mainly by the diffusion apart of the CTC yielding (>S •+ ) and CB •-radical anions (in contrast to another model system containing benzophenone (BP) and thioethers where the 3 (BP) triple state is quenched via ET followed by intramolecular proton transfer within the CT complex with the formation of α-S radicals and CBH • ). Experimental evidence for ET has been obtained by the observation of the intermediates radicals CB •-and the large quenching rate constants [64] (Table I.4). The similar values of these rate constants at high pH and close to neutral indicate that they are not affected by changing the state of protonation of the amino group in the Met derivatives. For comparison, alanine (Ala), an amino acid without an S atom, has a larger k q at higher pH (~ 11) than at neutral solution. It has been proposed, that the quenching by Ala is due to the deprotonated amine group and the value of its k q is still smaller than that of the Met amino acid. Thus the participation of the amino group in the CB triplet state quenching by Met can be neglected [65]. CB •-is in acid-base equilibrium with the CBH • ketyl radical (r.18). Similar to pulse radiolysis studies, the (>S •+ ) was stabilized by either intermolecular (S∴S) + (r.6) or intramolecular (S∴N) + (r.7). The significant yield of the (S∴N) + radical cation in N-terminal Met-containing peptides at low pH, where the nitrogen in the amino group does not have a free electron pair, confirms the previously mentioned k NH channel [63]. However, some work has reported the lack of intramolecular (S∴N) + due to the delocalization of the lone pair on the nitrogen atom (in an N-acetylated group) [66]. The stabilization by (S∴N) + yields decarboxylation, when the Met-residue is C-terminal (r.8). The resulting α-N radicals react with the ground state CB to form the + NH 2 =CH-R species and the radical anion CB •-((r.17 Attention is given to the effect of Met substitution on quantum yields, Φ. Quenchers with blocked amino groups exhibit a significant increase in the quantum yields of ketyl radical CBH • (Φ CBH• ) and a parallel decrease of Φ CB•-with (S∴S) + . This was explained by proton transfer from the carbon atom adjacent to (>S •+ ) to the radical anion CB An interesting trend concerning the rate constants and the number of Met residue in a peptide was observed. Peptides containing one Met residue have a k q value around 2.0•10 9 M -1 s -1 , two Met about k q = 3.0•10 9 M -1 s -1 , while for three Met residues the rate constants are k q = 3.8•10 9 M -1 s -1 . However, for the peptide Met-Gly-Met-Met, the k q value is similar to those with two methionine residues [63].

4CB sensitized photo-oxidation of Met-Gly (N-methionyl peptides) at pH close to 6 induces the formation of a relatively long-lived (50 μs) (S∴N) + radical cation. The increase in pH induces the decay of (S∴N) + in a two-component reaction: the pH dependent faster one (decay rate constant 6•10 9 M -1 s -1 ) and a pH independent slower one (k = 2.0•10 4 M -1 s -1 ). The acceleration of the (S∴N) + decay by an increase in pH was interpreted as the formation of an (SN • -OH) intermediate (Scheme I.4). The value of the rate constant k 3 comes from the decay of the (S∴N) + radical cation in neutral solution, at pH 6.5 (k 3 = 1/τ (S ∴ N)+ ) [67]. On the other side, the oxidation of 3-(methylthio)propylamine (similar to decarboxylated Met structure) investigated by Raman spectroscopy indicated the deprotonation reaction of (S∴N) + by -OH (via water elimination) and formation of its basic form, (S∴N) instead of (SN • -OH) formation. This (S∴N) species absorbs also at 390 nm and its decay was ascribed to the slow component observed in experiment [68] (k 4 , Scheme I.4). The CB sensitized oxidation of S-Me-glutathione (S-Me-GSH) yields different transient species depending on the pH. At lower pH (~ 5.5), a nine membered ring (S∴N) + radical cation is not formed, and in fact decarboxylation does not occur. Instead, the five-membered ring (S∴N) was observed through the stabilization of (>S •+ ) with the nitrogen involved in a peptide bond. At higher pH (~ 11) the formation of (S∴O) + was observed together with (S∴N) + and decarboxylation [69]. a ref. [START_REF] Bobrowski | Free Radicals Reactions of Methionine in Peptides: Mechanisms Relevant to -amyloid Oxidation and Alzheimer's Disease[END_REF] b ref.
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I.2.3. (S∴O) + or (S∴N) + ?

The distinction between (S∴N) + and (S∴O) + creates a problem with regard to an unambiguous identification of transient species. It seems that the stabilization by (S∴O) + is less stable than (S∴N) + in agreement with theoretical calculations [START_REF] Asmus | SN and SO three-electron-bonded radicals and radical cations in aqueous solutions[END_REF][START_REF] Bobrowski | Stabilization and Reactions of Sulfur Radical Cations: Relevance to One-Electron Oxidation of Methionine in Peptides and Proteins[END_REF] [72]. The stability of (S∴N) + was also proved by time-resolved chemically induced dynamic nuclear polarization (CIDNP) [73]. The spectral difference between (S∴N) + and (S∴O) + has been studied using different model compounds, e.g. the methylthionorbonyl derivatives (Figure I.4). It was suggested that in this case (S∴N) + is formed between (>S •+ ) and the amide moiety when those two groups are juxtaposed. The formation of (S∴O) + has been identified in the oxidation of a second derivative (Figure I.4. right), that was considered to mimic the interaction between peptidic carbonyl group and (>S •+ ) [74,75]. Sulfur radical cations from Met-X peptides are stabilized by (S∴N) + formation, while for X-Met, it has been proposed that the (S∴O) + species (formed first) undergoes deprotonation in amide group followed by a transformation into (S∴N) + (Scheme I.5) [START_REF] Bobrowski | Formation of three-electron bonds in one-electron oxidized methionine dipeptides: a pulse radiolytic study[END_REF]76]. Moreover, it has been suggested that (S∴N) has radical character rather than radical cation character based on results from conductivity measurements of N-Ac-Met-NH 2 .

S C H 3 R 1 R 2 S C H 3 N H O R 4 N H R 3 O R 1 =CONH 2 , H, CO 2 - , R 2 =H, CONH 2 , CO 2 - , R 3 , R 4 =H, CH 3
S NH O C H 3 R R O -H + .. . + S N - O C H 3 R R O .. . + S + N O C H 3 R R O
.. . Scheme I. 5. Proposed mechanism of (S∴O) + formation as a precursor for (S∴N) + radical cation.

However, investigations of the structures of radical cations (>S •+ ) in Met and N-Ac-Met by X-band and Q-Band time resolved electron paramagnetic resonance spectroscopy have indicated that the deprotonation of (>S •+ ) yielding α-S radicals would not take place. The dominant structure in acid solution for Met and N-Ac-Met would be the dimer (S∴S) + . In basic solution the formation of the (S∴N) + radical cation was observed for Met. In the case of N-Ac-Met, the neutral aminyl radical was suggested. The authors did not see any evidence for the formation of the (S∴O) + radical cation [START_REF] Yashiro | Methionine radical cation: structural studies as a function of pH using X-and Q-band time-resolved electron paramagnetic resonance spectroscopy[END_REF].

I.2.4. Met as hopping site

Adjacent amino acids provide not only electron lone pair to stabilize sulfur radical cation, but they can be the final site of oxidation, when Met acts as a pro-oxidant or a hopping site [75,[START_REF] Mozziconacci | Methionine residue acts as a peroxide in the OH-induced oxidation of enkephalins[END_REF]. This has been very well established in the case of the oxidation of enkephalins (ENK) 5 . Two enkephalins are well known: Leu-and Met-Enk. Both, Tyr and Met in Metenkephalin (Tyr-Gly-Gly-Phe-Met), are sensitive to oxidation, and thus they are important in the sequence [START_REF] Balog | Met-enkephalin modulates resistance to oxidative stress in mouse brain[END_REF]. Met-Enk oxidation by either • OH or 3 (CB)* does not induce the formation of transients coming from the Met moiety like e.g. (S∴S) + . Instead, a large amount of TyrO • radicals was formed in the presence of Met due to the intramolecular electron transfer from the (>S •+ ) to the Tyr residue [START_REF] Balog | Met-enkephalin modulates resistance to oxidative stress in mouse brain[END_REF][START_REF] Wojcik | Competitive photosensitized oxidation of tyrosine and methionine residues in enkephalins and their model peptides[END_REF]. Thus Met acts as a pro-oxidant. Similar behavior has been observed in the oxidation of calmodulin containing 9 Met-residues in its sequence, in which there are two pairs of adjacent methionine (Met 71 /Met 72 and Met 144 /Met 145 ). The sulfur radical cation is stabilized by the adjacent amide group in the peptide bond yielding (S∴N) + that converts afterward into a tyrosyl radical [START_REF] Nauser | Calmodulin methionine residues are targets foe one-electron oxidation by hydroxyl radicals: formation of SN three-electron bonded radical complexes Chemical Communications[END_REF].

Oxidation of the Met derivatives N-Ac-Met-NH 2 and N-Ac-Met-OMe by • OH radicals have also been investigated in the presence of tryptophan (Trp) (pH in the range 1-4.5). It is known that the Met-Trp pair is an efficient redox couple in biological systems. The rate constant of intermolecular electron transfer from Trp to the 3e-2c-bonded intermediates (S∴X) + (X=Br, S) was reported as being very rapid (for amide: 3.4•10 8 dm 3 mol -1 s -1 at pH 1, and 2.2•10 8 dm 3 mol -1 s -1 at pH 4.3; for methyl ester: 4.0•10 8 dm 3 mol -1 s -1 at pH 1, and 2.8•10 8 dm 3 mol - 1 cm -1 at pH 4.5) [START_REF] Fu | Pulse radiolysis studies of intermolecular charge transfers involving tryptophan and three-electron-bonded intermediates derived from methionine[END_REF].

I.2.5. Stable modifications induced by Met-oxidation

In spite of much work on the oxidation of the Met-residue, there is not clear information about stable products. Most of the work on Met oxidation have been focused mainly on the primary processes occurring after oxidation of the S-atom. The following subchapter describes the state of the art about oxidation induced modifications and decarboxylation of Metcontaining peptides.

Decarboxylation and fragmentation

Decarboxylation in peptides is initiated through electron transfer from the free carboxyl group to the oxidized sulfur, and this process competes with the deprotonation of sulfur centered radicals. The yield of CO 2 is dependent on the number, location and interactions of charges in the molecule, and it should be normalized to the yield of >S • -OH (G(CO 2 )exp/G[>S • -OH]) [7]. The radiation chemical yields and quantum yields of CO 2 are presented in Table I.5. Studies of methionine derivatives (N-Ac-Met, N-Ac-Met-NH 2 , Met-OMe, N-Ac-Met-OMe), where either the amino group or the carboxylic group was blocked indicated the influence of blockage on the decarboxylation reaction [7,[START_REF] Glass | Neighbouring group participation: General principles and application to sulfur-centered reactives species[END_REF][START_REF] Pogocki | Investigation of Radical Processes Induced by Hydroxyl Radical in Amino Acids and Peptides Containing Thioether Group[END_REF][START_REF] Schoneich | Intramolecular sulfur-oxygen bond formation in radical cations of N-acetylmethionine amide[END_REF]76]. In case of longer peptides with C-terminal Met, no decarboxylation or negligible amount of CO 2 was observed [64,70]. Inclusion of an aromatic ring lowered the G CO2 , due to the preferable reaction between • OH and C=C double bonds.

S-Methyl-glutathione (S-Me-GSH) is a naturally occurring tripeptide (from the Salkylglutathiones family, Figure I.5 6 . It has two carboxyl groups, and thus it was suggested that decarboxylation can occur via two different path ways (Figure I.6):

 Electron transfer between oxidized (>S •+ ) and the C-terminal carbonyl group (pseudo-Kolbe mechanism),  Formation of an (S∴N) + species between amino group in the α-position to the N-terminal carboxylic group. Its derivatives, S-alkylglutathione derivatives (R=CH 3 , C 2 H 5 , C 4 H 13 , C 9 H 19 ) at pH~5, have shown that the radiation chemical yield of • OH-induced decarboxylation decreased with the length of the alkyl chain R. The efficiency of the N-terminal decarboxylation was also strongly affected by the solute concentration, pH and electron inductive properties of the substituents located at the S-atom [START_REF] Bobrowski | OH radical induced decarboxylation of -glutamylmethionine and S-alkylglutathione derivatives: Evidence for two different pathways involving two C-and N-terminal decarboxylation[END_REF].

The decarboxylation process was observed during • OH-induced oxidation of the tetrapeptide γ-Glu-Gly-Met-Gly, where the Met residue has a blocked carboxylate group and therefore decarboxylation should not have occurred. Loss of CO 2 was explained as being due to an intramolecular electron transfer between the carboxylate group and the oxidized amino function in its α-amino radical H 2 N-CH • -CH-(rest of peptide), followed by homolytic breakage of the carbon-carboxylate bond [START_REF] Bobrowski | Decarboxylation mechanism of the N-terminal glutamyl moiety in -glutamic acid and methionine containing peptides[END_REF].

Beside decarboxylation, fragmentation of a neighboring side chain in X-Met containing threonine or serine was observed yielding the formation of RCHO (its yield varied with the flexibility of the peptide backbone) [12,[START_REF] Pogocki | Conformational flexibility controls proton transfer between the methionine hydroxy sulfuranyl radical and the N-terminal amino group in Thr-(X) n -Met Peptides[END_REF][START_REF] Schoneich | Side chain fragmentation of N-terminal threonine or serine residue induced through intramolecular proton transfer to hydroxy sulfuranyl radical formed at neighboring methionine in dipeptides[END_REF] (Scheme I.7). • OH radicals induced modifications.

The disagreement about the formation of MetSO and other products via one-electron oxidation requires profound and precise analysis of not only stable modifications, but also of the transient species generated following the oxidation reaction.

As mentioned previously in subchapter I.2, methionine sulfoxide (MetSO) seems to be the main stable products of the one-electron oxidation appearing in the Met residue in vivo as well as in vitro. Some work using 2 H NMR detection for the induced 1 H/ 2 H exchange technique suggest that the formation of sulfoxide is the result of further one-electron oxidation of the (S∴N) + radical cation [START_REF] Nukuna | Sites of hydroxyl radical reaction with amino acids identified by 2 H NMR detection of induced 1 H/ 2 H exchange[END_REF]. 
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Contrary to that, recent work of Barata-Vallejo et al. [START_REF] Barata-Vallejo | Radiation Chemical Studies of Methionine in Aqueous Solution: Understanding the Role of Molecular Oxygen[END_REF] assumed, that • OH radicals are not able to oxidize Met into MetSO in either oxygenated or deoxygenated solutions. They suggested that the MetSO formed during the radiolysis of aqueous solutions comes from the radiolytically produced hydrogen peroxide (H 2 O 2 , a product of the gamma radiolysis of water, see chapter 3) or from the disproportionation of O 2

•-. In deoxygenated solutions, 3ethylthiopropyl amine is formed as a major product, with α-aminobutyric acid and MetSO as minor products from the reaction with H • and H 2 O 2 respectively (Scheme I.8 and I.9). The presence of O 2 during gamma radiolysis of Met induced the formation of 3ethylthiopropanaldehyde (90% of • OH) and the remaining 10 % of • OH radicals abstracted • H atom from Met (Scheme I.8 and I.9). The reaction with hydrogen atom yielded homoserine [START_REF] Barata-Vallejo | Radiation Chemical Studies of Methionine in Aqueous Solution: Understanding the Role of Molecular Oxygen[END_REF].

The result of one electron oxidation of Met-Enk in the presence of oxygen is the cyclized product from an intramolecular Michael addition of the amine to the aromatic ring. When the O 2 is absent, then the tyrosyl radicals TyrO • yields the formation of dityrosine bound dimers [START_REF] Mozziconacci | Superoxide radical anions protect enkephalins from oxidation if the amine group is blocked[END_REF]. In Met-enk, tyrosine dimer was formed as a major product [START_REF] Mozziconacci | Methionine residue acts as a peroxide in the OH-induced oxidation of enkephalins[END_REF].

Oxidation by 3 (CB)* triplet state.

There is not much information concerning the stable products derived from the photosensitized oxidation of Met-derivatives and Met-containing peptides, especially in the absence of oxygen. A good example of a photoproduct that is possible to observe is the photoinduced cyclization of the 3-(4-benzoylphenyl)alanyl residue (Bpa) 7 with Met. It was formed as the result of the ketyl radical recombination with a C-centered radical on the Met moiety [START_REF] Moretto | Photoinduced intramolecular macrocylization of reaction between a Bpa and a Met residue in a helical peptide: 3D structures of the diastereoisomeric products[END_REF]. Another example of the formation of a photoproduct with a C-C bond formation was the reaction between covalently bonded Met with BP (benzophenone-methionine dyads). The compounds formed several stereoisomers [START_REF] Lewandowska-Andralojc | Photoinduced CC-coupling reactions of rigid diastereomeric benzophenone-methionine dyads[END_REF].

In the presence of oxygen, CB •-and CBH • generate superoxide radicals according to the reaction I.1:

CB • /CBH • + O → CB + O • /H , O •
Reaction I.1 Superoxide radicals react with stabilized >S •+ (in (S∴X) + form), yielding the Met-persulfoxide and sulfoxide. In case of Met-Met dipeptides, Met(SO)-Met(SO) was detected [START_REF] Miller | One-electron photooxidation of N-methionyl peptides. Mechanism of sulfoxide and azasulofnium diastereomer formation through reaction of sulfide radical cation complexes with oxygen or superoxide[END_REF].
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Scheme I.8. Oxidation of Met in the presence and absence of oxygen. Source: [START_REF] Barata-Vallejo | Radiation Chemical Studies of Methionine in Aqueous Solution: Understanding the Role of Molecular Oxygen[END_REF].
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Scheme I.9. Reaction of Met with H • in the presence and absence of oxygen derived during radiolysis of aqueous solutions. 

I.3. Oxidation of other amino acids I.3.1. Peptide main chain, Ala and Gly

In the description of one-electron oxidations of amino acids and peptides, one should not forget about the possible reaction between • OH radicals and main chain, especially for glycine (Gly) and alanine (Ala) residues. • OH radicals react with Ala and Gly via two pathways: an electron transfer or H • atom abstraction from C-or N-atoms yielding aminyl radicals, αamino-α-carboxyalkyl radicals, α-aminoalkyl radicals, • CH 2 -type side chain radicals (Figure I.6) [START_REF] Stefanic | Absolute rate constants and yields of transients from hydroxyl radical and H atom attack on glycine and methyl-substituted glycine anions[END_REF][START_REF] Bobrowski | Radiation-induced radicals and radical ions in amino acids and peptides, in Selectivity, Control, and Fine Tunning in High-Energy Chemistry[END_REF][START_REF] Bonifacic | -Fragmentation and other reactions involving aminyl radicals from amino acids[END_REF]. The C-centered radical will re-abstract the H • via intra-or intermolecular reaction. In this case the cross-linking reactions are kinetically slow: ) in case of Ala and Gly amino acids [START_REF] Bobrowski | Radiation-induced radicals and radical ions in amino acids and peptides, in Selectivity, Control, and Fine Tunning in High-Energy Chemistry[END_REF][START_REF] Hawkins | EPR studies on the selectivity of hydroxyl radical attack on amino acids and peptides[END_REF].

• OH + NH CH(R)COO → H O + NH C • (R)COO Reaction I.2 • OH + NH CH(R)COO → NH C • (R)COO + O → NH = C(R)COO + HO • Reaction I.
CH R N H O - C O C R N H 2 O - C O CH R N H 2 CH CH 2 N H 2 O - C O Aminyl radical -amino--carb oxylalkyl radical -aminoalkyl radical CH 2 -type radical
. R=H for Gly, R=CH 3 for Ala. Source: [START_REF] Bobrowski | Radiation-induced radicals and radical ions in amino acids and peptides, in Selectivity, Control, and Fine Tunning in High-Energy Chemistry[END_REF].

In the presence of oxygen, the C-centered radicals on side chains form peroxyl radicals (ROO • ) and then the alkoxyl radical (RO • ). The major stable product identified for the Ala residue in the presence of O 2 was methanal (formaldehyde, major pathway) (Scheme I.10) [START_REF] Headlam | Beta scission of C-3 (b-carbon) alkoxyl radicals on peptide and proteins: a novel pathway which results in the formation of a-carbon radicals and loss of amino acid side-chain[END_REF]. 
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I.3.2. Aliphatic side chains: valine, leucine

In case of other aliphatic amino acid residues (Val, Leu), their side chains show higher reactivity than the backbone. • OH reacts with any C-H along an aliphatic side chain via a substitution reaction mechanism. In the absence of O 2 , both the main chain and the side chains undergo dimerization to diamino-dicarboxylic derivatives [36]. In oxygenated solutions, the alkyl peroxyl radicals undergo characteristic reactions yielding either the hydroxyl adduct or carbonyl group formation. As an example, the oxidation of Leu yields mainly 3-and 4-hydroxyleucine. . The radicals at the α and ε positions displayed reducing properties, while the other radicals are redox-neutral [START_REF] Bobrowski | Radiation-induced radicals and radical ions in amino acids and peptides, in Selectivity, Control, and Fine Tunning in High-Energy Chemistry[END_REF]100,101].

I.3.3. Basic side chains: lysine and arginine

Structures

Radiolytic irradiation of Lys in the presence of O 2 induces the formation of four hydroxylysines, in which the 3-hydroxylysine seems to be main product (characterized by MS, • OH radicals oxidize Arg to induce a variety of intermediate radical species including C-centered radicals, N-radicals and its protonated radical cations (Figure I.7 bottom). They were formed as the consequence of hydrogen-atom abstraction by • OH radicals from the α-, β-, γ-or δmethylene of the side chain [START_REF] Nukuna | Sites of hydroxyl radical reaction with amino acids identified by 2 H NMR detection of induced 1 H/ 2 H exchange[END_REF]. The decarboxylation of α-C-centered radicals yielded the reducing R-• CH-NH 2 -type radical [104]. In neutral solution it was possible to observe lower ability of α-H-abstraction due to the interaction with the protonated amine group. The yields of the hydrogen abstraction reaction from the δ-, γ-and β-carbons was in ratio 11:3:1 with the higher formation of reducing δ-C-centered Arg radicals and CO 2 
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I.3.4. Acidic side chains: aspartic acid and glutamic acid

Amino acids with acidic side chain, such as Asp or Glu, react with • OH radicals in the presence of O 2 mainly in the αC-H bond (according to the carboxylic group in the side chain) yielding the unsaturated degradation product and carboxylic acid. There is a competition between side chain and main chain oxidation [36].

I.3.5. Aromatic side chains: phenylalanine, histidine

One-electron oxidation by • OH radicals of aromatic phenylalanine (Phe) yields orthoor para-tyrosine which are used as markers for radiolytic and metal-catalysed oxidation of proteins [START_REF] Bobrowski | Radiation-induced radicals and radical ions in amino acids and peptides, in Selectivity, Control, and Fine Tunning in High-Energy Chemistry[END_REF]105,106]. In deoxygenated solutions of Phe, the attack of • OH radicals is similar to the first step in oxygenated solutions, i.e. formation of hydroxycyclohexadienyl radicals (λ max = 320 nm, ε = 49000 M -1 dm 3 cm -1 ). These radical disappeared through bimolecular processes (k = 2.8•10 8 M -1 s -1 ) to yield tyrosine and unchanged Phe [107,108]. Phe-dimerization occurred as a major pathway for cross-linking reactions in small peptides [36] (Scheme I.12).

Hydroxyl radicals react towards histidine (His) at the position C2 yielding the formation of 2-oxo-His ( 

I.4. Sunscreens

Sun radiation is necessary for the photosynthesis process, biosynthesis of Vitamin D, as well as to prevent autoimmune and cardiovascular diseases [110,111]. Despite the fact that living organisms have developed pigmentation and other strategies to protect themselves from solar radiation, the damaging effects of UV radiation on humans and animals are known. Prolonged exposure to UV has either acute and/or chronic effects on the skin. The acute effects include inflammation like sunburn or erythema, pigmentation, immunosuppression, hyperplasia. The chronic effects are photocarcinogenesis and photoaging [112][113][114]. There is a good evidence linking the development of nonmelanoma skin cancer and UV radiation [115].

UV radiation is divided into three parts:  UVA1 (340-400 nm), UVA2 (315-340 nm) absorbed by dermis,  UVB -absorbed by epidermis, induce the biosynthesis of melanin and vitamin D. On the other hand, it can cause e.g. inflammation,  UVC -absorbed by ozone layer. Mostly UVB and UVA reach Earth.

Sunscreen are recommended to avoid all acute and chronic effects of the exposure to the UV light. Different types of chemical compounds are used to protect skin against UV [116]. Generally safe sunscreens must be photo stable and must be able to dissipate the energy in efficient ways. They should not penetrate through stratum corneum and skin to the circulation system [110].

I.4.1. Dispute concerning effect of sunscreen applications

It has been shown in the scientific literature during the last 20 years, that the problem of sunscreens photo-stability has generated many disputes [111,117]. Benzophenone-containing molecules, oxybenzone and sulisobenzone (Figure I.9) are approved for use in cosmetics by the Food and Drug Administration (FDA, USA), the European Commission (EU), Japan and Australia. Both of these compounds have an hydroxyl group in the ortho position of one of their aromatic ring that should effectively quenche the singlet state via light/heat conversion during excited singlet-state proton transfer (ESIPT). ESIPT is considered to inhibit the formation of the triplet state and further reactive radicals (Figure I.10). Thus they are considered as fairly stable against UVA and UVB radiation [118]. The short-lived singlet state is unable to react with any surrounding molecules. However it has been shown that these molecules are able to penetrate through stratum corneum. Their presence has been identified in human fluids (urine and breast milk) [119] meaning that the photoreactions between them and biomolecules could possibly occur.

Contrary to results about the safety of OXB due to ESIPT presented by Tarras-Wahlberg et al. I. 6 [122]. The pH of the solution also plays a significant role for the spectral behavior of OXB and SB [123].

The reactivity of sunscreens (OXB and SB) has been investigated in solution as well as in the presence of different compounds contained in cosmetics (e.g. aloe, octyl methoxycinnamate, TiO 2 ). The presence of TiO 2 in oxygenated solutions during illumination yields the formation of ROS (e.g. O 2 The formation of ROS induced by irradiation of OXB is also a matter of dispute. On one side it has been investigated in nucleated epidermis using the fluorescent indicator, dihydrorhodamine. The results have shown larger amount of reactive species under UVirradiation in the presence of OXB [127]. Contrary to this results, another investigation using furfuryl alcohol (FFA) as a trap for singlet oxygen indicates no loss of the FFA and therefore a high photo-stability for OXB [128].

Time resolved spectroscopy has been performed on OXB. It generated information on some transients derived following laser irradiation in AcN. A weak band (ΔOD<0.002) at ca. 400 nm was visible, and it was unaffected by the presence of O 2 and cyclohexadiene. Thus it was proposed that the transient was not a triplet state or a reactive carbon-centered radical species. For comparison the spectra of 4-methoxybenzophenone were recorded in deoxygenated AcN. The triplet-triplet absorption was observed and efficiently quenched by O 2 [129]. It was suggested that this transient absorption belongs to the phenoxyl radical derived from OXB generated as a result of electron ejection from OXB, followed by proton loss (Scheme I.13) [130]. However, the formation of the phenoxyl radical was not proved. The reactivity of phenoxyl radicals towards biomolecules (peptides, DNA etc.) is still unknown.

In countries, where sunscreens are widely used, the rise in cutaneous malignant melanoma has been noted. This is the so called melanoma-sunscreen paradox -application of sunscreen containing active ingredients that should protect against melanoma appear to increase melanoma risk. It means that the sunscreens do not decrease the malignant melanoma risk, but they even increases it because people stay longer under the sun with supposed "protection" on their skin [112,131]. 

I.4.2. 2-hydroxybenzophenone (2-HOBP) as a model compound

Since both of the investigated compounds, OXB and SB (see chapter I.5.) are substituted 2-hydroxybenzophenones, 2-HOBP itself should serve as a good model system. The investigations of 2-HOBP have shown that it does not undergo benzophenone-like reduction and does not emit phosphorescence [132]. The observation of the triplet-triplet absorption spectra was possible only at low temperatures (175 K, 24 ns) [133].

Contrary to results from the LFP of OXB, it has been suggested that the excitation of 2-HOBP induced the formation of the triplet state band following the laser pulse (absorption maximum ~470-490 nm) [134, 135] (Table I.7). Another band has been observed at 550 nm in aprotic nonpolar medium, that was more intense and shifted to the near IR region in polar solvents. It has been suggested that this band belongs to the charge-transfer state (similar to that for para-HOBP). The CT state decayed yielding the formation of the phenolate ion of 2-HOBP (~475 nm in DMSO and 450 nm in other polar solvents) [135]. 

I.5. The aim of the work

The main aim of the work is the investigation of the effect of neighboring groups on the one-electron oxidation of Met-containing peptides by hydroxyl radicals and 3 (3CB)* excited triplet states. This aim was achieved by comparative research of different Met-containing peptides (Figure I.12) having different adjacent amino acids:

o basic: lysine (Lys), o acidic: aspartic acid (Asp) 8 , o aliphatic: leucine (Leu). The side chains were chosen by the nature of their different properties in order to mimic possible reactions occurring in biological systems. The sequences were chosen as model compounds for two human kinins: Met-Lys-Bradykinin and Neurokinin B, that play important roles in the human body and are present during oxidative stress. Thus it was interesting to investigate their oxidation reactions. These peptides have interesting structure containing not only Met as a possible target for oxidizing species, but also Phe, Pro, Lys and His.

Met-Lys-Bradykinin (MKBR, Figure I.12) (11 a.a.) belongs to tachykinin peptides causing blood vessels to enlarge and therefore lowering blood pressure via the release of prostacyclin, Endothelium-Derived Hyperpolarizing Factor or nitric oxide [136]. The oxidized molecule of MKBR, on the proline moiety (hydroxylated Pro-5), was identified in fluids from a patient with gastric cancer [137]. It contains only one Met, which is situated on the N-end. Neurokinin B (NKB, Figure I.12), a small peptide from the tachykinin family [138] was found at significantly higher levels in women with pre-eclampsia syndrome [ Peptides oxidized by two one-electron oxidants: hydroxyl radicals ( • OH) and the excited triplet state of 3-carboxybenzophenone 3 (3CB*) have been investigated to characterize the influence of different adjacent side chains on transient species and stable products. Both techniques, radiolytic and photolytic, are complementary. Analysis of both, transient and stable products should allow us to resolve doubts concerning the mechanism. Applications of 3CB as a sensitizer requires carrying out experiments at neutral and high pH (due to different transients, see Chapter I.3). Time resolved laser flash photolysis (LFP) was performed for all the mentioned dipeptides. Pulse radiolysis experiments were performed for Met-Lys and Lys-Met peptides in order to confirm the characterized transient species observed during LFP. Stable products were analyzed by mass spectrometry (MS) and chromatographic methods.

Knowledge concerning the oxidation of peptides and proteins is one of the most important issues in the understanding of oxidative stress. The determination of Met sensitivity to oxidation in model peptides should allow the prediction of results of radical reactions occurring in more complicated biological systems.

The second aim of the work is the investigation of photochemical stability and the doubts concerning transient species derived after UV-irradiations of commercially used sunscreens, sulisobenzone and oxybenzone (Figure I.9). According to the disputes presented in the literature review above, it is also worth reinvestigating some of their photochemical properties. All experiments have been carried out in different solvents to examine the influence of the environment on the excitation processes. The reactivity between sunscreen molecules and small model peptides has been investigated by MS and HPLC. A proper understanding of photoprocesses occurring during UV exposition of sunscreens should increase the level of cosmetic safety and eliminate possible damaging effects. 

II. Photochemistry

Electromagnetic radiation is divided into several parts (Figure II.1) starting from highly energetic short wavelength cosmic rays to long wavelength radio waves. Photochemistry studies the physical behavior, isomerization and chemical reactions proceeding with the absorption of light by atoms or molecules. The chemical effect of UV-Vis radiation is observable every day (e.g. eyesight, photography), medicine (phototherapy), industry (photo activation of polymerization) and nature (photosynthesis, phototropism). Thus photochemistry is an interesting part of science [1,2].

The absorption of UV-Vis light is very often sufficient to break or reorganize covalent bonds in molecules. However it also induces the transition of an electron from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). To observe the electronic transitions, the molecule has to come up with some rules:

 the energy difference between two orbitals should be equal to the energy of photons,  the absorption of UV light should induce a change in molecular dipole moment [1,[3][4][5][6]. Let's consider an illustrative molecule ,,X 2 '', that absorbs light in a given wavelebth range. Figure II.2 represents the initial electronic excitations. The electron transition occurs from vibrational state v 0 of the ground state to vibrational excited states (v' 0 , v' 1 , …). The transition occurs vertically (Franck-Condon principle), and its intensity is proportional to the overlap integral between vibrational wave functions of the ground and excited states. Higher overlap integrals yield a higher probability of transition. The electron reorganization after photon absorption is much faster than the nuclei response, and the bond X-X becomes longer in its excited state [1,3,7]. The electronic transitions are constrained by transition rules based on the spatial overlap and symmetry of orbitals:

 the difference in E between ground and excited states has to be equal to the energy of photon, it means ΔE = hv,  the centrosymmetric transitions between orbitals, e.g. s-s, p-p, d-d are forbidden (Laporte orbital rule), Δl ≠ ±1, Electronic transition must involve the promotion of electron without a change in its spin, ΔS=0. Thus the transitions from singlet to triplet state, etc. are forbidden. The electronic transitions are observed in UV-Vis spectra. If the transition requires smaller energy, then its band appears at longer wavelengths. In the formula above, ε represents the molar absorption coefficient for concentration represented in dm 3 •mol -1 •cm -1 , and b is a path length in cm. When the molar absorption coefficient of solvent is equal to 0, the absorption is proportional to the compound concentration (c) and the path length crossed by light. It is valid for transparent, homogenous solution.

A = log = εbc

Equation II.2

The absorbance of mixture containing multiple compounds is equal to the sum of absorbances of each component.

A = A + A + A … Equation II.3
where A 1 , A 2 , … are the absorbance values of each sample component. Few deviations of Beer-Lambert law exist. Usually they are caused by chemical or instrumental factors (e.g. the chemical reactions, change in pH or light dispersion) [5,6,8].

II.1.2. When photon meets molecule… -Jablonski Diagram

Molecules absorbing photons have an excess of energy that is released in different ways, first presented by Jabłoński in 1933 (Figure II.3) [9]. He illustrated the various photophysical and photochemical processes between ground and excited singlet/triplet states. The absorption (10 -15 s) of light (A) occurs from the ground singlet state to first or second excited singlet state. On the other hand, there might be a transient absorption (TA) that takes place when excited molecule absorbs another light quanta (e.g. in pump-probe transient absorption spectroscopy). The excited molecule can get rid of an energy excess via light emission through radiationless transitions. Fluorescence (F, life time 10 -9 -10 -11 s) is the spin-allowed emission of light from an excited singlet state to the ground state. The Kasha's rule states that a fluorescence photon is emitted only from the lowest electronically excited state (usually S 1 ). Its spectrum is shifted with regard to absorption of the same transition to longer wavelengths. It is explained by a loss of vibrational energy and as a result the emitted photon has lower energy (Stokes' law). Another radiative emission that occurs from the excited triplet state (T 1 ) is called phosphorescence (Ph) and it is a spin-forbidden transition. Thus, it has a longer lifetime than fluorescence (10 -3 -10 2 s). Non-radiative transitions have different physical mechanisms. The vibrational relaxation occurs fast (life time 10 -14 -10 -11 s) from higher to lower vibrational states and emits heat (from collisions). The internal conversion (IC) takes place between excited states and state with lower energy, but with the same spin multiplicity. It is also rapid process (10 -14 -10 - 11 s), and excess of energy is dissipated as heat. There is a possibility also to convert the energy from excited singlet state to lower excited triplet state called intersystem crossing (ISC). It is a slower process than IC (10 -8 -10 -3 s) and is very often an important process in molecules with large spin-orbit coupling. The phosphorescence (Ph) spectrum (life time 10 -4 -10 4 s) is shifted into longer wavelengths compared to absorption and fluorescence because the loss of energy is higher (energy for VR and ISC). It is also possible to observe photochemical processes from excited states, such as photo-reaction (R). Excited triplet and singlet states can be deactivated by quenching processes (Q) [5]. The excited donor, D*, emits photon, that is reabsorbed by the acceptor (quencher) molecule yielding the excited state of A*.

In case of non-radiative process, energy is transferred in one step during the interactions between donor and acceptor. Two mechanisms describe energy transfer: electron exchange (Dexter mechanism) and Förster resonance energy transfer (FRET mechanism).

The Dexter model of energy transfer requires donor and acceptor molecules to be in close contact (usually by van der Waals or hard sphere interactions) and the excitation energy to be in order E(D-D*)≥E(A-A*). The electron exchange between D* and A (Figure II.4.a) is possible only due to the overlapping of their orbitals. Electrons become difficult to distinguish and the excited electron is transferred to from D* to A simultaneously with the electron transfer from A to D*. No recognizable ions or radical ions are formed as intermediates. According to Wigner rule, the overall spin quantum number of the system must be kept constant, thus it is possible to observe energy transfer in triplet-triplet system: * + → + * Reaction II.4 Electron transfer is a process of great chemical, physical and biochemical interest described by Marcus theory as inner-sphere and outer-sphere ET [10,11]. Generally the solvent sphere surrounding the pair of molecules needs to reorganize during the ET. According to the inner-sphere model, the interaction between vibrational modes of the donor and acceptor are significant and promote the ET. The second model describes the response of the solvent occurring along the ET coordinate. The interaction between the reactants and transition state are very weak (4-16 kJ mol -1 ) or there are no interactions [1,8]. In photoinduced electron transfer (Figure II.5), the transfer of electron between the excited molecule M* and quencher Q forms an ion pair. The M* is deactivated and the created ions can return to neutral ground states (back electron transfer) or they can recombine with another radical. The electron transfer occurs either from M* or Q according to reactions: 

* + → ( • + • ) → + (+ ) Reaction II.5 * + → ( • + • ) → • + • Reaction II.6 * + → ( • + • ) → + (+ ) Reaction II.7 * + → ( • + • ) → • + • Reaction II.8

II.2. Devices

II.2.1. Laser flash photolysis

Time-resolved spectroscopy is a widely used technique to study the dynamics of processes in chemical compounds and materials using spectroscopic tools. Laser flash photolysis (LFP) developed in 1949 by M. Eigen, R. G. Wreyford and G. Porter (Nobel prize in 1967) is a pump-probe technique applied in the study of kinetics and spectra of short-lived transient species.

M* Q M •- Q •+ M Q
The principle of a 'pump-probe' experiment is presented in Figure II.6. A first strong pulse excites the sample (pump pulse) and a second one, a weaker pulse, monitors the optical property of the sample after excitation. The pump pulse should be short and strong enough to initiate the chemical reaction or lead to an increased population of higher energy levels than first excited singlet state (Figure I.6). It comes from laser sources (from ns up to atto-second time scales). The probe pulse should be weaker, and usually it is released from Xe lamp or lasers and analyzed in detectors [3,12,13]. Time-resolved absorption spectroscopy is also applied to observe T 1 -T n transitions, or faster processes, such as singlet state deactivation or vibrational relaxation. 

II.2.1.a. Nanosecond Nd:YAG system

Neodymium-yttrium aluminum garnet solid state laser (Nd:YAG) is built from Y 3 Al l5 O 12 doped by Nd 3+ (~1%) and can be excited in a wide spectral range from 480 to 600 nm by e.g. krypton arc lamp. Nd-YAG lasers are widely used (in continuous wavelength (CW) or pulsed mode). The 'mineral' used in this laser emits the light in the IR region, 1064 nm. By using special kind of substances having non-linear optical properties (e.g. potassium hydrogen), it is possible to produce other photon frequency e.g. 532 nm (2 nd harmonic), 355 nm (3 rd harmonic) and 266 nm (4 th harmonic) respectively. Nanosecond pulses are generated using the Q-switched mode [12].

The set-up used in this work is presented on Figure II.7. The Nd:YAG laser (Spectra-Physics) is operated at 10 Hz repetition rate, and the duration of the pulse is from 6 to 8 ns. The maximum pulse energy at 1064 nm and 355 nm is 450 mJ and 155 mJ respectively. The probe pulse is emitted from a pulsed xenon lamp (Applied Photophysics) with an optical fiber. The sample holder enables temperature controlled measurements and is equipped with a magnetic stirrer. Signals coming from the sample are analyzed by monochromator (Acton) and a photomultiplier (PMT, Hamamatsu). Besides those elements, a wide variety of electronics, e.g. oscilloscope (LeCroy), photodiode, delay generator, shutters, are required to synchronize the system [14]. 

II.2.1.b. Femtosecond system

The story of femtosecond photochemistry began with the invention of femto-and atto-second laser systems. This technique is applied to study very fast processes, at approximately 10 -15 s, e.g. characterization of excited singlet and triplet states dynamics, isomerization reaction or vibrational relaxation.

The system used at this work (Figure II.8) consists of the femtosecond transient absorption spectrometer (HELIOS) integrated with Spectra-Physics® Solstice® one-box ultrafast femtosecond laser sets and automated ultrafast Optical Parametric Amplifiers (TOPAS Prime). Data were analyzed using Surface Xplorer. The pump pulse comes from the femtosecond pulses generated in TOPAS. The laser system Solstice delivers pulses at 800 nm with 1kHz repetition rate. The spectrometer HELIOS is a broadband (300-1600 nm) pump-probe transient absorption spectrometer with a time window up to 8 ns. 

II.2.2. Steady state photolysis II.2.2.a. High pressure mercury lamp

High pressure Hg lamp is a light source employed in the laboratory for stationary and preparative photochemistry. The light emission occurs via an electric arc through vaporized mercury in a high pressure tube. In the experiments described below, the wavelength of 365 nm has been used. The irradiation set-up consisted of a Hg lamp, IR absorbing water filter, filter cutoff below 350 nm, and a sample holder. The absorption spectra of the compounds investigated in this work end up usually < 400 nm.

II.2.2.b. Continuous wavelength laser

Part of irradiation experiments were also done using Genesis CX355STM OPSL laser (Coherent) (Figure II.9). It is an electrically pumped semiconductor laser with a semiconductor diode as the active medium. It has been used in this work in order to compare the products after low-intense and high-intense irradiation. The density of photons in CW laser beam is higher than in case of Hg lamp. 

II.3. Methodology

II.3.1. Sample preparation

Sensitized oxidation of Met-containing peptide was performed in aqueous solution in rectangular quartz fluorescence cells (path length = 10 mm). The sample was stirred during experiments. Peptide concentrations in time resolved experiments were in the range of 1•10 - 5 -6•10 -3 M (in the quenching experiments) and 6•10 -3 -2•10 -2 M (for recording transient spectra in the time range following >99% quenching of triplet state of 3CB). The concentration of sensitizer (3CB) was kept constant at 2•10 -3 M in the quenching experiments and 4•10 -3 M for recording spectra. All solutions were bubbled with Ar before each experiment. The concentrations in preparative, steady-state photolysis were different. They were in the range of 1•10 -3 M to 4•10 -3 M for peptides and 1•10 -3 M to 2•10 -3 M for 3CB. The pH ranged from neutral to basic.

The analysis of the decarboxylation of peptides with C-terminal Met was carried out using ion exchange chromatography. Thus all samples after UV-irradiation for CO 2 analysis were alkalized by addition of a constant amount of KOH upon injection to the chromatograph.

Photochemical characterizations of BP-derivatives were carried out in different solvents (DMSO, AcN, water, alcohols, cyclohexane) in the concentration range from 2•10 -5 M to 1•10 -3 M. Solutions were oxygenated or deoxygenated before experiments. The concentrations of amino acids or peptides added to laser flash photolysis of the BP-derivatives were in the range from 1•10 -3 M to 4•10 -3 M.

II.3.2. Determination of initial intensity of light -actinometry II.3.2.a. Uranyl-oxalate actinometry

The work involving actinometry was done using an uranyl oxalate actinometer, replaced after by potassium ferrioxalate. This actinometer is used for the 208-426 nm spectral range where its quantum yield is almost constant and varies from 0.5-0. The number of oxalate that was transformed into photo products was determined by titration of the solution before and after irradiation using potassium permanganate KMnO4. The intensity of incoming light was calculated using formula:

= ∆ • = • • • • • Equation II.4
where ΔV KMnO4 is the difference between the volume of KMnO 4 used to titrate the solution after irradiation and before irradiation [cm 3 ], c KMnO4 is the concentration [mol•dm -3 ], V is the volume of actinometer taken for titration [cm 3 ], t A -time of irradiation [s], ϕ A -quantum yield of the oxalate decomposition, Δc A -concentration difference calculated from the absorbance measurements [8,15].

II.3.2.b. Parker-Hatchard actinometer

The ferrioxalate actinometer (Hatchard-Parker actinometer) can be used with light intensity measurements up to 500 nm [16]. The synthesis of ferrioxalate was described elsewhere [17]. The aqueous solution of the actinometer absorbs photons leading to decomposition to Fe 2+ , CO 2 and3C 2 O 4 2-(Reaction II.10-II.11). Directly after irradiation, the same volume of 1,10phenantroline was added to each sample and the absorbance at 510 nm was recorded exactly after 3 minutes. The Fe 2+ ions form a colored complex with tris-phenantroline (ε=11100 L mol -1 cm -1 ).

The amount of Fe 2+ ions was calculated from equation II.5:

= • •∆ ( ) • • • ( ) Equation II.5
where V 1 -irradiated volume of actinometer, V 2 -the aliquot of irradiated solution used in absorption measurements, V 3 -the sum of V 2 and the volume of 1,10-phenantroline added after irradiation, l -the optical path length during irradiation, ΔA 510nm the difference in absorbance between irradiated and non-irradiated solution, ε is the molar absorption coefficient of the complex Fe(Phen) 3

2+

.

Fe(C O ) Fe + C O • + 2C O Reaction II.10 e(C O ) + C O • → Fe + 2CO + 3C O Reaction II.11
The initial light intensity was calculated using equation II.6:

= • • Equation II.6
where ϕ λ is the quantum yield of Fe 2+ at the irradiation wavelength, t -the irradiation time, Fthe mean fraction of light absorbed by the ferroxalate solution. The ϕ 365.6nm = 1.21 and ϕ 355nm = 1.25 [15].

II.3.3. Determination of the quantum yield of stable products

Quantum yield ϕ, called also quantum efficiency is employed to compare different photochemical reactions and processes and is globally described by formula II.7:

Φ = Equation II.7
The mentioned events are usually the amount of reactant consumed or product formed. There are two kinds of quantum yields: differential and integral. The differential quantum yield (equation II.8) is defined as the ratio between the rate of change of a measurable quantity (e.g. optical density) and q n,p 0 , the amount of photons incident per time interval (photon flux) or I a S the intensity of light absorbed per time interval (mol or einstein•dm -3 •s -1 ):

ϕ(λ) = , ( ) = Equation II.8
The integral quantum yield of substrate disappearance and product formation is defined as the ratio (equation II.9-II.10):

ϕ = [ ] [ ] ∫ Equation II.9 ϕ = [ ] ∫ Equation II.10
Where the [S] 0 is the concentration of substrate before irradiation, [S] t and [P] t are the concentrations of substrate and product after time of irradiation t. The integral means the amount of absorbed light by the substrate during the irradiation time, t. In this work the quantum yield was calculated from equation II.11:

ϕ = • Equation II.11
Where Δc is the difference between concentration before and after irradiation. The I a S was calculated using formula II.12 [8]:

I = I -I = I • 1 - = I • 1 -10 ( ) = I • (1 -10 ) Equation II.12

II.3.4. Determination of quenching rate constant

The quenching event has been described before. The quenching rate constants of excited triplet states has been calculated by using Stern-Volmer equation (II.13-14):

= 1 + • • [ ] Equation II.13 = ( ) + • [ ] Equation II.14
where k q is the bimolecular quenching rate constant, the [Q] is the quencher concentration, I 0 /I intensity of absorbed light. The value k obs is calculated by fitting the decay trace of the 3 (CB)* monitored at 520 nm using the life-time of triplet state in the presence of different concentration of quencher determined from the kinetic profiles and it was used to calculate the k obs ;

= Equation II.15
The linear dependence of the k obs vs. the [Q] was plotted according to formula II.14 providing the value of k q from slope and the (τ 0 T ) -1 from intercept [1,3].

II.3.5. Determination of quantum yield of radicals

The concentration of radicals (e.g. radical anions (3CB •-) or ketyl radicals (3CBH • )) were estimated from the concentration profiles where the 3 (3CB)* triplet state was quenched by more than 99%. Knowing the optical density (absorption) of triplet state and molar absorption coefficient at 530 nm, it is possible to calculate its concentration directly after the flash. The yield of 3CB •-radical anion was calculated from formula:

Φ = Equation II.16
where ΔA p is the change in transient product's absorption change extrapolated at the end of pulse, when the quenching is almost complete, ΔA p 0 is the absorption change of 3CB triplet state at 520 nm, where there is no quenching, ε T and ε p are the molar absorption coefficients of the triplet state (520 nm) and the radical anion 3CB •-(600 nm). In this work, the quantum yields were also calculated from the formula:

Φ = Equation II.17
The concentrations of the transient species were calculated at the times when the quenching was completed.

II.3.6. Deconvolution of transient spectra

The registered transient absorption spectra obtained from LFP and PR are very often a mixture of spectra from several transient species, that in addition can disappear within the formation of new species. To fully understand the investigated process, it is necessary to resolve the spectrum. The qualitative and quantitative analysis by deconvolution is possible with special software, e.g. DECOM (written by J. Mirkowski, Ph.D. and P. Wiśniowski, Ph.D.). The DECOM program uses the additive law of absorption, the reference spectra of transients and least squares method with the formula II.18:

∆A(λ ) = ∑ ε (λ )a Equation II.18
where ΔA(λ i ) is the change of absorption, ε j is a molar absorption coefficient of a transient species ,,j'', a j is the concentration of transient ,,j'' times the optical pathlength, usually 1 cm. The deconvolution of spectra allows the experimenter to calculate the concentration of each species after a given time following a laser or an electron pulse. The dependence of concentration as a function of time is called a concentration profile. For example the absorption spectra of the (S∴S) + radical cation was taken from pulse radiolysis studies of 2 mM N-Ac-Met-OMe in aqueous solutions saturated with N 2 O at pH 1 (ε max =8690 M -1 cm -1 at 510 nm).

>S+ • OH>S • -OH + >S + H + (>S∴S<) + + H 2 O Reaction II.12
The reference spectrum of (S∴N) + was obtained from the pulse radiolysis of N 2 Osaturated 2 mM H-Met-OMe solutions at pH 6.7. The ε max (390nm) =4740 M -1 m -1 [18]. Some factors influence the correct deconvolution:

 the lack of reference spectra or wrong reference spectra,  the small difference between the absorption maxima of two species,  incorrect acquisition of data during LFP or PR experiment,  wrong selection of transients for deconvolution. Thus, the DECOM software gives the uncertainty from the sum of all these factors.

III. Radiation chemistry

Radiation chemistry is a branch of chemistry that studies the interactions of matter with high-energy radiation and the resulting chemical transformations. Some processes can show similarities to photochemistry. It is widely applied as a tool in free radical investigations, general inorganic/organic chemistry, chemical kinetics, nuclear chemistry and industry, as well as in medicine and biology. More reactive forms of oxygen than its triplet state formed via its reduction or excitation are called reactive oxygen species (ROS). Several of them are formed during radiolysis of aqueous solution, thus it is a good tool to investigate the reaction of ROS with biomolecules.

Radiation chemists use in their research photons (X-rays, gamma-rays), charged (electrons, positrons, heavy ions, protons) and neutral (neutrons) particles. It is very often confused with radiochemistry, the branch that investigates materials being radioactive after irradiation [1]. When a molecule is hit by radiation, an electron is ejected from an orbital. This electron ionizes further molecules by collisions until they reach the thermal equilibrium state by interactions with solvent yielding a solvated electron, e s -. Depending on solvent, they are solvated or not.

M ⇝ M • + e

Reaction III.1

III.1. Radiolysis of water

The radiolysis of water has been investigated for almost one century, however this process is still studied [2]. The electron beam and gamma particles from Co-sources has low LET (linear energy transfer) effect. It means that the secondary electrons induces most of ionization. The radiolysis of water starts by the ejection of electrons yielding the ionization and excitation of water molecule within the time scale of an electronic transition (~10 -16 s) (reaction III.2):

H O ⇝ H O • + e and H O * Reaction III.2
An ionized water molecule undergoes an ion molecule reaction with the ground state water molecule (~10 -14 s ) (reaction III.3):

H O • + H O ⟶ HO • + H O Reaction III.3
Excited water molecules undergo dissociation (~10 -13 s):

H O * ⟶ H • + HO • , H + O • Reaction III.4
Ejected electrons e -are solvated by water molecules yielding so called aqueous solvated electron within the time of ~10 -12 s. At this moment, in low linear energy effect (LET) radiation, all products are distributed in separated spurs and they start to diffuse and react with other molecules or radicals yielding products or secondary radicals. The concentrations of these radiolyticinduced radicals and ions become homogeneous at about ~10 -7 s [3]. Other spur reactions with rate constants are presented below [4] (reactions III. [5][6][7][8][9][10][11][12].

e + e ⟶ H + 2HO k=0.54 • 10 10 dm 3 mol -1 s - The numbers in brackets parentheses the radiation chemical yield in μmol/J (primary yields). In higher LET the primary yields change due to overlapping of the spurs [3].

There are two effects of ionizing radiation: (i) the direct interaction with matter, (ii) and indirect processes via reaction between matter and radicals derived from e.g. solvent irradiation. For investigations of aqueous solutions with solute concentration less than 0.001 mol•cm -3 the ionizing radiation will interact mainly with solvent (water) molecules (in indirect effect).

The species derived from radiolysis of water have different properties. In this work, the most important ones were hydroxyl radical • OH, hydrogen peroxide H 2 O 2 and O 2 •-.

III.1.1. Characteristic of chosen radicals and reactive species

Hydroxyl radicals • OH are one of the most reactive oxidants in organisms due to its high redox potential (E°(OH • /OH -)=1.9 V and E°(H + ,OH • /H 2 O)=2.72 V) [5]. They react with almost every type of biomolecules in living organisms in a non-selective way. Examples of reaction rate constants with chosen compounds are presented in Table III.1. Hydroxyl radicals are strong oxidants. They are also formed from a catalytic reaction of O 2

•-and H 2 O 2 in the presence of catalyst -e.g. iron (III) complex in Haber-Weiss reaction (reaction III.4) or the superoxide-assisted Fenton chemistry (reaction III.5) [6].

Fe + O • → Fe + O Reaction III.4
Fe + H O → Fe + HO + HO • k=60 dm 3 mol -1 s -1 Reaction III.5

Other metals like Co + /Co 2+ or Cu + /Cu 2+ are also able to catalyze these reactions [7]. In basic medium, hydroxyl radicals are rapidly converted to less reactive O •-(the pKa of • OH = 11.9 [8]) that have nucleophile character [3]. Superoxide radicals are also formed via one-electron reduction of O 2 . In aqueous solution, O 2 •-are in equilibrium with HO 2 • (pKa = 4.8).

Hydrogen peroxide (H 2 O 2 ) is stronger oxidant than O 2

•-, but it is weaker reductive species. At neutral pH, it can oxidize thiol compounds, indole, imidazole, phenyl, thioesters and methionyl groups. In biological systems two reactions of H 2 O are crucial: the oxidation of thiol and methionyl groups and oxidation of transition metal ions (e.g. Fe 2+ to Fe 3+ ). In fact, H 2 O 2 is relatively less reactive and uncharged thus it can easily be transported across the living cell and react in a different area than the area where it was produced. The hydrated electron (e aq -

) is a powerful reductant (standard reduction potential E°=-2.87 V), that can for example eliminate the halide ion from organic halide. It has a strong optical absorption in the red region of the spectrum and it reacts as a nucleophile (in an electron transfer process).

There is the possibility of modulating the conditions during radiolysis to be more oxidizing or more reductive by using scavengers. The addition of e.g. tert-butyl alcohol scavenges • OH radicals due to the reaction [8] (reaction III.6):

HO • + (CH ) COH → H O + • CH (CH ) COH k=6•10 8 dm 3 mol -1 s -1 Reaction III.6
The • CH 2 (CH 3 ) 2 COH radicals are rather less reactive and undergo a dimerization reaction [3]. Deoxygenation of solutions helps to avoid the formation of O ), and in fact, larger amount of N 2 O is consumed by electrons. Radicals formed as products after the radiolysis of water react with several biological molecules like peptides [10][11][12][13][14], proteins [15,16], nucleotides, nucleic acids [17][18][19][20][21][22] and lipids [23][24][25].

III.2. Devices

III.2.1. Time resolved pulse radiolysis

Pulse radiolysis is a suitable method to generate free radicals and to investigate them. It is a well-established tool in radiation chemistry used to analyze the kinetics of fast reactions initiated by ionizing radiation or radicals. The most commonly used sources of ionizing radiation are electron accelerators with energies in the range 2-20 MeV [3,26]. Pulse radiolysis is also a pump-probe type of experiment, where the electron beam serves as pump pulse. The species are detected using different methods, from optical detection to conductivity measurements. It is widely used in study of polymers, biomolecules, physical phenomena etc.

III.2.1.a. Pulse radiolysis coupled with linear accelerator of electrons (Institute of Nuclear Chemistry and Technology)

Part of the results were obtained using the pulse radiolysis set-up presented in 

III.2.1.b. Pulse radiolysis coupled with linear accelerator of electrons Titan Beta

(NDLR, USA) The pulse radiolysis for Met-Lys and Lys-Met was performed in the Radiation Laboratory at the University of Notre Dame (Notre Dame, Indiana, USA) through the courtesy of Dr. Piotr Filipiak and Dr. G. L. Hug. An electron beam is emitted from a Titan Beta accelerator (TBS-8/16-1S) with an electron energy of 8 MeV and 2-3 ns duration time. The set-up was described elsewhere [28].

III.2.2. Gamma radiolysis

Gamma radiolysis served as a good tool to produce oxidized products that can be analyzed by several techniques. Due to the joint Ph.D. program with the University of Paris-Sud (Orsay, France) and a close collaboration with INCT (Warsaw, Poland), the γ-irradiations were performed at both centers. All solutions were saturated before irradiation either with N 2 O, Ar or O 2 depending on desired conditions. In case of Ar-saturated solutions, 0.1 M of tert-butanol was added to scavenge • OH radicals. The aim of this work was to investigate one-electron oxidation, thus the H 2 O 2 (two-electron oxidant) formed during radiolysis of water needed to be removed from the sample. To avoid two-electron oxidation by hydrogen peroxide, a small amount (~10 - 9 M) of catalase (Sigma-Aldrich, from bovine liver) was added in parallel experiments. Catalase is able to decompose hydrogen peroxide [29][30][31] via reaction III.9:

2H O → 2H O + O
Reaction III.9

III.2.2.a. Cobalt sources

The radioactive 60 Cobalt decays mainly by emission of 0.313 MeV β particles yielding the 60 Ni in excited state, which lose an excess of energy by emitting two gamma photons with energies 1.173 MeV and 1.33 MeV respectively [3]. Those photons lose the energy through an interaction (ionization) with the irradiated sample. Gamma-emitting sources must be surrounded by a special shield made of dense materials to protect the users. Two kinds of sources have been used: the panoramic IL60PL Cis-Bio International (chamber-type source at the University Paris-Sud 11, Orsay) and a Issledovatel γ-source (gamma cell at INCT in Warsaw). The scheme of the panoramic chamber-type source is presented in Figure III.2. The radiation intensity can be changed in this kind of Cobalt bomb by moving the sample closer to or further away from the source. It is bigger than the gamma cell and requires special facilities to operate. The radioactive cobalt is, in this case, moving along a special tube when the shield is closed [32]. 

III.3. Methodology

III.3.1. Sample preparation

The concentration of dipeptide used in gamma irradiation varied from 1•10 -3 M to 2•10 -3 M. The pH was registered for the solution before and after irradiation. Solutions were bubbled with N 2 O and/or Ar for 30 minutes. A small amount of catalase was added to aqueous solutions of the peptides for removing H 2 O 2 formed during the radiolysis of water in order to prevent two-electron oxidation of methionine. The activity of catalase in the experimental pH range (5-11) is stable. The denaturation of Cat was observed only below pH 4 [33].

Samples containing 1mM of the peptides were irradiated in the gamma source to analyze the decarboxylation. After irradiations perchloric acid HClO 4 (0.5mM) was added to solutions, and samples were heated to 50°C for 30 minutes. The amount of CO 2 was measured by gas chromatography. Time resolved pulse radiolysis was performed for solutions containing from 2•10 -4 M to 1•10 -3 M of peptide and from 1.25•10 -4 M to 5•10 -4 M of BP-derivatives. In Arsaturated pulse radiolysis, 0.5 M of tert-butanol was added to each sample directly before the experiments.

In addition to the photochemistry of BP-derivatives, supplementary radiolytic characterization was done in water and AcN. The concentration of BP-derivatives was kept constant at 1.25•10 -5 M. Solutions were appropriately saturated by N 2 O, Ar or O 2 . To complete results concerning oxidation or reduction of BP-derivatives, gamma radiolysis was performed in order to characterize the stable products and to clarify the mechanism.

III.3.2. Determination of the absorbed dose and dose rate III.3.2.a. Fricke dosimeter

The dose absorbed is simply the amount of ionizing radiation absorbed by the system, and it is expressed in grays, Gy. The dose of 1 Gy corresponds to the 1 J of energy absorbed by 1 kg of irradiated sample (1Gy = 1J•kg -1 ). To calculate the absorbed dose by the system, it is necessary to know the dose rate, which is the rate at which radiation is delivered to the sample (Gy•s -1 ). In this work, Fricke dosimeter solutions were used to determine the dose rate. The Fricke dosimeter consists of air-saturated 10 -3 M ferrous ammonium sulfate ((NH 4 ) 2 Fe(SO 4 ) 2 )•6H 2 O with 10 -3 M sodium chloride (NaCl) in 0.4M sulphuric acid (H 2 SO 4 ). The absorbed dose is determined by the yield of Fe 2+ to Fe 3+ oxidation. The radical yield for a Fricke solution (the number of atoms, radicals, ions and other products formed in chemical reactions induced by the absorption of 100 eV of ionizing radiation) is equal to (Fe 3+ ) = 15.6 ions/100 eV. The mean absorbed dose over the volume of dosimeter is given by (Equation III.1):

= 9.648 • 10 • ( • ) ( ) Equation III.1
The product yield is calculated from the Lambert-Beer law, as initially described in equation II.2:

= Equation III.2
where ΔA is the difference in absorption at 304 nm between the irradiated and non-irradiated solutions, Δε is the difference in molecular extinction coefficients between reactant and product (dm -3 •mol -1 •cm -1 ), l is the optical path length (1 cm). The G(Fe 3+ ) = 15.5 for the standard Fricke dosimeter [31]. The absorbed dose is thus calculated from formula III.3:

= 9.648 • 10 • ( ) = Equation III.3
The density of Fricke solution at 25° C is 1.024 g•cm -3 , Δε = 2250 dm -3 •mol - 

III.3.2.b. KSCN dosimetry

The amount of • OH produced during pulse radiolysis was measured using 0.01 M aqueous solution of potassium thiocyanate (KSCN) saturated with N 2 O. Hydroxyl radicals form an adduct with SCN -that decompose into hydroxyl anion -OH and • SCN (reactions III. [16][17].

OH • + SCN → OHSCN • → HO + SCN •
k=1.1•10 10 dm 3 mol -1 s -1 Reaction III.16

SCN • + SCN → (SCN) • Reaction III.17
The radiation chemical yield of (SCN) 2

•-radical anions is equal to sum of radiation chemical yields of solvated electron and hydroxyl radicals. (SCN) 2

•-radical anions are easy to detect measuring the absorption at 475 nm (ε 475 =7350 dm 3 mol -1 cm -1 ). The absorbed dose was calculated from the formula III.4:

= • • . • • = 207.65 • [ ] Equation III.4
The G(SCN) 2

•-=0.635 μmol J -1 , ρ=1g/cm 3 .

III.3.3. Determination of chemical radiation yield

Radiation chemical yield is defined as number of molecules of product (X) formed or starting material (-Y) changed per 1 Gy (100 eV). In SI units it is reported in mol•J -1 . The amount of formed product or used substrate was obtained from different analytical measurements like HPLC or UV-Vis.

G(X)′ = . Equation III.5 G(X)′′ = . Equation III.6 G(-Y) = . Equation III.7
The G value in no. of molecules per 100 eV can be calculated in no. of moles per 1 J using formula:

G(X)′ • 1.063 • 10 = G(Y)′′ Equation III.8
IV.

Other methods

IV.1. Chromatography

Chromatography is the term relating to several techniques for the separation of mixtures. In a short description the components of a mixture are distributed between two phases, stationary and mobile, with an equilibrium defined by the distribution ratio (or partition ratio), K. The distribution ratio is defined as the ratio between the concentration of component C in the stationary phase (C S ) and mobile phase (C M ). Each component has different K values. The chromatograph obtained after separation shows the dependence of the sample amount vs. time. The retention time of a component is time recorded between introducing the sample and the appearance of maximum of intensity in chromatogram. The total retention volume is the volume of eluent required to remove component from stationary phase [1].

Liquid chromatography has been developed to be more precise than before, such as high performance (pressure) liquid chromatography (HPLC), where the solvent is forced through a column under high pressure up to hundreds of atmospheres. The liquid sample is passed over a solid adsorbent material in the column using the flow of a liquid solvent. The components in the mixture interact with the stationary and mobile phases at the same moment. Each component interacts slightly differently with the adsorbent material in the column. Weak interactions cause short elution time, and adequately strong interactions extend the retention time. HPLC is often coupled with another instrument, e.g. a mass spectrometer.

In this work reversed phase HPLC (RP-HPLC) was used. It has a non-polar stationary phase and a moderately polar mobile phase. The column in RP-HPLC are filled usually with surface-modified RMe e SiCl silica (R=C 18 H 37 or C 8 H 17 ). In these conditions, retention times are longer for less-polar molecules, and polar compounds are eluted rapidly. The addition of more water to the eluent induces the increasing retention time. The addition of TFA (hydrophobic counter ions) creates ion-pairs with the positively charged solute and increase the affinity of the solute for the hydrophobic stationary phase [1][2][3]. Ion exchange chromatography (IEC) is a branch of HPLC applying ion exchange reactions and differences in electrical charge to separate components of the analyzed mixture. The columns are filled with an ion-exchange rasin, an insoluble matrix, which is able to exchange its own ions with ions from eluent. Cations are adsorbed on a negative surface while anions require separation on a positive surface. The bound ions are removed from stationary phase using different eluents (e.g. water, polar organic solvents, dilute acid, base or salt solution) [3].

In this work, IEC was used to analyze the quantity of CO 2 coming from the decarboxylation of peptides by the detection of HCO 3 -.

IV.2. Mass spectrometry

Almost all researchers from disciplines like chemistry, biology, physics or medicine use mass spectrometry as a powerful analytical tool for techniques such as isotope dating (isotope-ratio mass spectrometry), analysis of gas traces (e.g. selected ion flow tube (SIFT-MS), proton transfer reaction (PTR-MS)), atom probe, protein characterization (ESI and MALDI), pharmacokinetics and space analysis [4].

IV.2.1. Basics

Despite the fact that first mass spectrometer was constructed by J.J. Thomson in 1899, the real progress in mass-to-charge (m/z) measurements began in 1950s and lasts until today. Highly automated systems with different ionization techniques, detectors and additional facilities reached an unprecedented level. The basic aim of mass spectrometry is to generate ions, separate and analyze them by their mass-to-charge ratio (m/z) in a quantitative and qualitative way. The flowchart of a typical mass spectrometer is presented in Figure IV.2. The sample can be injected directly from syringe pump or via prior chromatographic separation (by GC, HPLC etc.) to an ion source. Then ions fly to the mass analyzer and then to a detector operated under high vacuum. Mass spectra preparation requires a small amount of the sample (about 10 -5 -10 -8 mol) thus it is considered as a non-destructive method. A mass spectrum consists of two parameters: abundance (signal intensity) as ordinate and mass-to-charge as abscissa. m/z is dimensionless. As long as the ion charge is equal to 1, the m/z value reflect the ion mass. Ionization occurs via two possible ways: hard and soft ionization. In hard ionization (e.g. Electron Impact), ions are formed using large quantities of residual energy yielding large degrees of fragmentation (ions with m/z lower than the molecular mass). Soft ionization source (CI, ESI) form ions using small residual energy and thus allows identification of the molecular ion peak [5].

IV.2.2. Devices

Nowadays there are several ionization methods, some of them are more specialized than others:

 Gas-phase ionization methods -the oldest and the most popular methods, e.g. The final part of the mass spectrometer is called the detector. It can record the induced charge or the current produced by the ions. Several detectors were applied: from the simple ones, such as a Faraday cup to electron multiplier or ion-to-photon detectors. Subchapters below describe briefly the ionization method and detectors used in this work [4,5].

IV.2.2.a. Ionization method -ESI-MS

Electrospray ionization can be operated even at atmospheric pressure. The construction of ions source is quite simple (Figure IV.3). The stainless steel capillary has a high potential and produce small charged droplets. Nebulizer gas directs the aerosol toward the charged plates with small window. Because of high excess of charge in the droplets due to the solvent evaporation, the electrostatic repulsions cause ,,Coulombic explosions". Those explosions move sample into gas phase. Each molecule can be singly or multiply protonated in the positive mode detection or deprotonated in the negative mode. ESI is widely used in the analysis of nonvolatile and large molecules, such as nucleic acids, polymers or proteins. The samples should be introduced in a polar, volatile solvent to assist protonation. It may create ions with either single or multiple charges. 

IV.2.2.b. Detection mode

Time-of-flight (TOF) is a popular detector applied in MS. Ions are accelerated by an electric field of known strength and are allowed to "fly" along a tube to detector. All ions arriving at the beginning of the tube have the same energy, but their velocity depends on the m/z ratio:

= (2 / ) / Equation IV.1
The different flight time of ions allows them to separate by mass. Quadrupole mass spectrometer (QMS) consists of four cylindrically-connected rods placed parallel to each other (in a shape of a square). A direct current voltage is applied to each rod, while the radiofrequency voltage is applied between one pair of rods and the other. Only ions with given m/z ratio can traverse through the quadrupole. All others will collide with the rods. Nowadays, there are facilities containing a linear series of three quadrupoles (triple quadrupole), where the first and the third quadrupole work as mass filters and the second quadrupole is a collision cell.

Ion trap mass spectrometry is very often considered as a part of quadrupole. There are several traps, such us: three-dimensional quadrupole ion trap (QIT), linear quadrupole ion trap, Orbitrap and Fourier Transform ion cyclotron resonance (FTICR). At this work the QIT has been used as a mass analyzer. Modern QIT works in m/z range up to 3000 with fast scanning and unit resolution. However, it is less accurate than quadrupoles. Its simplified structure is presented on Figure IV.4. It consists of two hyperbolic electrodes and one ring electrode instead of four linear rods. The end hyperbolic electrodes (caps) are connected together. The direct current (DC) and RF potentials are applied between ring and caps. The QIT create a stable trajectory only for ions with given m/z ratio. It is possible to isolate a particular m/z in the trap and eject all other ions. The isolated ions can by fragmented by CID and it can be repeated a number of times (MS n ). In FTICR detection, ions held in a Penning trap with fixed and strong magnetic field are excited by orthogonal oscillating electric field. Detection is based on the measurements of the image currents in the detector plates [5,6].

IV.3. Infrared Multiphoton Dissociation spectroscopy coupled to MS IV.3.1. Basics of IR spectroscopy

The radiation between visible and microwave range called infrared radiation, from 0.8 to 1000 μm (14000-10 cm -1 ) energy range (Figure II.1) can also induce changes in molecular states. Besides the electronic excitation, the electromagnetic radiation may induce also vibrational and rotational change in energy. There are three different vibrations in molecules:

 stretching (symmetric and asymmetric) -movement of atoms spreads or shortens the length of chemical bond,  bending -movement of atoms induces the change of bond angle; they can occur in-plane or out-of-plane with the respect to the remainder molecule without movements; e.g. scissoring, wagging, twisting, rocking,  skeletal vibrations -e.g. the vibrations of whole aromatic ring. The examples of frequencies in amino acids are depicted in Table IV 1160-1120 (s) The bonds and chemical groups have characteristic vibrational frequencies, thus the IR spectra are very often used to identify organic molecules. Especially the region between 500-1500cm -1 is specific to each compound and is called the "finger print" region. IR spectroscopy also found an application in biochemistry (structure of proteins in FIR, nucleic acids, sugars etc.), medicine (e.g. analysis of some gases in blood), in environmental science and inorganic chemistry. It is applied in either scientific or industrial laboratory [1,5]. Many published works have provided plenty of information concerning calculated and measured vibrational states of amino acids and peptides [7,8].

IV.3.2. IRMPD-MS

The knowledge concerning IR spectroscopy and frequencies of vibrations of given bonds lay the foundations of Infrared Multiphoton Dissociation spectroscopy (IRMPD). In fact, it is not a real IR spectroscopy. The molecules in the gas phase may interact with intense IR lasers yielding collision less unimolecular dissociation after absorption of IR photons. This evidence was used by mass spectrometrists to combine IRMPD with mass spectrometer creating a powerful analytical tool.

IV.3.2.a. Absorption of multiple photons

It is known that the energy required to break a chemical bond is about 25-100kcal mol 

IV.3.2.b. Devices

In this work, IRMPD spectroscopy was performed using an Infrared Free Electron Laser (FEL) coupled to mass spectrometers in CLIO facility (Center of Infrared Lasers). The FEL uses high-energy electrons from the accelerator used as an amplifying medium in opposition to regular lasers. The electrons pass through the undulator (the periodic magnetic structure) and emit light, which is stored in an optical cavity. This light interact again with electrons leading to the growth of its intensity and coherence.

Free electron lasers (FELS) convert the kinetic energy of electron from the accelerator to the light. Electrons pass through the ,,wiggler'' field in an optical cavity. They are versatile and in some cases unique light sources supporting the research of a broad scientific community [11].

The principle of IRMPD-MS measurement is presented in 

V. Results and discussion

V.1. Peptide oxidation V.1.1. Time-resolved photolysis

Met-containing dipeptides were investigated by time resolved laser flash photolysis in order to analyze the transient species derived from 3 (3CB)* sensitized oxidation. The following subchapter is divided into two sections dedicated to triplet state quenching rate constants and transient absorption spectra analysis.

V.1.1.a. Quenching rate constants

The aqueous solutions containing 2 mM of 3CB with different concentrations of Metcontaining peptides (from 0.1 to 6 mM) were excited at 355 nm, and kinetic traces at 520 nm were recorded (the maximum of triplet state 3 (3CB)* absorption). The quenching rate constants of 3 (3CB)* by Met-containing peptides, k q , were determined by fitting these kinetic traces and using the procedure described in chapter II.3.4. An example of the kinetics at 520 nm for Lys-Met and 3CB at pH 11 is presented in Figure V.1 (left). An increase in the quencher concentration (Met-containing peptide) induced a faster decay of 3 (3CB)*. Experimental rate constants, k obs were calculated according to formula II.13 (see chapter II.3.4) and plotted vs the concentration of quencher (Stern-Volmer plot). Figure V.1 (right) represents this plot for Lys-Met at pH about 6 and higher (pH = 11). The linear least-squares fits of k obs were used to calculate k q . The rate constants of 3 (3CB)* by Met-containing dipeptides are presented in Table V.1. They are high but less than the diffusion-controlled limit. Quenching rate constants are lower in amino-acid sequences containing N-terminal Met (Met-X). There is also a small effect of pH. The values of k q were slightly lower at higher pH than at pH~6 (with the exception of Z-Asp-Met 

V.1.1.b. Transient absorption spectra

Methionyl-Lysine 3CB-sensitized oxidation of Met-Lys was carried out for samples containing 6•10 -3 M of peptide and 4•10 -3 M of 3CB. The energy pulse was kept constant at ~5 mJ. In neutral solutions, Lys has a protonated amino group in its side chain, and thus the total charge on the molecule was +1. Transient absorption spectra for Met-Lys at pH close to neutral are presented in Figure V.2 (left). The maximum of the absorption recorded 70 ns after laser pulse was found at 520 nm and it was assigned to 3 (3CB)* triplet state. Its decay was accompanied with a growth of a new band at 550 nm, as seen 160 ns after the laser pulse. This new band was ascribed to the The deconvolution of the spectra into components supplied the basic information to plot concentration profiles (concentration vs. time after laser flash) and to calculate quantum yields. As can be seen in Figure V.4 (left), the triplet state decayed yielding the formation of the ketyl radical 3CBH • and the radical cation (S∴N) + . Within a short time after the flash (~70 ns), the radical anion 3CB •-was also formed. Radical cation (S∴N) + seemed to be longer-lived (τ = 4.1 μs). The quantum yields were calculated at the time where the triplet state was no longer present (~ 300 ns). In this case (pH~6), the quantum yield of 3CBH • radical anions consisted of the 3CBH • formed in the primary processes as well as from the k NH channel described in chapter I.2.4 (the proton transfer from protonated amino group from peptide to radical anion 3CB •-in the reaction cage). Calculated quantum yields are presented in Table V The transient absorption spectra recorded for Met-Lys with 3CB at higher pH are presented in Figure V.5. They were different from these recorded in neutral solutions. Similar to pH ~ 6, the absorption maximum at 70 ns after laser pulse was located at 520 nm and is assigned to 3 (3CB)*. However, the subsequent redshift in this case is larger, and after 4 μs it shifted to 600 nm. This new band was assigned to the 3CB •-radical anion. The kinetics recorded at 520 nm and 600 nm are presented in Figure V.5. right. In the spectra there was also an absorption in the 400-450 nm region that decayed after the laser pulse.

The deconvolution of spectra after different time delays following the laser pulse (Figure V.6) indicated the formation of 3 (3CB)* followed by 3CB were formed, while in basic medium mostly radical anions 3CB •- appeared. The radical cation (S∴N) + was formed in both cases as the only species derived from Met-Lys, that was possible to detect due to the limitations of the LFP set-up. Comparing the concentration profiles obtained for neutral and basic solutions, it can be seen, that the (S∴N) + radical cation decayed differently. Its decay differed depending on the pH of the solution: single exponential decay and a longer life time in neutral solutions, and bi-exponential decay (shorterand longer-lived components) at higher pH. This behavior was similar to that of Met-Gly described in chapter I.2.2 [1]. The quantum yield of (S∴N) + was two times higher in neutral solution than in basic medium. This was explained by the additional channel of the (S∴N) + radical cation formation at pH ~ 6 -k NH (described in Chapter I, scheme I.3). A comparison of the (S∴N) + radical cation lifetimes for Met-Gly and Met-Lys is presented in Table V.3. The (S∴N) + radical cations at pH~6 decay according to a first-order law. The rate constant of 2•10 5 s -1 (τ = 4.1μs) was higher than that of Met-Gly (k = 2.4•10 4 s -1 , τ = 50 μs). The ketyl radical 4CBH • (in the experiment with Met-Gly) decayed by a second-order law with 2k = 1.6•10 9 M -1 s -1 . The ketyl radical 3CBH • decayed with 2k = 1.3•10 10 M -1 s -1 in the presence of Met-Lys. The latter rate constant was determined from a plot of 1/[3CBH • ] vs time. The increase in decay rate constant k (S ∴ N)+ with increasing OH -concentration was explained before (chapter I). The value for k 1 , k 2 and k 3 were calculated also for Met-Lys and compared with those from Met-Gly (Table V

.4).

The value of rate constant k 3 comes from the decay of (S∴N) + radical cation in the neutral solution (k 3 = 1/τ SN+ ). The decay of (S∴N) + radical cation is two-exponential, and there is a fast empirical rate constant (k fast ), which can be plotted vs. [OH -]. The intercept of a linear leastsquares fit is equal to k 2 . The slope (a) of this fit can be used to calculate the k 1 , since a = k 1 k 2 /(k 2 -k 3 ) [1]. 

Lysyl-methionine

The photolysis of the reverse amino acid sequence, Lys-Met, was investigated in order to analyze the effect of the free carboxylic group in the Met-residue. The transient absorption spectra were slightly different from those observed for the Met-Lys dipeptide, especially in the UV region at pH~6 (Figure V.7). An absorption band at 520 nm appeared directly after laser pulse, assigned to 3 (3CB*), and it is broadened with the time to form a maximum between 500 -550 nm. It was the result of overlapping of two bands previously characterized in literature as belonging to 3CBH • and another transient. The shape of absorption in the region 370 -450 nm was also slightly different compared to Met-Lys. The absorption seemed to decrease faster in this region for Lys-Met.

Sensitized laser flash photolysis of Lys-Met in basic medium induced the formation of similar spectra to that of Met-Lys. The band appearing after the laser pulse at 520 nm was assigned to the excited triplet state 3 (3CB)*, and transient absorption maximum shifted to 600 nm within 4 μs. This new broad absorption was ascribed to the radical anion 3CB •-.

Analysis of the transients obtained after deconvolution by the DECOM software shows the formation of the same species derived from 3CB as in case of Met-Lys (Figure V.8 and V.9). However the (S∴N) + radical cation was formed only in small amounts at higher pH (~ 11). Instead, another species was formed in neutral solutions -the dimeric radical cation (S∴S) + . The addition of this dimeric radical cation to the deconvolution components was necessary in order to obtain a good fit to the experimental spectra. It is also interesting to notice that the deconvolution of the transient spectra after 6 μs shows that in neutral solution only intermolecular (S∴S) + and 3CBH • were observed, while at higher pH there was only one remaining species -the radical anion 3CB •-. Concentration profiles are presented in Figure V.10. It is shown that the triplet state 3 (3CB)* decayed yielding the formation of 3CB •-/3CBH • depending on pH of solution. The radical cation (S∴S) + at pH~6 was formed with the same rate constant as the triplet decay (1•10 7 M -1 s -1 ). However, the deconvolution of transient spectra at higher pH required the addition of (S∴N) + radical cation in order to obtain a good match between the experimental data and the calculated sum of the components. The (S∴N) + radical cation formed at high pH was short lived and decayed to zero after 2 μs. Quantum yields calculated at the time when the triplet had decayed are presented in Table V.5. The yield of (S∴S) + radical cation is three times lower in basic medium than in neutral solution. The high yield of ketyl radical 3CBH • was a result of the proton transfer from protonated amine group of peptide to 3CB •-radical anion (k NH channel as described before for similar peptides in Chapter I).

In order to prove the presence of (S∴S) + radical cations the quenching experiment was performed in the presence of varying amounts of peptide (10 mM and 20 mM). It is known that the (S∴S) + species is formed from an S-centered radical cation (>S •+ ) and a non-oxidized sulfur atom from another molecule (bimolecular reaction). Thus a higher concentration of quencher should accelerate the formation of (S∴S) + and allow an identification of the absorption band coming from this species. Laser flash photolysis was performed in the presence of 10 mM and 20 mM Lys-Met with 4 mM of 3CB at pH~6. The transient spectra are presented in Deconvolution showed that the sulfur centered radical cation (>S •+ ) was stabilized initially by the (S∴N) + radical cation, that exists in equilibrium with its ''unfolded'' form, the radical cation >S •+ . Its decay rate constant depended on the concentration of Lys-Met. The bimolecular reaction of the (S∴N) + radical with another molecule of Lys-Met was calculated to be 1.3•10 9 M -1 s -1 (with estimated ~30% error). The (S∴S) + radical cation was also formed in both pHs. Thus the intermediate (S∴N) + should be a precursor of the intermolecular (S∴S) + intermediate since the non-stabilized >S •+ tends to deprotonate quickly. Another evidence for this equilibrium between the (S∴N) + and (S∴S) + species was provided by research done previously for another model compound, S-methyl-cysteine, where, for steric reasons, the formation of a four-membered ring (S∴N) + was impossible, thus the (S∴S) + was not observed [2]. 

Other dipeptides

The oxidation of other Met-containing peptides with 3CB sensitized oxidation in aqueous, deoxygenated solutions was performed using the laser flash photolysis set-up. In all cases, the electron transfer from the Met-residue to 3 (3CB)* was followed by the formation of sulfur-centered radical cations (>S •+ ), stabilized further by either (S∴N) + or (S∴S) + .

The transient absorption spectra of dipeptides with acidic neighboring amino acids (Met-Asp and Asp-Met-OMe) investigated in solutions of 3CB were similar to those obtained for peptides containing Met and Lys. An example of spectra recorded for Met-Asp with 3CB in neutral medium is presented in Figure V.13. A transient with an absorption maximum of 520 nm appeared directly after the laser pulse and was assigned to 3 (3CB)*. In neutral solution the maximum of the transient spectrum shifted with time after the laser pulse to 550 nm with the production of the 3CBH • ketyl radical. In basic medium, the transient spectral maximum shifted to longer wavelengths (600 nm) due to the formation of the 3CB •-radical anion. The deconvolution of the spectra of Met-Asp recorded at 100 ns and 1μs from the beginning of laser pulse are presented in The investigations of the reversed amino acid sequence, i.e. Asp-Met, were impossible to perform in the unblocked peptide due to its instability. Quenching rate constants were measured for Z-Asp-Met (described before). For the investigation of transient absorption spectra, the methyl ester of Asp-Met (Asp-Met-OMe) was used. Transient spectra recorded for Asp-Met-OMe, Met-Leu, Leu-Met and Leu-Met-NH 2 in neutral and in basic medium were similar to these presented for Met-Lys and Lys-Met (Figures V. [14][15][16][17]. All of them had the absorption band at 520 nm appearing directly after the laser pulse. That transient absorption band was assigned to the triplet state 3 (3CB)*. The transient absorption maximum then shifted to either 550 nm or 600 nm depending on the pH of the solution. Differences were noticed in case of Met-His, in basic medium (Figure V.18). Compared to Met-Lys, the 3 (3CB)* triplet state was quenched more rapidly by Met-His, yielding directly the formation of 3CB •-. Deconvolution of the spectra showed the stabilization of (>S •+ ) only via the formation of (S∴N) + . Quantum yields calculated for transient species derived from the 3CB-sensitized oxidation of Met-containing peptides are presented in Table V 

V.1.2. Pulse radiolysis

Methionyl-lysine

The complementary oxidation of the dipeptides Met-Lys and Lys-Met by hydroxyl radicals was performed using time resolved nanosecond pulse radiolysis with the help of Dr. Piotr Filipiak and Dr. Gordon L. Hug at the Notre Dame Radiation Laboratory. With this technique it was possible to detect species that are not visible in LFP. The LFP technique restricts the possible wavelength range (360-700 nm) during measurements because of absorption due to the presence of radical species derived from sensitizer and due to the absorption of the sensitizer, itself. Pulse radiolysis provides the opportunity to identify e.g. α-S radicals or α-N radicals (Figure .19), which are otherwise masked by these absorptions from the photosensitizer and its transient photoproducts. All the pulse radiolysis experiments were performed in the presence of N 2 O, in order to increase the amount of oxidizing • Hydroxyl radicals reacted with the sulfur atom in the Met side chain yielding the formation of hydroxysulfuranyl radicals >S • -OH. Their presence was detected during the pulse radiolysis of Met-Lys neutral aqueous solution (N 2 O saturated) by the absorption maximum in the region of 410 nm for times shorter than 300 ns (Chapter I) after the electron pulse (the spectra for shorter times are not shown). This short-lived species is transformed into a sulfur-centered radical cation very difficult to detect in a direct way. However, it was possible to observe the absorption band with a maximum at 390 nm assigned to a five membered radical cation (S∴N) + formed via the interaction of (>S •+ ) with peptide's amino group. There was also another band at 290 nm that was assigned to the formation of a deprotonated form of the S-centered radical cation -an α-(alkylthio)alkyl radical (α-S). The transient spectra for higher pH (pH = 11. 

Lysyl-methionine

In case of Lys-Met sequence, the pulse radiolysis technique also provided applicable and useful information. The time resolved spectra were different compared to the Met-Lys sequence (Figure V.22). The band at 290 nm appears after the electron beam pulse and it was assigned to α-S radicals. Its intensity was clearly higher than in case of Met-Lys. The band at 390 nm is lower than in Met-Lys. Transient spectra obtained for basic solutions were similarly to those at pH~6 (Figure S.V.6).

Further analysis of this spectra was possible by deconvolution using DECOM software. Besides the stabilization by the intramolecular (S∴N) + radical cations, it was necessary to include the (S∴S) + species in order to obtain good fittings. The concentration profiles are presented in Figure S.V.7. The >S • -OH was formed directly after the electron beam pulse. The α-S radicals were formed at both pHs, however, their yield depends on the pH of solution. They were formed more efficiently in neutral medium. Besides the α-S radicals, the formation of other species was also observed according to the decomposition of the spectra such as radicals centered on the α-carbon next to the amino group (α-N radicals). This transient product indicated that the decarboxylation had occurred. These experiments (PR and LFP) showed that pH does not influence the oxidation process of Met. In reality, the amino acid sequence of the peptides affected mostly the formation of transient species (the formation of (S∴N) + radical cation and α-S radicals in case of N-terminal Met in peptide, while the (S∴S) + , α-N and α-S radicals were observed for C-terminal Met in peptides). 

V.1.3. Characterization of stable products

The investigation of stable products following the oxidation reaction is an important part in understanding the mechanism. Stable modifications were analyzed by HPLC, MS spectrometry and IMRPD spectroscopy described above in Chapter IV. Irradiations were performed using continuous 60 Co sources or UV-lamps and lasers.

V.1.3.a. Photolytic oxidation of Met-containing peptides

Photolytic oxidation of Met-containing dipeptides was carried out in Ar-saturated aqueous solutions in rectangular cells. The excitation wavelength was 365 nm in case of Hg-lamp irradiation and 355 nm for CW laser irradiation. The reaction progress was monitored by UV-Vis spectroscopy and HPLC. Samples were diluted directly before MS analysis in water:AcN or water:MeOH and injected directly from a syringe with an automatic pump.

Methionyl-lysine

The mass spectrum of non-oxidized sample (reference sample) of Met-Lys with 3CB is presented in 
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HPLC analysis

HPLC was performed using a Waters 600 setup with a Waters 2906 Photodiode Array Detector and an Agilent Infinity with an Agilent 1260 Photodiode Array Detector. I used a Waters column XBridge TM BEH136 C18, 3.5 μm, 4.6x150 mm. Two eluents were used for the separation and isolation of substrates and stable products after irradiation: eluent A containing water with 0.05 % of trifluoroacetic acid (TFA), eluent B containing 95 % of acetonitrile (AcN) with 5 % of water and 0.03 % of TFA. After photolytic oxidation the samples were analyzed with the gradient mode starting from 100 % of eluent A to 100 % of eluent B in 30 or 45 minutes (depending on the analysis).

Samples of non-irradiated and irradiated Met-Lys in 3CB solution were analyzed by HPLC in order to quantify the stable products as well as to isolate them. The chromatogram for Met-Lys with 3CB is presented in The fragmentation of each fraction from HPLC indicates that the adduct is present in sample as different isomers. The MS/MS analysis of peaks with retention times at 25.7 and 26.4 min have shown that they belong to isomers of a benzpinacollike dimer 3CB-3CB. These kinds of products were identified and well characterized for benzophenone [3], and they were not investigated further in this thesis. The quantum yields of 3CB disappearance and [MK+3CB] adduct formation were calculated (Table V.8). 

pH

Φ disapp. 3CB Φ (peptide+3CB)adduct Lys-Met + 3CB 6 0.19 0.12 10 0.24 0.17

Other dipeptides: Met-Asp, Met-Leu, Leu-Met, Leu-Met-NH 2 3CB-sensitized oxidation of other Met-containing peptides induced formation of products presented in Table V.10. In all cases, the reaction with 3 (3CB)* and peptide yielded the adduct via formation of a C-C covalent bond between the peptide and 3CB. Mass spectra and CID fragmentation of the adducts formed under UV irradiation are presented in Figures S.V.15-S.V.19. The quantum yields of disappearance of 3CB and adduct formation are presented in the Table V.11. At higher pH, the formation of the adducts was less efficient. For all peptides, the same kind of product was found, indicating that its mechanism of formation is general.

V.1.3.b. Radiolytic oxidation of Met-containing peptides Methiony-lysyl

Oxidation of Met-containing peptides by hydroxyl radicals • OH was carried out in the presence of N 2 O (see Chapter III). Samples were also irradiated in the absence or presence of catalase, in order to remove H 2 O 2 , as a possible 2-electron oxidant [4,5] The formation of Met-sulfoxide in Met-Lys was proved by IRMPD spectroscopy [6,7] and DFT calculations (performed by Dr. Debora Scuderi from Laboratory of Physical Chemistry at University Paris-Sud (Orsay, France). The procedure of analysis of non-oxidized and oxidized Met amino acid was presented elsewhere [6]. B3LYP 6-311+G** (5d, 7f) calculations reproduced the theoretical IR spectra of the lowest energy of [Met]H + and [Met(S=O)]H + . Experimental and calculated bands for the model compounds -amino acid Met and MetSO are presented in Table V.12. It was shown that the IRMPD spectrum of non-oxidized Met in the 800-2000 cm -1 energy range (Figure V.37) is composed of three main bands at 1170 , 1477 and 1800 cm -1 assigned to the bending mode of C-O-H, NH 3 + umbrella stretching and C=O stretching mode respectively. The irradiation of Met by • OH radicals induced the appearance of a new band at 947 cm -1 , 3 bands in the 1100-1400 cm -1 range and 4 bands in the 1400-1500 cm -1 range (listed in Table V.12). The band at 947 cm -1 was unambiguously attributed to the stretching mode of the S=O group. The IRMPD analysis was then performed for [(Met-Lys)H] + and [Met(S=O)-Lys]H + (Figure V.38). The spectrum of the former ion shows the similarity to MetH + and LysH + . The band at 1170 cm -1 was attributed to the bending mode of the C-O-H group, while these at 1500-1600 cm -1 were assigned to the amine scissoring mode. The oxidation of Met-Lys induced the appearance of a band centered at 1050 cm -1 , that was in in the range of the stretching of the S=O group. This confirmed the structure of Met(S=O)-Lys (Figure V.39) which in agreement with formation of MetSO. HPLC analysis of Met-Lys was performed before and after gamma irradiations in the presence and absence of catalase in basic and neutral solutions. The separation was done using two eluents in the gradient mode. Eluent A contained water with 2% AcN and 0.5% TFA. Eluent B was AcN with 0.5% of TFA. Analyses were done in the gradient mode starting from 99% of eluent A to 40% in 25 minutes. The example of a chromatogram for the irradiation of basic solutions in the absence of catalase is presented in Figure V.40. It shows the formation of a peak with a retention time of 7 min. It was assigned to Met(S=O)-Lys. In all cases, only one peak was identified. Radiation chemical yields were calculated for the formation of sulfoxide (Table V

.13).

They have shown that the presence of catalase influences the amount of formed sulfoxide by removing of H 2 O 2 . However, the yields in the presence of catalase are still high and indicate, that hydroxyl radicals oxidize Met yielding sulfoxide. The IRMPD analysis of the peak at m/z = 294 (Figure V.44) indicated that like for Met-Lys, a band around 1000 cm -1 was visible, which is assigned to the stretching mode of the S=O group. This confirms the formation of sulfoxide on the Met-residue. The product at m/z = 234 is attributed to a decarboxylated Lys-Met which was also investigated by IRMPD. The IRMPD spectrum was lacking the peaks at 1800 cm -1 and 1150 cm -1 , that belong to the stretching mode of the carbonyl group and the bending mode of the COH group [7]. The structures of the two products: sulfoxide and decarboxylated Lys-Met are presented in Figure V.45.

The oxidation of the Lys-Met dipeptide by hydroxyl radicals • OH induced the decarboxylation reaction. The yield of decarboxylation was calculated by gas chromatography (GC). Samples containing 1 mM of Lys-Met were irradiated in a 60 Co source with a dose rate of 11.3 Gy/min. Directly after irradiation, a given volume of perchloric acid HClO 4 (0.5 mM) was added to the solutions. Samples were incubated at 50°C for 30 minutes. The G values for decarboxylation of Lys-Met were calculated to be 0.26 μM/J at pH ~ 6, while for higher pH, decarboxylation was not observed. The results were confirmed by MS analysis by the presence of the peak at m/z = 234 at pH ~6. V.17. It can be seen that the most intense fragment had m/z = 904.47 (y#8). Besides this peak, there were many others, either mono-or di-protonated, such as y#6, y#7, b#3, b#10. [MKBrad]2H + was fragmented yielding mainly the ,,y'' fragments because of the presence of C-terminal Arg, that enhanced the protonation. Parallel irradiations of MKBrad were carried out using a Hg-lamp (λ ex = 365nm). The mass spectrum of an irradiated sample in the absence of oxygen (Ar saturated solution) after 60 minutes is presented in Figure V.51. The mass spectrum looks different than this after laser irradiation. A peak at 668.34 appeared (M+16 Da), and it was very intense. The mass difference indicates an addition of an oxygen atom into the molecule. Its intensity is higher than the nonoxidized one. Besides the M+16 product, the same product was identified as in the case of laser irradiations, i.e. the adduct with 3CB (sensitizer molecule). Irradiations by the Hg-lamp were performed also in the presence of oxygen (Figure S.V.29). Products are listed in Table V. 16. There are no new products compared with the irradiations of Ar-saturated solutions. This indicates that oxygen in the samples does not influence the oxidation products.

In order to identify the exact modified residue in Met-Lys-Bradykinin, the fragmentation by collision induced dissociation (CID) was performed for selected trapped ions. Suggested structures for all of the identified products are presented in Fragmentation mass spectra was also produce for the product with m/z = 792.34 (Figure V.54). There is only one intense fragment at m/z = 679.34 that was assigned to adduct of MKBrad with proton ad potassium, [MKBrad]K + +H + . The product at m/z 792.34 was identified as the adduct between MKBrad and 3CB with a double charge from potassium and proton addition. The gamma irradiations with higher absorbed dose were performed. The results are presented in Figure S.V.33. Mass spectrum of MKBrad irradiated with about 998 Gy in aqueous N 2 O-saturated solution at pH ~ 6 (dose rate 33.29 Gy/min; 30 min) showed the formation of new peaks. The higher absorbed dose induced the formation of a new product with +32 Da compared to the non-oxidized MKBrad, and it was assigned to a double oxidation (m/z = 676.34; z = 2). There was also a small peak at m/z = 684.35, that had + 48 Da which was assigned to a triple oxidation of Met-Lys-Bradykinin.

[MKBrad+3CB]2H + [MKBrad+16Da]2H + [MKBrad+3CB+16Da]2H + [MKBrad+16Da]2H + O 2 - saturated b#3(z=1) [MKBrad]H + (z=2) b#3 / b#3+ox (z=1) [MKBrad+16Da]H + K + y#2 (z=1) y#6 (z=1) b#3 (z=1) y#3 (z=1) b#3 / b#3+ox (z=1) b#2+ox (z=1) y#8 (z=1) y#3 (z=1) y#4 (z=1) y#3 (z=1) b#3 / b#
Met-Lys-Brad was also irradiated by gamma rays in the presence of oxygen. Samples were saturated with O 2 directly before irradiation for 30 minutes. The mass spectrum of an irradiated sample in aqueous solution in the presence of O 2 (490 Gy) is shown in Figure V.59. Similar to results from irradiation in the presence of N 2 O, there is the formation of M+16 Da and M+32 Da products at m/z 668.34 and 676.34, respectively. The samples irradiated with higher dose rate (and higher absorbed dose) induced almost total oxidation (consumption) of the substrate (Figure V.60) and the formation of singly, doubly and triply oxidized products. A new product appeared, with the mass difference -2 Da, that suggested the formation of a C=C double bond. There was a small peak at m/z = 1292.68. This could be assigned to the fragmentation of Arg (-43 Da) and the oxidation of MKBrad (+16 Da). Further investigations are required to characterize other, less intense modifications. The CID spectra of m/z = 668.34 was taken and analyzed in order to determine the possible target of the attack by • OH radicals. The fragmentation of stable products were performed by CID. The fragmentation spectra of the peak at m/z 668.34 (+16 Da) from an irradiated solution of MK-Bradykinin in the presence of N 2 O (440 Gy, deoxygenated) is presented in Figure V.61 . The fragments are listed in Table V.21. The fragmentation pattern indicated the presence of several ''y'' and some ''b'' fragments (such as y#8, y#7, y#6, y#5, b#3 and b#7) that were oxidized (+16 Da) and non-oxidized. The presence of several oxidized fragments demonstrated the possibility of different products with +16 Da that were isolated at the same time in the mass spectrometer. The fragment at 636.35 with z = 2 is very intense and was assigned to the loss of CH 3 SOH (-64 Da). The fragmentation pattern showed that:

 the MKBrad can be oxidized in the first three amino acids in the sequence (Met-Lys-Arg) by the presence of b#3+16 Da fragment,  the C-terminal sequence -Pro-Phe-Arg is not oxidized,  the most often oxidized fragment contained Pro-Pro-Gly-Phe -due to the comparison between intensity of oxidized fragments with non-oxidized (the presence of fragments like y##5, y#6, y#7, y#8 that are non-oxidized and oxidized). Further analysis with HPLC-MS is required and it is going to be performed in future work.

The fragmentation pattern of the peak at m/z=668.35 isolated from the sample irradiated with higher dose is presented in Figure S.V.34. It had shown the formation of several fragment ions, e.g. with m/z = 904.47 that was the most intense one (y#8 fragment, z = 1) and its oxidized form at m/z 904.47. The fragmentation was different than for M+16 Da obtained in the irradiation with a lower dose (and a lower dose rate as well). In this case we do see the y#3 fragment that was oxidized, which can indicate the oxidation of Phe 10 . The y#5 fragment was identified only in the non-oxidized form showing that some of the selected M+16 Da products do not have oxidation in this part of the molecule. Also the b#6 fragment was present only as the non-oxidized form. The oxidized fragment b#3 showed the oxidation in the first 3 amino acids residues in the amino acid sequence of MKBR. Further fragmentation of the ion with m/z = 920.47 (from the m/z =445.88 fragmentation MS 3 ) by SORI (Substained Off-Resonance Irradiation) (Figure V.62) allowed for a better identification of the modification in the fragments at m/z = 920.47 (z = 1). The fragmentation pattern had shown peak at m/z = 726.349 (y#6, z=1, +16 Da), and 506.27 (y#4, z=1) indicated that the oxygen atom is attached to the y#7 fragment, but there is also an amino acid sequence where the y#5 is non oxidized. In this case, the oxidation occurred in the part -Pro-Pro-Gly-part. The product with a +32 Da mass difference was analyzed by CID spectra (m/z = 676.34, z=2, Figure V.63). Fragment ions are listed in Table V.21. Comparing the fragmentation pattern of singly oxidized and doubly oxidized products, it can be seen that there are some fragments containing single oxidation (M+16 Da) like: y#3+16, y#4+16, y#7+16, y#8+16, y#9+1Ox and b#3+16, while there is only one fragment with double oxidation, y#8+32. This indicates that one of the isolated products with m/z = 676.34 had an oxidized Pro 4 . Comparing the intensity of y#8, y#8+16 Da and y#8+32 Da, it was assumed, that the biggest part of double oxidation take place on the y#8 fragment, besides the fact, that b#3 was also oxidized. The oxidation on the Met residue was proved by the presence of ions at m/z = 644.34 (z = 2). Interestingly, there was another peak, at m/z = 636.34 (z = 2, the mass difference 80 Da). This peak was ascribed to the loss of CH 
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The CID-MS of m/z=684.34 assigned to the triple oxidation product (M+3Ox)2H + is presented in Figure V.65. The fragments y#8+16 Da and y#8+32 Da were more intense than the non-oxidized y#8 fragment. However, there was no y#8+48 Da. In addition, the presence of the most intense fragment ion at m/z = 652.35 indicated the loss of CH 3 SOH (-64 Da). This shows that double oxidation can occur on the y#8 fragment and the third oxidation on the Met-Lys-Arg part. In each case, the determination of the exact site of irradiation will be only possible using HPLC. The peak at m/z 605.72 (z = 2) was ascribed to a non-modified peptide [NKB]2H + . There was also a peak at higher m/z, 1062.47 (z = 1). From the fragmentation pattern, it is known, that these peaks belongs to the b#9 fragment. Its appearance in CID spectrum of the adduct suggests, that 3CB is rather added to the C-terminal Met. Its structure is presented in 

V.2. Sunscreens

Two benzophenone derivatives were investigated -oxybenzone and sulisobenzone (see chapter 1). Their structures contain 2-hydroxybenzophenone (2HOBP), thus it can be also used as reference compound. Spectral properties were investigated first, in aqueous medium at pH 6.5 and 10.9, in order to define the influence of pH (Figure V.73). As it has been presented previously in the literature, the UV-Vis spectra of these compounds changed at different pH. In neutral solutions, the absorption band has two maxima at 285 nm and 350 nm for OXB and 290 nm and 350 nm for SB. The increase of pH induced the change in shape of the spectrum due to the deprotonation of the hydroxyl group in the ortho position. The pKa of the phenolic group was measured for both compounds (Table V.23). Their value differs slightly due to the presence of the sulfonic group in SB. 

V.2.1. Laser flash photolysis

Controversies concerning the formation of excited states (singlet and triplet) as well as other reactive species were the motivation to perform the femtosecond laser flash photolysis using the new set-up at Adam Mickiewicz University. The transient absorption spectra of OXB at several delay times following excitation at 340 nm in water:AcN are presented in Figure V.74 (inset). Spectra contain the maximum of absorption between 500-650 nm that decay with different time (average 400-600 fs). The life time of the excited singlet state in different solvents was measured. The results are presented in Table V.24. Its maximum was shifted in UV region with the delay time due to the vibrational cooling. In this region, the absorption spectra of the singlet state is located. Its decay is presented in Figure V.74 (580 nm). Looking at the decay trace recorded for 580 nm, it was observed, that there is an off-set, and it does not decay to zero. This off-set in optical density was observed in each investigated solvent (in the presence and absence of oxygen) except the cyclohexane. Since the presence of oxygen does not influence this off-set, the formation of an excited triplet state was excluded. It was in contrary to results obtained by Bhasikuttan et al. [8] obtained for another derivative, 2-hydroxybenzophenone. They observed the formation of a band in the range 470-520 nm, depending on solvent. This band was assigned by them to be a triplet state, while the second band in the near IR region was assigned to a charge transfer state. This IR species decayed yielding the formation of another species, with an absorption maximum at 475 nm, assigned to the phenolate ion.

In order to investigate the remaining off-set in the photolysis of OXB, the nanosecond time resolved laser excitation at 355 nm was used to the excite OXB in different polar solvents. The example of spectra recorded after different delay times in AcN are presented in Figure V.75. The observed spectra showed a maximum of absorption at 420 nm. The species decayed within the microsecond time scale, and its life time was slightly affected by oxygen, especially in DMSO (Figure V.76). It was faster in oxygenated samples. The results can be compared to results obtained by M. Chretien et al. [9], where the laser excitation at 308 nm induced the formation of a weak band at about 400 nm with slow decay over 20 μs. It was suggested by them that this spectrum was unaffected by the presence of oxygen and 1,3cyclohexadiene (contrary to our results with O 2 ). The transient was assigned to the phenoxyl radical (R-O • ) derived from OXB. It was suggested, that the phenoxyl radical is formed via the photoejection of electrons in monophotonic process.

The reactivity of phenoxyl radical formed from benzophenone derivatives towards biomolecules (e.g. proteins and fatty acids) is not well known. In order to check if the species that absorbs at 420 nm is able to react with any amino acid, the laser flash photolysis was done with addition of methyl ester of methionine (Met-OMe). The presence of Met-OMe in the deoxygenated solution of OXB in DMSO induced the acceleration of the decay of the absorption at 420 nm. The decay traces at 420 nm are presented in 

V.2.2. Pulse radiolysis

Reaction with hydroxyl radicals • OH

It is known that phenols are able to react with hydroxyl radicals yielding formation of phenoxyl radicals. Thus, pulse radiolysis of sunscreens in N 2 O-saturated solutions was performed in order to proof the structure of proposed phenoxyl radicals. Transient absorption spectra recorded after several delay time for OXB and SB in higher pH (~10) are presented in 
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. There are two maxima, at about 340 nm and 600 nm and very small one at 390 nm. The maximum at 600 nm is shifted with the time after electron beam into 550 nm. The band at 600 nm was assigned to the radical anion formed on SB, while the one at 550 nm belongs to ketyl radical (derived from fast protonation of radical anion). Figure V.81b represents the transient absorption spectra of SB reacting with solvated electron, recorded after 6 us, 40 us, 100 us and 120 us from electron beam. Spectrum has two maxima at about 340 nm and 600 nm that decayed with time. They were assigned to radical anion formed as a result of reaction with electron. Those results can be compared with the pulse radiolysis of 2HOBP performed by Bhasikuttan et al. [10]. The 2HOBP reacted with electron yielding radical anion (at 600 nm), that was protonated yielding ketyl radical (650 nm). Pulse radiolysis with electron and SB was performed in addition in several pH values in order to calculate the pKa of radical anion derived during pulse radiolysis (Scheme V.1 and Figure V.82). The pKa value for acid base equilibrium was calculated to be 7.5±0.5. It is a bit higher than the value obtained for 2HOBP (6.9). It indicated, that the CH 3 O -and sulfonic group does not influence the pKa value. It is the ortho-hydroxyl group that influence the pKa. The rate constant of reaction of SB radical anion with proton and water molecule was calculated to be (2.3±0.1) •10 11 M -1 s -1 and (2.4±0.05)•10 5 M -1 s -1 . 

VI. Conclusions

In lights of the results presented in chapter V, it is possible to characterize the oxidation mechanisms of Met-containing peptides by the excited triplet state of 3CB and by hydroxyl radicals (from the radiolysis of water). These results show the influence of neighboring groups on these oxidation processes as well as the effects of reaction conditions on stable modifications. Chosen neighboring amino acid residues in the dipeptides have clearly different properties, and they were useful models for the analysis of longer peptides -kinins.

VI.1. Oxidation of Methionine-containing dipeptides

The presented results were used to summarize the primary and secondary reactions in the oxidation of Met-containing peptides (Scheme VI.1). One-electron oxidation by either the excited triplet state of 3CB or the hydroxyl radical occurs via a similar mechanisms. In both, radiolytic and photolytic oxidation, the sulfur-centered radical cation (>S •+ ), depicted as a in Scheme VI.1) is formed as a primary oxidation product. In the photolytic process, this radical cation is formed via electron transfer from the sulfur atom to the excited triplet state of 3CB (the sensitizer molecule). In radiolysis, the oxidation occurs through the hydroxyl radical addition to the sulfur atom yielding the hydroxysulfuranyl radical >S • -OH. This radical, in turn, undergoes proton or water catalyzed elimination of -OH/H 2 O to form (>S •+ ). The remaining (>S •+ ) radical cation then undergo processes:

 Stabilization of the >S •+ radical cation occurred via formation of two-centered threeelectron bonds with electron rich nitrogen or sulfur atoms yielding (S∴N) + , (S∴O) + or (S∴S) + , depending on the structure of the investigated peptide. Stabilization of the >S •+ radical cation by a five-membered cyclic (S∴N) + radical cation occurres mainly in peptides, with N-terminal Met moiety. However, such stabilization was also found in other sequences (e.g. C-terminal Met) suggesting an interaction of (>S •+ ) with the nitrogen atom from a peptide bond. Due to the difficulties of differentiation between (S∴N) + and (S∴O) + radical cations using optical detection, it was suggested, that the stabilization occurred by the (S∴N) + species with a possible (S∴O) + formation. This differentiation between (S∴N) + and (S∴O) + should be possible e.g. using time-resolved Raman or EPR spectroscopic methods [1]. Thus such advanced investigation are planned to be carried out in the near future. The intermolecular stabilization by (S∴S) + radical cations occurred mainly in solutions with higher peptide concentrations or in peptides, where stabilization by (S∴N) + was less favored.  The formation of the (S∴N) + radical cation in Lys-Met peptide (with an unblocked Cterminal Met) in the reaction with hydroxyl radicals was followed by decarboxylation which yielded α-aminoalkyl radicals (α-N).  The (>S •+ ) radical cation (''unfolded'' form of (>S •+ )⇄(S∴N) + equilibrium) also undergoes deprotonation yielding α-(alkylthio)alkyl radicals (depicted in this work as α-S radicals). The α-S radicals were detected optically in pulse radiolysis experiments, while in the laser flash photolysis, their detection was impossible to detect due to its spectra overlap the ground state absorption from both -3CB and the peptides.  The calculated quantum yields and concentration profiles for sensitized photolysis indicated at larger amounts of (S∴N) + radical cations and 3CBH • ketyl radicals for Met-Lys peptide in neutral solution, which was explained by the k NH channel as described in chapter I. During laser flash experiments, additional radicals from the sensitizer were formed, such as the 3CB •-radical anion or the 3CBH • depending on reaction conditions (pH). In order to fully characterize the oxidation reaction of Met-containing peptides, an analysis of stable products was performed. Looking at the similar transient species derived during photo-and radiolytic oxidation, the observed products should be similar in both cases. However, the results presented in chapter V showed that the products identified were obviously different for photo-and radiolytic oxidation but, in fact they are very consistent when the oxidation of Met is concerned. In all cases, the α-S radicals unambiguously identified as a major intermediate in Pulse Radiolysis, were the precursors of identified stable products, sulfoxide and photo-adduct.
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The 3CB-sensitized oxidation of Met-containing dipeptides showed mainly the formation of an adduct between the 3CB and the Met-X/X-Met peptides (Scheme VI.2). LC-MS technique was explored to identify the structure of this adduct (presented in chapter V). The adduct was most likely formed as a result of a coupling reaction between two kinds of radicals: the α-S radical on the Met-residue of the peptide and the ketyl radical or radical anion 3CBH • /3CB •-from the sensitizer molecule. This adduct may form several isomers that will be investigated in detailed in future work. The formation of the adduct was unaffected by pH, irradiation time and peptide sequence. In addition, 3CB-dimers (benzpinacol-like 3CB dimer) were formed during the photo-oxidation. This reaction has been well described for the benzophenone molecule [2], and it was not investigated in detail in this work. The identification of the adduct as the main stable product of the photolysis of Met-containing peptides indicates that the most of the transient processes end with the deprotonation of sulfur-centered radical cations (>S •+ ). No decarboxylation process was observed for the sensitized oxidation of the Metcontaining dipeptides studied in this work and no sulfoxide was formed.
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or Scheme VI.2. Formation of photo-adduct from the 3CB and Met-containing peptides.

The oxidation of dipeptides containing Met by hydroxyl radicals ( • OH) generated the products that were different than those identified in the photosensitized oxidation of these same dipeptides. For sequences containing N-terminal Met, the sulfoxide on the Met-residue was the only stable modification identified after gamma radiolysis. The sulfoxide was observed in deoxygenated solutions, either in the presence or absence of catalase, which functions to eliminate the radiolytically produced hydrogen peroxide from the aqueous solutions [3,4]. The yields of sulfoxide obtained in the presence and absence of catalase are higher, than the yield of H 2 O 2 formed during radiolysis of water. Thus, the Met(S=O)-X can be formed from the reaction with • OH according to the mechanism presented in Scheme VI.3. Two carbon-centered radicals of α-S type undergo disproportionation yielding charged species. The positively charged one forms the sulfoxide via the reaction with a water molecule. This reaction was unaffected by the pH of the solution. The structure of the sulfoxide for Met-Lys and Lys-Met was confirmed by IRMPD-MS spectrometry.
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Scheme VI.3. Proposed mechanism of sulfoxide in Met-containing peptides. R 1 : amino acid, CH 3 CO, H; R 2 : NH 2 , OH, amino acid, OMe.

The reverse sequence of dipeptides, where Met is C-terminal (e.g. Lys-Met), and where there was a free carboxylic group, radiolytic oxidation induced the formation of additional products. In addition to the sulfoxide, the decarboxylated substrate was found (Scheme VI.4) along with a stable product with a C=C double bond. The formation of the sulfoxide occurs via the same mechanism as for the Met-X peptides (Scheme VI.3). In both peptides, the lysine residue was protected in contradiction with the results of Chance et al. [5] It should be emphasized that the sulfoxide was formed in all dipeptides in deoxygenated solutions in the presence of catalase. This is in opposition to the results previously published by Barata-Vallejo for the radiolytic oxidation of Methionine amino acid in aqueous solution [6]. Moreover, the sulfoxide was also identified in the oxidation of Met amino acid in solution under the same conditions (in the presence of catalase) using IRMPD spectroscopy [7]. The products identified in this work were analyzed directly from the irradiated solutions. Thus there was no risk of modifications occurring in e.g. HPLC derivatization.

An important conclusion is that all the products except the decarboxylated one, clearly indicate the presence of C-centered α-S radicals in the mechanism of oxidation. It appears that the (S∴N) + or (S∴S) + are mostly its precursor and their nature does not affect the final products. 

VI.2. Oxidation of kinins

The oxidation of longer peptides, kinins, was more complicated due to the presence of several different residues in their amino acid sequences. The 3CB sensitized oxidation induced the formation of three products, either in the presence or absence of oxygen: the sulfoxide on the Met-residue, the adduct [3CB+Met-Lys-Bradykinin] and the oxidized adduct [3CB+Met(SO)-Lys-Bradykinin]. Their structures were presented in chapter V. Complications arose in case of the radiolytic oxidation of Met-Lys-Bradykinin in all conditions. The irradiation by gamma rays of N 2 O saturated aqueous solutions induced mainly the formation of singly, doubly and triply oxidized products (addition of one, two or three oxygen atoms into molecule). Detailed MS analysis of samples after gamma irradiation showed that several modifications had occurred:

 Oxidation on the Phe residue (+16 Da) yielding tyrosine, The gamma irradiation of this kinin in the presence of oxygen and with higher dose rates induced the formation of a product having a -2 Da difference in mass. This product was assigned to the formation of a double bond at the beginning of the sequence, Met-Lys-Arg. The Arg residues were poorly oxidized, the mass loss of 47 was minor.


The oxidation of Neurokinin B by excited triplet states induced the formation of a similar adduct as for the other peptides, but the 3CB is covalently bound to Met 10 . 

VI.3. Sunscreens

Al investigations of the benzophenone derivatives -oxybenzone and sulisobenzone (see Figure I.10, chapter I) -by femtosecond transient absorption spectroscopy characterized the primary processes occurring after absorption of photons by these molecules. It was shown that the excited singlet state is formed and that it absorbs in the region between 500-650 nm. Its lifetime was fitted for several solvents used. From the decays of the singlet state, it could be seen, that there is an offset remaining at longer times (nano-to microsecond time scale) that was present in all solvents except cyclohexane. This offset indicated the presence of long-lived species formed during photolysis. The absorption from this species remains in the spectrum even in the presence of oxygen. Thus the formation of a triplet state was excluded. This species was investigated by nanosecond laser flash photolysis using the excitation wavelength 355 nm. Its maximum of absorption was located at 420 nm, and it was assigned to phenoxyl radicals, formed as a result of mono-photonic or multi-photonic electron ejection in polar media. In nonpolar and aprotic media, this transient was not seen because the excited singlet state is deactivated by an intramolecular proton transfer (ESIPT) process. However, in polar media this ESIPT process is not efficient, because the intramolecular hydrogen bond is destabilized, and thus the formation of phenoxyl radicals could be observed (see Figure VI.2). The pulse radiolysis technique was employed to obtain the spectrum of phenoxyl radicals formed via the reaction with hydroxyl radicals. These experiments were used to prove the results obtained from laser flash photolysis. In addition, a preliminary experiment performed with ns laser flash photolysis for OXB in DMSO with in the presence of the simple Met derivative, Met-OMe, has shown an acceleration in the decay of the phenoxyl radical. It might indicate their reactivity toward Met-derivatives. Further experiments concerning the eventual stable product derived from the reaction of Met-OMe and OXB have to be performed in future work.

It has to be pointed out that OXB/SB also formed reactive species under the gamma irradiation via the reaction with hydroxyl radicals and thus it may influence the photo-stability of these compounds. 
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Streszczenie w języku polskim

Przedstawiona praca doktorska pt. Badanie mechanizmów indukowanych fotochemicznie i radiacyjnie reakcji utleniania peptydów zawierających metioninę składa się z spisu treści, sześciu rozdziałów, materiałów dodatkowych, wykazu rysunków, schematów i tabel. Główną część pracy stanowią badania nad reakcjami utleniania metioniny (Met) z udziałem wzbudzonego stanu trypletowego sensybilizatora (3-karboksybenzofenonu, 3CB) lub z rodnikiem hydroksylowym • OH. Druga, mniejsza cześć doktoratu opisuje wyniki dotyczące badań fotofizyko-chemicznych innych pochodnych benzofenonu -oksybenzonu (OXB) i sulisobenzonu (SB), stosowanych powszechnie jako filtry słoneczne w produktach kosmetycznych. Zainteresowanie tymi związkami wiąże się z ich możliwym działaniem fotosenybilizującym, podobnym do stosowanego w poprzedniej części 3-karboksybenzofenonu.

Organizmy żywe narażone są na działanie zarówno czynników zewnętrznych (promieniowanie np. UV, gamma, zanieczyszczenia) jak i wewnętrznych (metabolizm substancji toksycznych, aktywność mitochondrialna, działalność enzymatyczna) wpływających na zwiększenie ilości tworzenia rodników. Tworzone w ten sposób reaktywne formy tlenu (RFT) mogą oprócz pozytywnych efektów (zabijanie drobnoustrojów) powodować uszkodzenie biologicznie ważnych układów prowadząc do stresu oksydacyjnego, powstałego wskutek nadmiernej liczby RFT. Wiele biologicznie ważnych cząsteczek, takich jak kwasy tłuszczowe, kwasy nukleinowe czy białka jest podatnych na działalność RFT, wywołując uszkodzenie ich struktury i zmiany w funkcjonowaniu.

Celem tej pracy było scharakteryzowanie produktów trwałych jedno-elektronowego utleniania peptydów, a w szczególności utleniania reszty metioninowej. Zainteresowanie metioniną (Met) związane jest z jej funkcjami pełnionymi w organizmach żywych (wzrost włosów, skóry, paznokci, produkcja S-adenozylometioniny itp.). Utlenianie Met jest także interesujące ze względu na obecność atomu siarki (II) w jej łańcuchu bocznym, która sprawia, że jest ona szczególnie wrażliwa na działanie utleniaczy.

Jedną z niewielu scharakteryzowanych dotychczas modyfikacji Met jest sulfotlenek metioniny (MetS=O), wykryty m.in. w chorobie alzheimera, starzeniu, chorobie prionowej, chorobie Parkinosna i w tworzeniu β-amyloidów. Utworzenie sulfotlenku wpływa także na aktywność szeregu enzymów, takich jak cytochrom C, kalmodulina, hemoglobina czy chymotrypsyna. Organizmy żywe posiadają naturalną ochronę przed powstawaniem MetS=O w komórkach -enzym reduktazę sulfotlenku metioniny (Msr), który redukuje zarówno epimer R i S MetS=O. Dlatego też Met często postrzegana jest w literaturze jako antyutleniacz ,,ostatniej szansy''. Jakkolwiek udowodniono także, iż reszta metioninowa w peptydach i białkach może działać jako pro-oksydant, zwiększając ryzyko utlenienia i uszkodzenia struktury białka poprzez wewnątrzcząsteczkowe przeniesienie elektronu.

Rozdział pierwszy pracy zatytułowany ,,Wstęp i cel pracy'' zawiera syntetyczny przegląd literatury dotyczącej utleniania metioniny i jej pochodnych, a także peptydów zawierających Met. Rozdział ten w sposób przejrzysty ukazuje procesy zachodzące pod wpływem utleniania aminokwasu Met i jej pochodnych przez rodniki • OH i stan trypletowy 3 (4CB)*, podkreślając podobieństwa i różnice w mechanizmach pomiędzy poszczególnymi technikami. Podkreślone zostały także wszelkiego rodzaju niejasności związane z przebiegiem procesu utleniania metioniny, zwłaszcza związane z charakterystyką produktów trwałych.

Utlenianie Met i jej pochodnych rodnikami • OH (rysunek 1) zachodzi w 90 % poprzez utworzenie rodnika hydroksysulfuranylowego (>S • -OH) (r1, rysunek 1), który w wyniku eliminacji cząsteczki wody (katalizowanej kwasem) tworzy kationorodnik zlokalizowany na atomie siarki (>S •+ ) (r3, rysunek 1). Rodnik ten jest wysoce niestabilny i może być stabilizowany poprzez dwu-centrowe trój-elektronowe wiązanie (S∴X) z atomem posiadającym wolną parę elektronową (X stanowi np. N, O, S) (r. 5-7, rysunek 1). Tworzone indywidua przejściowe to min. wewnątrzcząsteczkowy pięcioczłonowy kationorodnik (S∴N) + , sześcioczłonowy (S∴O) + , wewnątrzcząsteczkowy (S∴S) + lub międzycząsteczkowy dimer (S∴S) + .

Jeśli stabilizacja nie zachodzi, kationorodnik >S •+ ulega deprotonacji tworząc rodniki zlokalizowane na sąsiednim atomie węgla w stosunku do siarki (rodniki α-alkilotioalkilowe, α-S) (r. 11, rysunek 1). Rodniki α-S tworzone są także wskutek deprotonacji kationorodników (S∴N) + (r. 10, rysunek 1). Dodatkową drogą reakcji w przypadku metioniny i części jej pochodnych posiadających wolną grupą karboksylową (R 2 = COOH) jest utworzenie rodnika αaminoalkilowego (α-N) i dwutlenku węgla poprzez dekarboksylację. Około 10 % rodników • OH, w zależności od warunków reakcji, może oderwać atom wodoru tworząc bezpośrednio rodniki α-S (r. 2, rysunek 1). Utlenianie z wykorzystaniem wzbudzonego stanu trypletowego prowadzi do podobnych indywiduów przejściowych za wyjątkiem rodnika hydroksysulfuranylowego (rysunek 2). Przeniesienie elektronu zachodzi pomiędzy atomem siarki na reszcie metioninowej i wzbudzonym stanem trypletowym 3CB, tworząc kompleks rodnikojonów [CTC, charge transfer complex) (r. 12, rysunek 2). Kompleks ten może ulegać czterem różnym reakcjom:  Ponownemu przeniesieniu elektronu z odtworzeniem substratów (k bt , r. 16, rysunek 2),  Przeniesieniu protonu z utworzeniem rodnika ketylowego 3CBH• i rodnika α-S (k H , r.

13, rysunek 2),

 Separacji rodnikojonów 3CB •-and >S •+ (k diff apart , r. 14, rysunek 2),  Przeniesieniu protonu z sprotonowanej grupy aminowej peptydu do anionorodnika 3CB•-z utworzeniem 3CBH• i rodnika SN+ (k NH , r. 15, rysunek 2). Podobnie jak w wypadku radiolizy, kationorodnik zlokalizowany na atomie siarki może być stabilizowany poprzez tworzenie (S∴N) + , (S∴O) + i (S∴S) + lub ulega deprotonacji do rodnika α-S. Różnicą między fotolizą i radiolizą jest obecność indywiduów przejściowych pochodzących z cząsteczki sensybilizatora -3CB -takich jak anionorodnik 3CB Produkty trwałe powstałe na drodze sensybilizowanej fotolizy są opisane w jeszcze mniejszym stopniu. Jedną z niewielu prac ukazujących możliwe produkty jest praca dotycząca utleniania specjalnie zsyntetyzowanych układów modelowych zawierających benzofenon i metioninę związane w pierścieniu diketopiperazyny. Badania nad tymi związkami wykazały tworzenie się wiązania kowalencyjnego C-C pomiędzy chromoforem benzofenonu (BP) i ostatnim atomem węgla w łańcuchu reszty metioninowej.

Ze wzglądu na obecność różnych reszt aminokwasowych w układach peptydowych niezbędne jest scharakteryzowanie produktów tworzonych w skutek ich utleniania. Dlatego też, rozdziale pierwszym zamieszczono krótką charakterystykę dotyczącą produktów trwałych utleniania zidentyfikowanych dla aminokwasów posiadających łańcuchy boczne o rożnych właściwościach. Na przykład dla aminokwasów z łańcuchem o charakterze kwasowym (Asp, Gln) reakcje z rodnikami • OH w obecności tlenu prowadzą do degradacji związku poprzez dekarboksylację łańcucha i utworzeniem nienasyconych związków. Przykładem produktu trwałego dla aromatycznego aminokwasu fenyloalaniny tworzonego w wyniku reakcji z rodnikami • OH jest dimer Phe-Phe i Tyr. W związku z zastosowanym sensybilizatorem (3-karboksyenzofenonem) zawierającym chromofor benzofenonu, interesujące było przebadanie właściwości foto-fizykykochemicznych innych związków z podobną strukturą, a także ich reaktywności wobec pochodnych metioniny. Oksybenzon (OXB) i sulisobenzon (SB) są pochodnymi BP stosowanymi powszechnie jako filtry słoneczne w produktach kosmetycznych. W literaturze naukowej z ostatnich dwudziestu lat odnaleźć można wiele kontrowersji związanych z foto-stabilnością tych związków. Część prac literaturowych udowadnia wysoką stabilność OXB w związku z wygaszaniem wzbudzonego stanu singletowego poprzez wewnątrzcząsteczkowe przeniesienie protonu z grupy hydroksylowej w pozycji orto do grupy karbonylowej (ESIPT). Z drugiej strony stanowisko to podważane jest przez szereg prac ukazujących tworzenie się stanu trypletowego lub innych reaktywnych form rodnikowych podczas naświetlania OXB/SB promieniowaniem UV.
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Głównymi narzędziami badań nad krótko żyjącymi indywiduami przejściowymi były laserowa fotoliza błyskowa (LFP) (nano-i femtosekundowa) oraz nanosekundowa radioliza impulsowa. Zastosowanie lasera Ng:Yag (trzecia harmoniczna 355 nm, czas błysku 8 ns) umożliwiło pomiar absorpcji przejściowej indywiduów przejściowych, takich jak wzbudzony stan trypletowy, anionorodnik, rodnik ketylowy czy rodniki powstałe w badanych peptydach. Z dopasowania kinetyk zaniku absorpcji przejściowej dla danej długości fali możliwe było obliczenie stałych szybkości wygaszania, k q , stanu trypletowego 3CB. Dalszy rozkład widm przejściowych na poszczególne komponenty z wykorzystaniem programu DECOM pozwolił na wykonanie profili stężeniowych (zależności stężenia od czasu) i obliczenie wydajności kwantowych indywiduów przejściowych. Metoda radiolizy impulsowej dostarczyła uzupełniających informacji dotyczących tworzenia rodników, których obecność nie można było obserwować w eksperymentach LFP ze względu na możliwości aparaturowe, długość wzbudzenia i absorpcję stanu podstawowego stosowanego sensybilizatora.

Produkty trwałe tworzone były wykorzystując układy lamp i laserów do naświetlań stacjonarnych, a także w źródeł kobaltowych 60 Cocw Instytucie Chemii i Techniki Jądrowej (IChTJ) i na Uniwersytecie Paris-Sud (UPSUD). Produkty analizowane były z wykorzystaniem standardowych technik chromatograficznych (takich jak HPLC), a także poprzez tandemową spektrometrię mas. Zaproponowane struktury produktów trwałych były potwierdzone wykorzystując unikatową aparaturę do spektroskopii IRMPD (multifotonowej dysocjacji jonów w podczerwieni), która składa się z lasera w podczerwieni na swobodnych elektronach i spektrometru mas z analizatorem cyklotronowego rezonansu jonów z fourierowską transformacją wyników (FTICR-MS). Dodatkowe obliczenia teoretyczne metodą DFT pozwoliły na potwierdzenie danych eksperymentalnych uzyskanych z IRMPD-MS. Wszystkie metody wykorzystywane podczas badań a także procedury eksperymentalne przedstawione zostały szczegółowo w rozdziałach II-IV.

Jako badane związki wybrano proste układy modelowe -dipeptydy zawierające metioninę w sąsiedztwie takich reszt aminokwasowych jak lizyna, kwas asparaginowy, histydyna czy leucyna. Na wybór układów modelowych wpływ miała sekwencja występujących w organizmie ludzkim dwóch kinin -Met-Lys-Bradykininy i Neurokininy B. Oba te peptydy, zawierające od 10 do 11 reszt aminokwasowych, pełnią ważne funkcje w prawidłowym funkcjonowaniu organizmu. Ich funkcje opisane zostały w rozdziale I pracy doktorskiej. Zebrane podczas pracy naukowej wyniki przedstawione zostały w rozdziałe V wraz z ich dyskusją.

Dipeptydy zawierające metioninę -stałe szybkości wygaszania stanu trypletowego 3(3CB)*.

Wygaszanie trypletu 3 (3CB)* zachodzi poprzez przeniesienie elektronu z atomu siarki reszty metioninowej do cząsteczki sensybilizatora (3CB). Wartości stałych szybkości wygaszania obliczone zostały poprzez dopasowanie kinetyk zaniku stanu trypletowego 3CB w obecności wygaszacza stosując wykres Sterna-Volmera. Jest to zależność obserwowanej stałej szybkości zaniku 3 (3CB)* (k obs ) w funkcji stężenia peptydu (wygaszacza) przy stałym stężeniu 3CB. Pomiary przeprowadzono zarówna dla pH bliskiego 6 jak i dla roztworów zasadowych. Otrzymane wartości k q były wysokie, jednak nadal kontrolowane były przez kationorodnik (S∴N) + . W pH około ~ 6 kationorodnik (S∴N) + jest długożyjący (mikrosekundy) i zanika w funkcji wykładniczej. Natomiast wzrost pH powoduje zanik (S∴N) + w postaci dwuwykładniczej, to znaczy z szybszym i wolniejszym składnikiem. Podobną sytuację zauważono uprzednio w literaturze dotyczącej utleniania Met-Gly. Przyspieszenie zaniku (S∴N) + wraz ze wzrostem pH wytłumaczone było na dwa sposoby: (i) poprzez utworzenie kompleksu pomiędzy (S∴N) + i -OH zwanego (SNOH)., (ii) lub poprzez eliminację wody z (S∴N) + z udziałem jonów hydroksylowych i utworzenie formy zasadowej (S∴N).

Produkty przejściowe -Lys-Met

Widma absorpcji przejściowej bez dekonwolucji otrzymane dla peptydu z odwrotną sekwencją, Lys-Met (6•10 -3 M) i 3CB (4•10 -3 M) są podobne jak w wypadku Met-Lys. Dopiero rozkłady widm z wykorzystaniem programu DECOM pozwoliły na zidentyfikowanie różnic zachodzących w obu przypadkach. Utlenianie Lys-Met prowadzi do utworzenie się niewielkiej ilości kationorodnik (S∴N) + o krótkim czasie życia. Głównym indywiduum przejściowym był dimeyczny (S∴S) + , którego obecność potwierdzono poprzez dodatkowe eksperymenty LFP ze zwiększonymi stężeniami Lys-Met (10 i 20 mM).

Produkty przejściowe -pozostałe dipeptydy

Analiza produktów przejściowych powstałych w wyniku sensybilizowanego przez 3CB utleniania dipeptydow zawierających metioninę wykorzystując fotolizę błyskową wykazała podobne wyniki jak w przypadku peptydów Met-Lys/Lys-Met. W każdym przypadku następstwem wygaszania 3 (3CB)* było tworzenie się kationorodników (S∴N) + lub (S∴S) + , w zależności od sekwencji.

Radioliza impulsowa dla dipeptydów Met-Lys i Lys-Met.

Pomiary radiolizy impulsowej (PR) wykonane zostały w Radiation Laboratory na Uniwersytecie Notre Dame w Stanach Zjednoczonych. Wykorzystując technikę PR możliwe było zidentyfikowanie rodników, których ze względu na ograniczenia spektralne nie można było wykryć metodą fotolizy błyskowej, takich jak rodniki α-alkilotioalkilowe (α-S) czy rodniki αaminoalkilowe (α-N). Wszystkie eksperymenty radiolizy impulsowej przeprowadzone były w wodnych roztworach nasyconych podtlenkiem azotu (N 2 O). Nasycenie roztworów N 2 O umożliwia usunięcie tworzonych podczas radiolizy uwodnionych elektronów i podwojenia ilości rodników • OH.

Widmo absorpcji przejściowej dla Met-Lys (2•10 -4 M) wykonane dla roztworu w pH ~ 6 zawierało pasmo pochodzące od >S • -OH pojawiające się w czasach do 300 ns po impulsie elektronów w okolicach 410 nm. To krótko żyjące pasmo absorpcji zanikało tworząc pasmo dwa inna pasma absorpcji przy 390 nm o 290 nm. Pasmo dłuższe przypisane zostało pięcioczłonowemu kationorodnikowi (S∴N) + tworzonemu poprzez stabilizację >S •+ peptydową grupą aminową. Drugie pasmo absorpcji, przy długości fali 290 nm, przypisane zostało tworzeniu się rodników α-S. Widma absorpcji przejściowej uzyskane dla roztworów w wyższym pH nie wykazywały różnic w porównaniu do pH ~ 6. Analiza widm programem DECOM potwierdziła tworzenie się rodników α-S i (S∴N) + .

Dla odwrotnej sekwencji peptydu, w której metionina ma wolną grupę karboksylową, Lys-Met, w oby pH widmo absorbcji przejściowej uzyskane metodą PR było inne niż dla Met-Lys. Pasmo absorpcji przy 290 nm było znacznie wyższe, natomiast pasmo przy 390 nm było nieobecne. Rozkład widm programem DECOM wykazał tworzenie się dodatkowo rodnika α-N, świadczącego o zachodzącej dekarboksylacji.

Analiza produktów trwałych -fotoliza

Produkty trwałe identyfikowane były za pomocą HPLC i spektrometrii mas. Widmo Zaproponowana struktura została potwierdzona poprzez wykonanie spektroskopii IRMPD (rysunek 4). Widmo IRMPD dla sulfotlenku zawiera nowe, dodatkowe pasmo w porównaniu z widmem nieutlenionej Met-Lys, w zakresie 900 cm -1 , które odpowiada drganiom rozciągającym S=O. 

Utlenianie dłuższych peptydów -kinin

Sensybilizowane utlenianie Met-Lys-Bradykininy (zawierającej sekwencję Met 1 -Lys 1 na początku) z wykorzystaniem 3CB powoduje utworzenie się podobnego foto-adduktu, jak w przypadku przebadanych modelowych dipeptydów. Dodatkowo, zaskakującym wynikiem było wykrycie sulfotlenku metioniny utworzonego podczas naświetlania odtlenionego i natlenionego roztworu wodnego. Produkt ten nie był wykryty w przypadku fotolizy układów modelowych.

Reakcja Met-Lys-Bradykininy z rodnikami 

Badanie właściwości sulisobenzonu i oksybenzonu

Końcową część rozdziału zawierającego wyniki i dyskusję stanowi syntetyczne ukazanie badań nad pochodnymi benzofenonu stosowanymi jako filtry słoneczne w produktach kosmetycznych. Przeprowadzona femtosekundowa fotoliza błyskowa OXB i SB w różnych rozpuszczalnikach wykazała pojawienie się szerokiego pasmo w zakresie 500 -600 nm, które przypisane zostało wzbudzonemu stanu singletowemu (λ ex = 340 nm). Jednocześnie, zanik absorpcji przejściowej zarejestrowany dla 500 nm wykazał, iż absorbcja nie zanika do zera. Pozostały offset obecny był zarówno w obecności tlenu jak i w roztworach odtlenionych.

Wykluczono więc powstawanie stanu trypletowego. Wyjątkiem, dla którego nie obserwowano tego off-setu był rozpuszczalnik cykloheksan, który w pełni stabilizował wiązanie wodorowe pomiędzy grupą hydroksylowa i grupą karboksylową ułatwiając zajście ESIPT. Maksimum absorpcji tworzonego indywiduum zlokalizowane jest około 420 nm. Zaproponowano utworzenie się rodnika fenoksylowego, którego obecność potwierdzono wykonując nanosekundową fotolizę błyskową. LFP wykazała, iż tworzony rodnik fenoksylowy żyje około kilku mikrosekund, a jego czas życia może być nieznacznie skrócony obecności tlenu w roztworze. W celu potwierdzenie, iż obserwowane pasmo absorpcji o maksimum przy około 420 nm należy w rzeczywistości do rodnika fenokslylowego powstałego na OXB/SB, przeprowadzono dodatkowo reakcję utleniania tych związków przez rodniki • OH generowane w radiolizie impulsowej roztworów wodnych nasyconych N 2 O. Widmo absorpcji przejściowej z PR jasno wykazały tworzenie się dwóch pasm absorpcji, przy 390 nm i 420 nm. Pierwsze pasmo zanikało szybciej i przypisane zostało rodnikowi hydroksycykloheksadienylowemu. Rodnik ten jest prekursorem rodnika fenoksylowego i powstaje w wyniku przyłączenia się • OH do pierścienia aromatycznego w związku. Drugie pasmo z maksimum absorpcji 420 nm należy do rodnika fenoksylowego. Jego czas życia w roztworze sięgał kilkudziesięciu mikrosekund w zależności od warunków reakcji. Dodatkowo wykonano radiolizę impulsową SB w warunkach redukujących, czyli w obecności uwodnionych elektronów. Roztwór SB przed radiolizą nasycony był Ar. W celu usunięcie rodników hydroksylowych, do roztworu dodano 0,1 M tert-butanolu. Widma absorpcji przejściowej roztworu o pH ~ 6 wykazały utworzenie się maksimum absorpcji przy długości 600 nm, które przesuwa się wraz z czasem po impulsie elektronów w kierunku fal krótszych, osiągając maksimum przy 550 nm. Zwiększając pH zaobserwowano coraz mniejszy udział pasma przy falach krótszych, z jednoczesnym zwiększeniem udziału pasma przy 600 nm. Otrzymane pasmo absorpcji przy 600 nm zostało przypisane anionorodnikowi SB •-, natomiast pasmo przy 550 nm należy do rodnika ketylowego SBH • . Wykreślając zależność absorbcji przejściowej przy 580 nm w funkcji pH badanego roztworu, wyznaczono pKa równowagi kwasowo-zasadowej przedstawionej na Rysunku 5 (pKa=7,7±0,5). Uzyskane wyniki pozwoliły na pełne scharakteryzowanie jednoelektronowego utleniania związków zawierających metioninę. Badania metodami czasowo-rozdzielczymi pozwoliły na określenie, iż tworzony, zarówno metodami fotochemicznymi jak i radiolitycznymi, 191 kationorodnik >S •+ stabilizowany był poprzez tworzenie dwu-centrowych trój-elektronowych wewnątrzcząsteczkowych kationorodników (S∴N) + lub (S∴O) + i dimerycznego (S∴S) + . 

Jednocześnie kationorodnik >S

Introduction

Les organismes vivants sont exposés aux facteurs externes (par exemple le rayonnement UV, gamma, le pollution) et internes (métabolisme des substances toxiques, activité enzymatique mitochondriale), qui augmentent la quantité de radicaux libres oxygénés formés [1,2]. Cette quantité excessive d' espèces réactives de l'oxygène formées peut, en plus des effets positifs (tuer des micro-organismes) causer des dommages importants aux systèmes biologiques menant à un stress oxydatif. De nombreuses molécules biologiquement importantes telles que des acides gras, les acides nucléiques ou des protéines, sont sensibles à l'activité de espèces réactives de l'oxygène, causant des dommages à la structure et des changements dans le fonctionnement [3,4].

Le but de cette étude était de caractériser les produits formés par l'oxydation à un électron des résidus de methionine dans les peptides. La Méthionine est intéressante parce que elle est associée avec beaucoup de fonctions exercées dans les organismes vivants (croissance des cheveux, de la peau, des ongles, production de S-adénosylméthionine, etc.) [3,5]. L'oxydation de Met présente également un intérêt en raison de la présence de l'atome de soufre (II) dans sa chaîne latérale, ce qui la rend particulièrement sensible aux oxydants.

La principale modification de Met précédemment caractérisée est la méthionine sulfoxyde (MetS=O), détectée dans la maladie d'Alzheimer, du vieillissement, de la maladie du prion, la maladie de Parkinson et la création de plaques amyloïde [6][7][8][9][10][11][12][13][14][15][16][17]. La création de sulfoxyde affecte également l'activité de certain nombre d'enzymes, telles que le cytochrome C, la calmoduline, l'hémoglobine ou la chymotrypsine [17][18][19]. Les organismes vivants ont une protection naturelle contre la formation de MetS=O dans les cellules -l' enzyme méthionine sulfoxyde réductase (Msr), qui réduit les épimères R ou S de MetS=O [20][21][22]. Par conséquent, la Met est souvent considérée dans la littérature comme un antioxydant de « dernière chance ». Toutefois il était également prouvé que la methionine dans des peptides et des protéines peut agir comme un pro-oxydant, ce qui augmente les risques d'oxydation et des dommages de la structure de la protéine par transfert intramoléculaire d'électrons [23,24].

Oxydation par les radicaux • OH L'oxydation de Met et ses dérivés par les radicaux • OH (figure 1) se produit à 90% en créant tout d'abord un radical hydroxylé (>S • -OH) (r.1, figure 1), qui à la suite de l'élimination d'une molécule d'eau (catalyse acide) forme un cation situé sur l'atome de soufre (>S •+ ) (r.3, figure 1) [25,26]. Ce radical est très instable et peut être stabilisé par la formation de liaison deux centres à trois électrons (S∴Y) + avec un atome ayant un doublet libre (par exemple, Y est N, O, S) (r.5-7, figure 1). Des exemples de telles stabilisations sont par example le cations intramoléculaires (S∴N) + , (S∴O) + , intramoléculaire (S∴S) + dans le cas de deux méthionines dans un peptide, ou le dimère intermoléculaire (S∴S) + [27][28][29][30][31]. Si la stabilisation ne se produit pas, le cation >S •+ subit une déprotonation pour former des radicaux situés sur l'atome de carbone adjacent au soufre (alkylthioalkyle radicaux, α-S) (r.11, figure 1). Les radicaux α-S sont créés aussi à la suite de la déprotonation de (S∴N)+ (r.10, figure 1). En plus, la formation de radicaux α-aminoalkyle (α-N) et du dioxyde de carbone CO 2 est possible dans le cas où les peptides ont du groupe carboxylique libre (R 2 =COOH). Environ 10 % des radicaux • OH, en fonction des conditions de réaction, peuvent arracher un hydrogène pour former des radicaux α-S (r.2, figure 1) .

Photo-oxydation de peptides contenant la méthionine, état de l'art.

L'Oxydation à l'aide d'un état triplet de CB conduit à la formation de radicaux similaires, à l'exception de radicaux (>S • -OH) (figure 2). Le transfert d'électrons entre l'atome de soufre sur le reste de la Met et l'état triplet de CB cause de la formation du complexe CTC (complexe de transfert de charge) (r.12 , figure 2) . Ce complexe peut subir quatre réactions différentes :

 re-transfert de l'électron pour régénérer substrats (k BT , r.16, figure 2),  le transfert d'un proton pour former radicaux 3CBH • et radicaux α-S (k H , r 13, figure 2),  séparation de radicaux 3CB •-et >S •+ (k Diffapart , r.14, figure 2).

 le transfert d'un proton entre le groupe amino protoné du peptide et de l'anion 3CB •-et formant 3CBH • et le radical (S∴N) + (k NH , r.15, figure 2).

Comme dans le cas de la radiolyse, le radical cation situé sur l'atome de soufre peut être stabilisé par la formation de (S∴N) + , (S∴O) + et (S∴S) + ou subit une déprotonation au radical α-S. La différence entre la photolyse et la radiolyse est la présence d'intermédiaires issus de la molécule de sensibilisateur, comme les radicaux anions 3CB •-et 3CBH • , qui sont en équilibre acido-basique (r.18, figure 2) [32][33][34][35].

(S∴N) + ou (S∴O) + ? En fonction du dérivé de Met, ou de l'acide aminé voisin, la stabilisation du radical cation >S •+ peut avoir lieu d'une manière différente. Ce chapitre souligne également les difficultés de distinguer spectralement entre (S∴N) + et (S∴O) + en utilisant uniquement des méthodes optiques, en raison de leurs propriétés spectroscopiques similaires (leurs maxima d'absorption sont dans la region de 390 -400 nm ) [27,30].

Produit stable -état de l'art

La connaissance actuelles sur l'analyse des produits résultant de l'oxydation radiolytique de Met et ses dérivés est faible ( [36]). Ils supposent la formation de composés tels que le 3-etylothiopropylamine ou 3-ethylothiopropanaldehyde comme principaux produits de l'oxydation de l'acide aminé Met. Ce travail suggère également la formation de sulfoxyde de méthionine par oxydation avec deux electrons uniquement, par exemple par réaction avec du peroxyde d'hydrogène H 2 O 2 .

Les produits formés par la photolyse sensibilisée sont encore moins connus. L'un des rares travaux illustre le produit possible concernant l'oxydation de systèmes modèles spécialement synthétisés contenant la benzophénone et la méthionine associés dans le noyau dicétopipérazinique. Les études de ces composés ont montré la formation d'une liaison covalente C-C entre le chromophore benzophénone (BP) et le dernier atome de carbone de la chaîne de résidus Met [37]. 

L'oxydation des autres acides aminés.

En raison de la présence de différents résidus d'acides aminés dans les peptides, il est nécessaire de caractériser les produits formés à la suite de l'oxydation. Par conséquent, le premier chapitre fournit une courte description des produits et équipements identifiés pour l'oxydation des chaînes latérales d'acides aminés ayant des propriétés différentes. Par exemple, pour une chaîne d'acides aminés avec l'acide aspartique ou glutamique (Asp, Gln), les réactions avec des radicaux • OH, en présence d'oxygène aboutissent à une dégradation du composé par une décarboxylation et formation de composés insaturés. Un exemple d'un produit d'oxydation de la phénylalanine par la réaction de radicaux • OH est le dimère Phe ou la tyrosine [38][39][40][41][42].

Etude des dérivés de la benzophénone utilisés dans les filtres solaires

En liaison avec le sensibilisateur appliqué (3-carboxybenzophenone) contenant un chromophore de benzophénone, il était intéressant d'étudier les propriétés photo-chimique et photo-physique d'autres composés de structure analogue, ainsi que de leur réactivité avec les dérivés de la méthionine. L'Oxybenzone (OXB) et le sulisobenzone (SB) sont des dérivés de BP couramment utilisés comme filtres solaires dans les produits cosmétiques. Dans la littérature scientifique de ces vingt dernières années, il y a beaucoup de controverses associées à la photo-stabilité de ces composés. Une partie du travail montre une grande stabilité de OXB grâce au transfert intramoléculaire de proton de l'etat singulet excité entre le groupe hydroxyle en position ortho et le groupe carbonyle (ESIPT). D'autre part, un certain nombre d'études montre la formation d'un état triplet ou d'autres formes réactives comme le radical sous rayonnement UV de OXB / SB [43][44][45][46][47][48].

Matériels et méthodes

Les principaux outils pour la recherche sur les radicaux de courte durée étaient la photolyse éclair (LFP) (nano-et femtoseconde) et la radiolyse nanosecondes. L'utilisation de laser Ng :Yag (troisième harmonique 355 nm, flash durée 8 ns) a permis la mesure d'absorption transitoire des entités, telles que l'état de triplet excité, le radical anion, le radical ketyl et les radicaux formés dans les peptides testés. Les études cinétiques de décroissance d'absorption transitoires pour une longueur d'onde donnée, ont rendu possible le calcul des constantes de vitesse de déclin de l'état triplet 3CB, k q . En outre la décomposition des spectres transitoire pour des composants individuels à l'aide du programme DECOM a permis d'établir des profils de concentration (le concentration en fonction du temps) et le calcul de l'efficacité quantique des radicax. La méthode de radiolyse pulsée fournit des informations supplémentaires sur la création de radicaux, dont la présence ne pouvait pas être observée dans les expériences en raison des capacités de LFP appareils, la durée de l'excitation et l'absorption de l'état du sensibilisateur utilisé.

Les produits finals ont été créés par les systèmes de lampes et lasers pour l'irradiation et aussi par les sources de cobalt 60 Co en l'Institut de chimie et de technologie nucléaires (IChTJ) et l'Université de Paris-Sud (UPSUD). Les produits ont été analysés en utilisant des techniques chromatographiques (telles que HPLC) et par spectrométrie de masse tandem. Les structures proposées pour les produit ont été confirmées en utilisant un appareil de spectroscopie IRMPD (dissociation multiphoton des ions dans l'infrarouge ), qui se compose d' un laser infrarouge d'électrons libres et le spectromètre de masse avec l'analyseur FTICR (FTICR-MS). Calculs théoriques supplémentaires à l'aide DFT permis de confirmer les données expérimentales obtenues à partir IRMPD-MS. Toutes les méthodes utilisées dans les procédures de recherche et d'expérimentation sont présentés en détail dans les chapitres II -IV .

Les composés testés ont été choisis comme systèmes modèles simples -dipeptides contenant de la méthionine dans le voisinage de résidus d'acides aminés tels que la lysine, l'acide aspartique, l'histidine, ou la leucine. Le choix des systèmes modèles concernés par la séquence de deux kinine -Met-Lys-bradykinine et neurokinine B, présent dans les l'organisme humain. Ces deux peptides, ayant de 10 à 11 résidus d'acides aminés, ont un rôle important dans le bon 

Lys-Met

Les spectres d'absorption transitoires obtenue sans déconvolution pour la séquence peptidique Lys-Met (6•10 -3 M) et 3CB (4•10 -3 M) sont les mêmes que dans le cas de Met-Lys (Figure 4). La décomposition de spectres en utilisant le programme de DECOM a aidé à identifier les différences produisent dans les deux cas, Met-Lys at Lys-Met. Lys-Met oxydation conduit à la formation d'une petite quantité du cation (S∴N) + avec une courte durée de vie, et grand quantité du cation dimeric (S∴S) + . Leur présence a été confirmée par des expériences supplémentaires de LFP avec des concentrations croissantes de Lys-Met (10 et 20 mM). 

Autres dipeptides

L'analyse des produits intermédiaires résultant de 3CB sensibilisée l'oxydation par les dipeptides contenant de la méthionine à l'aide de photolyse éclair ont montré que les résultats similaires dans le cas de peptides Met-Lys/Lys-Met. Dans tous les cas, le formation de radicaux (S∴N) + ou (S∴S) + etait characterise en fonction de la séquence.

Radiolyse pulsée pour le dipeptide Met-Lys et Lys-Met.

Les mesures de la radiolyse pulsée (PR) ont été faites dans le Radiation Laboratory à l'Université de Notre Dame aux Etats-Unis. En utilisant cette technique, il était possible pour identifié radicaux, qui, en raison des limites spectrales ne pouvaient pas être détectés par photolyse éclair, tels que les radicaux α-alkylthioalkyle (α-S), ou des radicaux α-aminoalkyle (α-N). Toutes les manips ont été réalisées dans les solutions aqueuses saturées avec de l'oxyde nitreux (N 2 O). Saturation de solutions permet l'élimination des électrons hydratés formé au cours de la radiolyse et doublant la quantité de radicaux • OH. Spectre d'absorption de transitoires pour la Met-Lys (2•10 -4 M) dans la solution à pH = 6 contenait une bande de >S • -OH apparaissant dans le temps de 300 ns après le pulse d'électrons au 410 nm (Figure 5). Cette bande d'absorption de courte durée a disparu et deux bandes d'absorption différentes de 390 nm à 290 nm ont formé. La bande en 390 nm est attribué au (S∴N) + , créé en stabilisant de >S •+ . La deuxième bande d'absorption à une longueur d'onde de pour des solutions de pH plus élevé n'ont montré aucune différence par rapport à pH ~ 6. L'analyse des spectres d'émission par DECOM a confirmé la formation de radicaux et d'α-S et (S∴N) + .

Pour la séquence inverse du peptide, Lys-Met, dans lequel la méthionine a un groupe carboxyle libre, le spectre d'absorption transitoire a été obtenu par PR. La bande d'absorption à 290 nm était significativement plus élevée, tandis que la bande à 390 nm étant absent. L'analyse par DECOM a également montré la formation du radical α-N, attestant de la décarboxylation de ce peptide. 

L'analyse des produits de photolyse

Les produits de photolyse ont été identifiés par HPLC et spectrométrie de masse. Le spectre de masse de la solution nonirradié contenant 3CB (1 mM) et Met-Lys 

L'analyse des produits de gamma-radiolyse

Analyse des produits stables résultants dans les échantillons irradié dans la source ont été characterisé en utilisant des techniques chromatographiques, spectrométrie de masse et spectroscopie IRMPD . L'irradiation d'une solution de Met-Lys saturé par N 2 O en pH neutre ou alcalin conduit à l'apparition d'un nouveau pique dans le spectre de masse avec une masse de plus de 16 Da (m/z = 294 ) par rapport à la masse de Met-Lys. Cela donne à penser que c'est l'apparition de l'atome d'oxygène dans la structure. La fragmentation de l'ion m/z = 294 montre la présence des ion indiquant la réduction d'un résidu de methionine (-CH 3 SOH) , et le fragment correspondant à des parties de methionine oxydée (MetS=O) + . Le produit de la masse de 294 Da a été affecté à la sulfoxyde [Met(S=O)-Lys]H + . L'addition de catalase à échantillons conduit à l'abaissement de la quantité de sulfoxyde formé. Sa efficacité était encore beaucoup plus élevé que l'efficacité de H 2 O 2 formé lors de la radiolyse de l'eau. Ceci a permis d'exclure la formation du sulfoxyde par oxydation du deux électrons. La structure proposée a été confirmée par l' exécution de spectroscopie IRMPD (figure 6). Spectre de IRMPD pour sulfoxyde contient nouvelle bande supplémentaire par rapport au spectre de Met-Lys non oxydé dans le region de 900 cm -1 , ce qui correspond à la vibration de S=O. L'oxydation de la séquence inverse, Lys-Met, à la fois en présence et en l'absence de catalase, de la catalase a conduit à l'apparition de l'analogue, dans le cadre de Met-Lys, le pique de m/z = 294 (différence 16 Da). Il est assigné grace à la fragmentation supplémentaire, analyse élémentaire et spectre du IRMPD du spectre en sulfoxyde Lys-MetS=O. Modification de la séquence a également provoqué l'apparition de nouveaux prodiuts avec des masses 234 et 259 Da. Le premier pic est le résultat du produit issu de la décarboxylation pendant radiolyse gamma. L'analyse de cet ion par spectroscopie de IRMPD a montré la disparition des bandes de vibration de groupe COH. Le produit d'un poids de 259 Da a été attribué à la modification de l'abandon amino (-17 Da) et la formation de la double liaison (-2 Da).

L'oxydation des peptides plus longs -kinines

Sensibilisée oxydation de Met-Lys-bradykinine (contenant la séquence de Met 1 -Lys 2 au début) en utilisant 3CB créé comme le résultat le produit d'photo-addition analogue comme dans le cas de dipeptides modèles testés. En outre, la détection de sulfoxyde de methionine formée lors de l'irradiation d'une solution aqueuse désoxygénée et oxygéné a été un résultat surprenant. Ce produit n'a pas été détecté dans le cas de systèmes modèles de photolyse.

La réaction de Met-Lys-bradykinine avec les radicaux • OH en solution désoxygénée formé du produit à un seul oxydation, double et triple oxidation. Modifications identifié comprennent le sulfoxyde du résidu methionine, la tyrosine ou l'hydroxyproline. La saturation en oxygène de la solution immédiatement avant les l'exposition de l'échantillon on source de 900 Gy Oxidation of Met-containing peptides Resume 205 provoque, en plus le formation de nouveau produit ayant une masse de moins de -2 Da. L'analyse MS/MS montre que la formation de double liaison (-2 Da) est produit au début de la séquence -Met-Lys. C'est un probablement la formation d'une liaison à double au niveau du résidu methionine.

Deuxième peptide qui a été étudiée, neurokinine B, contient dans sa structure deux méthionine, Met 2 , et Met 10 (Met 10 est C-terminal et elle est bloqué par un amide). L'oxydation de la neurokinine B, en utilisant le sensibilisateur mène à la formation du produit de photo-addition entre le Met10 et le reste de la molécule de 3CB.

Etude sur le sulisobenzone et l'oxybenzone

La dernière partie du chapitre présente les résultats et la discussion de la recherche sur les dérivés de la benzophénone utilisés comme les filtres solaires dans les produits cosmétiques. La photolyse femtoseconde réalisée pour l'OXB et le SB dans une variété de solvants ont montré l'apparition d' une large bande dans la bande de 500 à 600 nm, qui a été attribué à état singlet excité (λ ex = 340 nm). Dans le même temps, la disparition de l'absorption transitoire enregistrés pour 500 nm a montré que l'absorption ne se fane pas à zéro. Le off-set restant était présent à la fois en présence d'oxygène et dans les solutions désoxygéné. Par conséquent, la formation de l'état triplet a été exclu. L'exception, pour ce qui n'a pas été observé off-set, a été le solvant cyclohexane, ce qui stabilise complètement une liaison hydrogène entre le groupe hydroxyle et carboxyle faciliter l'apparition d'ESIPT. Une absorption maximale de l'individu créé est située à environ 420 nm. La formation d'un radical phénoxyl était proposé, et leur présence a été confirmée en effectuant photolyse éclair nanoseconde. LFP a montré que le radical phénoxyl généré vit d'environ quelques microsecondes, et la durée de vie peut être légèrement raccourcie dans la présence d'oxygène dans la solution .

Afin de confirmer que la bande d'absorption observée avec un maximum à environ 420 nm doit en fait le radical phénoxyl de OXB/SB, la reaction entre radicaux • OH et OXB/SB dans radiolyse pulsée de N 2 O-saturé solutions a été effectuée en plus. Spectre d'absorption de transitoires de PR a montré clairement la formation de deux bandes d'absorption à 390 nm et 420 nm. La première bande a disparu rapidement et elle a été attribuée à la hydroxycyclohexadienyl radical. Ce radical est le précurseur d'un radical phénoxyl et il est formé en joignant • OH au cycle aromatique dans le composé. La deuxième bande d'absorption avec un maximum de 420 nm a été attribué au radical phénoxyl. Il vit dans la solution de microsecondes, selon les conditions de la réaction.

En outre, la radiolyse pulsée de SB effectuée dans des conditions réductrices, en présence d'électrons hydratés, a été realisé. Solution de SB a été saturé avec Ar avant radiolyse.

Oxidation of Met-containing peptides Resume 206 Afin d'éliminer les radicaux hydroxyles, le 0,1 M de tert-butanol a été ajouté à la solution. Les spectres d'absorption transitoires de la solution à pH = 6 a montré la formation d'une longueur d'onde d'absorption maximale de 600 nm, qui se déplace avec le temps après une impulsion d'électrons dans la direction de courtes longueurs d'onde, à 550 nm. L'augmentation du pH a été observée part de plus en plus petit de bandes de longueurs d'onde plus courtes, tout en augmentant la part de la bande à 600 nm. La bande d'absorption à 600 nm résultant est attribué au SB •-, et la bande à 550 nm est attribué au radical SBH • . Le pKa d'équilibre acide-base (figure 7) a été déterminée par radier la dépendence de l'absorption à 580 nm en fonction du pH de la solution, (pKa = 7,7 ± 0,5). Les résultats obtenus ont permis de caractériser complète de l'oxydation de peptides contenant méthionine. Les méthodes comme les deux méthodes photochimiques et de radiolyse a permis de déterminer que le cation >S •+ est stabilisée par la formation de 2c-3e radicaux intramoléculaires (S∴N) + ou (S∴O) + et dimère (S∴S) + . En même temps, le cation >S •+ peut subir une déprotonation pour former un radical α-S. La présence de ces radicaux a été confirmée en utilisant la méthode de radiolyse pulsée.

Le mécanisme de formation de sulfoxyde et photo-adduit sont présentés dans le chapitre VI. Bien que les mécanismes similaires des processus qui se produisent immédiatement après l'impulsion d'électrons ou d'un laser, les produits caractérisé étaient différents en raison de la présence de l'agent de sensibilisation à la LFP. Malgré cela, il faut souligner que les radicaux α-S sont les précurseurs de du sulfoxyde ou du adduit, qui subit une réaction de dismutation pour former un sulfoxyde , ou la réaction avec les radicaux 3CB •-/3CBH • former un produit d'addition. Le sulfoxyde a été détectée dans la solution désoxygénée contenant de la catalase, ce qui exclut la réaction d'oxydation par deux électrons de résidus de Met , par exemple par le H 2 O 2 .

L'études des systèmes modèles a facilité l'analyse des produits d'oxydation des peptides plus longs -le Met-Lys-bradykinine et la neurokinine B. Les résultats obtenus a permis la détermination de la principale réaction avec des radicaux hydroxyle et l'état excité triplet 

Figure I. 1 .

 1 Figure I.1. Reference spectra of transient species formed as a result of Met-containing oxidation by • OH radicals.Legend: (-▼-) (S∴N) + radical cation (ε 390 = 4500 M -1 cm -1 ); (-◄-) (S∴S) + radical cation (ε 480 = 7300 M -1 cm -1 ); (-•-) (S∴O) + radical cation (ε 390 = 3250 M -1 cm -1 ); (-■-) αC radicals (ε 360 = 3400 M -1 cm -1 ); (-○-) α-S radicals (ε 290 = 3000 M -1 cm -1 ); (-▲-) >S • -OH (ε 360 = 3500 M -1 cm -1 ).

(Figure I. 2 .

 2 Figure I.2. Structures of cyclo-(L-Met-D-Met) and cyclo-(L-Met-L-Met) peptides.

  (3CB*), radical anion (3CB • ‾) and ketyl radical (3CBH • ) are presented in Figure I.3.
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 33 Figure I.3. Transient absorption spectra of species derived from excitation of 3CB. (-■-) 3 (3CB)* excited triplet state, (-▲-) 3CBH • ketyl radical, (-•-) 3CB •-radical anion. Table I.3. Chosen rate constants of protonation and deprotonation reactions of CB •-and CBH • . 4CB 3CB pK a CBH • /CB •- 8.2 a 9.5 b k(CB •-+H + ) M -1 •s -1 6.8•10 10 a 6.4•10 10 b k(CB •-+H 2 O) M -1 •s -1 2.5•10 2 a 5.1•10 2 b k(CBH • +OH -) M -1 •s -1 8.7•10 9 a 8.9•10 8 b k(CBH • spontaneous dissociation) s -1 430 a 20 b a Ref. [61] b Pedzinski et al. submitted

  )[65]. Sulfur-centered radical cations also undergo deprotonation (r.11) yielding α-S radicals.

3 .

 3 Scheme I. 3. Mechanism of CB-sensitized photo-oxidation of Met-residue in deoxygenated aqueous solutions.

k 4 Scheme I. 4 .

 44 Scheme I. 4. The formation of SN-OH -adduct at high pH ( ~10-11) during the sensitized photo-oxidation of Met-X peptides [67].

Figure I. 4 .

 4 Figure I. 4. Methylthionorbonyl derivatives used as model compounds for the investigation of spectral differences between (S∴O) + and (S∴N) + .

Figure I. 5 .

 5 Figure I.5. S-(alkyl)-glutathione structure. R: -CH 3 , -CH 2 CH 3 , -(CH 2 ) 2 CH 3 .

Scheme I. 6 .

 6 Scheme I.6. Hydroxyl radical induced decarboxylation of S-(alkyl)-glutathione.

Figure I. 6 .

 6 Figure I. 6. Structures of radicals derived from aliphatic amino acids Ala and Gly during oxidation by • OH radicals.R=H for Gly, R=CH 3 for Ala. Source:[START_REF] Bobrowski | Radiation-induced radicals and radical ions in amino acids and peptides, in Selectivity, Control, and Fine Tunning in High-Energy Chemistry[END_REF].

10 .

 10 Scheme I. 10. Reaction of C-centered radicals on Ala side chain with oxygen molecule.

  of radicals derived from lysine (Lys) oxidation by • OH radicals are presented in Figure I.7. The C-centered radicals can be divided into redox-neutral and reductive species. Fragmentation of the neutral β-C-centered Lys radical generates CO 2 •-

1 HFigure I. 7 .

 17 Figure I.7. Structures of radicals derived during oxidation of Lys and Arg by • OH radicals.

Figure I. 8 ). 2 Scheme I. 12 . 8 .

 82128 Scheme I. 12. Formation of tyrosine and Phe-dimers during oxidation by hydroxyl radicals.
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 910 Figure I.9. Structures of investigated benzophenone derivatives.

  [118], Schallreuter et al. [120] have shown that OXB can undergo photooxidation to its semiquinone in vitro or in vivo and can react with thiolate groups in the epidermis inactivating the thioredoxin reductase, an important anti-oxidant enzyme [120, 121]. Unfortunately no mechanism or characterization of transient and stable modifications have been done. The explanation of this disagreement is connected with solvent polarity. Tarras-Wahlberg et al. irradiated samples in nonpolar medium, that strongly stabilize the hydrogen bond, while Schallreuter et al. performed experiments in aqueous medium. Irradiation of OXB in polar protic solvents can induce the formation of reactive intermediates, because the intramolecular hydrogen bond is disturbed by solvent molecules (Figure I.11) [118]. Spectral properties of OXB in different solvents are presented in Table

Figure I. 11 .

 11 Figure I.11. The possible rotation of OXB molecule in protic polar solvent.
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 3 Figure I.12. Structures of investigated Met-containing peptides.

Figure II. 1 . 1 .

 11 Figure II. 1. A diagram of electromagnetic spectrum, showing wavelength classification. II.1. Basics II.1.1. Fundamental laws and rules in photochemistry Two laws play a fundamental role in photochemistry:  The Grotthus-Draper law: The molecule has to absorb the photon of radiation in order to observe a photochemical action,  The Stark-Einstein law: Each photon absorbed by matter can activate only one molecule for photochemical action (also called as photo equivalence law) [1, 3].

Figure II. 2 .

 2 Figure II.2. Potential energy curves for the ground state and an excited state of a diatomic molecule. r -bond length, A -absorbance, F -fluorescence, ν 0 , 1… -vibrational ground state, ν' 0 , 1… -vibrational excited states. The UV-Vis measurements are based on Beer-Lambert law: Absorbance (A) is equal to the base-10 logarithm of the ratio of incident light intensity (I 0 ) and to light transmitted (I).

Figure II. 3 .

 3 Figure II. 3. Jabłoński diagram. S 0 -singlet ground state; S 1 , S 2 , T 1 , T 2 -excited singlet/triplet states. The absorption (A) and transient absorption (TA) and radiative processes (F-fluorescence, P-phosphorescence) are presented by solid-line arrows. The radiation less processes are depicted as dashed-line arrows (VR-vibrational relaxation, ISC-intersystem crossing, IC-internal conversion). R-photochemical reaction, +Q -quenching via an electron or energy transfer. II.1.3. Quenching processes of triplet state A quenching process is a non-radiative deactivation of an excited singlet or triplet state of molecule by a quencher molecule. The excess of energy can be transformed into heat and transferred to the surrounding molecules. The excited state can be quenched via several processes:  energy transfer,  electron transfer,  paramagnetic quenching,  concentration quenching. Energy and electron transfer are described briefly in subchapter II.1.3.a-b. II.1.3.a. Energy transfer The energy transfer is an important process in photobiology and photochemistry. The donor molecule, D, absorbs a photon and becomes excited species, D*. The acceptor molecule (A) is excited by energy transfer from D*. The general process of energy transfer is presented below: D * + A → D + A * (+energy) Reaction II.1 The excited state of D* should have a higher energy than the excited state of the quencher molecule, A*. The energy transfer can by either radiative or non-radiative. The first one occurs via steps presented in reactions: D * → D + hv emission Reaction II.2

Figure II. 4 .

 4 Figure II.4. Schematic diagrams for Dexter (a) and Förster (b) energy transfer. FRET mechanism (Figure II.4.b) is an energy transfer that may occur at longer distance than in Dexter mechanism. The distance between D and A is in the range from 5 to 10 nm. The transitions in donor (D*→D) and in acceptor (A→A*) should have almost the

Figure II. 5 .

 5 Figure II.5. Schematic diagram for electron transfer between donor molecule Q and acceptor molecule M.

Figure II. 6 .

 6 Figure II.6. The principle of pump-probe experiment.

Figure II. 7 .

 7 Figure II.7. Scheme of nano-second laser flash photolysis set-up.

Figure II. 8 .

 8 Figure II.8. Scheme of femto-second transient absorption spectrometer. L -lens, M -mirror, FM -focusing mirror, FC -fiber coupler.

Figure II. 9 .

 9 Figure II.9. Continuous wavelength laser irradiation set-up. Excitation wavelength at 355 nm.

Figure III. 1 .

 1 The LAE 10 (oscillating-field linear accelerator) emits electrons at the energy about 10 MeV with 8 ns and 100 ns duration time. Electrons are accelerated by the oscillating electric field to different degrees. The 50 μm size electron beam exists from the accelerator through the Ti foil window into a sample holder containing the sample cuvette. The sample, after ionization, is analyzed by pulses from a Xe lamp. This monitoring light go through an IR water filter, lenses and filters to cuvette. The light transmitted through the cuvette is directed by lenses and mirrors to the monochromator (Spectra Pro 275 from Acton Research), changed into an electric signal in the photomultiplier (R955 from Hamamatsu) and registered on the oscilloscope (WaveRuner 6051A from LeCroy). The optical pathlength through the cuvette was 10 nm. All samples were analyzed in a flow system. Data were analyzed using R 2002 software written by Dr. J. Mirkowski from INCT[27].
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 1 Figure III.1. Scheme of pulse radiolysis set-up.

Figure III. 2 .

 2 Figure III.2. Scheme of 60 Co source.

Figure IV. 1

 1 Figure IV.1 Separation of molecules during reversed phase HPLC.

Figure IV. 2

 2 Figure IV.2 The flowchart of mass spectrometer.

  o electron impact ionization (EI), o chemical ionization (CI), o laser desorption ionization,  Evaporative ionization methods -thermospray mass spectrometry,  Electrospray ionization (ESI). Mass analyzer is another important part of mass spectrometer. It separates the mixture of ions by m/z ratio in order to obtain a mass spectrum. Depending on the applications, several different types of detectors have been developed :  Magnetic sector -the first commercially available and the simplest mass analyzer. It separate ions by deflection of a continuous ion beam,  Quadrupole mass spectrometer (QMS),  Ion trap mass spectrometry,  Time-of-flight,  Tandem mass spectrometry (MS-MS, MS n ) -Technique useful for unknown and known molecules. Tandem mass spectrometer is composed of certain ion traps and a mass analyzer (two or more). The mass-selected ions go to the second mass analyzer, where they are fragmented or/and analyzed. The fragmentation occurs for example via collision induced dissociation or energy transfer from collisions,  Fourier transform Ion Cyclotron Resonance (FTICR).

Figure IV. 3

 3 Figure IV.3 The scheme of electrospray ionization technique applied in MS.

Figure IV. 4 .

 4 Figure IV.4. A schematic view of a quadrupole ion trap mass analyzer applied in MS.

- 1 .

 1 Thus the molecule should absorb from 10 to 40 IR photons to observe a dissociation. The bond vibrational frequency should be in nearly the same range as the frequency of the laser source. How does the molecule absorb multiple photons? Molecules indicate anharmonicity that causes a shift to lower frequency between next transitions (Figure IV.5). The energy required to transition from v=0 to 2 requires less energy than in the case of harmonic model. The anharmonic behavior prohibits absorption of a second and further IR photons from monochromatic lasers, because the vibrational frequency now is different than the frequency of the laser. The absorption of multiple photons occurs in 3 steps (Intramolecular Vibrational Energy Redistribution, IVR):  in region I (with discreet modes) absorption of first photon occurs normally. Then, the subsequent photons are absorbed by molecule via: o rotational compensation, o anharmonic compensation, o power broadening, o direct multiple photon absorption due to coherent pumping,  in region II, the density of states in the molecule is large and molecules have already absorbed a few photons, storing their energy as internal one. The vibrational states from the absorbing mode at this stage are allowed to mix with background states. When the mixing yields the favorable composition, then the energy is transferred to background modes depopulating the absorption modes. Further absorption occurs at this region until the molecule reaches the dissociation level.The IRMPD as a fragmentation source in mass spectrometry found many applications, e.g. in IR spectroscopy of ions or structure characterization[9, 10].

Figure IV. 5 .

 5 Figure IV.5. The model of IR multiphoton absorption by harmonic molecule (left) and molecules with anharmonic effects according to Intramolecular Vibrational Energy Redistribution.

Figure IV. 6 .

 6 The ions of selected m/z are trapped in mass spectrometer. Then the high energetic and dense pulses from IRFEL go through the window to the MS instrument, where they are absorbed by ions. Molecules become excited into more energetic vibrational states and chemical bonds break. The frequency of laser should correspond to the vibrational frequency of given bond. How are the IR spectra calculated? The MS instrument registers the abundance of parent ions (P) and fragment ions (F) in accordance to the formula IV.2:( ) = -Equation IV.2IRMPD-MS spectra are performed in gas phase, which in fact facilitate the comparison between theoretical calculation and experimental results.

Figure IV. 6 .

 6 Figure IV.6. The principle of IRMPD spectroscopy coupled with MS.

Figure V. 2 .

 2 Figure V.2. Left:The evolution of transient absorption spectra from 3CB-sensitized oxidation of Met-Lys (6•10 -3 M) at pH~6. [3CB] = 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with energy of the laser pulse ~5 mJ and the excitation wavelength of 355 nm. Spectra were recorded at different times from laser pulse: -■-70 ns, -○-100 ns, -▲-160 ns, -◊-5 μs. Right: Kinetic traces recorded at 520 nm (--) and 550 nm (--) for 3CB in aqueous solution with Met-Lys at pH~6. The remaining offset belongs to the long-lived 3CB •-ketyl radical.
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 34 Figure V.3. Resolution of the spectral components in the transient absorption spectrum (A) 70 ns, (B) 100 ns, (C) 160 ns and (D) 5 μs after laser pulse following quenching of 3 (3CB)* by Met-Lys (6•10 -3 M) in aqueous solution o 3CB (4•10 -3 M) at pH ~ 6. -▲-3CBH • ketyl radical, -•-3CB •-radical anion, -■-3 (3CB)* triplet state, -▼-(S∴N) + radical cation, -◊-sum of spectra decomposition components, ---experimental time resolved spectrum.

Figure V. 5 .Figure V. 6 .

 56 Figure V.5. Left: The evolution of transient absorption spectra from 3CB-sensitized oxidation of Met-Lys (6•10 -3 M)at pH = 11. The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with energy of the laser pulse ~5 mJ and the excitation wavelength of 355 nm. Spectra recorded at different times following the laser pulse: -■-70 ns, -○-120 ns, -▲-180 ns, -◊-4 μs. Right: Kinetic traces at 520 nm (--) and 550 nm (--) recorded for quenching experiment of 3 (3CB)* in aqueous solution by Met-Lys (c = 6•10 -3 M) at pH = 11. The kinetics at 520 nm is ascribed to the decay of 3 (3CB)*, while the trace at 600 nm was recorded at the maximum of the absorption band of 3CB •-.

Figure V. 11 .

 11 Figure V.10. It is shown that the triplet state3 (3CB)* decayed yielding the formation of 3CB •-/3CBH • depending on pH of solution. The radical cation (S∴S) + at pH~6 was formed with the same rate constant as the triplet decay (1•10 7 M -1 s -1 ). However, the deconvolution of transient spectra at higher pH required the addition of (S∴N) + radical cation in order to obtain a good match between the experimental data and the calculated sum of the components. The (S∴N) + radical cation formed at high pH was short lived and decayed to zero after 2 μs. Quantum yields calculated at the time when the triplet had decayed are presented in TableV.5. The yield of (S∴S) + radical cation is three times lower in basic medium than in neutral solution. The high yield of ketyl radical 3CBH • was a result of the proton transfer from protonated amine group of peptide to 3CB •-radical anion (k NH channel as described before for similar peptides in Chapter I).In order to prove the presence of (S∴S) + radical cations the quenching experiment was performed in the presence of varying amounts of peptide (10 mM and 20 mM). It is known that the (S∴S) + species is formed from an S-centered radical cation (>S •+ ) and a non-oxidized sulfur atom from another molecule (bimolecular reaction). Thus a higher concentration of quencher should accelerate the formation of (S∴S) + and allow an identification of the absorption band coming from this species. Laser flash photolysis was performed in the presence of 10 mM and 20 mM Lys-Met with 4 mM of 3CB at pH~6. The transient spectra are presented in Figure V.11. The absorption in the region of 450-500 nm increases with the concentration of Lys-Met. Deconvoluted spectra from this experiment after different delay times from laser pulses are presented in the Supplementary materials -Figure S.V.1 and S.V.2. The same transient species were formed during laser excitation, i.e. the triplet state 3 (3CB)*, radical anion 3CB •-, ketyl radical 3CBH • and the radical cations (S∴N) + and (S∴S) + . The concentration profiles calculated from the deconvoluted spectra are presented in Figure V.12.Deconvolution showed that the sulfur centered radical cation (>S •+ ) was stabilized initially by the (S∴N) + radical cation, that exists in equilibrium with its ''unfolded'' form, the radical cation >S •+ . Its decay rate constant depended on the concentration of Lys-Met. The bimolecular reaction of the (S∴N) + radical with another molecule of Lys-Met was calculated to be 1.3•10 9 M -1 s -1 (with estimated ~30% error). The (S∴S) + radical cation was also formed in both pHs. Thus the intermediate (S∴N) + should be a precursor of the intermolecular (S∴S) + intermediate since the non-stabilized >S •+ tends to deprotonate quickly. Another evidence for this equilibrium between the (S∴N) + and (S∴S) + species was provided by research done previously for another model compound, S-methyl-cysteine, where, for steric reasons, the formation of a four-membered ring (S∴N) + was impossible, thus the (S∴S) + was not observed[2].
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 789 Figure V.7. The evolution of transient absorption spectra from 3CB-sensitized oxidation of Lys-Met (6•10 -3 M): (left) at pH~6, spectra recorded at different delay times from the laser pulse: -■-70 ns, -○-100 ns, -▲-140 ns, -◊-6 μs; (right) in basic medium, pH = 11.2, at different delay times from the laser pulse: -■-70 ns; -○-120ns; -▲-200 ns; -◊-6 μs. [3CB] = 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~ 5mJ and excitation wavelength of 355 nm.

Figure V. 10 .

 10 Figure V.10. Concentration profiles of transients derived in the laser flash photolysis of an aqueous solution of Lys-Met (6•10 -3 M) and 3CB (4•10 -3 M) at pH ~ 6 (left) and in basic solution (right, pH 11.2). Legend: (-▲-black) 3CBH • ketyl radical; (-•-cyan) 3CB •-radical anion; (-■-yellow) 3 (3CB)* triplet state; (-◄-green) (S∴S) + radical cation, (-▼-) (S∴N) + radical cation.
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 1112 Figure V.11. The evolution of transient absorption spectra from 4•10 -3 M 3CB-sensitized oxidation of (left) 10•10 - 3 M Lys-Met and (right) 20•10 -3 M Lys-Met at pH ~ 6. [3CB] = 4•10 -3 M. Time resolved laser flash photolysis was performed in deoxygenated solutions, the energy of the laser pulse ~5 mJ and an excitation wavelength of 355 nm. Spectra recorded at different delay times from the laser pulse: -Δ-180 ns, -○-800 ns, -□-3 μs, -◊-15 μs.

Figure S.V. 3 .Figure V. 13 .

 313 Figure V.13. The evolution of transient absorption spectra from 3CB-sensitized oxidation of 6•10 -3 M Met-Asp in neutral solutions. [3CB] = 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with the energy of the laser pulse ~5mJ and an excitation wavelength of 355 nm. Spectra recorded at different delay times from laser pulse: -■-100 ns, -○-240 ns, -▼-1 μs, -•-10 μs.
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 1415161718 Figure V.14. The evolution of transient absorption spectra from the 3CB-sensitized oxidation of 6•10 -3 M Asp-Met-OMe at pH ~ 6 (left) and at pH = 11.3 (right). [3CB] = 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~5 mJ and an excitation wavelength of 355 nm. Spectra recorded at different delay times from laser pulse: -■-100 ns, -○-240 ns, -▼-1 μs, -◊-10 μs.

  OH radicals. The concentration of the peptide was about 2•10 - 4 M. The transient spectra recorded for Met-Lys at pH ~ 6 are presented in Figure V.20.

Figure V. 19 .

 19 Figure V.19. Reference spectra of some transient species formed in the oxidation of Met-containing peptides by • OH radicals: (-■-) αC radicals, (-○-) α-S radicals, (-▲-) >S • -OH.
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 2021 Figure V.20. The transient absorption spectra from pulse radiolysis of Met-Lys (c = 1.96•10 -4 M) at pH = 5.79 in N 2 O-saturated aqueous solution recorded (-■-) 5 μs, (-▼-) 20 μs, (-○-) 50 μs, (-Δ-) 150 μs after the electron beam pulse. Inset: the transient absorption spectra from the same experiment recorded at shorter time: (-■-) 400 ns, (-○-) 700 ns, (-▲-) 2 μs, showing the increase of the signal at the maximum (c.a. 390 nm).

Figure V. 22 .

 22 Figure V.22. The transient absorption spectra from pulse radiolysis of Lys-Met (c = 1.99•10 -4 M) at pH = 5.76 in N 2 O-saturated aqueous solution recorded (-○-) 5 μs, (-▼-) 15 μs, (-◊-) 30 μs, (-■-) 100 μs after the electron beam pulse. Inset: the transient absorption spectra from the same experiment recorded at shorter time: (-■-) 150 ns, (-○-) 650 ns, (-▲-) 2.25 μs, showing the increase of the signal at the maximum (c.a. 290 nm).
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 23242526272829 Figure V.23. Left: ESI-FTICR-MS of a solution containing 1mM of Met-Lys and 3CB at pH~6 before irradiation (blank sample). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Right: ESI-FTICR-MS of a solution containing 1 mM of Met-Lys and 3CB at pH~6 after 60 min irradiation by a Hg-lamp in the absence of O 2 , excitation wavelength 365 nm. MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Samples of Met-Lys in 3CB were also irradiated using a continuous wavelength laser with excitation wavelength 355 nm. The corresponding mass spectra are presented in Figure V.24 and Figure S.V.8. The peak at m/z = 504.22 was trapped and fragmented yielding two fragment ions at m/z = 486.22 and 278.15 (Figure V.24 bottom and Figure S.V.9). The fragment ion at 486.22 was assigned as the loss of a water molecule from fragmented ion (with m/z = 504.22), while the ion at m/z = 278.15 belongs to an unchanged peptide molecule. Further investigation by MS/MS indicated, that product with m/z 504.22 was an adduct between

Figure V 30 .

 30 Reference sample (black line) contained two peaks with retention times 3.4 min and 24.8 min, which were assigned to the peptide and the sensitizer (3CB), respectively. The UV irradiation induced the formation of new peaks in the time range of 18 -19.1 min, 25.7 min and 26.4 min respectively. Their intensity increased with the time of irradiation. UV-Vis spectra were recorded for each eluting peak and they are presented in Figure S.V.13. Products in the range between 18 -19.1 min showed only one peak in the MS analysis, at m/z = 504.2 (Figure V.31).

Figure V. 30 .Figure V. 31 .

 3031 Figure V.30. HPLC chromatogram of solution containing 100 μL of Met-Lys (4•10 -3 M) and 3CB (2•10 -3 M) in 900 μL of water at pH ~ 6: before irradiation (black); after 1 min of irradiation in the absence of oxygen, λ ex = 355 nm (bleu); and after 5 min of irradiations (red). Monitored at 210 nm.

Figure V. 32 .

 32 Figure V.32. HPLC chromatogram of a solution containing 100 μL of Lys-Met (4•10 -3 M) and 3CB (2•10 -3 M) in 900 μL of water at pH ~ 6: before irradiation (black); after 1 min of irradiation in the absence of oxygen, λ ex = 355 nm (blue); and after 5 min of irradiations (red). Monitored at 210 nm.

Figure V. 33 .Table V. 9 .

 339 Figure V.33. ESI-MS of the fraction coming from the HPLC analysis of irradiated Lys-Met and 3CB at pH ~ 6, with a retention time of 18 min. Irradiation time 5 minutes (continuous laser, λ ex = 355 nm). MS analysis of 200 μL in MeOH:H 2 O 1:1 with 0.1 % of formic acid.

Figure V. 34 .Figure V. 35 .Figure V. 36 .

 343536 Figure V.34. ESI-MS of solution containing 10 -3 M of Met-Lys at pH~6: without catalase (left) before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in γ-source (left, bottom); with catalase (right, top) before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in a γ-source. Absorbed dose 678 Gy (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Sample irradiated without catalase.

Figure V. 38 : 2 OFigure V. 39 .

 38239 Figure V.38: IRMPD spectra recorded for (a) [(Met-Lys)H + ], (b) [(MetSO-Lys)H + ] without catalase and(c) and in presence of catalase in the 800-2000 cm -1 energy range. Source:[6] 

Figure V. 40 .

 40 Figure V.40. The chromatogram of Met-Lys before and after gamma irradiations in neutral N 2 O-saturated solutions in the absence of catalase.

Figure V. 41 .Figure V. 42 .Figure V. 43 .Figure V. 44 . 2 Figure V. 45 .

 41424344245 Figure V.41. ESI-MS of solution containing 10 -3 M of Lys-Met at pH ~ 6: before irradiation (top), after 59 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 11.5 Gy/min (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1% of formic acid. Sample irradiated without catalase.

Figure V. 46 .

 46 Figure V.46. Structures of products derived from the • OH induced oxidation of Met-containing peptides.

Figure V. 47 .

 47 Figure V.47. The possible fragmentation pattern of Met-Lys-Bradykinin in mass spectrometry

  The MS spectrum of the non-irradiated reference sample of Met-Lys-Bradykinin is presented in Figure V.48. It shows the peaks coming from single, double and triple protonation of MKBrad (Table V.18). The peak from 3CB was not visible in these conditions due to difficult protonation of 3CB. The CID-MS fragmentation of [MKBrad]2H + is presented in Figure V.49. Fragment ions are listed in Table

Figure V. 48 .Figure V. 49 .

 4849 Figure V.48. ESI-MS of non-irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.

Figure V. 50 .

 50 Figure V.50. ESI-MS of irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. Irradiated time 3 min., Ar-saturated, CW laser, λ ex = 355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.

Figure V. 51 .

 51 Figure V.51. ESI-MS of an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiated time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.

Figure V. 55 .Figure V. 52 .Figure V. 53 .

 555253 Figure V.52. CID-MS of ion with m/z = 773.34 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex =365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. The CID-MS spectrum of the second product, that appeared after UV irradiation at m/z = 668.34 (mass difference 16 Da) is presented in Figure V.53. The only fragment, that was found oxidized was b#3 at m/z = 432.24. All the remaining ''y'' fragments were non-oxidized. The CID-MS spectrum of m/z = 668.34 from lamp irradiation is presented in Figure S.V.30. The fragmentation pathway is similar to that for M+16 Da from laser irradiation. The oxidation was found only in the b#3 and b#7 fragments. This indicates that the sequence of Met-Lys-Arg was a target of 3CB-sensitized oxidation yielding probably the sulfoxide on the Met-residue.

Figure V. 54 .

 54 Figure V.54. CID-MS of the ion with m/z = 792.34 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. The fragmentation of m/z = 800.35 ([MKBrad+1Ox]+1H + +K + ) from irradiated MKBrad with 3CB by Hg-lamp is presented in Figure S.V.31. The fragment ion at m/z = 687.34 was assigned to oxidized MKBrad (z = 2, with one proton and one potassium). The fragmentation of 687.34 by SORI (sustained off-resonance irradiation) shows at non-oxidized y#8 fragment, and thus the oxidation should be located in the sequence Met-Lys-Arg.The CID-MS spectrum of the ion at m/z = 668.34 (M+1Ox) obtained during the irradiation in the presence of O 2 is presented on Figure S.V.32. The ''y'' fragments identified in fragmentation pattern were not oxidized. Looking at the fragmentation pattern, the sequence of Met-Lys-Arg was, again, the target of the 3CB-sensitized oxidation. The product with M+16 seems to be oxidized in the sequence Met-Lys due to the presence of oxidized b#2 and b#3 fragments, while all ''y'' fragments are non-oxidized.

Figure V. 55 .

 55 Figure V.55. Structures of products formed during 3CB-sensitized oxidation of Met-Lys-Bradykinin.

Figure V. 61 .Figure V. 62 .

 6162 Figure V.61. CID-MS of m/z = 668.35 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 30min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.

Figure V. 64 .

 64 Figure V.64. CID-MS of m/z = 676.35 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.

Figure V. 65 .Figure V. 66 .

 6566 Figure V.65. CID-MS of m/z = 684.348 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1. The fragmentation by CID of m/z=659.35 (ascribed to MKBrad-H 2 )2H + is presented in Figure V.66. Only b#3 and b#10 fragments were found with the mass loss -2 Da. This confirmed that the formation of a double bond occurs probably in the Met-Lys-Arg sequence.A similar product was identified for Lys-Met peptide described previously.

Figure V. 67 .,

 67 Figure V.67. The possible fragmentation pattern of Neurokinin B in mass spectrometry Table V.21. The calculated masses of ''y'' and ''b'' fragments for Neurokinin B

Figure V. 68 .Figure V. 70 .

 6870 Figure V.68. ESI-MS of a non-irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.

Figure V. 71 .Figure V. 72 .

 7172 Figure V.71. CID-MS of the ion with m/z = 719.28 (z = 2) from an irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 3 min., Ar-saturated, CW laser, λ ex =355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.

Figure V. 73 .

 73 Figure V.73. The UV-Vis spectra of OXB and SB at different pH.

Figure V. 77 .

 77 

Figure V. 74 .

 74 Figure V.74. Absorption trace recorded at 580 nm for OXB in aqueous solution (λ ex = 340 nm). Inset: Transient absorption spectra recorded after different delay times from laser pulse for OXB in water.

Figure V. 75 .Figure V. 76 .Figure V. 77 .

 757677 Figure V.75. Transient absorption spectra from nanosecond laser flash photolysis recorded for OXB (c = 1•10 -4 M) in AcN after different delay times following the laser pulse (pulse energy ~ 20mJ, λex = 355 nm). Legend: (-■-) 600 ns; (-○-) 6 μs; (-▼-) 40 μs; (-Δ-) 150 μs; (-•-) 250 μs

Figure V. 78 .Figure V. 78 .Figure V. 79 .

 787879 Figure V.78. Transient absorption spectra recorded during pulse radiolysis of OXB (left) and SB (right) in the N 2 Osaturated aqueous solution containing 1.25•10 -4 M of sunscreen filter at pH ~ 10. Dose rate 20 Gy / pulse. Legend for OXB spectrum: spectra recorded at (-■-) 100 μs; (-○-) 250 μs; (-▲-) 700 μs; (-◊-) 2.5 ms after electron beam pulse. Legend for SB spectrum: spectra recorded at (-■-) 600 μs; (-○-) 24 μs; (-▼-) 100 μs; (-◊-) 500 μs after electron beam pulse.

O

  

Figure V. 80 .

 80 Figure V.80. Proposed reaction scheme for the reaction between hydroxyl radicals and OXB/SB in N 2 O saturated solution during pulse radiolysis. Reaction with solvated electron e aq -Reaction of e aq -with OXB and SB has been studied in deaerated aqueous solutions containing 1.25x10 -4 M of given sunscreen molecules and 0.1 M tert-butyl alcohol at pH ~ 6 and higher. The transient absorption spectra recorded after different time from electron beam have been presented in Figure V.81. Spectra in Figure V.81a recorded after 5 us, 8 us, 20 us and 40 us respectively, presents the species derived from the reaction of SB with e aq -at pH ~ 6.

Figure V. 81 . 1 .

 811 Figure V.81. Transient absorption spectra recorded during pulse radiolysis of SB (1.25•10 -4 M) at pH ~ 6 (A) and at pH = 10.2 (B) in the Ar-saturated aqueous solution with 0.1 M of tert-butanol. Dose rate 20 Gy / pulse. Legend for spectrum at pH~6: spectra recorded at (-○-) 5 μs; (-▼-) 8 μs; (-□-) 20 μs; (-•-) 40 μs after electron beam pulse. Legend for SB spectrum: spectra recorded at (-○-) 6 μs; (-▼-) 40 μs; (-□-) 100 μs; (-■-) 120 μs after electron beam pulse.

Figure V. 82 .

 82 Figure V.82. The calculation of pKa value of the acid-base equilibria presented in Scheme V.1.

1 .

 1 Scheme VI.1. Proposed scheme of reactions occurring after Met-residue oxidation by OH radicals or excited triplet state 3 (3CB)*.

4 .

 4 Scheme VI.4. Mechanism of decarboxylation induced by the reaction of Lys-Met with hydroxyl radicals.

1 .

 1 Oxidation of the Pro residue yielding hydroxyproline (+16 Da),  Oxidation of the Met to Met(S=O) (+ 16Da). Some examples of products identified after oxidation of Met-Lys-Bradykinin are presented in Figure VI.The oxidation of Met to the sulfoxide was identified via the observations of b#3+16 Da fragments and the loss of CH 3 SOH from the molecule. In some fractions of triply oxidized Met-Lys-Bradykinin, the formation of the sulfone was found.

Figure VI. 1 .

 1 Figure VI.1. Examples of products formed after the radiolytic oxidation by • OH radicals of Met-Lys-Bradykinin.

Figure VI. 2 .Figure S.V. 4 .Figure S.V. 5 .Figure S.V. 6 .Figure S.V. 7 .

 24567 Figure VI.2. Reactions occurring after the excitation of OXB (R 1 -OCH 3 , R 2 -H) or SB (R 1 -OCH 3 , R 2 -SO 3 H) in laser flash photolysis in polar and non-polar medium.

Figure S.V. 8 .Figure S.V. 9 .Figure S.V. 10 .

 8910 Figure S.V.8. ESI-FTICR-MS of solution containing 1 mM of Met-Lys and 3CB at pH = 11 after 5 min irradiation by CW laser in the absence of O 2 , 50 mW, excitation wavelength 355 nm. MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1% of formic acid.

Figure S.V. 11 .Figure S.V. 12 .Figure S.V. 13 .Figure S.V. 14 . 3 Figure S.V. 15 . 3 Figure S.V. 16 . 3 Figure S.V. 17 . 4 Figure S.V. 18 .

 11121314315316317418 Figure S.V.11. ESI-FTICR-MS of solution containing 10 -3 M of Lys-Met and 3CB at pH 7: before irradiation (top), after 90 min irradiation of deoxygenated solution by Hg-lamp, excitation wavelength 365 nm, (down). MS analysis of 200 μL in 1000 μL AcN:H2O 1:1 with 0.1 % of formic acid.

Figure S.V. 19 .Figure S.V. 22 .Figure S.V. 23 . 3 Figure S.V. 24 .bFigure S.V. 25 . 3 Figure S.V. 26 . 3 Figure S.V. 27 .Figure S.V. 28 .Figure S.V. 29 .Figure S.V. 30 .Figure S.V. 31 .Figure S.V. 32 .

 192223324253263272829303132 Figure S.V.19. CID-FTICR-MS-MS of adducts formed in solutions of Met-containing dipepides with 3CB formed under UV-irradiation in the presence of Ar. MS analysis of 100 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.

Figure I. 1 .

 1 Figure I.1. Reference spectra of transient species formed as a result of Met-containing oxidation by • OH radicals.Legend: (-▼-) (S∴N) + radical cation (ε 390 = 4500 M -1 cm -1 ); (-◄-) (S∴S) + radical cation (ε 480 = 7300 M -1 cm -1 ); (-•-) (S∴O) + radical cation (ε 390 = 3250 M -1 cm -1 ); (-■-) αC radicals (ε 360 = 3400 M -1 cm -1 ); (-○-) α-S radicals (ε 290 = 3000 M -1 cm -1 ); (-▲-) >S • -OH (ε 360 = 3500 M -1 cm -1 ). Figure I.2. Structures of cyclo-(L-Met-D-Met) and cyclo-(L-Met-L-Met) peptides.Figure I.3. Transient absorption spectra of species derived from excitation of 3CB. (-■-) 3 (3CB)* excited triplet state, (-▲-) 3CBH • ketyl radical, (-•-) 3CB •-radical anion. Figure I. 4. Methylthionorbonyl derivatives used as model compounds for the investigation of spectral differences between (S∴O) + and (S∴N) + . Figure I.5. S-(alkyl)-glutathione structure. R: -CH 3 , -CH 2 CH 3 , -(CH 2 ) 2 CH 3 . Figure I.6. Structures of radicals derived from aliphatic amino acids Ala and Gly during oxidation by • OH radicals. R=H for Gly, R=CH 3 for Ala. Source: [96].Figure I.7. Structures of radicals derived during oxidation of Lys and Arg by • OH radicals.Figure I.8. The structure of 2-oxo-histidine derived from the oxidation by • OH radicals.Figure I.9. Structures of investigated benzophenone derivatives.Figure I.10. The excited state intramolecular proton transfer occurring after photon absorption by OXB molecule.Figure I.11. The possible rotation of OXB molecule in protic polar solvent.Figure I.12. Structures of investigated Met-containing peptides

Figure I. 2 .Figure I. 3 .Figure I. 4 .Figure I. 6 .Figure I. 12 .

 234612 Figure I.1. Reference spectra of transient species formed as a result of Met-containing oxidation by • OH radicals.Legend: (-▼-) (S∴N) + radical cation (ε 390 = 4500 M -1 cm -1 ); (-◄-) (S∴S) + radical cation (ε 480 = 7300 M -1 cm -1 ); (-•-) (S∴O) + radical cation (ε 390 = 3250 M -1 cm -1 ); (-■-) αC radicals (ε 360 = 3400 M -1 cm -1 ); (-○-) α-S radicals (ε 290 = 3000 M -1 cm -1 ); (-▲-) >S • -OH (ε 360 = 3500 M -1 cm -1 ). Figure I.2. Structures of cyclo-(L-Met-D-Met) and cyclo-(L-Met-L-Met) peptides.Figure I.3. Transient absorption spectra of species derived from excitation of 3CB. (-■-) 3 (3CB)* excited triplet state, (-▲-) 3CBH • ketyl radical, (-•-) 3CB •-radical anion. Figure I. 4. Methylthionorbonyl derivatives used as model compounds for the investigation of spectral differences between (S∴O) + and (S∴N) + . Figure I.5. S-(alkyl)-glutathione structure. R: -CH 3 , -CH 2 CH 3 , -(CH 2 ) 2 CH 3 . Figure I.6. Structures of radicals derived from aliphatic amino acids Ala and Gly during oxidation by • OH radicals. R=H for Gly, R=CH 3 for Ala. Source: [96].Figure I.7. Structures of radicals derived during oxidation of Lys and Arg by • OH radicals.Figure I.8. The structure of 2-oxo-histidine derived from the oxidation by • OH radicals.Figure I.9. Structures of investigated benzophenone derivatives.Figure I.10. The excited state intramolecular proton transfer occurring after photon absorption by OXB molecule.Figure I.11. The possible rotation of OXB molecule in protic polar solvent.Figure I.12. Structures of investigated Met-containing peptides Chapter II.
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 1234679 Figure II.1. A diagram of electromagnetic spectrum, showing wavelength classification.Figure II.2. Potential energy curves for the ground state and an excited state of a diatomic molecule. r -bond length, A -absorbance, F -fluorescence, ν 0 , 1… -vibrational ground state, ν' 0 , 1… -vibrational excited states.Figure II.3. Jabłoński diagram. S 0 -singlet ground state; S 1 , S 2 , T 1 , T 2 -excited singlet/triplet states. The absorption (A) and transient absorption (TA) and radiative processes (F-fluorescence, P-phosphorescence) are presented by solid-line arrows. The radiation less processes are depicted as dashed-line arrows (VR-vibrational relaxation, ISC-intersystem crossing, IC-internal conversion). R-photochemical reaction, +Q -quenching via an electron or energy transfer. Figure II.4. Schematic diagrams for Dexter (a) and Förster (b) energy transfer Figure II.5. Schematic diagram for electron transfer between donor molecule Q and acceptor molecule M. Figure II.6. The principle of pump-probe experiment. Figure II.7. Scheme of nano-second laser flash photolysis set-up Figure II.8. Scheme of femto-second transient absorption spectrometer. L -lens, M -mirror, FM -focusing mirror, FC -fiber coupler.Figure II.9. Continuous wavelength laser irradiation set-up. Excitation wavelength at 355 nm.

Figure III. 1 .Figure III. 2 .

 12 Figure III.1. Scheme of pulse radiolysis set-up.Figure III.2. Scheme of 60 Co source.

Figure IV. 1 .

 1 Figure IV.1. Separation of molecules during reversed phase HPLC.Figure IV.2. The flowchart of mass spectrometer.Figure IV.3. The scheme of electrospray ionization technique applied in MS.Figure IV.4. A schematic view of a quadrupole ion trap mass analyzer applied in MS.Figure IV.5. The model of IR multiphoton absorption by harmonic molecule (left) and molecules with anharmonic effects according to Intramolecular Vibrational Energy Redistribution.Figure IV.6. The principle of IRMPD spectroscopy coupled with MS.
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 2 Figure IV.1. Separation of molecules during reversed phase HPLC.Figure IV.2. The flowchart of mass spectrometer.Figure IV.3. The scheme of electrospray ionization technique applied in MS.Figure IV.4. A schematic view of a quadrupole ion trap mass analyzer applied in MS.Figure IV.5. The model of IR multiphoton absorption by harmonic molecule (left) and molecules with anharmonic effects according to Intramolecular Vibrational Energy Redistribution.Figure IV.6. The principle of IRMPD spectroscopy coupled with MS.
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 3 Figure IV.1. Separation of molecules during reversed phase HPLC.Figure IV.2. The flowchart of mass spectrometer.Figure IV.3. The scheme of electrospray ionization technique applied in MS.Figure IV.4. A schematic view of a quadrupole ion trap mass analyzer applied in MS.Figure IV.5. The model of IR multiphoton absorption by harmonic molecule (left) and molecules with anharmonic effects according to Intramolecular Vibrational Energy Redistribution.Figure IV.6. The principle of IRMPD spectroscopy coupled with MS.
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 4 Figure IV.1. Separation of molecules during reversed phase HPLC.Figure IV.2. The flowchart of mass spectrometer.Figure IV.3. The scheme of electrospray ionization technique applied in MS.Figure IV.4. A schematic view of a quadrupole ion trap mass analyzer applied in MS.Figure IV.5. The model of IR multiphoton absorption by harmonic molecule (left) and molecules with anharmonic effects according to Intramolecular Vibrational Energy Redistribution.Figure IV.6. The principle of IRMPD spectroscopy coupled with MS.
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 5 Figure IV.1. Separation of molecules during reversed phase HPLC.Figure IV.2. The flowchart of mass spectrometer.Figure IV.3. The scheme of electrospray ionization technique applied in MS.Figure IV.4. A schematic view of a quadrupole ion trap mass analyzer applied in MS.Figure IV.5. The model of IR multiphoton absorption by harmonic molecule (left) and molecules with anharmonic effects according to Intramolecular Vibrational Energy Redistribution.Figure IV.6. The principle of IRMPD spectroscopy coupled with MS.

Figure V. 1 .

 1 Figure V.1. Left: kinetic traces at 520 nm from 3 (3CB)* triplet state quenching experiment in aqueous basic solution (pH = 11) by different concentrations of Lys-Met, from 0.1 mM to 6.0 mM. [3CB] = 2 mM. Right: the Stern-Volmer plot according to formula II.13 for the quenching of excited triplet state of 3CB by Lys-Met in aqueous solution at pH ~ 6 (○) and pH = 11 (□).Figure V.2. Left:The evolution of transient absorption spectra from 3CB-sensitized oxidation of Met-Lys (6•10 -3 M) at pH~6. The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with energy of the laser pulse ~5 mJ and the excitation wavelength of 355 nm. Spectra were recorded at different times from laser pulse: -■-70 ns, -○-100 ns, -▲-160 ns, -◊-5 μs. Right: Kinetic traces recorded at 520 nm (--) and 550 nm (--) for 3CB in aqueous solution with Met-Lys at pH~6. The kinetic at 520 nm is ascribed to the decay of 3 (3CB)*, while the trace at 550 nm was recorded in the maximum absorption of 3CBH • . The remaining offset belongs to the long-lived 3CB •-ketyl radical. Figure V.3. Resolution of the spectral components in the transient absorption spectrum (A) 70 ns, (B) 100 ns, (C) 160 ns and (D) 5 μs after laser pulse following quenching of 3 (3CB)* by Met-Lys (6•10 -3 M) in aqueous solution o 4•10 -3 M 3CB at pH ~ 6. -▲-3CBH • ketyl radical, -•-3CB •-radical anion, -■-3 (3CB)* triplet state, -▼-(S∴N) + radical cation, -◊-sum of spectra decomposition components, ---experimental time resolved spectrum.Figure V.4. Concentration profiles of transients produced in the laser flash photolysis of an aqueous solution of Met-Lys (6•10 -3 M) with 3CB (4•10 -3 M) at neutral medium (pH ~ 6) (left) basic medium (pH = 11) (right). Legend: -▲-3CBH • ketyl radical, -•-3CB •-radical anion, -■-3 (3CB)* triplet state, -▼-(S∴N) + radical cation.Figure V.5. Left: The evolution of transient absorption spectra from 3CB-sensitized oxidation of Met-Lys (6•10 -3 M) at pH = 11. The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with energy of the laser pulse ~5 mJ and the excitation wavelength of 355 nm. Spectra recorded at different times following the laser pulse: -■-70 ns, -○-120 ns, -▲-180 ns, -◊-4 μs. Right: Kinetic traces at 520 nm (--) and 550 nm (--) recorded for quenching experiment of 3 (3CB)* in aqueous solution by Met-Lys (c = 6•10 -3 M) at pH = 11. The kinetics at 520 nm is ascribed to the decay of 3 (3CB)*, while the trace at 600 nm was recorded at the maximum of the absorption band of 3CB •-. Figure V.6. Resolution of the spectral components in the transient absorption spectrum (A) 70 ns, (B) 120 ns, (C) 180 ns and (D) 4 μs after laser pulse following quenching of 3 (3CB)* by Met-Lys (6•10 -3 M) in aqueous solution o 4•10 -3 M 3CB at pH = 11. -▲-3CBH • ketyl radical, -•-3CB •-radical anion, -■-3 (3CB)* triplet state, -▼-(S∴N) + radical cation, -◊sum of spectra decomposition components, ---experimental time resolved spectrum.Figure V.7. The evolution of transient absorption spectra from 3CB-sensitized oxidation of Lys-Met (6•10 -3 M):(left) at pH~6, spectra recorded at different delay times from the laser pulse: -■-70 ns, -○-100 ns, -▲-140 ns, -◊-6 μs; (right) in basic medium, pH = 11.2, at different delay times from the laser pulse: -■-70 ns; -○-120ns; -▲-200 ns; -◊-6 μs. The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~ 5mJ and excitation wavelength of 355 nm. Figure V.8. Resolution of the spectral components in the transient absorption spectrum (A) 100 ns, (B) 140 ns, (C) 600 ns and (D) 6μs after the laser pulse following quenching of 3 (3CB)* by Lys-Met (6•10 -3 M) in an aqueous solution of 4•10 -3 M 3CB at pH ~ 6. (-▲-) 3CBH • ketyl radical; (-■-) 3 (3CB)* triplet state; (-◄-) (S∴S) + radical cation, (-◊-) sum of spectra decomposition components, ---experimental time resolved spectrum.Figure V.9. Resolution of the spectral components in the transient absorption spectrum (A) 70 ns, (B) 100 ns, (C) 260 ns and (D) 6μs after the laser pulse following quenching of 3 (3CB)* by Lys-Met (6•10 -3 M) in an aqueous solution of 4•10 -3 M 3CB at pH = 11.2. (-▲-) 3CBH • ketyl radical; (-■-) 3 (3CB)* triplet state; (-•-) 3CB •- radical anion; (-▼-) (S∴N) + radical cation, (-◊-) sum of spectra decomposition components, ---experimental time resolved spectrum.Figure V.10. Concentration profiles of transients derived in the laser flash photolysis of an aqueous solution of Lys-Met (6•10 -3 M) and 3CB (4•10 -3 M) at pH ~ 6 (left) and in basic solution (right, pH 11.2). Legend: (-▲-black) 3CBH • ketyl radical; (-•-cyan) 3CB •-radical anion; (-■-yellow) 3 (3CB)* triplet state; (-◄-green) (S∴S) + radical cation, (-▼-) (S∴N) + radical cation.
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 236789 Figure V.1. Left: kinetic traces at 520 nm from 3 (3CB)* triplet state quenching experiment in aqueous basic solution (pH = 11) by different concentrations of Lys-Met, from 0.1 mM to 6.0 mM. [3CB] = 2 mM. Right: the Stern-Volmer plot according to formula II.13 for the quenching of excited triplet state of 3CB by Lys-Met in aqueous solution at pH ~ 6 (○) and pH = 11 (□).Figure V.2. Left:The evolution of transient absorption spectra from 3CB-sensitized oxidation of Met-Lys (6•10 -3 M) at pH~6. The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with energy of the laser pulse ~5 mJ and the excitation wavelength of 355 nm. Spectra were recorded at different times from laser pulse: -■-70 ns, -○-100 ns, -▲-160 ns, -◊-5 μs. Right: Kinetic traces recorded at 520 nm (--) and 550 nm (--) for 3CB in aqueous solution with Met-Lys at pH~6. The kinetic at 520 nm is ascribed to the decay of 3 (3CB)*, while the trace at 550 nm was recorded in the maximum absorption of 3CBH • . The remaining offset belongs to the long-lived 3CB •-ketyl radical. Figure V.3. Resolution of the spectral components in the transient absorption spectrum (A) 70 ns, (B) 100 ns, (C) 160 ns and (D) 5 μs after laser pulse following quenching of 3 (3CB)* by Met-Lys (6•10 -3 M) in aqueous solution o 4•10 -3 M 3CB at pH ~ 6. -▲-3CBH • ketyl radical, -•-3CB •-radical anion, -■-3 (3CB)* triplet state, -▼-(S∴N) + radical cation, -◊-sum of spectra decomposition components, ---experimental time resolved spectrum.Figure V.4. Concentration profiles of transients produced in the laser flash photolysis of an aqueous solution of Met-Lys (6•10 -3 M) with 3CB (4•10 -3 M) at neutral medium (pH ~ 6) (left) basic medium (pH = 11) (right). Legend: -▲-3CBH • ketyl radical, -•-3CB •-radical anion, -■-3 (3CB)* triplet state, -▼-(S∴N) + radical cation.Figure V.5. Left: The evolution of transient absorption spectra from 3CB-sensitized oxidation of Met-Lys (6•10 -3 M) at pH = 11. The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with energy of the laser pulse ~5 mJ and the excitation wavelength of 355 nm. Spectra recorded at different times following the laser pulse: -■-70 ns, -○-120 ns, -▲-180 ns, -◊-4 μs. Right: Kinetic traces at 520 nm (--) and 550 nm (--) recorded for quenching experiment of 3 (3CB)* in aqueous solution by Met-Lys (c = 6•10 -3 M) at pH = 11. The kinetics at 520 nm is ascribed to the decay of 3 (3CB)*, while the trace at 600 nm was recorded at the maximum of the absorption band of 3CB •-. Figure V.6. Resolution of the spectral components in the transient absorption spectrum (A) 70 ns, (B) 120 ns, (C) 180 ns and (D) 4 μs after laser pulse following quenching of 3 (3CB)* by Met-Lys (6•10 -3 M) in aqueous solution o 4•10 -3 M 3CB at pH = 11. -▲-3CBH • ketyl radical, -•-3CB •-radical anion, -■-3 (3CB)* triplet state, -▼-(S∴N) + radical cation, -◊sum of spectra decomposition components, ---experimental time resolved spectrum.Figure V.7. The evolution of transient absorption spectra from 3CB-sensitized oxidation of Lys-Met (6•10 -3 M):(left) at pH~6, spectra recorded at different delay times from the laser pulse: -■-70 ns, -○-100 ns, -▲-140 ns, -◊-6 μs; (right) in basic medium, pH = 11.2, at different delay times from the laser pulse: -■-70 ns; -○-120ns; -▲-200 ns; -◊-6 μs. The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~ 5mJ and excitation wavelength of 355 nm. Figure V.8. Resolution of the spectral components in the transient absorption spectrum (A) 100 ns, (B) 140 ns, (C) 600 ns and (D) 6μs after the laser pulse following quenching of 3 (3CB)* by Lys-Met (6•10 -3 M) in an aqueous solution of 4•10 -3 M 3CB at pH ~ 6. (-▲-) 3CBH • ketyl radical; (-■-) 3 (3CB)* triplet state; (-◄-) (S∴S) + radical cation, (-◊-) sum of spectra decomposition components, ---experimental time resolved spectrum.Figure V.9. Resolution of the spectral components in the transient absorption spectrum (A) 70 ns, (B) 100 ns, (C) 260 ns and (D) 6μs after the laser pulse following quenching of 3 (3CB)* by Lys-Met (6•10 -3 M) in an aqueous solution of 4•10 -3 M 3CB at pH = 11.2. (-▲-) 3CBH • ketyl radical; (-■-) 3 (3CB)* triplet state; (-•-) 3CB •- radical anion; (-▼-) (S∴N) + radical cation, (-◊-) sum of spectra decomposition components, ---experimental time resolved spectrum.Figure V.10. Concentration profiles of transients derived in the laser flash photolysis of an aqueous solution of Lys-Met (6•10 -3 M) and 3CB (4•10 -3 M) at pH ~ 6 (left) and in basic solution (right, pH 11.2). Legend: (-▲-black) 3CBH • ketyl radical; (-•-cyan) 3CB •-radical anion; (-■-yellow) 3 (3CB)* triplet state; (-◄-green) (S∴S) + radical cation, (-▼-) (S∴N) + radical cation.
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 10 Figure V.1. Left: kinetic traces at 520 nm from 3 (3CB)* triplet state quenching experiment in aqueous basic solution (pH = 11) by different concentrations of Lys-Met, from 0.1 mM to 6.0 mM. [3CB] = 2 mM. Right: the Stern-Volmer plot according to formula II.13 for the quenching of excited triplet state of 3CB by Lys-Met in aqueous solution at pH ~ 6 (○) and pH = 11 (□).Figure V.2. Left:The evolution of transient absorption spectra from 3CB-sensitized oxidation of Met-Lys (6•10 -3 M) at pH~6. The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with energy of the laser pulse ~5 mJ and the excitation wavelength of 355 nm. Spectra were recorded at different times from laser pulse: -■-70 ns, -○-100 ns, -▲-160 ns, -◊-5 μs. Right: Kinetic traces recorded at 520 nm (--) and 550 nm (--) for 3CB in aqueous solution with Met-Lys at pH~6. The kinetic at 520 nm is ascribed to the decay of 3 (3CB)*, while the trace at 550 nm was recorded in the maximum absorption of 3CBH • . The remaining offset belongs to the long-lived 3CB •-ketyl radical. Figure V.3. Resolution of the spectral components in the transient absorption spectrum (A) 70 ns, (B) 100 ns, (C) 160 ns and (D) 5 μs after laser pulse following quenching of 3 (3CB)* by Met-Lys (6•10 -3 M) in aqueous solution o 4•10 -3 M 3CB at pH ~ 6. -▲-3CBH • ketyl radical, -•-3CB •-radical anion, -■-3 (3CB)* triplet state, -▼-(S∴N) + radical cation, -◊-sum of spectra decomposition components, ---experimental time resolved spectrum.Figure V.4. Concentration profiles of transients produced in the laser flash photolysis of an aqueous solution of Met-Lys (6•10 -3 M) with 3CB (4•10 -3 M) at neutral medium (pH ~ 6) (left) basic medium (pH = 11) (right). Legend: -▲-3CBH • ketyl radical, -•-3CB •-radical anion, -■-3 (3CB)* triplet state, -▼-(S∴N) + radical cation.Figure V.5. Left: The evolution of transient absorption spectra from 3CB-sensitized oxidation of Met-Lys (6•10 -3 M) at pH = 11. The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with energy of the laser pulse ~5 mJ and the excitation wavelength of 355 nm. Spectra recorded at different times following the laser pulse: -■-70 ns, -○-120 ns, -▲-180 ns, -◊-4 μs. Right: Kinetic traces at 520 nm (--) and 550 nm (--) recorded for quenching experiment of 3 (3CB)* in aqueous solution by Met-Lys (c = 6•10 -3 M) at pH = 11. The kinetics at 520 nm is ascribed to the decay of 3 (3CB)*, while the trace at 600 nm was recorded at the maximum of the absorption band of 3CB •-. Figure V.6. Resolution of the spectral components in the transient absorption spectrum (A) 70 ns, (B) 120 ns, (C) 180 ns and (D) 4 μs after laser pulse following quenching of 3 (3CB)* by Met-Lys (6•10 -3 M) in aqueous solution o 4•10 -3 M 3CB at pH = 11. -▲-3CBH • ketyl radical, -•-3CB •-radical anion, -■-3 (3CB)* triplet state, -▼-(S∴N) + radical cation, -◊sum of spectra decomposition components, ---experimental time resolved spectrum.Figure V.7. The evolution of transient absorption spectra from 3CB-sensitized oxidation of Lys-Met (6•10 -3 M):(left) at pH~6, spectra recorded at different delay times from the laser pulse: -■-70 ns, -○-100 ns, -▲-140 ns, -◊-6 μs; (right) in basic medium, pH = 11.2, at different delay times from the laser pulse: -■-70 ns; -○-120ns; -▲-200 ns; -◊-6 μs. The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~ 5mJ and excitation wavelength of 355 nm. Figure V.8. Resolution of the spectral components in the transient absorption spectrum (A) 100 ns, (B) 140 ns, (C) 600 ns and (D) 6μs after the laser pulse following quenching of 3 (3CB)* by Lys-Met (6•10 -3 M) in an aqueous solution of 4•10 -3 M 3CB at pH ~ 6. (-▲-) 3CBH • ketyl radical; (-■-) 3 (3CB)* triplet state; (-◄-) (S∴S) + radical cation, (-◊-) sum of spectra decomposition components, ---experimental time resolved spectrum.Figure V.9. Resolution of the spectral components in the transient absorption spectrum (A) 70 ns, (B) 100 ns, (C) 260 ns and (D) 6μs after the laser pulse following quenching of 3 (3CB)* by Lys-Met (6•10 -3 M) in an aqueous solution of 4•10 -3 M 3CB at pH = 11.2. (-▲-) 3CBH • ketyl radical; (-■-) 3 (3CB)* triplet state; (-•-) 3CB •- radical anion; (-▼-) (S∴N) + radical cation, (-◊-) sum of spectra decomposition components, ---experimental time resolved spectrum.Figure V.10. Concentration profiles of transients derived in the laser flash photolysis of an aqueous solution of Lys-Met (6•10 -3 M) and 3CB (4•10 -3 M) at pH ~ 6 (left) and in basic solution (right, pH 11.2). Legend: (-▲-black) 3CBH • ketyl radical; (-•-cyan) 3CB •-radical anion; (-■-yellow) 3 (3CB)* triplet state; (-◄-green) (S∴S) + radical cation, (-▼-) (S∴N) + radical cation.
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 11121314 Figure V.11. The evolution of transient absorption spectra from 4•10 -3 M 3CB-sensitized oxidation of (left) 10•10 - 3 M Lys-Met and (right) 20•10 -3 M Lys-Met at pH ~ 6. The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~5 mJ and an excitation wavelength of 355 nm. Spectra recorded at different delay times from the laser pulse: -Δ-180 ns, -○-800 ns, -□-3 μs, -◊-15 μs.Figure V.12. Concentration profiles of transients derived in the laser flash photolysis of an aqueous solution of 10•10 -3 M Lys-Met (left) and 20•10 -3 M Lys-Met (right) with 3CB (4•10 -3 M) at neutral pH~6. (-▲-) 3CBH • ketyl radical; (-◄-) (S∴S) + radical cation; (-■-) 3 (3CB)* triplet state; (-▼-) (S∴N) + radical cation.Figure V.13. The evolution of transient absorption spectra from 3CB-sensitized oxidation of 6•10 -3 M Met-Asp in neutral solutions. The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with the energy of the laser pulse ~5mJ and an excitation wavelength of 355 nm. Spectra recorded at different delay times from laser pulse: -■-100 ns, -○-240 ns, -▼-1 μs, -•-10 μs.Figure V.14. The evolution of transient absorption spectra from the 3CB-sensitized oxidation of 6•10 -3 M Asp-Met-OMe at pH ~ 6 (left) and at pH = 11.3 (right). The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~5 mJ and an excitation wavelength of 355 nm. Spectra recorded at different delay times from laser pulse: -■-100 ns, -○-240 ns, -▼-1 μs, -◊-10 μs.Figure V.15. The evolution of transient absorption spectra from 3CB-sensitized oxidation of 6•10 -3 M Met-Leu at pH ~ 6 (left) and at pH = 11.4 (right). The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~5 mJ and an excitation wavelength of 355 nm. Spectra recorded at different delay times from the laser pulse: -■-100 ns, -○-160 ns, -▼-400 ns, -◊-8 μs.Figure V.16. The evolution of transient absorption spectra from 3CB-sensitized oxidation of 6•10 -3 M Leu-Met at pH ~ 6 (left) and at pH = 11.2 (right). The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~5 mJ and an excitation wavelength of 355 nm. Spectra recorded at different delay times from laser pulse: -■-80 ns, -○-140 ns, -▼-500 ns, -◊-7 μs.Figure V.17. The evolution of transient absorption spectra from 3CB-sensitized oxidation of 6•10 -3 M Leu-Met-NH 2 at pH ~ 6 (left) and at pH = 11.4 (right). The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~5 mJ and an excitation wavelength of 355nm. Spectra recorded at different delay times from the laser pulse: -■-80 ns, -○-110 ns, -▼-200 ns, -◊-7 μs. Figure V.18. The evolution of transient absorption spectra from 3CB-sensitized oxidation of 6•10 -3 M Met-His at pH ~ 6 (left) and at pH = 11.0 (right). The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~5 mJ and an excitation wavelength of 355 nm. Spectra recorded at different delay times from the laser pulse: -■-90 ns, -○-160 ns, -▼-300 ns, -◊-40 μs. Figure V.19. Reference spectra of some transient species formed in the oxidation of Met-containing peptides by
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 16171920 The evolution of transient absorption spectra from 3CB-sensitized oxidation of 6•10 -3 M Leu-Met at pH ~ 6 (left) and at pH = 11.2 (right). The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~5 mJ and an excitation wavelength of 355 nm. Spectra recorded at different delay times from laser pulse: -■-80 ns, -○-140 ns, -▼-500 ns, -◊-7 μs. The evolution of transient absorption spectra from 3CB-sensitized oxidation of 6•10 -3 M Leu-Met-NH 2 at pH ~ 6 (left) and at pH = 11.4 (right). The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~5 mJ and an excitation wavelength of 355nm. Spectra recorded at different delay times from the laser pulse: -■-80 ns, -○-110 ns, -▼-200 ns, -◊-7 μs. Figure V.18. The evolution of transient absorption spectra from 3CB-sensitized oxidation of 6•10 -3 M Met-His at pH ~ 6 (left) and at pH = 11.0 (right). The concentration of 3CB was 4•10 -3 M. Time resolved laser flash photolysis was performed in the absence of oxygen, with an energy of the laser pulse ~5 mJ and an excitation wavelength of 355 nm. Spectra recorded at different delay times from the laser pulse: -■-90 ns, -○-160 ns, -▼-300 ns, -◊-40 μs. Reference spectra of some transient species formed in the oxidation of Met-containing peptides by • OH radicals: (-■-) αC radicals, (-○-) α-S radicals, (-▲-) >S • -OH. The transient absorption spectra from pulse radiolysis of Met-Lys (c = 1.96•10 -4 M) at pH = 5.79 in N 2 O-saturated aqueous solution recorded (-■-) 5 μs, (-▼-) 20 μs, (-○-) 50 μs, (-Δ-) 150 μs after the electron beam pulse. Inset: the transient absorption spectra from the same experiment recorded at shorter time: (-■-) 400 ns, (-○-) 700 ns, (-▲-) 2 μs, showing the increase of the signal at the maximum (c.a. 390 nm).

Figure V. 21 .

 21 Concentration profiles from pulse radiolysis of Met-Lys (c=1.96•10 -4 M) in aqueous solution at pH = 5.79 (left) and at pH = 10.22 (right) in N 2 O-saturated solution. Legend: (-○-) α-S radicals, (-▼-) (S∴N) + radical cation.
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 22 The transient absorption spectra from pulse radiolysis of Lys-Met (c = 1.99•10 -4 M) at pH = 5.76 in N 2 O-saturated aqueous solution recorded (-○-) 5 μs, (-▼-) 15 μs, (-◊-) 30 μs, (-■-) 100 μs after the electron beam pulse. Inset: the transient absorption spectra from the same experiment recorded at shorter time: (-■-) 150 ns, (-○-) 650 ns, (-▲-) 2.25 μs, showing the increase of the signal at the maximum (c.a. 290 nm).
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  Figure V.23. Left: ESI-FTICR-MS of a solution containing 1mM of Met-Lys and 3CB at pH~6 before irradiation (blank sample). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Right: ESI-FTICR-MS of a solution containing 1 mM of Met-Lys and 3CB at pH~6 after 60 min irradiation by a Hg-lamp in the absence of O 2 , excitation wavelength 365 nm. MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Figure V.24. ESI-FTICR-MS of solution containing 1 mM of Met-Lys and 3CB at pH 6: before irradiation (top), after 5 min irradiation of deoxygenated solution by CW laser, excitation wavelength 355 nm, 50 mW (center), CID spectra of ion with m/z = 504 from irradiated sample (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.25. Structures of product derived from the 3CB-sensitized photo-oxidation of Met-Lys in aqueous solution at pH ~ 6 and higher.Figure V.26. ESI-FTICR-MS of solution containing 10 -3 M of Lys-Met and 3CB at pH 7: before irradiation (top), after 5 min irradiation of a deoxygenated solution by the CW laser, excitation wavelength 355 nm, 50 mW (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.27. ESI-FTICR-MS of solution containing 10 -3 M of Lys-Met and 3CB at pH 11.2: before irradiation (top), after 5 min irradiation of deoxygenated solution by a CW laser, excitation wavelength 355nm, 50mW (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.28. CID-MS of m/z = 504.2 from an irradiated solution of Lys-Met and 3CB at pH 11.2, irradiation time 90 minutes, Hg-lamp, λ ex = 365nm. MS analysis of 200 μL in MeOH:H 2 O 1:1 with 0.1 % of formic acid.Figure V.29. Structures of products derived from the 3CB-sensitized photo-oxidation of Lys-Met in aqueous solution at pH~6 and higher.Figure V.30. HPLC chromatogram of solution containing 100 μL of Met-Lys (4•10 -3 M) and 3CB (2•10 -3 M) in 900 μL of water at pH ~ 6: before irradiation (black); after 1 min of irradiation in the absence of oxygen, λ ex =355 nm (bleu); and after 5 min of irradiations (red). Monitored at 210 nm.Figure V.31. ESI-MS of the fraction coming from HPLC separation of irradiated Met-Lys in the presence of 3CB (sensitizer). Elution time 18.6-19.1 min. Figure V.32. HPLC chromatogram of a solution containing 100 μL of Lys-Met (4•10 -3 M) and 3CB (2•10 -3 M) in 900 μL of water at pH ~ 6: before irradiation (black); after 1 min of irradiation in the absence of oxygen, λ ex = 355 nm (blue); and after 5 min of irradiations (red). Monitored at 210 nm.Figure V.33. ESI-MS of the fraction coming from the HPLC analysis of irradiated Lys-Met and 3CB at pH ~ 6, with a retention time of 18 min. Irradiation time 5 minutes (continuous laser, λ ex = 355 nm). MS analysis of 200 μL in MeOH:H 2 O 1:1 with 0.1 % of formic acid.Figure V.34. ESI-MS of solution containing 10 -3 M of Met-Lys at pH~6: without catalase (left) before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in γ-source (left, bottom); with catalase (right, top) before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in a γ-source. Absorbed dose 678 Gy (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Sample irradiated without catalase.Figure V.35. ESI-MS of solution containing 10 -3 M of Met-Lys at pH = 10.2 (left) without catalase before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 19.6 Gy/min (bottom); (right) with catalase before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 19.6 Gy/min (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.36. CID-MS/MS of (left) m/z = 278 from non-irradiated solution of Met-Lys at pH ~ 6; (right) CID-MS/MS of m/z = 294 from a gamma-irradiated solution of Met-Lys at pH ~ 6 in the presence of catalase. Irradiation time 90 minutes, dose rate 26.17 Gy/min.Figure V.37. Comparison between the experimental IRMPD spectra of [MetH + ] (black) and [MetH + SO] (red) in the 800-2000 cm -1 energy range. Source: [6] Figure V.38: IRMPD spectra recorded for (a) [(Met-Lys)H + ], (b) [(MetSO-Lys)H + ] without catalase and (c) and in presence of catalase in the 800-2000 cm -1 energy range. Source: [6] Figure V.39. The structure of sulfoxide formed during • OH-induced oxidation of Met-Lys in aqueous solution.Figure V.40. The chromatogram of Met-Lys before and after gamma irradiations in neutral N 2 O-saturated solutions in the absence of catalase.
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 303738 Figure V.23. Left: ESI-FTICR-MS of a solution containing 1mM of Met-Lys and 3CB at pH~6 before irradiation (blank sample). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Right: ESI-FTICR-MS of a solution containing 1 mM of Met-Lys and 3CB at pH~6 after 60 min irradiation by a Hg-lamp in the absence of O 2 , excitation wavelength 365 nm. MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Figure V.24. ESI-FTICR-MS of solution containing 1 mM of Met-Lys and 3CB at pH 6: before irradiation (top), after 5 min irradiation of deoxygenated solution by CW laser, excitation wavelength 355 nm, 50 mW (center), CID spectra of ion with m/z = 504 from irradiated sample (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.25. Structures of product derived from the 3CB-sensitized photo-oxidation of Met-Lys in aqueous solution at pH ~ 6 and higher.Figure V.26. ESI-FTICR-MS of solution containing 10 -3 M of Lys-Met and 3CB at pH 7: before irradiation (top), after 5 min irradiation of a deoxygenated solution by the CW laser, excitation wavelength 355 nm, 50 mW (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.27. ESI-FTICR-MS of solution containing 10 -3 M of Lys-Met and 3CB at pH 11.2: before irradiation (top), after 5 min irradiation of deoxygenated solution by a CW laser, excitation wavelength 355nm, 50mW (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.28. CID-MS of m/z = 504.2 from an irradiated solution of Lys-Met and 3CB at pH 11.2, irradiation time 90 minutes, Hg-lamp, λ ex = 365nm. MS analysis of 200 μL in MeOH:H 2 O 1:1 with 0.1 % of formic acid.Figure V.29. Structures of products derived from the 3CB-sensitized photo-oxidation of Lys-Met in aqueous solution at pH~6 and higher.Figure V.30. HPLC chromatogram of solution containing 100 μL of Met-Lys (4•10 -3 M) and 3CB (2•10 -3 M) in 900 μL of water at pH ~ 6: before irradiation (black); after 1 min of irradiation in the absence of oxygen, λ ex =355 nm (bleu); and after 5 min of irradiations (red). Monitored at 210 nm.Figure V.31. ESI-MS of the fraction coming from HPLC separation of irradiated Met-Lys in the presence of 3CB (sensitizer). Elution time 18.6-19.1 min. Figure V.32. HPLC chromatogram of a solution containing 100 μL of Lys-Met (4•10 -3 M) and 3CB (2•10 -3 M) in 900 μL of water at pH ~ 6: before irradiation (black); after 1 min of irradiation in the absence of oxygen, λ ex = 355 nm (blue); and after 5 min of irradiations (red). Monitored at 210 nm.Figure V.33. ESI-MS of the fraction coming from the HPLC analysis of irradiated Lys-Met and 3CB at pH ~ 6, with a retention time of 18 min. Irradiation time 5 minutes (continuous laser, λ ex = 355 nm). MS analysis of 200 μL in MeOH:H 2 O 1:1 with 0.1 % of formic acid.Figure V.34. ESI-MS of solution containing 10 -3 M of Met-Lys at pH~6: without catalase (left) before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in γ-source (left, bottom); with catalase (right, top) before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in a γ-source. Absorbed dose 678 Gy (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Sample irradiated without catalase.Figure V.35. ESI-MS of solution containing 10 -3 M of Met-Lys at pH = 10.2 (left) without catalase before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 19.6 Gy/min (bottom); (right) with catalase before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 19.6 Gy/min (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.36. CID-MS/MS of (left) m/z = 278 from non-irradiated solution of Met-Lys at pH ~ 6; (right) CID-MS/MS of m/z = 294 from a gamma-irradiated solution of Met-Lys at pH ~ 6 in the presence of catalase. Irradiation time 90 minutes, dose rate 26.17 Gy/min.Figure V.37. Comparison between the experimental IRMPD spectra of [MetH + ] (black) and [MetH + SO] (red) in the 800-2000 cm -1 energy range. Source: [6] Figure V.38: IRMPD spectra recorded for (a) [(Met-Lys)H + ], (b) [(MetSO-Lys)H + ] without catalase and (c) and in presence of catalase in the 800-2000 cm -1 energy range. Source: [6] Figure V.39. The structure of sulfoxide formed during • OH-induced oxidation of Met-Lys in aqueous solution.Figure V.40. The chromatogram of Met-Lys before and after gamma irradiations in neutral N 2 O-saturated solutions in the absence of catalase.
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 40 Figure V.23. Left: ESI-FTICR-MS of a solution containing 1mM of Met-Lys and 3CB at pH~6 before irradiation (blank sample). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Right: ESI-FTICR-MS of a solution containing 1 mM of Met-Lys and 3CB at pH~6 after 60 min irradiation by a Hg-lamp in the absence of O 2 , excitation wavelength 365 nm. MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Figure V.24. ESI-FTICR-MS of solution containing 1 mM of Met-Lys and 3CB at pH 6: before irradiation (top), after 5 min irradiation of deoxygenated solution by CW laser, excitation wavelength 355 nm, 50 mW (center), CID spectra of ion with m/z = 504 from irradiated sample (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.25. Structures of product derived from the 3CB-sensitized photo-oxidation of Met-Lys in aqueous solution at pH ~ 6 and higher.Figure V.26. ESI-FTICR-MS of solution containing 10 -3 M of Lys-Met and 3CB at pH 7: before irradiation (top), after 5 min irradiation of a deoxygenated solution by the CW laser, excitation wavelength 355 nm, 50 mW (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.27. ESI-FTICR-MS of solution containing 10 -3 M of Lys-Met and 3CB at pH 11.2: before irradiation (top), after 5 min irradiation of deoxygenated solution by a CW laser, excitation wavelength 355nm, 50mW (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.28. CID-MS of m/z = 504.2 from an irradiated solution of Lys-Met and 3CB at pH 11.2, irradiation time 90 minutes, Hg-lamp, λ ex = 365nm. MS analysis of 200 μL in MeOH:H 2 O 1:1 with 0.1 % of formic acid.Figure V.29. Structures of products derived from the 3CB-sensitized photo-oxidation of Lys-Met in aqueous solution at pH~6 and higher.Figure V.30. HPLC chromatogram of solution containing 100 μL of Met-Lys (4•10 -3 M) and 3CB (2•10 -3 M) in 900 μL of water at pH ~ 6: before irradiation (black); after 1 min of irradiation in the absence of oxygen, λ ex =355 nm (bleu); and after 5 min of irradiations (red). Monitored at 210 nm.Figure V.31. ESI-MS of the fraction coming from HPLC separation of irradiated Met-Lys in the presence of 3CB (sensitizer). Elution time 18.6-19.1 min. Figure V.32. HPLC chromatogram of a solution containing 100 μL of Lys-Met (4•10 -3 M) and 3CB (2•10 -3 M) in 900 μL of water at pH ~ 6: before irradiation (black); after 1 min of irradiation in the absence of oxygen, λ ex = 355 nm (blue); and after 5 min of irradiations (red). Monitored at 210 nm.Figure V.33. ESI-MS of the fraction coming from the HPLC analysis of irradiated Lys-Met and 3CB at pH ~ 6, with a retention time of 18 min. Irradiation time 5 minutes (continuous laser, λ ex = 355 nm). MS analysis of 200 μL in MeOH:H 2 O 1:1 with 0.1 % of formic acid.Figure V.34. ESI-MS of solution containing 10 -3 M of Met-Lys at pH~6: without catalase (left) before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in γ-source (left, bottom); with catalase (right, top) before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in a γ-source. Absorbed dose 678 Gy (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Sample irradiated without catalase.Figure V.35. ESI-MS of solution containing 10 -3 M of Met-Lys at pH = 10.2 (left) without catalase before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 19.6 Gy/min (bottom); (right) with catalase before irradiation (top), after 90 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 19.6 Gy/min (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.36. CID-MS/MS of (left) m/z = 278 from non-irradiated solution of Met-Lys at pH ~ 6; (right) CID-MS/MS of m/z = 294 from a gamma-irradiated solution of Met-Lys at pH ~ 6 in the presence of catalase. Irradiation time 90 minutes, dose rate 26.17 Gy/min.Figure V.37. Comparison between the experimental IRMPD spectra of [MetH + ] (black) and [MetH + SO] (red) in the 800-2000 cm -1 energy range. Source: [6] Figure V.38: IRMPD spectra recorded for (a) [(Met-Lys)H + ], (b) [(MetSO-Lys)H + ] without catalase and (c) and in presence of catalase in the 800-2000 cm -1 energy range. Source: [6] Figure V.39. The structure of sulfoxide formed during • OH-induced oxidation of Met-Lys in aqueous solution.Figure V.40. The chromatogram of Met-Lys before and after gamma irradiations in neutral N 2 O-saturated solutions in the absence of catalase.
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 41 Figure V.41. ESI-MS of solution containing 10 -3 M of Lys-Met at pH ~ 6: before irradiation (top), after 59 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 11.5 Gy/min (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1% of formic acid. Sample irradiated without catalase. Figure V.42. Left: CID-MS of m/z = 234 from MS analysis of a gamma-irradiated solution of Lys-Met at pH~6 in the absence of catalase. Irradiation time 90 minutes, dose rate 11.5 Gy/min. Right: CID-MS of m/z=294 from gamma-irradiated solution of Lys-Met at pH=10.2 in the presence of catalase. Irradiation time 45 minutes, dose rate 11.50 Gy/min. Figure V.43. ESI-MS of solution containing 10 -3 M of Lys-Met at pH = 10.1: before irradiation (top), after 59 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 11.5 Gy/min (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Sample irradiated without catalase.Figure V.44. IRMPD spectra of the protonated dipeptide [Lys-Met]H + (red, m/z = 278), of the protonated sulfoxide [Lys-Met(S=O)]H + (black, m/z = 294) and of the decarboxylated protonated [(Lys-Met)-CO 2 ]H + (green, m/z=234). Figure V.45. Structures of products derived from the • OH-induced oxidation of Lys-Met in aqueous solution. Figure V.46. Structures of products derived from the • OH induced oxidation of Met-containing peptides.Figure V.47. The possible fragmentation pattern of Met-Lys-Bradykinin in mass spectrometry Figure V.48. ESI-MS of non-irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.49. CID-MS of ion with m/z = 660.34 from non-irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.50. ESI-MS of irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. Irradiated time 3 min., Ar-saturated, CW laser, λ ex = 355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.Figure V.51. ESI-MS of an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiated time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.Figure V.52. CID-MS of ion with m/z = 773.34 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex =365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.53. CID-MS of ion with m/z = 668.35 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.54. CID-MS of the ion with m/z = 792.34 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.55. Structures of products formed during 3CB-sensitized oxidation of Met-Lys-Bradykinin.Figure V.56. FT-ICR-MS of non-irradiated MKBrad 9•10 -4 M in aqueous solution. Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.57. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.58. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3μL of sample in 100μL of AcN:H 2 O 1:1.Figure V.59. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3 μL of sample in 100 μL of can:H 2 O 1:1.Figure V.60. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of can:H 2 O 1:1
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 47 Figure V.41. ESI-MS of solution containing 10 -3 M of Lys-Met at pH ~ 6: before irradiation (top), after 59 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 11.5 Gy/min (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1% of formic acid. Sample irradiated without catalase. Figure V.42. Left: CID-MS of m/z = 234 from MS analysis of a gamma-irradiated solution of Lys-Met at pH~6 in the absence of catalase. Irradiation time 90 minutes, dose rate 11.5 Gy/min. Right: CID-MS of m/z=294 from gamma-irradiated solution of Lys-Met at pH=10.2 in the presence of catalase. Irradiation time 45 minutes, dose rate 11.50 Gy/min. Figure V.43. ESI-MS of solution containing 10 -3 M of Lys-Met at pH = 10.1: before irradiation (top), after 59 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 11.5 Gy/min (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Sample irradiated without catalase.Figure V.44. IRMPD spectra of the protonated dipeptide [Lys-Met]H + (red, m/z = 278), of the protonated sulfoxide [Lys-Met(S=O)]H + (black, m/z = 294) and of the decarboxylated protonated [(Lys-Met)-CO 2 ]H + (green, m/z=234). Figure V.45. Structures of products derived from the • OH-induced oxidation of Lys-Met in aqueous solution. Figure V.46. Structures of products derived from the • OH induced oxidation of Met-containing peptides.Figure V.47. The possible fragmentation pattern of Met-Lys-Bradykinin in mass spectrometry Figure V.48. ESI-MS of non-irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.49. CID-MS of ion with m/z = 660.34 from non-irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.50. ESI-MS of irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. Irradiated time 3 min., Ar-saturated, CW laser, λ ex = 355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.Figure V.51. ESI-MS of an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiated time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.Figure V.52. CID-MS of ion with m/z = 773.34 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex =365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.53. CID-MS of ion with m/z = 668.35 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.54. CID-MS of the ion with m/z = 792.34 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.55. Structures of products formed during 3CB-sensitized oxidation of Met-Lys-Bradykinin.Figure V.56. FT-ICR-MS of non-irradiated MKBrad 9•10 -4 M in aqueous solution. Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.57. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.58. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3μL of sample in 100μL of AcN:H 2 O 1:1.Figure V.59. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3 μL of sample in 100 μL of can:H 2 O 1:1.Figure V.60. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of can:H 2 O 1:1
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 51 Figure V.41. ESI-MS of solution containing 10 -3 M of Lys-Met at pH ~ 6: before irradiation (top), after 59 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 11.5 Gy/min (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1% of formic acid. Sample irradiated without catalase. Figure V.42. Left: CID-MS of m/z = 234 from MS analysis of a gamma-irradiated solution of Lys-Met at pH~6 in the absence of catalase. Irradiation time 90 minutes, dose rate 11.5 Gy/min. Right: CID-MS of m/z=294 from gamma-irradiated solution of Lys-Met at pH=10.2 in the presence of catalase. Irradiation time 45 minutes, dose rate 11.50 Gy/min. Figure V.43. ESI-MS of solution containing 10 -3 M of Lys-Met at pH = 10.1: before irradiation (top), after 59 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 11.5 Gy/min (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Sample irradiated without catalase.Figure V.44. IRMPD spectra of the protonated dipeptide [Lys-Met]H + (red, m/z = 278), of the protonated sulfoxide [Lys-Met(S=O)]H + (black, m/z = 294) and of the decarboxylated protonated [(Lys-Met)-CO 2 ]H + (green, m/z=234). Figure V.45. Structures of products derived from the • OH-induced oxidation of Lys-Met in aqueous solution. Figure V.46. Structures of products derived from the • OH induced oxidation of Met-containing peptides.Figure V.47. The possible fragmentation pattern of Met-Lys-Bradykinin in mass spectrometry Figure V.48. ESI-MS of non-irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.49. CID-MS of ion with m/z = 660.34 from non-irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.50. ESI-MS of irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. Irradiated time 3 min., Ar-saturated, CW laser, λ ex = 355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.Figure V.51. ESI-MS of an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiated time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.Figure V.52. CID-MS of ion with m/z = 773.34 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex =365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.53. CID-MS of ion with m/z = 668.35 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.54. CID-MS of the ion with m/z = 792.34 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.55. Structures of products formed during 3CB-sensitized oxidation of Met-Lys-Bradykinin.Figure V.56. FT-ICR-MS of non-irradiated MKBrad 9•10 -4 M in aqueous solution. Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.57. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.58. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3μL of sample in 100μL of AcN:H 2 O 1:1.Figure V.59. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3 μL of sample in 100 μL of can:H 2 O 1:1.Figure V.60. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of can:H 2 O 1:1
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 52 Figure V.41. ESI-MS of solution containing 10 -3 M of Lys-Met at pH ~ 6: before irradiation (top), after 59 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 11.5 Gy/min (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1% of formic acid. Sample irradiated without catalase. Figure V.42. Left: CID-MS of m/z = 234 from MS analysis of a gamma-irradiated solution of Lys-Met at pH~6 in the absence of catalase. Irradiation time 90 minutes, dose rate 11.5 Gy/min. Right: CID-MS of m/z=294 from gamma-irradiated solution of Lys-Met at pH=10.2 in the presence of catalase. Irradiation time 45 minutes, dose rate 11.50 Gy/min. Figure V.43. ESI-MS of solution containing 10 -3 M of Lys-Met at pH = 10.1: before irradiation (top), after 59 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 11.5 Gy/min (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Sample irradiated without catalase.Figure V.44. IRMPD spectra of the protonated dipeptide [Lys-Met]H + (red, m/z = 278), of the protonated sulfoxide [Lys-Met(S=O)]H + (black, m/z = 294) and of the decarboxylated protonated [(Lys-Met)-CO 2 ]H + (green, m/z=234). Figure V.45. Structures of products derived from the • OH-induced oxidation of Lys-Met in aqueous solution. Figure V.46. Structures of products derived from the • OH induced oxidation of Met-containing peptides.Figure V.47. The possible fragmentation pattern of Met-Lys-Bradykinin in mass spectrometry Figure V.48. ESI-MS of non-irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.49. CID-MS of ion with m/z = 660.34 from non-irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.50. ESI-MS of irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. Irradiated time 3 min., Ar-saturated, CW laser, λ ex = 355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.Figure V.51. ESI-MS of an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiated time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.Figure V.52. CID-MS of ion with m/z = 773.34 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex =365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.53. CID-MS of ion with m/z = 668.35 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.54. CID-MS of the ion with m/z = 792.34 from an irradiated solution containing 5•10 -4 M of Met-Lys-Bradykinin with 5•10 -4 M of 3CB at pH~6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.55. Structures of products formed during 3CB-sensitized oxidation of Met-Lys-Bradykinin.Figure V.56. FT-ICR-MS of non-irradiated MKBrad 9•10 -4 M in aqueous solution. Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.57. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.58. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3μL of sample in 100μL of AcN:H 2 O 1:1.Figure V.59. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3 μL of sample in 100 μL of can:H 2 O 1:1.Figure V.60. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of can:H 2 O 1:1
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 67 Figure V.61. CID-MS of m/z = 668.35 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 30min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.62. SORI fragmentation of m/ z= 920.47 (z = 1) from the CID fragmentation of ion with m/z = 668.35. Injection of solution after gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.63. CID-MS of the m/z = 676.352 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.64. CID-MS of m/z = 676.35 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.65. CID-MS of m/z = 684.348 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.66. CID-MS of m/z = 659.355 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.67. The possible fragmentation pattern of Neurokinin B in mass spectrometry Figure V.68. ESI-MS of a non-irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.Figure V.69. CID-MS of the ion with m/z = 1210.53 (z = 1) from a non-irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH~6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.70. ESI-MS of an irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 3 min., Ar-saturated, CW laser, λ ex = 355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.71. CID-MS of the ion with m/z = 719.28 (z = 2) from an irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 3 min., Ar-saturated, CW laser, λ ex =355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.72. Structures of [3CB+NKB] adduct formed during 3CB-sensitized photo-oxidation. Figure V.73. The UV-Vis spectra of OXB and SB at different pH. Figure V.74. Absorption trace recorded at 580 nm for OXB in aqueous solution (λ ex = 340 nm). Inset: Transient absorption spectra recorded after different delay times from laser pulse for OXB in water.Figure V.75. Transient absorption spectra from nanosecond laser flash photolysis recorded for OXB (c = 1•10 -4 M) in AcN after different delay times following the laser pulse (pulse energy ~ 20mJ, λex = 355 nm). Legend: (-■-) 600 ns; (-○-) 6 μs; (-▼-) 40 μs; (-Δ-) 150 μs; (-•-) 250 μs Figure V.76. (A) Transient absorption spectra recorded for OXB (c = 1.25•10 -4 M) in DMSO in the absence of oxygen recorded (-■-) 600 ns, (-○-) 3 μs, (-▼-) 100 μs and (-□-) 400 μs after the laser pulse. (B) Transient absorption spectra recorded for OXB (c = 1.25•10 -4 M) in DMSO in the presence of oxygen recorded (-◊-) 500 ns, (-•-) 4 μs, (-□-) 50 μs and (-◄-) 400 μs after laser pulse.. Transient absorption trace (C) recorded at 420 nm for OXB in DMSO (λex = 355 nm) in the absence (black) and presence (red) of oxygen.Figure V.77. Right: transient absorption trace recorded at 420 nm for OXB solution in the absence (red) and presence (black) of methyl ester of methionine in deoxygenated solution. Left: Transient absorption spectra recorded after different delay time from laser pulse for OXB in DMO in the absence (black) and presence (red) of methyl ester of methionine in deoxygenated solutions. Legend: (-■-) spectrum recorded after 200 ns, (-•-) spectrum recorded after 600 ns.Figure V.78. Transient absorption spectra recorded during pulse radiolysis of OXB (left) and SB (right) in the N 2 Osaturated aqueous solution containing 1.25•10 -4 M of sunscreen filter at pH ~ 10. Dose rate 20 Gy / pulse. Legend for

Figure V. 69 .

 69 Figure V.61. CID-MS of m/z = 668.35 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 30min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.62. SORI fragmentation of m/ z= 920.47 (z = 1) from the CID fragmentation of ion with m/z = 668.35. Injection of solution after gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.63. CID-MS of the m/z = 676.352 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.64. CID-MS of m/z = 676.35 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.65. CID-MS of m/z = 684.348 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.66. CID-MS of m/z = 659.355 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.67. The possible fragmentation pattern of Neurokinin B in mass spectrometry Figure V.68. ESI-MS of a non-irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.Figure V.69. CID-MS of the ion with m/z = 1210.53 (z = 1) from a non-irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH~6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.70. ESI-MS of an irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 3 min., Ar-saturated, CW laser, λ ex = 355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.71. CID-MS of the ion with m/z = 719.28 (z = 2) from an irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 3 min., Ar-saturated, CW laser, λ ex =355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.72. Structures of [3CB+NKB] adduct formed during 3CB-sensitized photo-oxidation. Figure V.73. The UV-Vis spectra of OXB and SB at different pH. Figure V.74. Absorption trace recorded at 580 nm for OXB in aqueous solution (λ ex = 340 nm). Inset: Transient absorption spectra recorded after different delay times from laser pulse for OXB in water.Figure V.75. Transient absorption spectra from nanosecond laser flash photolysis recorded for OXB (c = 1•10 -4 M) in AcN after different delay times following the laser pulse (pulse energy ~ 20mJ, λex = 355 nm). Legend: (-■-) 600 ns; (-○-) 6 μs; (-▼-) 40 μs; (-Δ-) 150 μs; (-•-) 250 μs Figure V.76. (A) Transient absorption spectra recorded for OXB (c = 1.25•10 -4 M) in DMSO in the absence of oxygen recorded (-■-) 600 ns, (-○-) 3 μs, (-▼-) 100 μs and (-□-) 400 μs after the laser pulse. (B) Transient absorption spectra recorded for OXB (c = 1.25•10 -4 M) in DMSO in the presence of oxygen recorded (-◊-) 500 ns, (-•-) 4 μs, (-□-) 50 μs and (-◄-) 400 μs after laser pulse.. Transient absorption trace (C) recorded at 420 nm for OXB in DMSO (λex = 355 nm) in the absence (black) and presence (red) of oxygen.Figure V.77. Right: transient absorption trace recorded at 420 nm for OXB solution in the absence (red) and presence (black) of methyl ester of methionine in deoxygenated solution. Left: Transient absorption spectra recorded after different delay time from laser pulse for OXB in DMO in the absence (black) and presence (red) of methyl ester of methionine in deoxygenated solutions. Legend: (-■-) spectrum recorded after 200 ns, (-•-) spectrum recorded after 600 ns.Figure V.78. Transient absorption spectra recorded during pulse radiolysis of OXB (left) and SB (right) in the N 2 Osaturated aqueous solution containing 1.25•10 -4 M of sunscreen filter at pH ~ 10. Dose rate 20 Gy / pulse. Legend for
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 70 Figure V.61. CID-MS of m/z = 668.35 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 30min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.62. SORI fragmentation of m/ z= 920.47 (z = 1) from the CID fragmentation of ion with m/z = 668.35. Injection of solution after gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.63. CID-MS of the m/z = 676.352 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.64. CID-MS of m/z = 676.35 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.65. CID-MS of m/z = 684.348 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.66. CID-MS of m/z = 659.355 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.67. The possible fragmentation pattern of Neurokinin B in mass spectrometry Figure V.68. ESI-MS of a non-irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.Figure V.69. CID-MS of the ion with m/z = 1210.53 (z = 1) from a non-irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH~6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.70. ESI-MS of an irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 3 min., Ar-saturated, CW laser, λ ex = 355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.71. CID-MS of the ion with m/z = 719.28 (z = 2) from an irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 3 min., Ar-saturated, CW laser, λ ex =355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.72. Structures of [3CB+NKB] adduct formed during 3CB-sensitized photo-oxidation. Figure V.73. The UV-Vis spectra of OXB and SB at different pH. Figure V.74. Absorption trace recorded at 580 nm for OXB in aqueous solution (λ ex = 340 nm). Inset: Transient absorption spectra recorded after different delay times from laser pulse for OXB in water.Figure V.75. Transient absorption spectra from nanosecond laser flash photolysis recorded for OXB (c = 1•10 -4 M) in AcN after different delay times following the laser pulse (pulse energy ~ 20mJ, λex = 355 nm). Legend: (-■-) 600 ns; (-○-) 6 μs; (-▼-) 40 μs; (-Δ-) 150 μs; (-•-) 250 μs Figure V.76. (A) Transient absorption spectra recorded for OXB (c = 1.25•10 -4 M) in DMSO in the absence of oxygen recorded (-■-) 600 ns, (-○-) 3 μs, (-▼-) 100 μs and (-□-) 400 μs after the laser pulse. (B) Transient absorption spectra recorded for OXB (c = 1.25•10 -4 M) in DMSO in the presence of oxygen recorded (-◊-) 500 ns, (-•-) 4 μs, (-□-) 50 μs and (-◄-) 400 μs after laser pulse.. Transient absorption trace (C) recorded at 420 nm for OXB in DMSO (λex = 355 nm) in the absence (black) and presence (red) of oxygen.Figure V.77. Right: transient absorption trace recorded at 420 nm for OXB solution in the absence (red) and presence (black) of methyl ester of methionine in deoxygenated solution. Left: Transient absorption spectra recorded after different delay time from laser pulse for OXB in DMO in the absence (black) and presence (red) of methyl ester of methionine in deoxygenated solutions. Legend: (-■-) spectrum recorded after 200 ns, (-•-) spectrum recorded after 600 ns.Figure V.78. Transient absorption spectra recorded during pulse radiolysis of OXB (left) and SB (right) in the N 2 Osaturated aqueous solution containing 1.25•10 -4 M of sunscreen filter at pH ~ 10. Dose rate 20 Gy / pulse. Legend for

Figure V. 77 .Figure V. 79 .

 7779 Figure V.61. CID-MS of m/z = 668.35 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 30min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.62. SORI fragmentation of m/ z= 920.47 (z = 1) from the CID fragmentation of ion with m/z = 668.35. Injection of solution after gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.63. CID-MS of the m/z = 676.352 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.64. CID-MS of m/z = 676.35 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.65. CID-MS of m/z = 684.348 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.66. CID-MS of m/z = 659.355 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.67. The possible fragmentation pattern of Neurokinin B in mass spectrometry Figure V.68. ESI-MS of a non-irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1% of formic acid.Figure V.69. CID-MS of the ion with m/z = 1210.53 (z = 1) from a non-irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH~6. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.70. ESI-MS of an irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 3 min., Ar-saturated, CW laser, λ ex = 355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.71. CID-MS of the ion with m/z = 719.28 (z = 2) from an irradiated solution containing 5•10 -4 M of NKB with 5•10 -4 M of 3CB at pH ~ 6. Irradiation time 3 min., Ar-saturated, CW laser, λ ex =355 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.Figure V.72. Structures of [3CB+NKB] adduct formed during 3CB-sensitized photo-oxidation. Figure V.73. The UV-Vis spectra of OXB and SB at different pH. Figure V.74. Absorption trace recorded at 580 nm for OXB in aqueous solution (λ ex = 340 nm). Inset: Transient absorption spectra recorded after different delay times from laser pulse for OXB in water.Figure V.75. Transient absorption spectra from nanosecond laser flash photolysis recorded for OXB (c = 1•10 -4 M) in AcN after different delay times following the laser pulse (pulse energy ~ 20mJ, λex = 355 nm). Legend: (-■-) 600 ns; (-○-) 6 μs; (-▼-) 40 μs; (-Δ-) 150 μs; (-•-) 250 μs Figure V.76. (A) Transient absorption spectra recorded for OXB (c = 1.25•10 -4 M) in DMSO in the absence of oxygen recorded (-■-) 600 ns, (-○-) 3 μs, (-▼-) 100 μs and (-□-) 400 μs after the laser pulse. (B) Transient absorption spectra recorded for OXB (c = 1.25•10 -4 M) in DMSO in the presence of oxygen recorded (-◊-) 500 ns, (-•-) 4 μs, (-□-) 50 μs and (-◄-) 400 μs after laser pulse.. Transient absorption trace (C) recorded at 420 nm for OXB in DMSO (λex = 355 nm) in the absence (black) and presence (red) of oxygen.Figure V.77. Right: transient absorption trace recorded at 420 nm for OXB solution in the absence (red) and presence (black) of methyl ester of methionine in deoxygenated solution. Left: Transient absorption spectra recorded after different delay time from laser pulse for OXB in DMO in the absence (black) and presence (red) of methyl ester of methionine in deoxygenated solutions. Legend: (-■-) spectrum recorded after 200 ns, (-•-) spectrum recorded after 600 ns.Figure V.78. Transient absorption spectra recorded during pulse radiolysis of OXB (left) and SB (right) in the N 2 Osaturated aqueous solution containing 1.25•10 -4 M of sunscreen filter at pH ~ 10. Dose rate 20 Gy / pulse. Legend for
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 8081 Proposed reaction scheme for the reaction between hydroxyl radicals and OXB/SB in N 2 O saturated solution during pulse radiolysis. Transient absorption spectra recorded during pulse radiolysis of SB (1.25•10 -4 M) at pH ~ 6 (A) and at pH = 10.2 (B) in the Ar-saturated aqueous solution with 0.1 M of tert-buthanol. Dose rate 20 Gy / pulse. Legend for spectrum at pH~6: spectra recorded at (-○-) 5 μs; (-▼-) 8 μs; (-□-) 20 μs; (-•-) 40 μs after electron beam pulse. Legend for SB spectrum: spectra recorded at (-○-) 6 μs; (-▼-) 40 μs; (-□-) 100 μs; (-■-) 120 μs after electron beam pulse.

Figure VI. 1 .

 1 Figure VI.1. Examples of products formed after the radiolitic oxidation by • OH radicals of Met-Lys-Bradykinin.Figure VI.2. Reactions occurring after the excitation of OXB (R 1 -OCH 3 , R 2 -H) or SB (R 1 -OCH 3 , R 2 -SO 3 H) in laser flash photolysis in polar and non-polar medium.

Rusunek 1 .

 1 Schemat utleniania peptydów zawierających Met rodnikami hydroksylowymi • OH.

Ph

  

  masowe dla nienaświetlonego roztworu wodnego zawierającego 3CB (1mM) i Met-Lys (1mM) (w obu pH) zawierało piki pochodzące wyłącznie od sprotonowanych substratów ([3CB]H + i [Met-Lys]H + ) o wartości m/z 227,07 i 278,15. Naświetlanie odtlenionego roztworu zarówno lampą rtęciową jak i laserem diodowym (365 nm i 355 nm) spowodowało pojawienie się czterech nowych pików o m/z 437,15; 455,15; 493,15 i 504,22. Dzięki tandemowej spektrometrii mass struktury poszczególnych jonów zostały scharakteryzowane. Jon o m/z = 455,15 przypisany został dimerowi [3CB-3CB]H + , który strukturą przypomina benzpinakol tworzony podczas naświetlania benzofenonu. Jon o m/z = 493,15 przypisany został do adduktu potasu z dimerem 3CB-3CB, [3CB-3CB]K + . Jon o masie m/z = 437,15 powstaje w wyniku utraty cząsteczki wody w czasie jonizacji dimeru 3CB-3CB w źródle MS. Interesującym produktem w tej pracy jest jon o m/z = 504,22. Z jego dalszej fragmentacji, a także z dokładnej analizy składu elementarnego wynika, iż masa tego produktu odpowiada sumie mas 3CB i Met-Lys. Jon ten został scharakteryzowany jako foto-addukt [3CB+Met-Lys]H + , związany kowalencyjnie wiązaniem C-C. Zmiana pH lub wydłużenie czasu naświetlania nie miało wpływu na tworzone produkty trwałe. Naświetlanie odtlenionego roztworu Lys-Met w obecności 3CB powoduje także pojawienie się foto-adduktu i dimerów 3CB-3CB. Zidentyfikowane foto-addukty powstały na skutek reakcji pomiędzy rodnikiem zlokalizowanym na węglu (α-alkilotioalkilowym) a rodnikami 3CB •-lub 3CBH • (w zależności od pH roztworu). Analiza produktów trwałych -gamma-radioliza Analiza produktów trwałych powstałych w wyniku napromieniowania próbek w źródle gamma wykonana została wykorzystując metody chromatograficzne, spektrometrię mas i spektroskopie IRMPD. Napromieniowanie roztworu Met-Lys nasyconego N 2 O w pH obojętnym i zasadowym prowadzi do pojawienie sią nowego piku w widmie masowym o masie większej o 16 Da (m/z = 294) w porównaniu z masą Met-Lys. Sugeruje to pojawienie się atomu tlenu w strukturze. Fragmentacja jonu m/z = 294 wykazuje obecność jonów fragmentacyjnych świadczących o utracie CH 3 SOH z reszty metioninowej, a także fragment odpowiadający utlenionej części metioninowej (MetS=O) + . Produkt o masie 294 Da przypisany został sulfotlenkowi [Met(S=O)-Lys]H + . Dodatek katalazy do próbek spowodował obniżenie ilości tworzonego sulfotlenku. Jego wydajność chemoradiacyjna była jednak nadal znacznie większa niż wydajność nadtlenku wodoru tworzonego w wodzie podczas radiolizy. Pozwoliło to na wykluczenie tworzenia się sulfotlenku na drodze utleniania dwu-elektronowego.

1 ) 3 .

 13 RysunekPorównanie eksperymentalnych widm IRMPD otrzymanych dla [MetH + ] (czarny) i [MetH + SO] (czerwony) w zakresie energetycznym 800-2000 cm -1 . Utlenianie odwrotnej sekwencji, Lys-Met, zarówno w obecności katalazy jak i bez katalazy, spowodowało pojawienie się podobnego, w stosunku do Met-Lys, piku o m/z = 294 (różnica 16 Da). Przypisano go zgodnie z dodatkową fragmentacją, analizą elementarną i widmem IRMPD do sulfotlenku Lys-MetS=O. Zmiana sekwencji wywołała także pojawienie się nowych pików o masach 234 i 259 Da. Pierwszy z pików należy do produktu powstałego na wskutek dekarboksylacji w czasie gamma radiolizy. Analiza tego jonu wykorzystaniem spektroskopii IRMPD wykazała zanik pasma w widmie IR odpowiedzialnego za drgania rozciągające grupy COH. Produkt o masie 259 Da został przypisany modyfikacji polegającej na odejściu grupy aminowej (-17 Da) i utworzeniu wiązania podwójnego (-2 Da).

Rysunek 5 .

 5 Równowaga kwasowo-zasadowa zachodząca pomiędzy anionorodnikiem SB •-i rodnikiem ketylowym SBH • .

Figure 1 .

 1 Figure 1. Schéma de l'oxydation de peptides contenants Met par les radicaux hydroxyle • OH.

Figure 2 .

 2 Figure 2. Le schéma de l'oxydation de peptides contenants Met par les l'état de triplet de 3CB.

Figure 3 .

 3 Figure 3. Evolution des spectres d'absorption transitoire enregistrés sur un photolyse de solution aqueuse désoxygénée de 3CB (4•10 -3 M) et Met-Lys (6•10 -3 M) à pH = 6 (à gauche) et à pH 11 (à droite). L'énergie d'impulsion laser d'environ 5 mJ et une longueur d'excitation de 355 nm.Légende: -■-70 ns, -○-100 ns, -▲-160 ns, -◊-5 μs après l'impulsion de laser.

Figure 4 .

 4 Figure 4. Evolution des spectres d'absorption transitoire enregistrés sur un photolyse de solution aqueuse désoxygénée de 3CB (4•10 -3 M) et Lys-Met (6•10 -3 M) à pH = 6 (à gauche) et à pH 11 (à droite). L'énergie d'impulsion laser d'environ 5 mJ et une longueur d'excitation de 355 nm. Légende: -■-70 ns, -○-120 ns, -▲-140 ns (pH 6) 200 ns (pH 11), -◊-6 μs après l'impulsion de laser

Figure 5 .

 5 Figure 5. Evolution des spectres d'absorption transitoire enregistrés sur radiolyse pulsée pour le dipeptide Met-Lys (c = 1,96•10 -4 M) de solution aqueuse désoxygénée avec N 2 O L'énergie d'impulsion d'electrons 7 Gy/polse. Légende: (-■-) 5 μs, (-▼-) 20 μs, (-○-) 50 μs, (-Δ-) 150 μs après l'impulsion d'electrons.

  (1 mM) (dans pH ~ 6 et 10) contenait des piques de seulement substrats protonés ([3CB]H + et [Met-Lys]H + ), la valeur de m z=227,07 et 278,15. L'irradiation d'une solution désoxygénée par les lampes ou laser (365 nm et 355 nm) a donné lieu à l'apparition de quatre nouveaux piques à m/z 437,15, 455,15, 493,15 et 504,22. Grace à la spectrométrie de masse, la structure des ions individuels ont été caractérisés. Ion à m/z = 455,15 a été attribué à la dimère [3CB-3CB]H + , qui ressemble à la structure de benzpinakol créé pendant l'irradiation de la benzophénone. L'ion à m/z = 493,15 a été attribué à l'adduit de potassium du dimère 3CB-3CB, [3CB-3CB]K + . L'ion à m/z = 437,15 est formé par la perte d'une molécule d'eau de 3CB-3CB dimère dans la source d'ionisation de MS. Un produit intéressant de ce travail est l'ion à m/z = 504,22. L'analyse de la composition Oxidation of Met-containing peptides Resume 203 élémentaire et fragmentation montre que ce produit correspond à la somme des masses de 3CB et Met-Lys. Cet ion a été caractérisé comme une photo-addition de 3CB au Met-Lys [3CB-Met-Lys]H + avec bonde covalente C-C . Modification du pH ou une exposition prolongée n'a eu aucun effet sur les produits formés. L'irradiation de solution désoxygéné de Lys -Met en présence de 3CB provoque également l'apparition d'une photo-adduit [3CB-Lys-Met] et 3CB-3CB dimères. Ces photo-adduits identifiés sont formés en raison de la réaction entre le radical situé sur le carbone (α-alkilotioalkilowym) et les radicaux 3CB•-ou 3CBH• ( selon le pH de la solution).

Figure 6 .

 6 Figure 6. La comparaison des spectres de IRMPD expérimentale obtenue pour [MetH+] (noir) et [MetHS=O] (rouge) dans 800-2000 cm -1 .

Figure 7 .

 7 Figure 7. Équilibre acide-base entre SB •-et SBH • .

  

Table I . 1 .

 I1 Examples of one-and two-electron oxidants.

		One-electron oxidants	Two-electron oxidants
	Reactive oxygen	• OH	1 O 2 , H 2 O 2
	species	RO • , ROO •	ROOH
	Reactive Nitrogen species	NO • , NO 2 •	ONOO -/ONOOH
	Others	RS • Fe III , Cu II , CB+hv	HOCl

Table I . 2 .

 I2 Spectral characteristic of transient species derived during reduction of 4CB and 3CB.

			4CB			3CB
			O			O
						COO -
				COO	-
	Transient			ε, molar	ε , molar
		Maximum of	absorption	Maximum of	absorption
		absorption	coefficient	absorption	coefficient
			(dm 3 •mol -1 •cm -1 )	(dm 3 •mol -1 •cm -1 )
	Excited triplet state 3 (CB)*	540		6600	520	5400
	Radical anion CB •-	650		8100	600	5200
	Ketyl radical CBH •	570		5900	550	2700
	a [61, 62]; b Pędziński et al. submitted		
		0	400	500	600	700

  •-within the reaction cage. CBH • can be formed at pH neutral via [65]:  Fast protonation of initially formed CB •-(nanosecond time scale),  One-electron reduction of the CB ground state by αN radicals (microsecond time scale),  By the k NH reaction.

Table I . 5 .

 I5 Radiation chemical yield G and quantum yield Φ of decarboxylation during gamma radiolysis and CBsensitized photo-oxidation of aqueous solutions containing Met-compounds.

	Compound	G CO2 [μmol • J -1 ]	Φ CO2
	Met	0.49 (pH 6-8) a	0.20 (pH 6.8) d 0.62 (pH 11.

  • OH radical attack yields oxidative degradation, oxalic and formic acid formation and conversion of nitrogen in amino group to ammonium ions (NH 4 +

Table I .6. Spectral

 I characteristic of OXB in different solvents [122].

			Solvent	λmax nm			ε M -1 cm -1
			H 2 O		321				5900
					285				8700
			CH 3 OH	325				9600
					287				14900
			CH 3 CN	325				12300
					287				18900
			C 6 H 14		325				12600
					283				11800
	O	OH			O	OH			O	O
		O	CH 3	e -	+	O	CH 3	H +	O	CH 3
	Scheme I.13. The formation of phenoxyl radical during irradiation of OXB.	

Table I .7. Physico

 I -chemical properties of transient species derived from 2-HOBP in different solvents.

	Solvent	Triplet life time, ns	Φ T (error limits 10-15%)	Φ deprotonation	Formation of ketyl radical
	Hexane	0.2 ± 0.1	0.1	0	No
	AcN	0.5 ± 0.2	0.05	0	No
	MeOH	1.5 ± 0.2	0.07	0.12	No
	DMSO	2.5 ± 0.2	0.15	0.30	No

  138]. NKB with its receptor (neurikinin-3 receptor) is necessary for normal reproduction and initiation of puberty[139]. It contains two methionines, Met 2 and Met 10 , while the last one is blocked by amide.

			N H 2			H 2	N							COOH
															O
	N H 2	O	NH	COOH	H 2	N		NH	COOH	H 2	N	NH	COOH
									O					
															S
			S	CH 3							S	CH 3			CH 3
	Methionyl-lysine, Met-Lys,	Lysyl-methionine, Lys-Met,	Methioninyl-aspartic acid,
			MK						KM					Met-Asp, MD
		M W = 277.39 g/mol	M W = 277.39 g/mol	M W = 264.30 g/mol
			COOH							CH 3				CH 3
	H 2	N	O	NH	COOCH 3	N H 2	O	NH	CH 3 COOH	H 2	N	O	CH 3 O NH	R
					S	CH 3			S	CH 3					S	CH 3
													R: -OH Leucyl-Methionine,
	Methyl ester of aspartylo-methionine, Asp-Met-OMe,DMOMe MW = 278.30 g/mol	Methioninyl-leucine, Met-Leu, ML MW = 262.37 g/mol	Leu-Met, LM MW = 262.37 g/mol R: NH2 Leucyl-Methionine-NH2, LMNH2
													MW = 261.37 g/mol
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  6. The UO 2 2+ ions present together with H 2 C 2 O 4 in the actinometer solution reacts as photosensitizer yielding the decomposition of H 2 C 2 O 4 .

	, ⎯⎯⎯⎯	+	+	Reaction II.9

  The radiolysis of water can be summarized in one reaction at the stage when spur processes and diffusive-escape are completed (~10 -7 s):

	e + HO • ⟶ HO	k=3.00 • 10 10 dm 3 mol -1 s -1	Reaction III.6
	e + H O ⟶ H • + H O k=2.30 • 10 10 dm 3 mol -1 s -1	Reaction III.7
	e + H • ⟶ H + HO	k=2.50 • 10 10 dm 3 mol -1 s -1	Reaction III.8
	H • + H • ⟶ H	k=1.30 • 10 10 dm 3 mol -1 s -1	Reaction III.9
	HO • + HO • ⟶ H O	k=0.53 • 10 10 dm 3 mol -1 s -1	Reaction III.10
	HO • + H • ⟶ H O	k=3.20 • 10 10 dm 3 mol -1 s -1	Reaction III.11
	H O + OH ⟶ 2H O	k=14.30 • 10 10 dm 3 mol -1 s -1	Reaction III.12
		1	Reaction III.5

H O ⇝ (0.28) e , (0.062) H • , (0.28) HO • , (0.047) H , (0.073) H O , (0.28) H O Reaction III.13

Table III . 1 .

 III1 Rate constants of hydroxyl radical • OH reaction with chosen compounds

	Compound	pH	k (l•mol-1•s-1) from [9]
	tert-butanol		0.6•10 9
	Cysteine	7	8.0•10 9
	Cystine	2	3.2•10 9
	Phenylalanine	6	3.5•10 9
	Histidine	6-7	3.0•10 9
	Catalase		2.6•10 9
	Methionine	7	5.1•10 9

Table IV . 1 .

 IV1 The values of vibrational modes for amino acids and peptide. W -weak, S -strong.

			Spectral range, cm -1
	Vibration	Zwitterion form,	Hydrochloride of a.a.
			NH 3 + -CHR-COO -	Cl -NH 3	+ -CHR-COOH
	υ NH 3	+	3100-2600 (s)	3333-2280 (s) 1
	NH 3 + asymmetric bending	1660-1610 (s)	1610-1590 (w)
	NH 3 + symmetric bending	1550-1485 (s)	1550-1480 (s)
	υ as COO -	1600-1590 (s)	1755-1730 (s) α-amino
				acids hydrochloride
				1730-1700 (s) other amino
				acids hydrochloride
	υ s COO -	1400 (w)	1400 (w)
	υ -C-C(=O)-O-		1220-1190 (s)
	υ S=O sulfoxide	1070-1030 (s) 2	1070-1030 (s) 3
	υ as SO 3 H sulfone	1350-1300 (s)	1350-1300 (s)
	υ s SO 3 H sulfone	1160-1120 (s)	

  1 and Met-Asp). The values of all of calculated rate constants were similar, and this can indicate, that only Met is directly involved in the quenching of 3CB triplet states. Left: kinetic traces at 520 nm from3 (3CB)* triplet state quenching experiment in aqueous basic solution (pH = 11) by different concentrations of Lys-Met, from 0.1 mM to 6.0 mM. [3CB] = 2•10 -3 M. Right: the Stern-Volmer plot according to formula II.13 for the quenching of excited triplet state of 3CB by Lys-Met in aqueous solution at pH ~ 6 (○) and pH = 11 (□).

						1.6	
				0.1mM of Lys-Met 0.3mM of Lys-Met				pH 6
		0.006		0.5mM of Lys-Met 1.0mM of Lys-Met		1.2	
	delta OD	0.003		6.0mM of Lys-Met 2.0mM of Lys-Met	k obs (x10 7 )	0.8		pH 11
						0.4	
		0.0 0.000	4.0x10 -6	8.0x10 -6		0.000	0.002	0.004	0.006
			time [s]					[Q], M
	Figure V.1. Table V.1. Comparison of quenching rate constants of 3 (3CB)* by Met-containing dipeptides in aqueous medium in
	the absence of oxygen. [3CB] = 2•10 -3 M.				
			Peptide	pH 6	k q x 10 -9 [M -1 s -1 ]	pH 10
			Met-Asp	1.6±0.05				1.2±0.04
			Z-Asp-Met	2.0±0.05				2.5±0.04
			Met-Lys	1.8±0.06				1.3±0.06
			Lys-Met	2.5±0.08				1.8±0.04
			Met-Leu	1.9±0.06				1.9±0.07
			Leu-Met	2.8±0.06				1.8±0.08
			Leu-Met-NH 2	2.3±0.07				2.0±0.06
			Met-His	2.3±0.05				1.9±0.07
			His-Met	3.4±0.05				2.3±0.07

  .2.

							A	B						
		0.010											0.010	
		0.005											0.005	
	delta OD	0.000 0.009	420	480	540	600	660 C	420 D	480	540	600	660	0.000 0.009	delta OD
		0.006											0.006	
		0.003											0.003	
		0.000											0.000	
			420	480	540	600	660	420 480 540 600 660		
							wavelength (nm)						

Table V .

 V 

	2. Quantum yields of transients for 3CB-sensitized photo-oxidation of Met-containing dipeptides in aqueous
	solution ([3CB] = 4•10 -3 M, [Met-Lys] = 6•10 -3 M). Quantum yields calculated when the triplet state of 3CB was
	already quenched.				
	pH	Φ •	Φ	•	Φ ∴
	6.5	~0.03*	0.55		0.33
	9.2	0.35	0		0.32
	10.1	0.45	0		0.27
	11.0	0.62	0		0.12

  •-radical anion and (S∴N) + formation. Concentration profiles calculated for Met-Lys with 3CB in basic medium are presented in Figure V.4. (right). Quantum yields calculated from the concentration profiles are listed in Table V.2. Various species were derived from the 3CB molecule. At pH close to 7 mostly ketyl radicals 3CBH

Table V . 3 .

 V3 Comparison of (S∴N) + radical cation life time in Met-Gly and Met-Lys peptide and related fast component of its decay. Source of date for Met-Gly:[1] 

	pH	[OH -] M	τ SN+ (ns)	k fast SN+ (s -1 )	dipeptide
	6.5	3.16•10 -8	4100	2.4•10 5	
	9.0 10.1	1•10 -5 1.25•10 -4	604 520	1.66•10 6 1.92•10 6	Met-Lys
	11	1•10 -3	250	4•10 6	
	6.7	5•10 -8	50000	2•10 4	
	9.6 10.6	0.042•10 -3 0.11•10 -3	700 640	1.4•10 6 1.7•10 6	Met-Gly
	11.1	1.26•10 -3	140	7.05•10 6	

Table V . 4 .

 V4 The value of calculated rate constants according to the Figure I.4 in Chapter I.

		Met-Gly (from [1])	Met-Lys
	k 1 (M -1 s -1 )	6.0•10 9	2.3•10 9
	k 2 (s -1 )	(1.3±0.7)•10 6	(1.2±0.8)•10 6
	k 3 (s -1 )	2.0•10 4	1.4•10 4

Table V . 5 .

 V5 Quantum yields of transients for 3CB-sensitized photo-oxidation of Met-containing dipeptides in aqueous solution ([3CB] = 4•10 -3 M, [Lys-Met] = 6•10 -3 M-20•10 -3 M). Quantum yields calculated when the triplet state of 3CB was already quenched.

		Peptide conc.		pH		Φ •		Φ	•	Φ ∴		Φ ∴
		6mM		6.1		0		0.63			0.19		0
				11.2		0.58		0			0.06		0.01
		10mM		6			──		0.73			0.27		0.05
		20mM		6			──		0.83			0.42		0.05
									0,016				
		0,02											
									0,012				
	delta OD	0,01						delta OD	0,008				
									0,004				
		0,00							0,000				
		400	450	500	550	600	650	700		400	450	500	550	600	650
				wavelength (nm)						wavelenght (nm)

  .6.

						0.03			
		0.030							
						0.02			
	delta OD	0.015			delta OD	0.01			
		0.000							
		400	500	600	700	0.00	400	500	600	700
			wavelength (nm)				wavelength (nm)

Table V . 6 .

 V6 Quantum yields of transients for 3CB-sensitized photo-oxidation of Met-containing dipeptides in aqueous solution ([3CB] = 4•10 -3 M, [peptide] = 6•10 -3 M-20•10 -3 M).

		pH	3CBH •	3CB •-	(SN) +	(SS) +
	Met-Asp	6 10.2	0.47	0.51	0.13 0.35	0.09
	Met-Leu	5.7 11.4	0.05	0.59 0.63	0.27 0.12	0.04
	Met-His	6.2 11.0	0.54	0.72	0.25 0.11	
	Asp-Met-OMe	5.3 11.3	0.46	0.05 0.34	0.05 0.2	0.12 0.1
	Leu-Met	5.2 11.2	0.21 0.1	0.06 0.24	0.14 0.05	0.13 0.1
	Leu-Met-NH 2	5.6 11.4	0.43 0.01	0.01 0.55	0.05 0.05	0.06 0.05

Table V . 7 .

 V7 The comparison of stable products derived from the oxidation of Met-Lys and Lys-Met by3 (3CB)* in Ar-saturated solutions. Irradiations were performed using a Hg-lamp and a CW laser (λ ex = 365 or 355 nm)

		Met-Lys + 3CB	Lys-Met + 3CB
	Non-irradiated	227.07 [3CB]H +	227.07 [3CB]H +
		278.15 [MK]H +	278.15 [KM]H +
	Irradiated	504.22 [MK+3CB]H +	504.22 [KM+3CB]H +
		437.15 [(3CB+3CB)-H 2 O]H +
		455.15 [3CB+3CB]H +
		493.15 [3CB+3CB]K +

Table V . 8 .

 V8 Quantum yields of disappearance of 3CB and formation of adduct 3CB-Met-Lys during sensitized photolysis of 3CB and Met-Lys in aqueous solution. [3CB] = 2•10 -3 M, [Met-Lys] = 4•10 -3 M. The group of peaks appearing after irradiations in the time range between 18.3 min and 20.2 min were ascribed to the [Lys-Met+3CB] adduct according to MS and MS/MS analysis (Figure V.33). All fractions in this range contained only one peak at m/z = 504. The quantum yields presented in TableV.9 were lower than in case of Met-Lys. This can indicate, that Met-Lys is slightly more susceptible for the formation of the adduct. UV-Vis spectra were recorded for each eluting peak and they are presented in

		pH	Φ disapp. 3CB	Φ (peptide+3CB)adduct
	Met-Lys + 3CB	6	0.34	0.30
		10	0.34	0.30
	The chromatograms of Lys-Met in 3CB solution before and after irradiations are
	presented in Figure V.32.			

Figure S.V.14.

  

	Oxidation of Met-containing peptides			V. Results and discussion
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	The amount of HCO 3 -after photolysis was measured by chromatography. It showed
	that decarboxylation of Lys-Met did not occur during sensitized photolysis.
				98		

Table V .

 V 10. Comparison of peaks observed in mass spectra before and after UV-irradiation in Ar-saturated solutions.

		Met-Asp	Met-Leu	Leu-Met	Leu-Met-NH 2
	Non-irradiated	265.3 [MD]H +	263.3[ML]H +	263.3[LM]H +	262.3[LMNH 2 ]H +
		265.3 [MD]H +	263.3[ML]H +	263.3[LM]H +	262.3[LMNH 2 ]H +
	Irradiated	491.3	489.3	489.3	488.3
		[MD+3CB]H +	[ML+3CB]H +	[LM+3CB]H +	[LMNH 2+ 3CB]H +

Table V . 11 .

 V11 Quantum yields of 3CB disappearance and formation of peptide-3CV adduct.

	Peptide	pH	Φ disapp. 3CB	Φ (peptide+3CB)adduct
	Met-Leu	5.7	0.43	0.37
		10.6	0.38	0.25
	Leu-Met	6.1	0.42	0.35
		11.3	0.51	0.32
	Leu-Met-NH 2	5.7	0.35	0.29
		10.7	0.34	0.22
	Met-Asp	5.7	0.36	0.28
		11.2	0.33	0.24

Table V .

 V 12. Experimental and calculated vibrational frequencies of model Met amino acids in non-oxidized [MetH] + and oxidized [Met(S=O)H] + form [6].

		Fragmentation efficiency (a.u.)	0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6				[MetH + ] [MetH + SO]
		[MetH] +	800 0,0	1000 1200 1400 1600 1800 2000 [Met(S=O)H] +
	Experiment (cm -1 )	Calculation Vibrational mode Experiment (cm -1 ) wavenumber(cm -1 )	Calculation Vibrational mode
	---	885		νCC		947	931	νS=O
	1170	1190	δCOH, νC-OH,	998	980	δCH 3
				δCOH			
	---	1362, 1426	δCH, νC-OH,	1162	1188	δCOH
				δCOH			
	1477	1504	δ umb NH 3 +	1339	1346	δCH, δCH 2 ,
								δCOH
	---	1641	δ sciso r NH 3	+	1420	1426	δCH, δCH 2 ,
								δCOH
	---	1662	δ umb NH 3 +	1456	1463	δCH 2 , δCH 3
	1800	1815		νC=O		1500	1538	δ umb NH 3 +
						1534	1653	δ scisor NH 3 +
						1792	1819	νC=O
						103	

Figure V.37.

Comparison between the experimental IRMPD spectra of [MetH + ] (black) and [MetH + SO] (red) in the 800-2000 cm -1 energy range. Source:

[6] 

Table V . 13 .

 V13 Radiation chemical yield G of sulfoxide on Met-Lys and Lys-Met at different conditions.

		Met(S=O)-Lys	Lys-Met(S=O)
		with catalase	without catalase	with catalase	without catalase
	pH ~ 6	0.11	0.29	0.14	0.28
	pH = 10	0.16	0.31	0.15	0.27

Table V .

 V 14. Comparison of products derived from the • OH induced oxidation of Met-Lys and Lys-Met.

		Met-Lys	Lys-Met
	Non-irradiated	278 [MK]H +	278 [KM]H +
		301 [MK]Na +	301 [KM]Na +
	Irradiated	278 [MK]H +	278 [KM]H +
		294 [M(S=O)K]H +	294 [KM(S=O)]H +
			259 [(KM)-19Da]H +
			234 [(KM)-CO 2 ]H +
			(pH>10)

Table V .

 V Other dipeptides: Met-Asp, Met-Leu, Leu-Met, Leu-Met-NH 2 .The gamma irradiation of other dipeptides showed that sulfoxide on the Met-residue was the only product identified by MS after one-electron oxidation (Figures S.V.24-25). The list of peaks at MS spectra is presented in TableV.16. Each peak identified as sulfoxide was characterized by additional MS-MS analysis (examples in Figures S.V.26-27). The structures of sulfoxides are presented in Figure V.46.

	[Met-Lys]H +	[Met(S=O)-Lys]H +	[Lys-Met]H + -CO 2	[Lys-Met(S=O)]H +
	260	276	217	276
	Loss of H 2 O	Loss of H 2 O	loss of NH 3	Loss of H 2 O
	215	230	129	166
	Loss of NH 3 , and CO 2	loss of CH 3 SOH	[Lys]H + -H 2 O	Met(S=O)H +
	147	166		129
	[Lys]H +	Met(S=O)H +		[Lys]H + -H 2 O
	129	129		
	[Lys]H + -H 2 O	[Lys]H + -H 2 O		

15. Comparison of CID fragmentation of ions identified during MS analysis of Met-Lys and Lys-Met nonoxidized and oxidized by OH radicals.

Table V .

 V 16.Comparison of peaks characterized in mass spectrometry analysis of Met-containing peptides nonoxidized and oxidized by • OH radicals.

		Met-Asp	Met-Leu	Leu-Met	Leu-Met-NH 2
	Non-irradiated	265 [MD]H +	263 [ML]H +	263 [LM]H +	262 [LMNH 2 ]H +
			285 [ML]Na +		
			301 [ML]K +		
	Irradiated	265 [MD]H +	263 [ML]H +	263 [LM]H +	262 [LMNH 2 ]H +
		281 [M(S=O)D]H + 279 [M(S=O)L]H + 279 [LM(S=O)]H +	278 [LM(S=O)NH 2 ]H +

Table V . 17 .

 V17 The calculated masses of ''y'' and ''b'' fragments for Met-Lys-Bradykinin

	,,b''	m/z		,,y''	m/z	
	fragments	z=1	z=2	fragments	z=1	z=2
	b 1	132.05	66.53	y 10	1188.66	594.83
	b 2	260.43	130.57	y 9	1060.57	530.79
	b 3	416.24	208.63	y 8	904.47	452.74
	b 4	513.29	257.15	y 7	807.42	404.21
	b 5	610.35	305.68	y 6	710.36	355.68
	b 6	667.37	334.19	y 5	653.34	327.17
	b 7	814.44	407.72	y 4	506.27	253.64
	b 8	901.47	451.24	y 3	419.24	210.12
	b 9	998.52	499.77	y 2	322.19	161.59
	b 10	1145.59	573.30	y 1	175.12	88.06

Table V .

 V 19. Comparison of fragmentation pattern of products from 3CB-sensitized photo-oxidation of Met-Lys-Bradykinin in aqueous solution

		Met-Lys-Bradykinin + 3CB	
	non-irradiated	Irradiated by Hg-lamp/laser, Ar-saturated	Irradiated by Hg-lamp, O 2 -saturated
	[MKBrad]2H +		

  N 2 O-saturated solutions were irradiated in a 60 Co source. Mass spectra of Met-Lys-Bradykinin irradiated (in N 2 O-saturated and deoxygenated aqueous solution) at pH~6 (dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 40 min) is presented in Figure V.57. Comparing with the non-irradiated solution, a new peak appeared after gamma irradiations (Table V.20), at m/z equal to 668.34, with a double charge (Figure V.58).Calculations of the mass indicated, that the mass of the parent ion increased +16 Da. This can be assigned to the addition of an oxygen atom in the molecule.

	• OH induced oxidation Mass spectrum of non-irradiated Met-Lys-Bradykinin contained peaks from non-M+3H + z=3 irradiated compounds that are singly, doubly, triply and quadruply charged (m/z at 1319.68; 1.6x10 8 440.58
	660.34; 440.58; 330.68) (Figure V.56). There were the peaks from sodium adduct at m/z 1341.68
	(z = 1) and 671.34 (z = 2). The spectrum was clean and it did not present any other species than 440.91
	the substrate.				
	2.0x10	8	+ 7 8.0x10 440.58 (z=3) 3H	660.34 (z=2) 2H	(M+1Ox)+3H + z=3	3+ox (z=1)
	y#9 (z=2) b#10 (z=1) 5.0x10 7 1.0x10 8 1.5x10 8 330.68 (z=4) 4H 400 + 0.0 200 0.0 4.0x10 7 8.0x10 7 1.2x10 8 1.6x10 8 330.68 (z=4) 4H + 400 y#4 (z=1) y#5 (z=1) y#6 (z=1) y#7 (z=1) y#8 (z=1) 671.34 (z=2) H + Na + 0.0 y#8 (z=2) y#9 (z=2) y#10 (z=2) 600 800 600 445.88 (z=2) 2H + 668.35 (z=2) 2H 441.57 b#6 (z=1) y#6 (z=1) y#7 (z=1) b#7+ox (z=1) y#8 (z=1) 446.57 446.24 445.91 441.24 y#8 (z=2) y#9 (z=2) y#10 (z=2) 1000 m/z 800 1000 + 440.58 (z=3) 3H + 660.34 (z=2) 2H + m/z 436 440 444 448 Figure V.57. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous N 432 Abundance Abundance m/z	y#4 (z=1) y#6 (z=1) y#7 (z=1) b#7+ox (z=1) y#8 (z=1) 1319.68 (z=1) 1400 1400 1319.68 1200 1200 (z=1) H +	y#3 (z=1) y#4 (z=1) y#6 (z=1) y#7 (z=1) y#7 (z=2) y#8 (z=1) y#8 (z=2) y#9 (z=2) y#10 (z=2)

+ Figure V.56. FT-ICR-MS of non-irradiated MKBrad 9•10 -4 M in aqueous solution. Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1. Aqueous 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.

Figure V.58. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3μL of sample in 100μL of AcN:H 2 O 1:1.

Table V .

 V Figure V.59. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3 μL of sample in 100 μL of can:H 2 O 1:1. 20. Comparison of MS/MS fragmentation of oxidation product formed during radiolysis of Met-Lys-Bradykinin

			1.2x10 8				
						660.34	Met-Lys-Bradykinin
	abundance	4.0x10 7 8.0x10 7 Non-irradiated 440.58 [MKBrad]3H +	668.34 Irradiated 488.4 Gy N 2 O-saturated Irradiated 998.7 Gy 330.68 440.58 [MKBrad]4H + [MKBrad]3H +	1335.68	O 2 -saturated Irradiated 488.4 Gy Irradiated 998.7 Gy 440.58 659.35 [MKBrad]3H + [MKBrad-2Da]2H +
			200 [MKBrad]2H + 400 660.34 0.0 671.34 [MKBrad]H + Na +	600 578.98 [MKBrad+16Da]4H + 800 676.364 867.35 334.68 440.58 m/z [MKBrad]3H +	1000 [MKBrad+16Da]3H + 1200 1319.68 445.89 660.33 [MKBrad]2H +	445.89 [MKBrad+16Da]3H + 660.34 1400 [MKBrad]2H +	660.33 [MKBrad]2H + 668.34 [MKBrad+16Da]2H +
				679.34		445.89	668.34	668.34	676.34
			[MKBrad]H + K +	[MKBrad+16Da]3H +	[MKBrad+16Da]2H +	[MKBrad+16Da]2H +	[MKBrad+32Da]2H +
				1319.68		660.34	671.34	676.34	684.34
		6.0x10 7	[MKBrad]H +	[MKBrad]2H +	[MKBrad]H + Na +	[MKBrad+32Da]2H +	[MKBrad+48Da]2H +
						668.34 668.34	676.34	679.34	1335.68
						[MKBrad+16Da]2H +	[MKBrad+32Da]2H +	[MKBrad]H + K +	[MKBrad+16Da]H +
	abundance	2.0x10 7 4.0x10 7			676.364 671.34 [MKBrad]H + Na + 659.34 1319.68 [MKBrad]H + 1335.68	679.34 [MKBrad]H + K + 684.34 [MKBrad+48Da]2H +	1319.68 [MKBrad]H + 1335.68 [MKBrad+16Da]H + 1341.68
			200 0.0	400	600 [MKBrad+16Da]H + 800 m/z 684.34 1341.68 [MKBrad]H + Na +	1000	1200	1335.68	1400 [MKBrad]H + Na +

Figure V.60. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of can:H 2 O 1:1

  3 SO 2 H from doubly oxidized Met-Lys-Bradykinin.

		2.5x10	6						
	abundance	5.0x10 1.0x10 1.5x10 2.0x10	5 6 6 6	416.24	506.27	644.34 644.353 676.34	807.42	936.47 1044.93 920.47 904.47	1177.59 1113.58
		0.0						
			200	400		600	m/z	800	1000	1200
	Figure V.63. CID-MS of the m/z = 676.352 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in
	aqueous N 2 O-saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30min Sample
	preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.			

  It contained the peaks coming from the peptide that were singly and doubly protonated at m/z equal to 1211.42 and 605.72,

	b 1	116.09	58.52	y 9	1095.449	584.25
	b 2	247.07	124.04	y 8	964.45	482.73
	b 3	384.13	192.57	y 7	827.39	414.20
	b 4	499.16	250.08	y 6	712.36	356.68
	b 5	646.23	323.62	y 5	565.30	283.15
	b 6	793.29	397.15	y 4	418.23	209.62
	b 7	892.37	446.69	y 3	319.16	160.08
	b 8	949.39	457.19	y 2	262.14	131.57
	b 9	1062.47	531.74	y 1	149.05	75.03
		NKB was dissolved in aqueous solution of 3CB. The MS spectrum of reference, non-
	irradiated sample of NKB with 3CB is presented in Figure V.68.		

Table V .

 V 22. The comparison of fragment ions formed during the CID-MS of selected ions from Neurokinin B.

		Neurokinin B + 3CB	
	Non-irradiated	Irradiated 3 min/5 min by laser Ar-saturated	MS/MS [NKB]2H + from non-irradiated	MS/MS [NKB+3CB]2H + from irradiated
	605.73 [NKB]2H +	605.73 [NKB]2H +	384.19; b#3 (z=1)	384.19; b#3 (z=1)
	624.73 [NKB]H + K +	624.73 [NKB]H + K +	499.16; b#4 (z=1)	499.16; b#4 (z=1)
	643.72 [NKB]2K +	643.72 [NKB]2K +	566.30; y#5 (z=1)	566.30; y#5 (z=1)
	1211.42 [NKB]H +	719.28 [NKB+3CB]2H +	646.23; y#5 (z=1)	646.23; y#5 (z=1)
		1211.42 [NKB]H +	793.28; b#6 (z=1)	793.28; b#6 (z=1)
		1437.42 [NKB+3CB]H +	892.37; b#7 (z=1)	892.37; b#7 (z=1)
			949.38; b#8 (z=1)	949.38; b#8 (z=1)
			965.45; y#8 (z=1)	965.45; y#8 (z=1)
			1062.47; b#9 (z=1)	1062.47; b#9 (z=1)
			1096.49; y#9 (z=1)	
				605.73; NKB+2H + (z=2)
				710.27; NKB-H 2 O (z=2)

Table . V.23.

 . The spectral properties of SB and OXB in aqueous solutions.

		SB	OXB
	pKa (phenolic group)	8.3	9.2
	ε(dm -3 mol -1 cm -1 )	12400 (285 nm)	10500 (290 nm)
	ε(dm -3 mol -1 cm -1 )	4670 (360 nm)	4230 (370 nm)

Table V . 24 .

 V24 The comparison of excited singlet state life times of excited 2-hydroxybenzophenone, oxybenzone and sulisobenzone.

	S 1 life time (fs)	AcN	AcN:H2O	C 6 H 6	MeOH
	OXB	450 fs	600 fs		430 fs	450 fs
	2HOBP	340 fs	420 fs		400 fs	410 fs
	SB	710 fs	450 fs		650 fs	670 fs
		0.015			
		0.010			
	delta OD	0.005			
		0.000	400	450	500
			wavelenght (nm)	

  1 % of formic acid.

		3x10 7		660.34		
					668.34		
	abundance	1x10 7 2x10 7	440.64	578.64	676.34	867.46	
		0					
			400	600	800	m/z	1000	1200	1400
	Figure S.V.33. FT-ICR-MS of gamma irradiated MKBR 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate
	33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of
	AcN:H 2 O 1:1.					
		2.5x10 6		636.34	904.47
		2.0x10 6			668.34		920.47
	abundance	1.0x10 6 1.5x10 6					
		5.0x10 5	416.25					1161.59
		0.0					
		200	400	600	800 m/z	1000	1200	1400
	Figure S.V.34. CID-MS of m/z = 668.352 (z = 2) from solution of gamma irradiated MKBR 9•10 -4 M in aqueous
	N 2 O-saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min. Sample
	preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.		
					167		

  V.23. Left: ESI-FTICR-MS of a solution containing 1mM of Met-Lys and 3CB at pH~6 before irradiation (blank sample). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Right: ESI-FTICR-MS of a solution containing 1 mM of Met-Lys and 3CB at pH~6 after 60 min irradiation by a Hg-lamp in the absence of O 2 , excitation wavelength 365 nm. MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. CID-MS of m/z = 504.2 from an irradiated solution of Lys-Met and 3CB at pH 11.2, irradiation time 90 minutes, Hg-lamp, λ ex = 365nm. MS analysis of 200 μL in MeOH:H 2 O 1:1 with 0.1 % of formic acid.Figure V.29. Structures of products derived from the 3CB-sensitized photo-oxidation of Lys-Met in aqueous solution at pH~6 and higher.

	Figure V.24. ESI-FTICR-MS of solution containing 1 mM of Met-Lys and 3CB at pH 6: before irradiation (top),
	after 5 min irradiation of deoxygenated solution by CW laser, excitation wavelength 355 nm, 50 mW (center), CID
	spectra of ion with m/z = 504 from irradiated sample (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with
	0.1 % of formic acid.
	Figure V.25. Structures of product derived from the 3CB-sensitized photo-oxidation of Met-Lys in aqueous solution
	at pH ~ 6 and higher.
	Figure V.26. ESI-FTICR-MS of solution containing 10 -3 M of Lys-Met and 3CB at pH 7: before irradiation (top),
	after 5 min irradiation of a deoxygenated solution by the CW laser, excitation wavelength 355 nm, 50 mW (bottom).
	MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.
	Figure V.27. ESI-FTICR-MS of solution containing 10 -3 M of Lys-Met and 3CB at pH 11.2: before irradiation (top),
	after 5 min irradiation of deoxygenated solution by a CW laser, excitation wavelength 355nm, 50mW (bottom). MS
	analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid.
	Figure V.28.

  -3 M of Lys-Met at pH ~ 6: before irradiation (top), after 59 min irradiation of N 2 O-saturated solution in a γ-source, dose rate 11.5 Gy/min (bottom). MS analysis of 200 μL in 1000 μL AcN:H 2 O 1:1 with 0.1% of formic acid. Sample irradiated without catalase. Figure V.42. Left: CID-MS of m/z = 234 from MS analysis of a gamma-irradiated solution of Lys-Met at pH~6 in the absence of catalase. Irradiation time 90 minutes, dose rate 11.5 Gy/min. Right: CID-MS of m/z=294 from gamma-irradiated solution of Lys-Met at pH=10.2 in the presence of catalase. Irradiation time 45 minutes, dose rate 11.50 Gy/min. Structures of products derived from the • OH-induced oxidation of Lys-Met in aqueous solution.Figure V.46. Structures of products derived from the • OH induced oxidation of Met-containing peptides.

	Figure V.43. ESI-MS of solution containing 10 -3 M of Lys-Met at pH = 10.1: before irradiation (top), after 59 min
	irradiation of N 2 O-saturated solution in a γ-source, dose rate 11.5 Gy/min (bottom). MS analysis of 200 μL in
	1000 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Sample irradiated without catalase.
	Figure V.44. IRMPD spectra of the protonated dipeptide [Lys-Met]H + (red, m/z = 278), of the protonated sulfoxide
	[Lys-Met(S=O)]H + (black, m/z = 294) and of the decarboxylated protonated [(Lys-Met)-CO 2 ]H + (green, m/z=234).
	Figure V.45.

  FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of can:H 2 O 1:1 Figure V.61. CID-MS of m/z = 668.35 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 30min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.62. SORI fragmentation of m/ z= 920.47 (z = 1) from the CID fragmentation of ion with m/z = 668.35. CID-MS of m/z = 684.348 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.Figure V.66. CID-MS of m/z = 659.355 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1.

	-4 M of 3CB at pH~6. Irradiation time 60 min., Ar-saturated, Hg-lamp, λ ex = 365 nm. MS analysis of 3 μL in 100 μL AcN:H 2 O 1:1 with 0.1 % of formic acid. Figure V.55. Structures of products formed during 3CB-sensitized oxidation of Met-Lys-Bradykinin. Figure V.56. FT-ICR-MS of non-irradiated MKBrad 9•10 -4 M in aqueous solution. Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1. Figure V.57. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1. Figure V.58. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3μL of sample in 100μL of AcN:H 2 O 1:1. Figure V.59. FT-ICR-MS of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 12.21 Gy/min; absorbed dose 488.4 Gy, irradiation time 36 min Sample preparation: 3 μL of sample in 100 μL of can:H 2 O 1:1. 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1. Figure V.63. CID-MS of the m/z = 676.352 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1. Figure V.64. CID-MS of m/z = 676.35 (z = 2) from a solution of gamma irradiated MKBrad 9•10 -4 M in aqueous O 2 -saturated solution. Dose rate 33.29 Gy/min; absorbed dose 998.7 Gy, irradiation time 30 min Sample preparation: 3 μL of sample in 100 μL of AcN:H 2 O 1:1. Figure V.60. Injection of solution after gamma irradiated MKBrad 9•10 -4 M in aqueous N 2 O-saturated solution. Dose rate Figure V.65.
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 V 18. Comparison of products formed after 3CB-sensitized photo-oxidation of Met-Lys-Bradykinin in aqueous solution by Hg-lamp and CW laser. Table V.19. Comparison of fragmentation pattern of products from 3CB-sensitized photo-oxidation of Met-Lys-Bradykinin in aqueous solution Table V.20. Comparison of MS/MS fragmentation of oxidation product formed during radiolysis of Met-Lys-Bradykinin Table V.20. The comparison of fragment ions formed during the CID-MS of selected ions from Met-Lys-Bradykinin.
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 V 21. The calculated masses of ''y'' and ''b'' fragments for Neurokinin B Table V.22. The comparison of fragment ions formed during the CID-MS of selected ions from Neurokinin B. Table.V.23. The spectral properties of SB and OXB in aqueous solutions. Table V.24. The comparison of excited singlet state life times of excited 2-hydroxybenzophenone, oxybenzone and sulisobenzone.

  •-and 3CBH • , które znajdują się w równowadze kwasowo-zasadowej (r. 18, rysunek 2). Prace te sugerują także tworzenie się sulfotlenku metioniny na drodze tylko i wyłącznie utleniania dwuelektronowego, np. poprzez reakcję z nadtlenkiem wodoru H 2 O 2 .

	W zależności od pochodnej metioniny lub od sąsiedniego aminokwasu, stabilizacja
	kationorodnika >S •+ może przebiegać w odmienny sposób. W rozdziale tym podkreślono także
	trudności związane z rozróżnieniem spektralnym pomiędzy (S∴N) + i (S∴O) + wykorzystując
	wyłącznie metody optyczne, w związku z ich podobnymi właściwościami spektroskopowymi
	(maksima absorpcji dla obu kationorodników znajdują się w zakresie 390-400 nm).
	Dotychczasowa wiedza na temat analizy produktów trwałych powstałych wskutek
	utleniania radiolitycznego Met i jej pochodnych obejmuje nieliczne opublikowane prace.
	Zakładają one tworzenie się takich związków jak 3-etylotiopropylamina czy 3-
	etylotiopropanaldehd jako główne produkty utleniania aminokwasu Met (Barata-Vallejo et al.
	2010).

  • OH w odtlenionym roztworze powoduje powstanie produktu pojedynczego, podwójnego i potrójnego utleniania. Scharakteryzowane modyfikacje to m.in. sulfotlenek na reszcie metioninowej, hydroksyprolina i tyrozyna (z utleniania jednej z dwóch Phe). Nasycenie roztworu tlenem tuż przed naświetlaniem i naświetlenie próbki dawkami rzędu około 900 Gy powoduje, oprócz scharakteryzowanych dla poprzednich eksperymentów produktów, nowego produktu o masie mniejszej o 2 Da. Z analizy MS/MS wynika, iż utworzenie wiązania podwójnego (-2 Da) następuje na początku sekwencji -Met-Lys. Jest to prawdopodobnie utworzenie wiązania podwójnego na reszcie metioninowej.Drugim przebadanym peptydem kininowym była Neurokinina B, która w swojej strukturze posiada dwie metioniny, Met 2 i Met 10 , z czego Met 10 jest C-końcową i jest zablokowana przez amid. Utlenianie neurokininy B z wykorzystaniem sensybilizatora prowadzi do utworzenia się foto-adduktu pomiędzy resztą Met 10 i cząsteczką 3CB.

  •+ może ulegać reakcji deprotonacji, tworząc rodniki αalkilotiolkilowe, α-S. Obecność tych rodników została potwierdzona wykorzystując metodę radiolizy impulsowej.

		Proponowane mechanimzy tworzenia się sulfotlenku i foto-adduktu przedstawione
	zostały w rozdziale VI. Pomimo podobnych mechanizmów procesów zachodzących
	bezpośrednio po impulsie elektronów lub lasera, scharakteryzowane produkty były odmienne ze
	względu na obecność sensybilizatora w LFP. Pomimo tego, należy podkreślić iż prekursorem obu
	produktów trwałych, sulfotlenku i foto-adduktu, jest rodnik α-S, który ulega reakcji
	dysproporcjonacji tworząc sulfotlenek, lub reakcji z rodnikami 3CB •+ /3CBH • tworząc addukt.
	Sulfotlenek wykryto w odtlenionych roztworach z dodatkiem katalazy, co wyklucza reakcje dwu-
	elektronowego utlenienia reszty metioninowej np. poprzez nadtlenek wodoru.	
		Przebadanie układów modelowych ułatwiło analizę produktów utleniania dłuższych
	peptydów -Met-Lys-bradykininy i neurokininy B. Uzyskane wyniki pozwoliły na wyznaczenie
	głównych miejsc reakcji z rodnikami hydroksylowymi i z wzbudzonym stanem trypletowym
	3 (3CB)*.	Należy	podkreślić	tutaj	selektywność	sensybilizowanego	utleniania
	jednoelektronowego przebadanych peptydów, ograniczającego się do reakcji wyłącznie z resztą
	metioninową.					

In this paragraph the CB is referred to 3-carboxybenzophenone and

4-carboxybenzophenone.4 In some cases it is possible to form the radical ion pair between3 CB* and N atom (e.g. Alanine) yielding (CB •-•••N •+ ) 60. Bobrowski, K., B. Marciniak, and G.L. Hug, 4-Carboxybenzophenone-Sensitized Photooxidation of Sulfur-Containing Amino Acids. Nanosecond Laser Flash Photolysis and Pulse Radiolysis Studies. The Journal of American Chemical Society, 1992. 114(26): p. 10279-10288.

Enkephalins are neurotransmitters and neuromodulators in brain and spine involved in the regulation of pain.

The Bpa residue is used as a probe in the photo-affinity scanning for studying the ligand-receptor interactions.

Asp-Met-OMe was investigated through the courtesy of Dr. Franiciszek Kaźmierczak who synthetized it in the way described in supplementary materials.

Superimposed combination of O-H and NH 3 + stretching, strong and broad band.

The frequency of υS=O is increase by electronegative substitution.

The frequency of υS=O is increase by electronegative substitution.

''Z'' is benzyloxy-carbonyl group used as a blockage of amino group in amino acids applied in BACHEM to protect Asp-Met peptide (formula: C 6 H 5 -CH

-O-(C=O) -)
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Chapter I. Chapter III. Chapter V. dyfuzję (~10 9 M -1 s -1 ). Stałe wygaszania były nieznacznie mniejsze dla sekwencji peptydów zawierających N-końcową Met. Obserwowany był także niewielki wpływ pH prowadzenia reakcji, mianowicie dla roztworów zasadowych stale k q były niższe.

Produkty przejściowe -Met-Lys

Laserowa fotoliza błyskowa odtlenionego wodnego roztworu Met-Lys (6•10 -3 M) i 3CB (4•10 -3 M) w pH ~ 6 wykazała tworzenie się pasma absorpcji o długości fali 520 nm, które ulega przesunięciu do 550 nm wraz z dłuższymi czasami po błysku lasera (rysunek 3). Pasmo przy 520 nm zidentyfikowane zostało jako stan trypletowy 3 (3CB)*, natomiast pasmo przy 550 nm pochodzi od rodnika ketylowego 3CBH • . Zwiększenie pH roztworu do około 10-11 powoduje zmianę kształtu otrzymanego widma absorpcji przejściowej. Pojawiające się początkowo pasmo (około 70 ns po impulsie lasera) przesuwa się wyraźnie w kierunku podczerwieni, osiągając maksimum przy 600 nm. Pasmo to przypisane zostało tworzącemu się anionorodnikowi 3CB •-.

Dalsza analiza widm absorpcji przejściowej wykonana było wykorzystując program do dekonwolucji widm DECOM. Pozwoliło to uzyskać informacje dotyczące indywiduów przejściowych tworzonych w czasie utleniania Met-Lys, takich jak 3(3CB)*, 3CB