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Synthè se en Franç ais

Les espè ces ré actives de l'oxygè ne (ROS) telles que le radical hydroxyle ( • OH) jouent un rôle bé né fique important dans les processus biologiques. Leur production incontrôlé e et leur ré activité sont connues pour ê tre des facteurs dé terminants dans la pathologie. Les peptides contenants la mé thionine (Met) et les dé rivé s des nuclé obases de l'ADN sont deux types de systè mes sensibles aux ROS. Cette thèse vise à mieux comprendre les mécanismes d'oxydation induite par les radicaux hydroxyles de petits systè mes modè les d'intérêt biologique en identifiant les produits finaux de l'oxydation.

Le premier aspect traité dans cette thèse est l'oxydation des composés contenant la Met.

L'oxydation de la méthionine induite par un excès de radicaux libres dans l'environnement cellulaire peut provoquer des effets né fastes affectant la conformation des proté ines, qui peuvent s'accumuler avec l'âge et conduire à des pathologies telles que la maladie d'Alzheimer.

Il est intéressant de noter qu'un produit d'oxydation de Met, MetSO, peut ê tre ré paré de manière réversible par une famille d'enzymes, la méthionine sulfoxyde réductase (Msr). Ainsi, la résistance à l'oxydation de Met lui permet de servir d'espèce antioxydante pour protéger les voisins des dommages oxydatifs. Le produit final de l'oxydation de Met dépend de son environnement. Nous avons donc é tudié l'effet de l'environnement sur le produit final de l'oxydation de Met et répondre à la question: le radical libre choisit-il le produit final? Trois groupes de molé cules contenant la Met ont été sélectionnés, il s'agit de peptides contenant la Met avec un ou deux groupe(s) terminal (terminaux) bloqué (s), de dipeptides cycliques et de peptides contenant la proline et/ou l'acide glutamique. Les ré sultats obtenus ont montré que le site de protonation est modifié en fonction de la protection du groupe terminal de Met. La signature spectrale de la formation du sulfoxyde est fortement dé calé e vers le rouge de ~1000 cm -1 (vS=O) à ~870 cm -1 (vS=OH + ) lorsque la Met oxydé e est protoné e sur l'oxygène de sulfoxyde. Cependant, le blocage de groupe terminal de Met n'a pas d'effet significatif sur les produits finaux d'oxydation. Le produit à masse +16 Da est toujours attribué à la formation de sulfoxyde dans Met, mê me si les transitoires initialement formé s sont diffé rents. Nous n'avons pas observé une diffé rence significative sur les produits d'oxydation lorsque le nombre de ré sidus de prolines insé ré s passe de 0 à 2. Mais, la proline est oxydé e en hydroxyproline dans le tripeptide contenant de Met.

Le deuxiè me aspect traité de cette thè se est l'oxydation des dérivés de nucléobase d'ADN. Les nuclé obases sont les é lé ments constitutifs fondamentaux des acides nuclé iques. L'ADN et l'ARN jouent un rôle crucial dans le stockage et l'expression des informations biologiques.

Les ROS sont capables de perturber le processus de transcription et de causer des effets dé lé tè res sur les cellules, contribuant au vieillissement et à plusieurs situations pathologiques.

Les developpements de mé thodes de caracté risation basé es sur la spectromé trie de masse (MS) a permis de mettre en évidence les lésions oxydatives des nucleobases de l'ADN et de leurs dérivés. Différents produits de lésions de l'ADN ont été identifiés et caractérisés par des diffé rentes techniques analytiques, notamment les diffé rentes techniques de chromatographie couplées à la spectrométrie de masse. Cependant, très peu d'information ont pu être obtenue sur la signature spectrale de ces modifications oxydatives. Dans cette thè se, la spectroscopie de IRMPD a été proposée pour la première fois sur l'identification des produits d'oxydation des composants de l'ADN. Par rapport aux lésions de l'ADN cellulaire détectées, nous avons observé une varié té beaucoup plus faible de produits dans la solution aqueuse exposé e aux rayons gamma en absence d'oxygène. Les principaux produits observés sont des produits d'addition d'oxygène (+16 et +32 Da). Parfois, l'addition d'oxygène est suivie d'une dé shydrogé nation (-2 Da). Cette addition d'oxygène se produit de manière pré fé rentielle sur la base alors que la perte de H2 est sur le sucre. L'ajout d'oxygène dans dA(O) et dAMP(O) se fait sur la position 8 de l'adé nine pour former un groupemment C8=O tandis que l'addition d'oxygène dans dC(O) et dCMP(O) se fait en position 5 de cytosine pour former C5-OH. Nous avons é galement observé que la formation de groupe hydroxyle sur la cytosine fait dé placer l'équilibre de formation des conformè res protoné s de N3 et O2.Des informations dé taillé es sur les structures ont é té obtenus grâ ce à la comparaison avec des calculs de chimie quantique.

Des ré sultats pré liminaires de S-Adenosyl methionine (SAM), qui est une combinaison de Met et les dé rivé es de base, sont é galement pré senté s.

Le plan de ce manuscrit est dé crit briè vement ci-dessous :

Le Chapitre I est consacré à l'état des connaissances sur l'oxydation des peptides contenant de la méthionine et des composants de l'ADN.

Les montages expé rimentaux utilisé s dans cette thè se sont pré senté s au Chapitre II. Le flux de travail est bien documenté , de la pré paration des é chantillons initiales à la caracté risation.

Un systè me de purge N2O fait maison dans le laboratoire d'Orsay permet de saturer les solutions avec du N2O pour étudier l'oxydation en l'absence d'oxygène. La source à rayonnements gamma, panoramic 60 Co IL60PL International (France), a é té utilisé e pour oxyder les solutions d'é chantillons via la radiolyse de l'eau. La spectromé trie de masse (MS) à haute ré solution et la spectroscopie de dissociation de multiples photons infrarouges (IRMPD) ont été utilisées pour l'exploration des modifications structurelles dans les produits finaux d'oxydation. En particulier, deux types de piè ges à ions ont é té principalement utilisé s: un piè ge de Paul (piè ge quadrupolaire) et un spectromè tre de masse du type de ré sonance cyclotronique ionique à transformé e de Fourier (FT-ICR) à trè s haute ré solution. En ce qui concerne l'analyse en spectromè tre de masse, le spectromè tre de masse de type FT-ICR en ultra-haute ré solution a montré de bonnes performances dans l'étude des produits d'oxydation. La source externe d'ionisation par électrospray (ESI) a transféré les espèces de la solution dans la phase gazeuse.

Les ions d'intérêt sélectionnés ont été mis en collision avec de l'Argon dans la chambre de collision du FT-ICR pour obtenir des informations sur la fragmentation. Le principe de la spectroscopie de dissociation de multiples photons infrarouges (IRMPD) est dé taillé e dans ce chapitre avec l'état des recherches sur différents thèmes. L'analyse spectrale infrarouge a couvert la ré gion 600-2000 cm -1 (la région de l'empreinte digitale) et la ré gion 2800-3800 cm - 1 (la région d'étirement de liansons hydrogè ne). Les spectres IRMPD ont é té enregistré s à Free Electron Laser for Infrared eXperiments (FELIX) Laboratory et au Centre Laser Infrarouge d'Orsay (CLIO), respectivement. Des calculs de chimie quantique ont é té effectué s pour simuler les spectres d'absorption infrarouge des géométries possibles.

Le Chapitre III pré sente les ré sultats obtenus de l'étude des dipeptides cycliques contenant la Met. Les dipeptides cycliques sont des bons modèles pour l'intérieur des protéines sans groups terminaux, comme dans la proté ine calmoduline. Les dipeptides cycliques c(LMetLMet), c(LMetDMet) et c(GlyMet) ont permis d'étudier l'influence de l'orientation des chaînes laté rales sur les produits finaux.

Le Chapitre IV pré sente les ré sultats de la mé thionine et des peptides contenant la mé thionine avec les groups terminaux bloqué s. Les groupes terminaux jouent un rôle important dans la formation du groupe sulfoxyde au cours de processus d'oxydation de Met puisque le radical cation centré sur soufre >S •+ peut ê tre stabilisé en se liant aux groups terminaux possé dant une paire d'électrons. Dans ce chapitre, la N-acé tyl methionine (NacMet), N-acé tyl methionine mé thyl ester (NacMetOCH3) et dipeptide bloqué e contenant la mé thionine (NacMetMetOCH3) ont é té é tudié es pour révéler l'influence des groupes terminaux dans la formation des produits d'oxydation de Met.

Une sé rie de peptides conç us avec un pont de proline de longueur variable a é té é tudié e au Chapitre V afin de mettre en é vidence les effets de diffé rents facteurs sur les produits finaux d'oxydation. L'effet de séquence a été obtenu en comparant les résultats de Met-Pro (MP) et Pro-Met (PM) . Met-Pro-Met (MPM) et Met-Pro-Pro-Met (MPPM) ont é té utilisé s pour explorer l'effet de la distance. L'effet de stabilisation intramolé culaire a é té é tudié dans 𝛾-Glu-Met (EM) et 𝛾-Glu-Pro-Met (EPM) où la Met au terminal N a é té remplacé e par 𝛾-Glu. En outre, le rôle de Met dans la dé fense antioxydante des peptides a é té discuté .

Le Chaptre VI pré sente les ré sultats obtenus de l'étude des nuclé otides et nuclé osides de l'ADN. Les géométries des produits stables de l'oxydation de l'ADN ont été étudiées pour la premiè re fois par spectroscopie IRMPD combiné e aux calculs de chimie quantique. Les informations obtenues de l'étude des spectres IR se sont avé ré es cohé rentes avec les formules chimiques dé voilé es par les é tudes pré cé dentes. Des informations dé taillé es, telles que les sites de tautomé risation et de protonation, sont dé crits. Par rapport aux produits finaux observé s dans l'ADN cellulaire, différents types de produits ont été trouvés dans la solution saturée en N2O aprè s exposition aux rayons 𝛾.

Les ré sultats pré liminaires des expé riences MS, Dissociation Induite par la Collision de la spectromé trie de masse tandem (CID-MS 2 ) et IRMPD de la S-Adenosyl mé thionine (SAM) sont pré senté s au Chapitre VII. Il s'agit d'une extension de projet de recherche. En plus de sa structure spécifique composée de méthionine et d'adénosine, la SAM possède des implications biologiques essentielles. Le métabolisme de la méthionine commence par l'activation de la SAM, ce qui rend SAM importante dans le transfert des groupes mé thyles, la synthè se des polyamines et de nombreux autres processus. Les modifications oxydatives peuvent entraî ner le dysfonctionnement de la SAM. Il est donc utile d'étudier le produit d'oxydation de la SAM et de comprendre ses étapes d'oxydation.

Enfin, le Chapitre VIII pré sente un ré sumé des ré sultats obtenus dans le cadre de ce projet de thè se et des perspectives pour les directions de recherches futures lié es à ce travail The corresponding structures are reported on the right together with the relative Gibbs free energy (∆G) at 298 K in kJ.mol -1 , calculated at B3LYP/6-311g(d) level of theory. Another kind of relative Gibbs free energy in kJ.mol -1 , calculated by a combination of the electronic CCSD(T) energies at the DLPNO-CCSD(T)/cc-pvTZ level of theory with thermal correction (298 K) from the B3LYP/ The effect of possible intramolecular stabilization has been investigated in 𝛾-Glu-Met (EM)
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and 𝛾-Glu-Pro-Met (EPM) where the N-terminal Met was replaced by 𝛾-Glu. In addition, the role of methionine in antioxidant defense in peptides has been discussed. Finally, the last chapter provides a summary of the results obtained in this thesis project and perspectives for future directions related to this work.

METHIONINE

Proteins are very large biopolymers formed from only 20 different monomers. These monomers are 𝛼-amino acids that are connected by amide functions, also called peptide bonds, to form linear polypeptide chains. The 𝛼-amino acids have a general formula: H2N-C𝛼(H, R)- Oxidation of free amino acids and amino acid residues in proteins can lead to different manifestations: not only a chemical change (such as hydroxylation of aromatic groups and aliphatic amino acid side chains, sulfoxidation of methionine residues, nitration of aromatic residues, carbonyl conversion… etc.), but also a possible physical change (such as cleavage of chain or formation of protein aggregates… etc.) 1 .

COOH which is presented in

Among all amino acids, the sulfur-containing amino acids methionine and cysteine are extremely susceptible to reactive oxygen species (ROS). Cysteine has a sulfhydryl group that can dimerize with the sulfur of another cysteine to form cystine with a disulfide bond. They are especially classified as the sulfur amino acids (SAAs) and their chemical formula are shown in Figure 12. Methionine is the initiating amino acid in the synthesis of proteins, while cysteine has an important contribution to the protein structure and protein folding process 2 . They are key precursors of taurine, glutathione, hydrogen sulfide, and S-adenosyl methionine (SAM).

In this thesis, I was particularly interested in the oxidation of methionine.

Methionine (Met), an essential amino acid for constructing proteins in the human body, is highly susceptible to almost all kinds of ROS due to its low redox potential and its hydrophobic side chain with an electron-rich sulfur atom 3 . Oxidation of Methionine induced by an excess of free radicals in the cellular environment may cause harmful effects affecting the regular biological conformation of proteins, which can accumulate with age to lead to pathologies such as Alzheimer's disease 4 . Interestingly, one Met oxidation product is reversibly repaired.

Methionine sulfoxide (MetSO) can be reduced back to Met by a special family of enzymes, Methionine Sulfoxide Reductases (Msr) 5,6 . Thus, the oxidation resistance of Met can make it serve as an antioxidant species to protect neighboring tissues from oxidative damage 7,8 .

• OH-induced one-electron Met oxidation

Even though scientists have been searching for a clear explanation for the oxidation process of Met-containing compounds since the '70s, the • OH-induced one-electron oxidation process of Met-containing systems in aqueous solution is still not fully understood. Many reviews have contributed to the comprehension of the radiolytic oxidation of Met-containing peptides since the oxidation of thioethers in proteins is an important subject to the understanding of many diseases and aging process [9][10][11] . To simplify the model of the study, starting with the simplest oxidation reaction of a single Met will make this topic easier to approach.

Thanks to previous researches, the mechanism of one-electron oxidation of single Met (a) is provided in Figure 1-3 12 . The S-atom of the side chain is the most susceptible site to the presence of • OH. S-atom can react with • OH free radicals in a diffusion-controlled way 13 . There are two competitive pathways: direct • OH addition on the S-atom and H-atom abstraction from 𝛼-S position. 

R2=OH

When a single Met (a) undergoes • OH addition (the first pathway), it gives rise to the formation of highly unstable species hydroxysulfuranyl radicals (>S • -OH radicals, b). Subsequently, species (b) decomposes rapidly to S-centered radical cation (>S •+ radicals, c) and -OH (or H2O in H + catalyzed environment). This kind of transient species requires another reactive site owning a lone pair (ex : O, N, Cl, Br, I, Se or S) to form a two-centered three-electron (2c-3e) bond in order to get stabilized [14][15][16] . Two types of transient 2c-3e bonds can be formed: intramolecular or inter-molecular ones. As for the inter-molecular bond, the sulfur radical cation is stabilized by the electron pairs from C-and N-terminal groups of the same Met to form (S∴O) + (h) and (S∴N) + (g), respectively. In case of inter-molecular bond, >S The fate of the oxidation product MetSO is either to be repaired by MetSO reductase to go back to its initial form Met or to be further oxidized to an irreversible product methionine sulfone (MetSO2) 17 . The schematic presentation is presented in Figure 1234. 

Transient products characterization in Met-containing peptides

Transients formed in initial steps of Met oxidation have been extensively studied by timeresolved experiments 3,12,14 properties. Source: ref 3,12,14 .

The efficiency of the formation of radical cations depends on several factors: the structural character of the peptide chain (linear or cyclic), the number of Met residues, the optical isomerism of Met residues, the pH of the environment and the concentration of samples and many others [18][19][20][21][22] .

Stable products observed in Met-containing peptides

Strangely enough, compared to transients, the final products of methionine oxidation have been less intensively studied. However, it is still an important scope for well understanding the entire process of Met oxidation and it may be more important than transients in biological processes.

Here, a summary of the studied systems in different Met-containing peptides and the observed stable products are listed in Table1-2. (GS-Me)H + -H2-CO2 a from ref 23 , b from ref 24 , c from ref 25 , d from ref 17 Table 1-2. Summary of observed masses as final oxidation products in various Met-containing peptides 17,23,26 .

Therefore, a series of studies on the effect of different factors on the final products of Metcontaining peptides have been carried out in our group in the last decade for a better comprehension of oxidative modifications in Met-residue, from a single Met to various linear Met-containing dipeptides by using tandem mass spectrometry (MS 2 ) and infrared spectroscopy (IRMPD) 17,23,24,26,27 23,25 and Met-Trp 17 .

Thus, the goal of this thesis is to further advance this research in more complex Me-containing models in order to understand the impacts of different factors on final products of Met oxidation by tandem mass spectrometry and IRMPD spectroscopy.

DNA NUCLEOBASES AND DERIVATIVES

Nucleobases are the fundamental building blocks of nucleic acids in natural deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), which gives it a vital status in the continuation of biological life. 

(a) (b)

Nucleosides are made of a nucleobase, usually either a purine or a pyrimidine, and a fivecarbon carbohydrate ribose or deoxyribose. Based on one nucleoside, adding one or multiple phosphate groups can form the corresponding nucleotide or nucleotide polyphosphate (Figure 123456). RNA contains the carbohydrate ribose. Compared to RNA, DNA is made by removing the hydroxyl group from the position 2' of the carbohydrate ribose part 29 . A DNA or RNA strand is formed by the ordered repetition of these nucleobases, sugar, and phosphate groups. The sequence of the bases of the DNA that constitutes genes determines the amino acid sequence of the proteins in an indirect way; RNA molecules in the transcriptome serve as intermediaries between the genome and the proteome.

Oxidation of DNA nucleobases and derivatives

Similar to Met, another sensitive target of reactive oxygen species (ROS) is the nucleobase.

Since DNA and RNA play a crucial role in the storage and expression of biological information in normal functioning of human body, reactive oxygen species (ROS) and oxidizing agents (such as singlet oxygen, the hydroxyl radical, one-electron oxidants… etc.) are capable to perturb the process of transcription and cause deleterious effects on cells, known as oxidative stress, contributing to aging and several pathological situations, e.g. Alzheimer diseases, cancer and atherosclerosis 30,31 . Even though cells have developed various defense systems to recover from damages caused by ROS or oxidizing agents, a fraction of the modifications can escape from the cellular defense and can temporarily or permanently damage the nucleic acids in cells.

There is therefore a great interest in identifying DNA damage and understanding the mechanisms of reaction with ROS in this damage.

The research on oxidative damage in DNA has been progressing remarkably in last few decades [32][33][34][35][36][37][38][39][40][41][42][43] . The improvement of powerful MS-based characterization methods (HPLC-MS, GC-MS… etc.) paved ways to reveal oxidative lesions in DNA nucleobases and the related derivatives. However, due to the limitation of sensitivity in instrumental aspect and complexity in experimental aspect, the oxidative lesions have been mostly isolated and identified in model systems than in vivo 42,44 . In model systems, the Fenton-like reaction is often employed in DNA oxidation study. It is an advanced oxidation process that consists of initiating decomposition reactions of hydrogen peroxide (H2O2) by transition metal salts to generate radical species, e.g.,

• OH.

The different types of ionizing radiations (IR) on DNA can cause two types of effects 43 : 1)

Direct effect, ionization triggered by the loss of one electron (-e -) through interaction of radiation with DNA itself; 2) Indirect effect, i.e. interactions of ionizing radiation with the solvent, creating water free radicals such as • OH. These free radicals react in turn with the solvent DNA. Normally, our body is able to repair this unwanted damage. If the repair action is not processed correctly by accident, the modifications in the DNA subunits can induce genomic instabilities leading to cancers or mutations 45,46 . Double-strand breaks leading to cell inactivation or cell death are the most common consequences observed, as induced by direct effect of ionizing radiation 47 . Once the absorbed energy from radiation becomes higher than the ionization potential, a series of electronic motion will take place in molecule and lead the ion M •+ to an excited vibrational state which is highly unstable and thus is easily fragmented.

Indirect effects occur with the radiolysis of water which leads to the release of various reactive species (the reaction equation and generated species are detailed in Chapter II) such as free radicals and hydrated electrons that can react with neighboring molecules via chemical reactions. Because of the nature of the water radiolysis reaction, this indirect effect usually results in DNA subunits' oxidation. In fact, the direct effect is not the main process responsible for the lesion in DNA. On the contrary, most of DNA lesions are formed via indirect effect by the interaction with hydroxyl radicals which are produced during water radiolysis.

Scientists have been working on the identification and quantification of radiation-induced DNA lesions in the past several decades 42,[48][49][50] . Various products of DNA lesions have been identified

and characterized by different analytical techniques, especially, different chromatography techniques (ex : gas chromatography GC, liquid chromatography LC) coupled with mass spectrometry 51,52 . In this thesis, I was particularly interested in the identification of OH radicals-induced oxidation products of DNA components by IRMPD spectroscopy.

A review of the revealed • OH-induced oxidation mechanisms and the detected stable products are introduced in the following sections. • OH-mediated oxidation of guanine ( 1) is divided into two principal pathways: addition of •OH at the C8 position of guanine and H-atom abstraction from the 2-amino group. The former gives rise to the formation of 8-hydroxy-7,8-dihydroguan-8-yl radicals (2), while the latter generates guanine-N2-yl radicals (5). The hydroxyl radical-mediated mechanism of guanine is shown in Figure 1-7 42 .

• OH-induced oxidation of Guanine and derivatives

One electron oxidation of N7-centered radical 2 leads to the formation of final product 8-oxoGua (3). A competitive reaction, one electron reduction of 2, yields Fapy-Gua (4). These two products have been quantified and compared in previous research by HPLC-MS/MS 53 , the yield of Fapy-Gua ( 4) is relatively higher than the yield of 8-oxoGua (3) in cells. As for the aminyl radicals 5, it then transforms into guanine-C5-yl radicals (6) by tautomerization. 6

undergoes a complicate step involving hydration, loss of CO2 and loss of formamide in specific condition to make final products Oxazolone (7) and Imidazone (8). 7 and 8 can be switched from one to each other by hydration and dehydration process.

The stable products detected after the oxidation of guanine systems have been summarized in -Photooxidation with riboflavin e

HPLC-MS/MS

a from ref 53 , b from ref 36 , c from ref 54 , d from ref 55 , e from ref 56 

• OH-induced oxidation of Adenine and derivatives

• OH-mediated oxidation of adenine (9) gives similar products to those of guanine, such as 8-oxoAde (11) and Fapy-Ade (12) correspond to 8-oxoGua (3) and Fapy-Gua (4), respectively.

A presentative scheme is provided in to C8 position and one-electron oxidation 57 or reduction process 58 .

Another possible pathway is the addition of • OH at C4 position, giving rise to 4,5-dihydroaden-C5-yl radicals (13). By loss of water, ( 13) can transform into strong oxidizing adenine-N6-yl radicals (14). Deamination of 14 conducts to final product Inosine (15) 59 . The stable products detected after the oxidation of adenine systems have been summarized in 

• OH-induced oxidation of Thymine and derivatives

• OH-mediated oxidation of thymine ( 16) in aerated aqueous solution has been shown to take place in thymine nucleobases in DNA 60 . The reaction pathway is shown in Figure 123456789.

One of the main reaction is • OH addition: • OH preferentially adds to C5 to yield reducing 6-yl (17) free radical, meanwhile, a small number of • OH adds to C6 to yield oxidizing 5-yl (20) 61 .

Corresponding hydroperoxyl radicals 6-hydroperoxides (18) and 5-hydroperoxides (21) can be produced by fast addition of O2 on the radical site upon reduction and protonation of transient peroxyl radicals O 2 •-62 . The decomposition of 18 and 21 lead to the formation of the four cis and trans diastereomers of Thy-Gly (19).

Another main reaction induced by • OH is H-atom abstraction from the methyl group, which lead to 5-(2'-deoxyuridilyl) methyl radical (22). Subsequent addition of O2 leads to the formation of 5-(hydroperoxymethyl)-2'-deoxyridine (23) via reduction and protonation of O 2 •-.

Then, the decomposition of 23 gives rise to the final products 5-HmUra (24), 5-FoUra (25) and Hyd-Thy (26), through reduction, dehydration, and pyrimidine ring cleavage, respectively. 5-FoUra (25) is the major type of oxidation products detected by HPLC-ESI-MS/MS in cellular DNA 36 . In DNA double strands, 22 can react with neighboring guanine or adenine to build intra-&inter-strand cross-link lesion connecting the methyl group of thymine and the C8 position of guanine or adenine 63,64 . The stable products detected after the oxidation of thymine systems have been summarized in Similar to thymine, the initial steps of the oxidation are addition of • OH on 5,6-double bond or H-atom abstraction from the methyl group (exclusively for 5-Methylcytosine), giving rise to 5-hydroxy-5,6-dihydrocytos-6-yl (28), 6-hydroxy-5,6-dihydrocytos-5-yl (30) and 5-(cytosinyl) methyl radicals (32, only in the case of 5-Methylcytosine). Likewise, 28 has a bigger contribution than 30 in the yield of final oxidation products 67 .In the presence of oxygen, corresponding hydroperoxyl radicals are then formed. Oxidation of 28, 30 and 32 give rises to 29, 31 and 33, respectively. The stable products of these hydroperoxides of cytosine are 5-OHCyt (34), Ura-Gly (35), Hyd-Ura (36) and Imid-Cyt (37). In addition, radical-mediated oxidation of the methyl group in 5-methylcytosine generates extra stable products that have been detected in cellular DNA: 5-HmCyt (38), 5-CaCyt (39) and 5-FoCyt (40).

The stable products detected after the oxidation of cytosine systems have been summarized in 

LC-MS/MS

a from ref 68 , b from ref 69 , c from ref 65 , d from ref 70 , * oxidation products of 5-methylcytosine 

THE AIM OF THE WORK

The main objective of this thesis is to investigate the modifications of small biological molecules after radiolytic oxidation by IRMPD spectroscopy, find out the diagnostic signatures of these modifications, and comprehend the corresponding oxidation mechanisms. To this aim, a series of specific types of molecules have been chosen for studying the effect of different factors on results. 𝛾-radiolysis in N2O atmosphere was used to yield hydroxyl radicals 

Met-containing peptides

As detailed in the sections above, the • OH-induced one-electron oxidation of methionine leads to the formation of the S-centered radical cation >S •+ which is further stabilized by forming the 2-center 3-electron (2c-3e) free radicals (S∴X) + with another electron-rich atom X, e.g., O, N or S, or undergoes the hydrogen abstraction yielding 𝛼-(alkylthio) radicals (𝛼-S radicals).

Previous work has reported the IRMPD spectra of protonated Met (MetH + ) with its oxo-form (MetSOH + ), and of protonated linear dipeptides L-Met-L-Met (LMetLMetH + ) with its oxoforms (LMetLMetH + +16 and LMetLMetH + +32) in the PhD thesis of Marta Ignasiak 23,27 . The spectra are presented in and its oxidation products. Source: ref 23,27 .

When a single protonated Met was oxidized by 𝛾-radiolysis, the formation of sulfoxide group has been observed by CID and characterized by a diagnostic IR band at 947 cm -1 . The bands in the middle of the fingerprint region were slightly modified and are assigned to be a changed combination of H related bending (𝛿NH3 + , 𝛿COH, 𝛿C-H… etc.). As for protonated linear dipeptide L-Met-L-Met, the band corresponding to sulfoxide group in oxo-form had a slight blue shift to ~1000 cm -1 .

In this part of the thesis project, we wanted to unravel how the spectral signature was altered according to the environment in a Met-containing molecule. To answer this question, three groups of Met-containing molecules were selected, they were: terminal-blocked methionine and Met-containing peptides, cyclic dipeptides and designed Pro-containing peptides. Our aim was to shed light on the mechanisms of damaging events during 𝛾-radiolysis by investigating the effects of neighboring group on the final products of oxidation, trying to answer the question: does the free radical choose the final compound?

Terminal-blocked amino acids and peptides

The oxidation of model compound NacMet amide has been previously reported by pulse radiolysis to show the neighboring group effect at the free radical level 71 . No decarboxylation or only negligible decarboxylation has been observed in the C-terminal-blocked methionine derivatives after pulse radiolysis 3,19,72 . Proton affinity (PA) of molecule and the protonation sites have shown to be altered according to the blockage and modification of the terminal groups in methionine, methionine sulfoxide and terminal-blocked derivatives 73 .

In order to study the effect of terminal groups on the final product of Met oxidation, a group of termini-modified methionine and peptides has been chosen to be investigated (Figure 123456789101112. Additionally, NacMetSO is a commercial product set as a reference for comparing with the oxidation product detected of NacMet.

Cyclic dipeptides

After As for cLL, the cis configuration means that the two side chains are pointing in the same side of the diketopiperazine (DKP) ring. Different from cLL, cLD has its side chains pointing in opposite directions, which correspond to the situation where the side chains of amino acids are

(a) (b) (c)
forced to be spatially in opposite direction due to the trans configuration of amides. cGM has been added in this study as an extreme case of cLD, since one of the methionine is replaced by a glycine and the only possibility to stabilize the sulfur radical cation should be by interaction with the heteroatoms of the peptide bonds in general case or with another peptide in high concentrated solution. Interestingly, previous pulse radiolysis study by the group of Bobrowski et al. has demonstrated that the peptides led to different transients because of their different cis-trans configuration 74 . Consequently, the oxidation of cLD led to little or no intramolecular (S∴S) + radical cation formation, contrary to the large quantity of (S ∴S) + radical cations observed in the case of cLL. No (S∴S) + radical cation has been observed in cGM 74,75 . However, the impact of such conformational changes on final product is not known.

Inspired by the previous study of transient products, the investigation of final products by MS 2 -CID analysis combined with IRMPD spectroscopy has been carried out to shed light on the possible difference induced by conformational changes in radiolysis-induced oxidation of cyclic methionine dipeptides.

Designed Pro-and Glu-containing peptides

We have also investigated certain designed peptides with variable-length proline bridges. In order to control the distance between two Met side chains, the number of inserted proline (Pro) between two methionine (Met) was controlled and modified in Met-(Pro)n-Met peptides 20,21 .

It has been observed that a decrease in the yield of these transients were dependent on the number of Pro residues in the designed model peptides, albeit not simply on the average distance between two S atoms in a pair of neighboring Met. This is interesting since nobody has identified the IR spectral difference in the final products of oxidation as a function of the distance between the sulfur atoms located in the side chains of neighboring Met. Such an approach could help us to study the effect of the long-range Electron Transfer (ET) between amino acid residues on final products during the oxidation process. Moreover, it was suggested that Pro residues and polyproline helices may serve as steppingstones for ET hopping.

The investigated compounds with chemical structures are presented in To have a better comprehension of the IRMPD spectra of these peptides, the amino acids that have been chosen to start were proline (P) and glutamic acid (E) serving as references for the study of oxidation in a series of peptides. IRMPD study of Met and MetSO has been already reported by Ignasiak et al. 27 . By increasing the number of inserted Pro between two adjacent Met, from MPM to MPPM, the distance of two Met increases.

The effect of possible intramolecular contact formation in the stabilisation of the sulphurcentred radical cation formed during radiolysis in 𝛾-Glu-(Pro)n-Met (n=0 and 1) has been investigated as well, where the N-Terminal Met is replaced by 𝛾-Glu, in spired by the work of Filipiak et al. 22 .

DNA nucleobases and derivatives

As for the evaluation of single and complex oxidatively generated damage in cellular DNA, chromatographic methods were largely used. In addition to chromatography, enzymatic methods, immunoassays and 32 P-postlabeling methods have also been employed 48 . Among chromatographic methods, they were predominantly coupled with electron-mass spectrometry, e.g., gas chromatography coupled with electron ionization-mass spectrometry detection (CG-EI-MS). Therefore, the capability of detection is still limited by instrumentation of LC and MS and one cannot provide geometric information of these modified sites.

In such a context, techniques that can provide direct structural information are needed as an important complementary tool for exploiting the oxidatively modified sites in terms of structural geometry. IRMPD spectroscopy is a suitable method to meet this need. Direct information can be derived from infrared fingerprint or hydrogen-stretching ranges where IR bands are specific of a functional group and its interaction with the environment 79 . With the rise of IRMPD spectroscopy technology, a serious of nucleobases in their protonated or deprotonated forms have been characterized [80][81][82][83][84][85][86][87][88][89][90][91][92] to serve as benchmarks for structural study.

However, the IRMPD spectral signatures and the spatial geometries of their oxo-forms remain unknown.

In this part of study, the objective was to use MS coupled with IRMPD spectroscopy as an 

S-Adenosyl methionine (SAM)

S-Adenosyl methionine (SAM) is considered as an important compound in biological aspect.

It consists of the adenosyl cation attached to the sulfur of methionine (Figure 12345678910111213141516). This molecule is particularly interesting to be studied since it is a combination of Met residue and adenosine. Both two parts are highly susceptible to ROS as mentioned in previous sections.

SAM intervene in three key metabolic pathways: transmethylation; transsulfuration and polyamine synthesis. Therefore, oxidative modifications caused by ROS can have a huge impact on the normal functioning of the human body, ranging from gene expression to membrane fluidity. Because of the important role played by SAM in the proper functioning of cellular metabolism, it is potentially to be investigated as therapeutic agent for the treatment of various pathologies and disorders [93][94][95][96] .

In this part of the work, protonated SAM with its singly oxidized form were investigated by means of CID-MS 2 to reveal its modified sites due to radiolysis-induced oxidation. The recorded IRMPD spectra were displayed as preliminary results.
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INSTRUMENTS AND METHODS

INTRODUCTION

In this chapter, the relevant techniques applied during my Ph.D. thesis are described in detail.

These methods were employed to identify the final oxidation product of small molecules of biological interest, to investigate the intrinsic properties of these species in the gas phase, and to find out the diagnostic spectral signature of the oxidation-induced modifications.

The main strategies are described as follows:

-Samples were dissolved in distilled water, purged with N2O gas, and then irradiated by Gamma rays in order to simulate the oxidative stress produced in cells by OH radicals.

-By comparing the mass spectra of the solutions before and after the irradiation, we could precisely identify the oxidation products produced by Gamma radiolysis. The ions of interest were selectively isolated and dissociated by Collision Induced Dissociation (CID) with a neutral gas in tandem mass spectrometry experiments.

Diagnostic fragments from the selected precursor ions provided sequence information and helped to reveal the modification sites.

-IRMPD spectroscopy was employed to record the IR spectra of mass-selected ions of interest. It provided direct information on structures and allowed us to determine the molecular geometries. The diagnostic bands of oxidative modifications were found by comparing the IRMPD spectra of the selected precursor ions before and after Gamma radiolysis.

-Structural assignments of the ions of interest were achieved by comparing their IRMPD spectra with the IR absorption spectra predicted by calculations performed at different levels of theory by using hybrid density functions calculations in the Gaussian packages.

-In our laboratory in Orsay, the experiments were based on two commercial ion traps: a Paul ion trap (Bruker, Esquire 3000+) and a 7T Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometer (Bruker, Apex-Qe). The FT-ICR spectrometer was coupled with a table-top OPO/OPA system (LASER VISION) to perform the IRMPD spectroscopy in the hydrogen-bonding stretching region (2500-4000 cm -1 ). In FELIX laboratory in Nijmegen, IRMPD experiments in the fingerprint region (600-2000 cm -1 ) were carried out using a commercial quadrupole ion trap mass spectrometer: a Bruker Amazon Speed ETD quadrupole ion trap mass spectrometer. In order to perform IR laser spectroscopy in ion traps, modifications have been carried out to introduce lasers inside the ion trap.

Details of the employed instruments mentioned above are described in this chapter.

GAMMA RADIOLYSIS

Radiation chemistry is widely applied in the investigation of chemical reaction involving free radicals. As free radicals are often highly reactive species, they react fast with the surrounding substances and thus produce reversible or irreversible modifications. These free radicals may also be generated from normal metabolic processes in human body or by harmful substances in the environment, and contribute to unexpected pathogenesis or accelerate aging process. The study of their reactions is therefore of great chemical / biological / medical research significance. Among all the categories of free radicals, reactive oxygen species (ROS) are the most important species. Gamma radiolysis was employed as a tool to generate free radicals for initiating oxidation reactions in solution.

Radiolysis of water

Exposure of cells to ionizing radiation can generate Reactive Oxygen Species (ROS) due to the radiolysis of water. The human body is composed of 60-70% water, and this percentage can reach 90% in some cells. The excess of free radicals leads to the oxidative damage (reversible or non-reversible) of bio-molecules within the cells 1 . During my Ph.D., the radiolysis of water has been used to generate free radicals in order to simulate the oxidative stress occurring in human body and to study the modifications (PTMs in peptides and lesions in DNA) caused by ROS.

Radiolysis of water 2,3 can produce the following species according to the reaction as below:

H2O → (0.28) • OH, (0.062) • H, (0.28)e -aq, (0.047)H2 , (0.073)H2O2 , (0.28)H3O + ( 1 ) The chemical yields of each species after radiolysis are detailed in brackets in µM/J (known as G-values). The oxidizing agent are • OH (one-electron oxidation) and H2O2 (one or two-electron oxidation).

The chosen oxidant species are the hydroxyl radicals ( • OH) produced by radiolysis of water.

According to the numerous works, hydroxyl radicals are widely used in the study of oxidation of small biological molecules [4][5][6][7][8][9] , as they can directely react with solutes after being produced by gamma radiolysis.

In addition, the solution of interest was purged with N2O before gamma irradiation. The introduced N2O scavenges the solvated electrons in solution and therefore enhance the following production of hydroxyl radicals. The related reaction is:

e -aq + N2O + H2O → • OH + OH -+ N2 ( 2 ) 
The well-known method of scavengers 10 , by adding an extra molecule for consuming the OH radicals in solution, allows a quantification of free radicals yielded by 𝛾-radiolysis based on the reaction ( 1) and ( 2). In saturated N2O solution, solvated electrons were converted to OH radicals with the help of N2O. Therefore, the final chemical yield (Gf) of OH radicals is equal to the sum of the initial chemical yields (Gi) of OH radicals and solvated elections:

Gf(OH)= Gi(OH) +Gi(eaq)= 0.56 µM/J ( 3 ) 
The radiation chemical yield (G) has been determined be equal to 0.56 μmol J -1 (equations 6) 10 .

The rate constant of reaction (2) has been determined to be (9.1 ± 0.2) × 10 9 M -1 s -1 , which almost doubles the yield of • OH compared to the condition without the intervention of N2O 11,12 .

Cobalt source

Co is a radioisotope coming from the neutron activation of 59 Co, which is unstable and has tendency to emit gamma radiation to release excess energy. The majority (99.88%) of 60 To perform the irradiations, a radioactive 60 Cobalt source, the panoramic IL60PL Cis-Bio

International source, at Institut de Chimie Physique (Université Paris-Saclay, Orsay, France) has been employed. It is a cylindrical source that is kept in a sealed chamber for safety reasons.

Under safe conditions, samples are placed around the 60 Co bomb, and the received dose is controlled by the relative position of the sample around the source. When the operator leaves safely, the source is released through a mechanical device programmed by the central console 14 .

The dose rate was determined by Fricke dosimetry and the decay of Co source follows an exponential law:

𝐃 = 𝐃 𝟎 𝐞𝐱𝐩 (-𝛌𝐭) ( 4 ) 
Where, 𝑫 is the dose rate at time t, 𝑫 𝟎 is the dose rate at time 0. 𝛌 corresponds to the characteristic decay constant of the radio-element, which is related to the period 𝐓 of the radioelement by half-time equation:

𝛌 = 𝐥𝐧𝟐/𝐓 ( 5 ) 
As for 60 Co, 𝐓 = 5.27 years 15 . Hence, 𝛌 = 0.01091 mois -1 .

Once the dosimetry of a specific position for a given day is completed, the dose rate can be estimated by calculating the decay of source.

Fricke dosimeter

In order to determine the absorbed dose by samples, the Fricke dosimeter has been applied 16 .

Fricke dosimetry consists in oxidizing ferrous iron Fe 2+ contained in a sulfuric acid (0. was then calculated from the Lambert-Beer law:

𝐜 𝐜𝐫𝐞𝐚𝐭𝐞𝐝 𝐅𝐞𝟑+ = 𝐀 𝐢𝐫𝐫𝐚𝐝𝐢𝐚𝐭𝐞𝐝 -𝐀 𝐧𝐨𝐧-𝐢𝐫𝐫𝐚𝐝𝐢𝐚𝐭𝐞𝐝 𝛆𝐥 ( 6 ) 
For aqueous solutions, we assumed that its density is close to that of water, therefore equal to 1. As determined from the kinetic scheme, the radiolytic oxidation yield of Fe 3+ was equal to G(Fe III ) = 15.6 ions/100 eV for the Fricke dosimeter at room temperature (~20℃) 17 . The total received dose was calculated by:

𝐃 = 𝐜 𝐜𝐫𝐞𝐚𝐭𝐞𝐝 𝐅𝐞𝟑+ 𝐆(𝐅𝐞 𝐈𝐈𝐈 ) ( 7 )

Sample preparation

A schematic presentation of the workflow is shown in Sample was first dissolved in distilled water to make a concentration of 10 -3 M as stock solution.

The solution was purged with N2O gas for 30 min. Then, the solution was irradiated by 60 Co gamma source with the chosen dose. Finally, the irradiated solutions were diluted in a 50%:50% (v : v) MeOH:H2O mixture with 0.1% formic acid to enhance protonation for positive mode or without the addition of acid for negative mode. Concentrations were varied in the range of 10 - 4 -10 -6 M, depending on the specific needs of different experiments. -Derivatives of DNA nucleobases. All reagents were purchased from Aldrich-sigma.

Materials

-S-adenosyl-methionine (SAM). SAM was purchased from Ambeed.

The purity of the commercial product was 98+%. All chemical products were used as received without further purification.

N2O was delivered by ALPHA GAZ with a purity of 99.998%.

The powder was dissolved in ultra-pure water from a Millipore system (conductivity 10 -18 S) at room temperature. The concentration of stock solution was fixed at 10 -3 M in water. In the case where the sample powder was difficult to dissolve in water, the sonication was carried out to facilitate dissolution. All sample solutions were separated in two identical portions of 3 mL, one for the gamma irradiation and the other was used as reference.

N2O gas purging

A home-made system for N2O purging has been built during my thesis. It is presented and All Erlenmeyer flasks were connected in series by stainless capillaries so that the N2O passes through the different samples in turn. This operation allowed to obtain N2O-saturated aqueous solutions. It is important to note that when the purging operation is over, the capillaries need to be removed sequentially from the downstream to the upstream of the gas flow path in order to prevent the entry of external oxygen.

Storage condition

To prevent the solution from deteriorating, all the samples were stored in the freezer (-20℃)

immediately after the gamma irradiation.

IRMPD SPECTROSCOPY OF BIOMOLECULES IN THE GAS PHASE

IRMPD spectroscopy principle 2.3.1.1 Multiple-Photon Dissociation mechanism

In general, the internal energy gained from the absorption of a single IR photon is often much less than the energy required to break a chemical bond. Therefore, the absorption of more than one photon is necessary in order to observe the dissociation phenomena.

A schema is shown below in Under ideal conditions where the potential well can be presented by a harmonic model, the molecule can absorb multiple photons of the same energy in succession when resonance occurs, resulting in a continuous increase in internal energy. However, this is not the case in reality. In the real situation, the anharmonicity takes place in this process and results in a decrease of the energy required for subsequent transitions of vibrational states step by step. This behavior hinders the absorption of subsequent infrared photons, thus preventing the molecular system from increasing the internal energy.

The Intramolecular Vibrational energy Redistribution (IVR) phenomenon [19][20][21] can effectively solve this problem. Through IVR process, the absorbed energy can be redistributed into other vibrational modes of the selected ion. Then, molecular ions are deactivated from the excited vibrational state to 𝑣 = 0 and thus are enabled to absorb a second IR photon with the same frequency. After that, subsequent IR photons can be absorbed one after another by repeating this process until the internal energy of the system exceeds the cleavage limit. Finally, the target ion is fragmented. This process is named « IR multiple photon dissociation (IRMPD) ». The resonant frequency of the absorbable photons depends on the nature of the molecular bonds, so this process is highly characteristic at molecular structural level, which makes the IRMPD spectrum a fingerprint of chemical structures for target ions.

IRMPD action spectroscopy

Based on the principle of the multiple photon dissociation process 22 , structural characterization of molecular ions became a realizable subject since this process is highly structural specific and is capable of revealing characteristic functional groups in one molecular ion 23 .

Because of the low density of the sample in the gas phase (max. ~10 6 ion/cm 3 ), probing a direct IR absorption spectrum (min. ~10 10 ion/cm 3 ) 24 becomes impossible. Therefore, scientists have been searching for a solution to overcome this difficulty. Then, IRMPD spectroscopy has then been coined for this reason. This technique is also call "action spectroscopy" for the reason that it does not directly detect the light absorption by the selected molecules but it probes the consequence of the interaction between the beam and molecules. It probes the photon-induced dissociation efficiency (fragmentation rate) as a function of wavelength to reconstruct an indirect spectrum as the replacement of direct IR absorption spectrum, in which the same information about the molecular structure is retained.

The scheme of an IRMPD experiment is described in The ion of interest is selected and isolated in the ion trap. As we have detailed in previous sections, the hollow cathode in ICR cell allows the laser beam pass through the ion trap and interact with the ion cloud. Precise spatial and temporal overlap between the beam spot and the trapped ion cloud is required. IVR phenomena can relax the system and maintain it at ground state 19 . Therefore, internal energy of the system under study augment when ions are activated by their resonant wavelength via the multiple photon dissociation process. Once the internal energy of the ion exceeds the threshold of cleavage, specific IR-triggered fragmentation will take place and the fragment peaks will present in the mass spectrum. The IRMPD spectra can finally be obtained by plotting -ln ( 𝑃 𝐹+𝑃 ) as a function of the IR wavenumber, where P represents the number of parent ions and F the number of fragments at a specific IR wavenumber.

Historical background of IRMPD action spectroscopy

The first IRMPD spectroscopy experiments in an ICR-type ion trap has been reported by J. L.

Beauchamp and co-workers in 1978 by combining a continuous wave infrared CO2 laser (Apollo 550A CW CO2 laser) at fixed wavelength with tandem mass spectrometry 25 . In this pioneering work, the dissociation of the protonated dimer of diethyl ether has been investigated

and it has successfully demonstrated a depletion of the parent ion after the multiple-photon absorption processes in the ICR cell. At that time, greatly limited by the ability of laser sources, the scanning range of spectrum was only 9.2-10.8 µm, and therefore, limited information of structures has been obtained in a such narrow range.

During the same period, cryogenic vibrational spectroscopy, as firstly described by Gerlich 26 , was capable to cool down the molecular ions to cryogenic temperature by collision with buffer gas (inert gas, such as Ar, Ne, He…), and thus reduced the thermal energy distribution [27][28][29] . In the 1980s, Yuan T. Lee's group has initially developed the method of "messenger spectroscopy" 30 . In this technique, the small molecular ions or clusters can bond weakly with "tag" molecules such as H2 or rare gas. The photo-dissociation can occur by releasing the tag when the IR resonance happens [31][32][33][34] .

Later, the advent of extremely powerful laser has had a significant impact on the development of IRMPD spectroscopy in 2000s. In this context, the Free Electron Lasers (FEL) owned by two research institutions, the Free Electron Laser for Infrared eXperiments (FELIX) in the Netherlands 35,36 and Centre Infrarouge Laser Orsay (CLIO) in France 37,38 , have contributed significantly to the advancement of scientific exploitation by IRMPD spectroscopy. A series of pioneering experiment of infrared spectroscopy, in astrophysical aspect, using a quadrupole ion trap coupled with a free electron laser were performed at FELIX facility in the Netherlands [39][40][41][42] . Later, the first experiment of IRMPD spectroscopy in a FT-ICR magnetic ion trap MICRA coupled with a free electron laser was performed at CLIO center for characterizing metallic complex in 2002 43 . Thanks to these two research institutes opening to worldwide users, the IRMPD spectroscopy has been significantly promoted and has been largely extended into many research areas.

Research in different groups

During the last decade, Infrared Multiple Photon Dissociation (IRMPD) spectroscopy has been established as a powerful approach for probing the structure of gaseous ions 44 . Nucleosides, nucleotides, and short oligonucleotides were used as model systems for the structural exploitation in different contexts. In the following paragraphs, the use of IRMPD spectroscopy in different topics will be presented and sorted out.

Peptide fragmentation

A large part of the fundamental work on peptide fragmentation has been carried out because mass measurement alone was not capable to determine the direct structural information of sequence in amino acids. Even tremendous instrumental development in peptide tandem mass spectrometry (MS/MS) has been achieved [45][46][47] , the correct interpretation of CID-MS 2 results

was often complicated by incomplete sequence coverage and/or unusual dissociation processes, and there was very few experimental methods to directly identify the chemical structures in dissociation process.

The powerful use of IRMPD spectroscopy for identifying the structure of CID fragment has been firstly reported by N. Polfer and J. Oomens in a series of work exploiting the formation of oxazolone ring structures after rearrangement following by CID fragmentation of protonated Leu-enkephalin 48,49 . Later, for the sake of completeness, a systematic work of b fragment ions, b2-b8, has been done in the group of J. Oomens in 2009 50 . However, when b ions were present with basic residues or proline residue, the structures were dominated by diketopiperazine forms [51][52][53] . The direct structural evidence by IRMPD spectroscopy has shown that several types of possible cyclization (macrocyclization for lager b ions) pathways are in competition with each other in the case of b-type ions.

Likewise, structures of a-type ions have been elucidated by IRMPD spectroscopy. Similar to b ions, multiple potential fragmentation pathways are in competition for final products.

Remarkable work has been done B. Paizs in 2010 54 . This work indicates that both cyclization and rearrangement reactions need to be taken into consideration for understanding the structures and fragmentation pathways of a ions.

The first infrared spectra of a deprotonated peptide ion tri-alanine and its a3-fragment anion were reported by J. Oomens and co-workers in 2010 55 . Later, the deprotonated c-type fragments have been demonstrated to form linear structures by Grzetic et al. in 2012 56 .

Post-translational modifications in amino acids

Post-translational modification (PTM) is defined as a kind of modification occurring downstream after protein biosynthesis 57 . PTM usually occurs in the side chains of amino acid residues and is presented in various ways depending on the molecular environment, such as phosphorylation, sulfation, acetylation, methylation, glycosylation, etc.

Phosphorylation is considered as the most frequent PTM in proteins, which occurs on the alcohol side chain of serine (Ser), threonine (Thr), or tyrosine (Tyr) residues. D. Scuderi, P.

Maî tre and G. Ohanessian have firstly reported the vibrational signatures of phosphorylation, the stretching mode of P=O has been observed at around 1250 cm -1 , in protonated amino acids (pSerH + , pThrH + , pTyrH + ) in 2008 58 . Deprotonated phosphorylated forms of these amino acids have equally been exploited by Scuderi et al. in the next year 59 . Later on, more complex model systems have been investigated [60][61][62] .

Another kind of noteworthy PTMs is oxidative conversion in thiol or thioether function, typically on the side chain of methionine (Met) and cysteine (Cys) residues. The diagnostic spectral signature of S=O in protonated Met at around 1000 cm -1 was clearly identified by Ignasiak et al. in 2011 63 . After that, a series of peptides containing Met residue were investigated by IRMPD spectroscopy 5,6,64 . Deprotonated Cys with its progressively oxidized products (-SOnH, n=1-3) have been characterized in fingerprint region by Scuderi et al. in 2016 65 .

Several other PTMs have also been studied in detail for their spectral signatures: nitrosation 66- 68 , nitration 69,70 , methylation 71 , deamidation 72 , hydroxylation 73 and etc.. A very detailed review article summarizing all IRMPD spectroscopy studies for PTMs has been done by S. Fornarini, M. E. Crestoni, D. Scuderi, P. Maî tre and co-workers in 2020 23 .

DNA bases and derivatives

Numerous articles have been published on the acidobasic properties of nucleobases. Salpin et al. have elucidated the geometry of protonated uracil, thymine, and cytosine. In these studies, for each protonated base, the global energy minimum corresponds to an enolic tautomer. The IRMPD results have demonstrated that two tautomeric ions were formed which coexist in the quadrupole ion trap 74 .

The singly hydrated protonated uracil has been investigated as well. This work was inspired by the idea to confirm the tautomerism in protonated uracil by IRMPD spectral features in X-H stretching region. The light produced was not sufficiently intense to induce fragmentation in strongly bound ionic systems, whereas the protonated uracil-water bond allows for an efficient IR-induced photodissociation in OPO/OPA region. The uracil ions were complexed with water molecules in a collision cell containing low-pressure argon seeded with water vapor. Finally, the recorded spectra corresponded to the coexistence of monohydrated protonated diketo U(DK)H + _W and keto-enol tautomers of uracil U(KE)H + _Wa & U(KE)H + _Wb 75 .

A series of protonated nucleosides and deoxynucleosides studies via IRMPD spectroscopy combining with DFT calculation have been reported. Salpin et al. showed that, as for thymine, protonated thymidine generated by electrospray corresponds to a mixture of at least two tautomeric forms. The lowest energy one corresponds to the enol form while the IRMPD band observed at ~1780 cm -1 was assigned to keto tautomer 76 . M.T. Rodgers and co-workers have been investigated uridine & 2'-deoxyuridine 77 , guanosine & 2'-deoxyguanosine 78 and 5'monophosphate guanosine & 2'-deoxyguanosine 79 , adenosine & 2'-deoxyadenosine 80 and cytidine & 2'-deoxycytidine 81 systematically. The exploiting of enantiomeric system L&Dthymidine, using IRMPD spectroscopy, has been done as well in the same group in 2019 82 .

The 2'-hydroxyl substituents have been investigated. They did not lead to a significant change in the IRMPD spectra and so in the conformational landscape. The additional 2'-hydroxyl substituent could only enable the formation of hydrogen bonds that gave supplementary stability. These studies have been carried out in both fingerprint region (~550 to 1900 cm -1 ) using FELIX or CLIO free electron lasers and X-H stretching region (~2800 to 3800 cm -1 ) using an optical parametric oscillator/amplifier (OPO/OPA). The agreement between the measured and computed spectra was used as the criterion for determining the absence or presence of the low-energy tautomeric conformations that contribute to the experimental measurements. In 2017, G. Pino and co-workers have investigated the fingerprint region of both Watson-Crick and Hoogsteen isomers of the isolated (Cytosine-Guanine)H + pair. IRMPD spectroscopy was considered as a new approach to distinguish the protonated DNA base pair 83 .

By coupling IRMPD spectroscopy with Differential Ion Mobility Spectra (DIMS), the result confirmed that the Watson-Crick isomer was preferentially produced (91%) at pH=5.8, while the Hoogsteen isomer predominated (66%) at pH=3.2.
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Glycomics

More recently, the IRMPD spectroscopy has shown a solid potential in biological applications.

Especially, it has been found to be an innovative tool for the analysis of Glycomics. Diagnostic spectral signatures for distinguishing the sulfate and phosphate functional modifications have been reported by Schindler et al. in the group of I. Compagnon in 2014 87 . Furthermore, carbohydrate isomerisms were shown to be resolved from the crude sample by IRMPD spectroscopic method 88 . Derivatives of monosaccharides [89][90][91] , galactoside 92 , galactosamine 93 have been continuously exploited by the group of I. Compagnon and co-workers as well.

Numerous isomeric glycans have been differentiated by IRMPD spectroscopy combing with theoretical calculations.

Future challenge

Nowadays, the current challenges faced in IRMPD spectroscopy is to improve its detection sensitivity and the resolution of the obtained spectra. As for improving the spectral resolution, a better thermal energy distribution in molecular system is required.

Especially, since the MS/MS can only select ions depending on the mass-to-charge ratio (m/z), complementary separation in isomers is needed. Different kinds of ion mobility-selected device have then been attempted to integrate into mass spectrometer (DTIMS, TWIMS, TIMS, FAIMS/DMS/DIMS, and DMA) to achieve another dimension of analysis 94 . The idea originated from Thomson and Rutherford's seminar work in 1896 95 . Pioneering experiments have been performed by P. Dugourd from University of Lyon characterizing polymers by ion mobility mass spectrometry 96 . By this device, ions are separated by different mobility under the influence of an electric field in gaseous media. When ion mobility spectrometer (IMS) is coupling with FEL to conduct IRMPD spectroscopy, the IMS peaks after separation can be assigned depending on the IRMPD spectra of each species 83,[START_REF] Berthias | Resolution and Assignment of Differential Ion Mobility Spectra of Sarcosine and Isomers[END_REF]98 .

Mass spectrometry basic principle

Mass spectrometry is considered as a powerful analytical tool for its outstanding performance demonstrates the powerful and continuing potential of mass spectrometry in scientific field.

The determination of the chemical formula in the sample of interest can be obtained by mass spectrometry. Furthermore, sequence information can be obtained through the ion-neutral collision induced fragmentation of mass selected ions. Thanks to the detection of fragments, the nature and the localization of post-translational modifications (PTMs) can be figured out 103- 105 . Despite the power of mass spectrometry in characterizing samples, it still lacks direct access to structural information of molecules, which can be completed by IRMPD spectroscopy detailed in the later sections 23 .

Although the variety of mass spectrometers has evolved and enriched, the basic principle remains unchanged. The MS analysis is composed of five major stages:

-Sample inlet. As the first stage of the workflow, samples are introduced by following a prior separation set-up (ex: chromatography as GC, LC… etc.) or is directly injected by a syringe pump under the atmosphere.

-Analyte ionization. Analyte needs to be evaporated into gas phase and ionized. The It prevents the original molecules from damage or modification to a great extent.

-Mass spectrometry. Mass analyzers are capable to visualize and separate ions according to the mass-to-charge ratio (m/z). Different types of mass analyzers have been developed.

(1) Time of Flight (TOF). In this kind of analyzer, ions with same charges are given identical kinetic energy through a homogenous electric field. The velocity is inversely proportional to the mass-to-charge ratio. Thus, ions will be differentiated depending on the time of arrival at the detector.

( -Data processing. The accompanying software proposed by Bruker Company, such as DataAnalysis, help to display the obtained spectra and process the raw data.

) 2 
A combination of several ion traps and mass analyzers constitutes the hybrid mass analyzer (MS/MS, or MS n with n=2, 3…). This technique allows a continuous exploitation/operation in the product ion of previous mass-selected precursor.

Characterization by mass spectrometry

The idea was to record a mass spectrum of the sample and of its reference solution, separately.

All experimental conditions were controlled to be consistent. A comparison of the MS spectrum before and after irradiation allowed to figure out the new species produced as a result of the radiolysis-induced oxidation in the solution. Isotopic patterns of the unknown ions helped to reveal their chemical formula, especially in high resolution mode.

Collision induced dissociation (CID) experiments were performed by the collision of a selected ion with rare gas argon in the collision chamber of a hybrid FT-ICR mass spectrometer.

Collision increased the internal energy in target ion softly. Once the internal energy exceeded the threshold, the precursor ion was fragmented. Detected fragments provided useful information on molecular sequences and possible modified sites. The scan range of the Esquire 3000+ chosen during the experiments was the "Standard" mode for a mass range of 50-3000 m/z. The resolution of mass spectrometer depends mainly on the scanning speed. Three levels of scanning resolution can be selected: they are "Normal" for a general scanning resolution with the scanning speed at 13000 m/z /s, "Enhanced" for an improved scanning resolution with a corresponding scanning speed at 5500 m/z /s and "Maximum" for the highest resolution with a scanning speed at 1650 m/z /s.

Quadrupole Ion

Samples could be studied in both positive and negative modes. produced by nebulizer, a heated drying gas nitrogen was introduced to help evaporate the solvent from droplets; a high electrostatic gradient also assisted in the production of droplets and guides the ions towards a glass capillary. Ions were focused and transported over several differentially pumped chambers into the trap, allowing the pressure to be changed from atmospheric at the source to a pressure of 10 -5 mbar in ion trap mass analyzer. Helium (on the order of 10 -3 mbar) was introduced in hexapole as a collision gas to extract energy from the ion beam and cause retention of certain ions 111 .

In the last stage, ion lens, dynode and detector compose the highly sensitive detection part which allowed to detect both positive and negative ions. Finally, MS spectra of studied samples were obtained.

7T FT-ICR mass spectrometer :Apex-Qe

In our laboratory in Orsay, a hybrid 7T FT-ICR tandem mass spectrometer (Bruker, Apex-Qe) has been employed to perform IRMPD spectroscopy. It shows outstanding performance in mass resolution compared to other types of mass spectrometer. The ultra-high mass resolution (∆m= 10 -5 to 10 -6 m/z) and excellent accuracy (< 2 ppm) allow the FT-ICR to be capable of well resolving the isotopic patterns.

The FT-ICR instrument can be devided into 4 major sections : the atmospheric pressure ionization source (API), the quadrupole-hexapole (Qh) interface, the ion transfer optics and the ICR cell or detector (As shown in Figure 234567). Four turbo-molecular pumps and two mechanical roughing pumps are equipped to maintain six differntial pumping stages. In the source part, ions were introduced by an external ESI nebulizer (Apollo II), assisted by a 120 μL/h syringe pump. With the help of drying gaz N2 and differential potential, analytes were guided to passe through a glass capillary into first ion funnel.

In first funnel, ions are focused to a defined ion beam with the help of DC and RF; in seconde funnel, ion beam is deaccelerated so that ions can be accumulated in hexapole in the next pressure stage. With the help of trap/extract electrode, ions are subsequently focused into the mass selective quadrupole, where ions are first selected according to a given m/z. In linear hexapole collision cell, selected ions can be fragmented by colliding with rare gaz Ar at 10 -3 mbar. Qh-Unit is a combination of quadrupoles and hexapoles, the system is thus called "hybrid", which allows for tandem mass (MS 2 ) spectrometry operation.

The transfer part is a translational stage where ions are pulsed out of the collision cell and are accelerated into the ion transfer optics towards the analyzer at 10 -10 mbar.

The ICR analyzer cell is a cylindrical ion trap and it serves as the detection part of the system In software control, checking the IRMPD mode button on/off in the MS/MS tab of Daltonic software and entering the irradiation time could perform the IRMPD experiments.

Quadrupole Ion Trap mass spectrometer: AmaZon

In FELIX laboratory in Nijmegen, IRMPD spectroscopy has been performed using a modified Bruker AmaZon speed ETD mass spectrometer 113,114 . The photo of the employed mass spectrometer in FELIX laboratory is displayed in Figure 2345678.

In AmaZon ion trap, the scan speed can reach 52000 m/z /s with a peak width less than 0.5 m/z.

Compared to the previous version of QIT mass spectrometer (including Esquire 3000+), it owns the highest ion trap mass precision via proprietary RF generator design 115 . It is also equipped with an ESI source pumped by an external syringe pump, but it possesses a supplementary module for Electron-transfer dissociation (ETD), which can be used extensively with large and multiply-charged biological molecules for complementary sequence analysis and IR structure characterization 116,117 . The polarity of AmaZon could be switched to positive or negative mode. Typically, the concentration of liquid sample was required to be ~10 -6 mol/L, the flow rate was in the range of 120-180 𝜇L/h assisted by a pressurized nebulizing gas N2. This nebulizing gas played an important role in stabilizing ion current and creating optimal spray. N2 could serve as the drying gas to evaporate solvents in the spray chamber. Generally, this drying gas was heated to 180-220℃ with a flow rate of 4-5 L/min. The spray voltage was of 3-5kV. Ions were guided, transferred, and focalized through a path composed of multipoles and focusing components (the skimmer, ion guide and focusing lenses… etc. CID operation was available to be performed by colliding with helium gas (10 -3 mbar) in quadrupole ion trap. Ion trapping took place in the ring electrode where a RF field of 400-800 Vpp at 781 kHz is applied. Then, ions were collisionally thermalized in 10 -3 mbar helium gas.

Key modification has been done by drilling two ⌀~3 mm holes in the top-center and the bottomcenter on the ring electrode. KRS-5 optical window has been used for its wide transparency and low absorption in the Mid-IR range. Two gold-coated mirrors were added to guide laser beam to pass through ion trap, interact with ion cloud, get out of the mass spectrometer, and finally be detected by a power meter detecting the energy of laser pulse. Synchronization of MS-sequence with the laser pulses has been achieved by both software control via an XML scripting interface and hardware controlled by an external laser trigger 113,114,118 .

The ions were detected by a conversion dynode detector.

IR FEL laser principle

The first free-electron laser ( The following subsections will be dedicated to the details of these two facilities separately. As for the detection of FELIX pulse energy, an oscilloscope (PicoScope 2206B) is placed at the exit of the optical pathway from AmaZon quadrupole mass spectrometer to record the pulse energy after passing through the ion trap. Operators can use a Labview program to set experimental parameters and read the FELIX energy at a specified wavenumber. The FELIX spectrum can be calibrated manually by laser power and corrected by frequencies.

IRMPD Spectroscopy

During the experiments performed in FELIX laboratory, typically, the maximum of FELIX energy is ~110 mJ at 9 𝜇m and the minimum is ~45 mJ at 5.5 𝜇m.

CLIO FEL laser (Orsay, France)

The ), because the loss of laser energy in pathway is around 1/3 of 𝐄 𝑪𝑳𝑰𝑶 . Part of the CLIO beam is used to pass through a polystyrene slide. Since the IR absorption spectrum of polystyrene has been recorded previously and set as a reference, the difference of wavelength between the reference spectrum and the actual spectrum obtained of polystyrene is used to calibrate the wavelength in experimental IRMPD spectrum.

Benchtop IR OPO/OPA laser system

An Optical Parametric Oscillator (OPO) / Optical Parametric Amplifier (OPA) system is capable to vary the wavelength of an input light beam and to generate a specific wavelength needed, which makes it a more powerful tool compared to ordinary fixed-wavelength lasers.

Therefore, it is largely used as an indispensable part in many spectroscopic methods. Since the light emission of this kind of system is based on nonlinear optical principle, the phenomenon is generally weak. So that, an intensive pump laser is required to serve as input source. IR spectroscopy in this region has been explored firstly with low intensity table-top lasers on the hydrogen bonding system, such as hydrated ionic clusters 127,128 . It allows scientists to understand and identify the structures from a different perspective of weak bonding in molecular ions, which is considered to be another powerful range, in addition to the fingerprint region, for structural characterization. The OPO/OPA system pumped by Nd: YAG has an average output power about 180 mW at around 2900 cm -1 and 320 mW at around 3600 cm -1 . The scanning speed was set to be 0.1 cm - 1 /s to record the IRMPD spectra. Accumulation time typically used was 1-2 s. The value of RF of FT-ICR for MS visualization was set to maximize the precursor signal, which generally should be a little bit higher than the value of selected m/z ratio. Each point on the spectrum was obtained by averaging four repetitive scans.

The SplitLight control program is designed to switch the laser, flashlamp trigger, and shutter or to operate on other parameters of the OPO/OPA system.

Generally, OPO/OPA system alone is only suitable for probing the hydrogen stretching in hydrated ions 127,129 or tagged ions 130,131 . However, the combination with an auxiliary CO2 laser can enhance the photodissociation yield by providing extra energy to target ions and by making the studied systems easier to be photo-dissociated.

Combination with an auxiliary CO2 laser

In Orsay, an additional CO2 laser (Universal Laser System, 10 W, cw operation centered at = 10.6 µm) is available for assisting the IRMPD spectroscopy experiments in both the fingerprint and the H-stretching regions. The addition of the CO2 laser makes it possible to explore more strongly bound systems by IRMPD spectroscopy 132,133 .

The CO2 laser is a CW laser, however, it is used in chopped mode with a frequency of 25 Hz.

This CO2 laser is overlapped spatially with OPO/OPA system in the ICR cell for irradiating the ion cloud.

The role of the CO2 laser is to enhance the yield of the cleavage of target ion by offering an energy base and pushing the internal energy of the system to the threshold of fragmentation 

The fingerprint region

The implementation of infrared ion spectroscopy in FELIX was based on a Bruker AmaZon quadrupole ion trap mass spectrometer 113,114 and the free-electron laser FELIX 36 .

Trapping conditions were optimized to obtain a maximum signal of an isolated ion (specific experimental conditions are described in its corresponding chapter). A combination of hardware modification and software trigging has been accomplished to get an optimal synchronization of the MS sequence with laser irradiation. By the programmed XML scripting interface, we could reach a specfic wavelength of tunable light, scan the spectrum by a customized step, and choose the most adaptable attenuator. Each hour or after a new optimisation, we recorded a set of parameters: 𝛌 𝒏𝒐𝒕𝒆𝒅 , the manually entered wavelength via program command; 𝛌 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 , the corresponding real wavelength mesured in undulator, and 𝐄, the FELIX laser power in the moment. These parameters played a key role in correcting the IRMPD experimental spectrum in the data processing after the experiment. In addition, in order to reduce the noise interference in the IRMPD spectrum, we selected only the real fragments to calculate the IR fragmentation yield before the calibration of wavelength and by laser power.

The X-H stretching region (X=O, N, C)

The IRMPD spectroscopy of the X-H stretching range has been achieved using the OPO/OPA system in Orsay, France.

The strategy was to optimize the laser energy at different wavenumbers. Pratically, the Hstretching range (2600-3800 cm -1 ) was often divided into three parts, and the spectra were recorded seperately. For each part, the laser output energy was optimized at a central wavenumber (typically, at 12 mJ at 3660 cm -1 , 8 mJ at 3300 cm -1 and 4.8 mJ at 2750 cm -1 ).

IRMPD spectra near this wavenumber were then recorded. A power meter was placed at the output of the laser to mesure the energy. It was necessary to note manually the initial time 𝐭 𝟎 and final time 𝐭 𝟏 with the corresponding wavenumbers, 𝛎 𝟎 and 𝛎 𝟏 , scanned by the laser.

In order to extract the IRMPD spectrum from the raw data files, the "SpectroMasse" programme for data processing has been developped by Jean-Marie Teuler at Institut de Chimie

Physique. Several values were required to be entered: the mass of parent ion , the mass of fragments, the initial time 𝐭 𝟎 , the total duration 𝐭 𝟏 -𝐭 𝟎 , the initial wavenmber 𝛎 𝟎 , the final wavenumber 𝛎 𝟏 … etc. Output files were in .data format and available for further exploitation in Origin.

Energy calibration of FELIX spectra

To eliminate the influence of laser power on the band intensity, we corrected our IRMPD experimental spectrum at FELIX laboratory by the power of laser. As the energy values corresponding to each wavelength have been recorded, the plot of the energy 𝐄 as a function of noted wavelength 𝛌 𝒏𝒐𝒕𝒆𝒅 can be drawn as in Figure 2-13. Then, the scatter plot is fitted by a polynomial function. Corrected IRMPD fragmentation yield can be expressed by the equation as follow:

𝐘𝐢𝐞𝐥𝐝 𝐜𝐨𝐫𝐫 = -𝐥𝐧 ( 𝐏 (𝐏 + ∑ 𝐅) ⁄ ) × 𝐧 𝐚𝐭𝐭𝐞𝐧𝐮𝐚𝐭𝐨𝐫 𝐄 𝐄 𝐦𝐚𝐱 ⁄ ( 8 ) 
Where, 𝐄 𝐦𝐚𝐱 is the maximum value of power and 𝐧 𝐚𝐭𝐭𝐞𝐧𝐮𝐚𝐭𝐨𝐫 is the factor of the attenuator used in experiments. After combining the calibrations by frequency and laser power, the final IRMPD spectrum was plotted by: 𝐘𝐢𝐞𝐥𝐝 𝐜𝐨𝐫𝐫 = 𝐟(𝛎 𝐜𝐨𝐫𝐫 ).

Frequency correction of FELIX spectra

As for correcting the spectrum in frequency aspect, we needed to know the relation between difference of wavelength (∆𝛌) and the wavelength set in the program (𝛌 𝒏𝒐𝒕𝒆𝒅 ) in order to calculate all the corresponding ∆𝛌. ∆𝛌 was calculated as below:

∆𝛌 = 𝛌 𝐧𝐨𝐭𝐞𝐝 -𝛌 𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝 ( 9 ) 
Then, by fitting ∆𝛌 = 𝐟(𝛌 𝒏𝒐𝒕𝒆𝒅 ) with a suitable polynomial function, we obtained the equation for calculating ∆𝛌 from wavelength 𝛌 𝒏𝒐𝒕𝒆𝒅 . An exemple is diplayed in Figure 2 The fitting equation obtained allowed us to correct all the values of wavelength in the spectrum by calculating:

𝛎 𝐜𝐨𝐫𝐫 = 𝟏 𝛌 𝐜𝐨𝐫𝐫 ⁄ = 𝟏 (𝛌 𝐧𝐨𝐭𝐞𝐝 -∆𝛌) ⁄ ( 10 ) 

Combination with theoretical work

In this section, the aim was to proceed calculation of IR absorption spectrum. By combining with appropriate computational results, we gained a deeper understanding of the experimental spectrum with its associated molecular systems.

Structural exploitation

The conformer sampling has been carried out using the iterative metadynamic sampling and genetic crossover (iMTD-GC) method implemented in the Conformer Rotamer Ensemble Sampling Tool (CREST) program 134,135 . By using CREST, the proper thermodynamic 

Data processing and band assignments

The IRMPD spectrum is plotted by the signal ratio -ln ( 𝑃 𝐹+𝑃

) as a function of the excitation wavenumber in cm -1 . Unlike the conventional spectroscopic methods of direct photon absorption, IRMPD spectroscopy is based on a combined process of the successive absorption of a large number of photons and the redistribution of energy to the various intra-molecular parts. It is very complicated to predict an IRMPD spectrum since the anharmonic coupling between vibrational normal modes at high internal energies varies in different systems with different parameters, especially by using current quantum-chemical methods. The computed linear IR absorption spectrum is used to interpret the IRMPD one instead of doing direct calculations on it 137 and it has been found that there is a generally good agreement between the IRMPD band positions and the calculated IR absorption band positions.

Density function theory (DFT) methods are routinely applied to provide simulated structures and energies of molecules containing roughly a few hundred atoms in gas phase and in condensed phase 138,139 . Calculations of IR absorption spectrum can be proceeded at different levels of theory, using the Gaussian package 140 . Typically, among all the DFT methods, B3LYP 141,142 functional presents a satisfactory performance with a relatively low cost in describing the positions of IRMPD bands 143 . It has been chosen to further optimize the candidate structures for gaining detailed structural information. However, it should be noted that, the relative calculated intensities of the IR absorption bands may not be in total agreement with the experimental values due to the non-linear effect, which has often been observed empirically.

Due to the anharmonic effect in IR multiphoton absorption, it is necessary to scale the harmonic frequencies of calculated IR absorption spectrum by a scaling factor less than 1 to well reproduce the experimental IRMPD frequencies 144 . In general, a better agreement can be achieved when a dual scaling factor is applied in two different energy ranges 144 . Exceptionally, the calculated vibrational frequency related to sulfur atom and phosphate group were left unscaled or using a scaling factor slightly larger than 1 (1.05 in the case of [NacMetSO-H + ] -), which complied with previous research 4,58,65,[145][146][147][148] . After the frequency scaling of each band, the calculated IR spectra were re-convoluted to build a new spectrum. A Lorentzian convolution with an appropriate full width at half maximum (FWHM) has been applied.

Gabedit was used for spectral re-convolution while the Origin was used for data processing.

The assignments of observed bands in IRMPD spectra have been achieved by matching them with calculated bands in GaussView. By choosing the lowest-energy structure with the most similar calculated spectrum, the present geometries of a specific molecule in gas phase were then defined.

CYCLIC DIPEPTIDES

BACKGROUND OF THE STUDY

Abstract

Reactive oxygen species (ROS) such as hydrogen peroxide (H2O2) and the hydroxyl radical 

Introduction

Reactive oxygens species (ROS) such as hydrogen peroxide (H2O2) and the hydroxyl radical ( • OH) play a dual role in the biology of living organisms: while they are crucial signaling agents in various biological processes, thus essential for sustaining the life of cells, their uncontrolled production is generally considered to be an important factor in the pathophysiology of various states, including ischemia, atherosclerosis, heart failure and cancer 1 . ROS are produced in living cells by e.g. Fenton reaction 2 and/or enzymes such as NADPH oxidase. Normally there is an equilibrium between free radical formation and antioxidant defense mechanisms. An imbalance leads to oxidative stress and a variety of critical biological molecules, including DNA and cellular proteins, are subjected to oxidative damage 3 . • OH, which is the most reactive oxygen species, is also generated by the radiolysis of water molecules according to the socalled indirect effect of ionizing radiation, involving hydrogen peroxide 4 . Gamma radiolysis can in this way mimic oxidative stress in cells.

Almost all peptide residues can be oxidized by OH radicals. Most of these oxidized residues are toxic. Two major exceptions are the sulfur containing residues (cysteine and methionine), which not only are very easily oxidized but also can be repaired thanks to cellular machineries (thiol-disulfide cycles for the former and methionine sulfoxide reductases for the latter).

Methionine (Met) residues are often considered as antioxidants that can serve to detoxify the cell and protect crucial regions of proteins 5,6 . Other studies have also shown pro-oxidant properties thanks to intramolecular long-range electron transfer at the free radical level 7 . The condition under which Met can provide its antioxidant action is that the oxidation should produce methionine sulfoxide (MetSO) but no other species containing -SO2 or -SO3.

In this context considerable efforts have been devoted to develop analytical strategies to detect oxidized Met residues (see 8 and references therein). Tandem mass spectrometry (MS/MS) has become a key methodology, with the electrospray ionisation (ESI) being one of the preferred ionization techniques 9 . It is well recognized as an efficient and highly versatile analytical tool 10 but its potential has long been hampered by the limited structural information it can provide.

The combination of tandem mass spectrometry with IR Multiple Photon Dissociation (IRMPD) spectroscopy has become a powerful tool for 3D structural characterisation of molecular ions in the gas phase. It provides insight into the nature and localization of post translational modifications (PTMs) affecting single amino acids and peptides 8 . In this way IRMPD spectroscopy, which takes advantage of the high sensitivity and resolution of MS/MS, is well suited to reveal the presence and nature of modifications occurring on amino acids and their impact on the molecular environment.

IRMPD spectroscopy experiments need to be performed with high power and widely tunable IR sources, e.g. free electrons lasers (FEL) at the FELIX (Free Electron Laser for Infrared eXperiment) laboratory in the Netherlands 11 or at the CLIO (Centre Laser Infrarouge d'Orsay) facility in France 12 . Their temporal structure and high brightness have been shown to be particularly suitable for inducing a rapid increase of the internal energy through an efficient resonant multiple photon absorption process. Furthermore, they are easily tuneable in the midinfrared region allowing one to record the IR spectra in the so-called IR fingerprint region, which is diagnostic to unravel the vibrational signature of these modifications.

In previous studies 13,14 performed at the CLIO facility in Orsay, we have investigated the oxidation products coming from dipeptides containing methionine by tandem mass spectrometry and IRMPD spectroscopy. The sulfoxide signature near 1000 cm -1 , characteristic of the oxidized thiomethyl group of methionine, has been clearly recognized in the IRMPD spectrum of the oxidation product of dipeptides, such as Val-Met, Tyr-Met and Met-Met.

In Lys-Met, we were able to unravel the controversy involving the question of whether or not

MetSO was produced after one-electron oxidation of the Met residue in the absence of oxygen 14 .

A sulfoxide functionality was revealed by vibrational bands at 1028 and 998 cm -1 in the IRMPD spectra of protonated Trp-Met and Met-Trp bearing an additional O-atom, respectively. Only on the latter dipeptide, the protonated mono-oxidized form displayed evidence for oxidation occurring also on the aromatic ring of Trp, consistent with a band at 1461 cm -1 attributed to the bending mode of a phenolic COH group 15 .

In the present work, our aim is to shed light on the mechanism of these damaging events, by investigating in more detail the role of the neighboring group on the final products of the oxidation of model cyclic dipeptides containing methionine (Figure 3-2). We further aim to understand the relationship between the 2-centre 3-electron free radical formed in the first step of the oxidation process and the final compound. Few studies have attempted to obtain a complete picture of Met oxidation, i.e., from the free radicals to the final products 16 . The chemical properties of these free radicals and especially the relationship between their structure and the final products are not yet completely known. In the past few decades, mechanistic investigations by pulse radiolysis have highlighted the complexity of solution-phase one-electron oxidation of methionine and polypeptides by OH radicals 17,18 . Several Met free radicals can be formed depending on the geometry of the peptide and the neighboring residues, in particular, 2-center 3-electron bonded free radicals (2c-3e) have been discovered in which the odd electron of sulfur makes a bond with any atom possessing a lone electron pair, as confirmed by quantum-chemical calculations 16,[19][20][21][22][23] .

In particular, it has been confirmed for transient species that the sulfur radical cations can be stabilized by bonding to the heteroatoms of the peptide bonds 20 . In this way the formation of sulfoxide is possible. Cyclic peptides are an interesting class of molecules as models for the interior of (linear) proteins, where terminal groups are absent, like calmodulin 6 , a protein which has nine methionines and in particular two pairs of adjacent methionine residues. The side chains of adjacent residues in naturally occurring linear peptides and proteins are forced to be spatially in opposite directions due to the formation of trans amides in the peptide bond. In the case of cyclic peptides, the amide has a cis configuration, and thus the L-L isomer has the side chains on the same side of the diketopiperazine (DKP) ring. The sulfur radical cation can be stabilized by bonding to the heteroatoms of the peptide bond but also by intramolecular
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bonding with the non-oxidized sulfur atom. The L-D isomer has its chains pointing in opposite directions. Since all the methionine residues in calmodulin are L-isomers, their side chains should be on opposite sides of the linear oligopeptide chain. Thus c(LMetDMet) serves as a better model for calmodulin than c(LMetLMet). In this work, c(GlyMet) has also been studied as well, as no intramolecular stabilization by sulfur lone pair is possible for sulfur radical cation during the oxidation process. Various previous studies have employed IRMPD spectroscopy to characterize the structures of cyclic peptides in the gas phase [24][25][26][27] .

RESULTS AND DISCUSSION

MS and CID-MS 2 spectra

The mass spectra (MS) of the samples containing non-irradiated dipeptides and oxidized ones by OH radicals are reported in 13 . A peak at m/z 214 was observed in the spectrum of c(GlyMet), corresponding to an instrumental contamination (n-butyl benzenesulfonamide, n-BBS).

To characterize the final oxidation products, collision induced dissociation (CID-MS 2 ) of mass selected products has been performed. CID-MS 2 spectra have been presented in Figure 3- 
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The CID-MS 2 fragmentation mass spectra of protonated dipeptides are characterized by the loss of sulfenic acid (-HSCH3) from methionine side chain. In the case of c(LMetLMet)H + and c(LMetDMet)H + , a peak at m/z 167 has been observed as well and attributed to the loss of two sulfenic acid molecules.

The MS 2 -CID fragmentation of electrosprayed mass selected oxidation products of cyclodipeptides c(LMetLMet)H + and c(LMetDMet)H + show the loss of one oxidized sulfenic acid molecule indicating that the oxidation occurs on the sulfur atom of both methionine side chains.

No sulfone formation has been observed. As expected, the CID-MS 2 fragmentation mass spectra of oxidized c(GlyMet)H + shows only the loss of one oxidized sulfenic acid molecule.

Thus, the final products of oxidation are the same for c(LMetLMet)H + and c(LMetDMet)H + .

In addition, there is no clear difference in the final yields of oxidation products. Stabilization of the radical cation >S •+ by the formation of either (S∴S) + or (S∴N) +20 does not impact on the nature of the final products.

IR absorption spectra and computational results

In order to determine whether a single structure or a mixture of multiple structures from different families (for instance, keto-enol) are present in the powder and in the solution, we recorded the IR absorption spectra of pure powder, a KBr pellet containing the powder at ~1%, and in DMSO-d6 solution for the three cyclic peptides. We simulated the IR absorbance spectrum for the c(GlyMet) system (the simplest cyclic system) at the B3LYP/6-311++g(d,p)/PCM(DMSO) level of the theory.

The infrared absorption spectra of c(LMetLMet), c(LMetDMet) and c(GlyLMet) were investigated in different environments: pure powder, a KBr pellet containing the powder at ~1%, and DMSO-d6 solution. We used Attenuated Total Reflectance (ATR) for pure powder measurements, while for KBr and DMSO-d6 solution, we measured the absorbance in transmission. For the latter, we use pure KBr pellets and pure solvent as a reference spectrum.

In all cases, the resolution is set at 4 cm -1 , and 100 scans were collected.

To evaluate the effect of the keto or enol form of the ring on the IR spectra, we carried out a theoretical investigation on c(GlyLMet). To this end, we have explored the conformational landscape of three possible ring shapes, namely, keto, enol01, and enol02. In this case, we take advantage of the conformational search tool implemented in the Maestro program. The Mixed torsional/Low-mode sampling method was used. The OPLS-2005 force field was employed with an energy window for saving structures fixed at ca. 20 kJ/mol. This approach provides 27, 44, and 20 initial structures for each ring shape, keto, enol01, and enol02.

Further geometry optimization and frequency calculation are performed in Gaussian software at DFT/B3LYP/6-311++g(d,p)/PCM(DMSO). Only the singlet state of the neutral structure is considered. Frequency-dependent scaling factors 0.977 (if ~< 2000), 0.957 (if 2000 <> 3400) and 0.953 (if 3400 < ) were used to adequately correct anharmonicity effects and basis set incompleteness. Stick spectra were convolved using a Lorentzian form with 8 cm -1 of FWHM. This part of work has been done in the collaboration with Dr. Ariel Perez Mellor from Université de Genè ve, Switzerland. This spectrum (Figure 34567) shows that there is a clear difference in the C=O stretch region between the keto and enol forms. The keto spectrum has a single band around 1662 cm -1 due to the two CO stretches, while the enols have a similar peak, with an additional band due to the formation of the enol group at 1710 cm -1 . The latter is a sign of the presence of enolic form. In c(GlyMet), the keto form is more stable than the enol form by 96 kJ/mol. The sign of the presence of the enol form is missing from the experimental IR absorption spectra of c(GlyMet) (Figure 3 

IRMPD spectra

The IRMPD spectra of protonated c(LMetLMet), c(LMetDMet), c(GlyMet) and of their corresponding oxo-forms are reported in Figure 3456789.

Both spectra of non-oxidized c(MetMet)H + and of c(GlyMet)H + show similar features in the 800-3700 cm -1 energy range. For the protonated cyclic peptides, the (CO) stretch region is characterized by two features (a sharp peak and a broad band) located at 1755-1665 cm -1 in the spectrum of c(LMetLMet)H + and at 1751-1676 and 1763-1639 cm -1 for c(LMetDMet)H + and c(GlyMet)H + , respectively. These bands are typically of amide I vibrational mode in
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diketopiperazine (DKP) rings 25,26 . The  (NH) range displays two bands at 1487 and 1436 cm - 1 in the spectrum of c(LMetLMet)H + , whose counterpart is found at 1495 and 1435 cm -1 for c(LMetDMet)H + and 1470 and 1425 cm -1 for c(GlyMet)H + , respectively. The region of the  (OH) and aliphatic (CH) bending modes shows three bands at 1315 and 1219 cm -1 for c(LMetLMet)H + . They are observed at 1317, 1278 cm -1 and 1218 cm -1 for c(LMetDMet)H + .

An intense band at 1301 cm -1 with some satellite peaks on the red is observed in the spectrum of c(GlyMet)H + . 

The high frequency region is characterized by features that are similar for the three cyclic dipeptides. First, a broad band which extends from 2600 to 3200 cm -1 . Second, an intense and narrow peak is observed at 2941 cm -1 for c(LMetLMet)H + , whose counterpart is found at 2942 cm -1 for c(LMetDMet)H + . This intense band is not observed in the IRMPD spectrum of c(GlyMet)H + . In the region of (NH), intense peaks are also observed at 3423 and 3416 cm -1 for c(LMetLMet)H + and c(LMetDMet)H + , respectively. This band is red shifted at 3389 cm -1 for c(GlyMet)H + . In the  (OH) region, c(LMetLMet)H + shows a weak band at 3585 cm -1 . Two weak bands are observed at 3494 and 3567 cm -1 for c(LMetDMet)H + and 3564 and 3598 cm -1 for c(GlyMet)H + . IRMPD spectra of the oxo-forms of cyclic peptides show some differences compared to those of the native peptides, especially in relative intensities and in the fingerprint region. We have already shown that the sulfoxide group exhibited a specific band around 900-1000 cm -1 14 . (SO) has been observed at 869 cm -1 in the IRMPD spectrum of c[(LMetLMet)(O)H] + , whose counterpart is found at 871 cm -1 in the IRMPD spectrum of c[(LMetDMet)(O)H] + and 881 cm -1 in the IRMPD spectrum of c(GlyMet)(O)H + .

Theoretical results and band assignment

In order to get a better estimate on the energetics, the geometries of characteristic conformers of dipeptides and their oxidized forms were re-optimized at the B3LYP/6-311G(d) level of the theory. The IR absorption spectra were computed at the same level of theory using a Lorentzian convolution with a 20 cm -1 full width at half maximum (FWHM). Since the harmonic approximation is known to overestimate the computed frequencies, the calculated harmonic frequencies were uniformly scaled by 0.96, which turned out to improve the agreement between calculated and measured absorptions. However, the frequencies associated with the sulphur atom were left unscaled, which complied with previous evidence [28][29][30][31] . All quantum chemistry static calculations were performed with the Gaussian 16 package 32 .

The nomenclature used for the molecules is shown in Figure 3-2. The peptide bond atoms will be referred to with a subscript "p" when they are on the protonated part. The carbon atom of the residue is denoted by its position relative to the peptide bond as C, C or C𝛾. Different forms for the cyclic peptides have been extensively explored. Among them, the ketone forms show the lowest calculated energy (All the exploited structures with corresponding IR spectra are displayed in Appendix 9.1.2 in supporting information). The calculated structure for c(LMetLMet) and its oxo-form referred to as LL and LLO; c(LMetDMet) and its oxo-form referred to as LD and LDO; c(GlyMet) and its oxo-form referred to as GM and GMO. The tautomerization type of the structures (keto for ketone forms, enol for enol forms, iminol for iminol forms, cycl for cyclic structures and open for open structures) and an energetic ranking number are also indicated in the structure nomenclature for the sake of clarity.

For the non-oxidized forms, two protonation sites can be considered, namely protonation of the amide oxygen and protonation of the amide nitrogen. For c(LMetLMet), c(LMetDMet) and c(GlyMet), the most stable structures correspond to the protonation at the oxygen atom, as already observed for similar systems investigated by IRMPD spectroscopy 25,26 . The two peptide bonds of the molecules are different because of the asymmetry introduced by the protonation of one of the amide oxygen atoms. This manifests itself in different NH bond lengths: 1.01 Å on the neutral site versus 1.08 Å on the protonated side depending on whether or not the NH is involved in a hydrogen bond. The amide bond remains planar or quasi planar (dihedral angle <4 °). The DKP structure is slightly puckered in a flattened boat structure or puckered with puckering angle from 20 to 50 °. Structures characterized by a hydrogen bond between the protonated carbonyl group and the sulfur atom of the methionine side chain show the methionine side chain in the plane of the DKP ring, while in the structures without hydrogen bond the methionine side chain is near at 90° compared to the DKP ring.

As already observed 33 , oxidation of methionine to methionine sulfoxide derivatives results in an increase in proton affinity due to higher intrinsic proton affinity and an increase in the ring size formed through charge complexation of the sulfoxide group, which allows more efficient hydrogen bonding compared to the sulfide group. Using the extended kinetic method, the proton affinity of Met and Met(O) were determined to be 931.5 and 951.9 kJ/mol, respectively using the scale reported by Afonso et al. and often referred as Tabet scale 34 . Different methods were employed to measure the proton affinity of Met and Met(O). All these experimental data clearly show that the proton affinity of Met(O) is much larger than Met by about 20 kJ/mol. These experimental data have been confirmed by DFT and ab initio calculations performed on the proton affinity of Met and Met(O) 33 .

The lowest-energy conformers of the oxidized cyclic peptides are in a keto form and are protonated on the sulfoxide group. Protonation on the amide oxygen leads to conformers at higher energy, depending on the hydrogen bond network stabilizing the structure. These conformers can be formed under our experimental conditions during the gamma radiolysis in solution or during the electrospray process used to generate the gas-phase ions depending on the internal energies of the ions 35 .

The vibrational bands in the IRMPD spectrum are sequentially labeled alphabetically to facilitate the comparison with the calculated ones. Relative Gibbs energies are provided at the DFT level, and, in parenthesis, by incorporating DLPNO-CCSD(T) electronic energies in Figures 3-10-16. Considering this last approximation and as no significant differences have been found between the two sets of relative Gibbs energies, only DFT energies are reported in the following sections.

c(LMetLMet)H + and [c(LMetLMet)(O)H] +

The experimental IRMPD spectrum of c(LMetLMet)H + and the simulated IR spectra for LLketo01, LLketo02 and LLketo04 geometries calculated at the B3LYP/6-311G(d) level of theory are reported in Figure 3-10 together with the corresponding calculated geometries.

The IR calculated spectra for the three keto forms show the best agreement with the IRMPD one and allow to justify all the peaks observed in the IRMPD spectrum. LLketo01, LLketo02

and LLketo04 are all characterized by the protonation on the amide oxygen. In LLketo01, the proton is involved in a hydrogen bond with the sulfur atom (d = 1.95 Å). This conformer is also stabilized by the NH…..S interaction (d = 2.28 Å). Its IR calculated spectrum has a good agreement with the IRMPD one for the major bands from B to I. Its structure is quasi symmetric with the dihedral (CNCC) angle of 136 °. LLketo02, is at 19.7 kJ/mol higher in energy compared to LLketo01 and can allows for a better justification of the band A. It shows a more puckering boat structure. Its structure is stabilized by two non-covalent interactions: an NH…..S interaction (d = 2.30 Å) and a COH….S one (d = 1.99 Å). The position of band F slightly predicted towards the red in LLketo02 allows to justify the broad band observed in the IRMPD spectrum. Meanwhile, it's necessary to populate a third conformation LLketo04 found at 31.3 kJ/mol higher in energy compared to the lowest one, to justify band J in the NH, OH stretching region. This band is not predicted in the calculated spectra of LLketo01 and LLketo02, respectively. In LLketo04 the methionine side chain is almost 90° compared to DKP ring and it is not involved in any hydrogen bond with the sulfur atom. Maxwell-Boltzmann distribution at room temperature predicts negligible population for LLketo02 and LLketo04 compared to LLketo01 which should be the only conformer substantially populated.

Kinetics trapping of high energy forms could explain the presence of thermodynamically disfavored species as already observed in mass spectrometry experiments involving in electrospray source 26,36,37 Tentative assignments of IRMPD spectral bands of c(LMetLMet)H + are listed in In the fingerprint region, the weak band A centered at 870 cm -1 is assigned to the S-C stretching and SCH, CNH bending modes. Main contribution to this band is coming from LLketo02. The stretching mode of the NpC and the bending mode of the CpOH group are the main contributions to band F. The three predicted structures contribute to this experimental band that is quite broad. Band G is mainly attributed to the stretching of the C=O group. In the NH, OH stretching region LLketo01, LLketo02 show strong calculated bands at ca. 2500 and 2900 cm - 1 that can be attributed to the stretching modes of the OH and NH involved as donors in strong hydrogen bonds. They are never observed in the IRMPD spectrum, except as broad features.

Moreover, previous works show not only a red-shift but also a broadening of the  (NH) or  (OH) stretch transitions which makes its detection difficult 38,39 . The sharp peak H is assigned to the CH stretching modes of LLketo01, LLketo02 and LLketo04. The sharp peak I at 3424 cm -1 is assigned to NH stretching mode. The diagnostic band of the presence of LLketo04, the weak band J at 3585 cm -1 , is assigned to a free OH stretching mode in the molecule.

We have calculated the IRMPD spectra of other possible families for c(LMetLMet)H + . Their structures and the IRMPD spectra are reported in Appendix 9.1.2.1. They can be ruled out on energetic criteria. Moreover, for some of them the agreement with the IRMPD spectrum is not satisfactory. The most stable calculated enol structure for c(LMetLMet)H + , LLenol01, is at 99.8 kJ/mol higher in energy compared to LLketo01. The calculated Iminol structure with the lowest relative free energy is LLimin01 which has an energy 79.7 kJ/mol higher than LLketo01. Since the fingerprint region of LLimin01 does not have a similar spectral feature as the experimental spectrum, the iminol family can be excluded from the selection as well.

Other possible structures have also been investigated, namely LLcycl01 (67. 3.9 (20.5)

(23.6)

A tentative assignment of the experimental bands is reported in In the fingerprint region, band A at 869 cm -1 is assigned to the S=O stretching combining with SCH and SOH bending modes. The main contribution to this band is coming from LLOketo12 that is the only structure which presents a non-protonated S=O group. For the other structures populated in our experimental conditions the position of the sulfoxide stretching is quite similar but the intensity decreases with the protonation of the sulfoxide function leading to the loss of information on the diagnostic band assigned to the sulfoxide formation. The position of this band is red shifted in the cyclic dipeptides compared to the bare Met(O) and the linear oxidized Met-Met dipeptide, where it was found at ca. 930 and 1000 cm -1 , respectively. In the case of Met(O) and the linear Met-Met dipeptide, the sulfoxide function was not protonated and it was involved in a hydrogen bond with the protonated amino group.

Band B at 1082 cm -1 is assigned to the stretching of the CN bonds. Main contribution to band C at 1181 cm -1 is due to the bending mode of COH of LLOketo12 structure. The sulfoxide stretching mode of LLOketo02 and LLOketo12 contribute also to this band. The frequency position of the stretching of the S=O group is more similar for these structures to the one observed previously for linear dipeptides.

The intense band D at 1289 cm -1 is ascribed to the C-OH stretching mode of LLOketo12 and the SOH bending mode of LLOketo01, LLOketo02 and LLOketo03. Another intense band E (1427 cm -1 ) in the fingerprint region corresponds to NH bending and CH2 scissoring modes.

The band F, centered at 1592 cm -1 , is associated with the stretching of CN, bending of CNH and CH2 groups. The band G at 1652 is associated to the stretching mode of the carbonyl group involved in the hydrogen bond with the protonated sulfoxide group, while the band H at 1745 cm -1 is due to the stretching mode of the free carbonyl group and the CNH bending mode. Band I (2938 cm -1 ) is assigned to stretching mode of the CH2 and CH3 groups. A high intense band is predicted in the calculated IR spectra of LLOketo02 and LLOketo12 at 2337 and 2530 cm - 1 , respectively. It is attributed to the stretching of the OH of the protonated S=O group. This group is involved in a strong hydrogen bond with the carbonyl group. As previously observed, the detection of this kind of bands is difficult in IRMPD experiments.

Bands J (3418 cm -1 ) and K (3497 cm -1 ) are attributed to the stretching of the NH group of the different structures. Band L at 3587 cm -1 is assigned to the stretching of OH group on protonated C=O. Main contribution to this band is due to LLOketo12, while band M at 3623 cm -1 is attributed to the OH stretching mode of the protonated sulfoxide group. Main contribution comes from LLOketo03 structure.

c(LMetDMet)H + and [c(LMetDMet)(O)H] +

A comparison of the calculated IR spectra of the most stable geometries of c(LMetDMet)H + , 2). However, the most stable enol form, LDenol01, is found at 134 kJ/mol higher in energy compared to the most stable structure and its formation can be ruled out in gas phase in our experimental conditions. The band assignments of c(LMetDMet)H + are detailed in In the fingerprint region, the weak band A located at 847 cm -1 is ascribed to a combination of LDOketo02 which is at 0.9 kJ/mol higher in energy compared to DOketo01 is characterized by a planar structure. LDOketo04 shows a puckering boat structure and lies 2.7 kJ/mol higher than LDOketo01. LDOketo06 shows a planar structure with one side chain pointing directly above the DKP ring and it is found at 14.9 kJ/mol higher in energy compared to LDOketo01.

LDketo01
Finally, LDOimin01 is at 42.7 kJ/mol higher in energy than LDOketo01 and it is in a slightly puckered boat structure.

LDOketo01 is stabilized by a hydrogen bond between the protonated sulfoxide group and the In the fingerprint region, bands A and B are related to the SO stretching mode. The prominent band A, centered at 871 cm -1 , is assigned to the stretching modes of SO and CC bonds, along with the bending of CH2 and CH3. The asymmetric band B at 1074 cm -1 is ascribed to the SO stretching mode accompanied by the CH2 and CH3 bending modes, predicted for LDOketo06.

In this case the sulfoxide function is involved in a strong hydrogen bond with the amide In the high frequency region, the large band J, centered at 2933 cm -1 , is assigned to a combination of CH2 and CH3 stretching modes. The intense NH stretching mode predicted at 3113 cm -1 forLDOketo04 and the OH stretching mode predicted at 3196 cm -1 for LDOketo01 are both involved in strong hydrogen bond, which makes their detection difficult in an IRMPD experiment and can be assigned to the broad feature observed in the IRMPD spectrum between 2900 and 3300 cm -1 . The intense band K at 3412 cm -1 is assigned to NH or NpH stretching mode in LDOketo01, LDOketo02 and LDOimin01. The satellite band L at 3486 cm -1 is assigned to NH stretching mode. The weak band M at 3545 cm -1 is ascribed to OH stretching mode of LDOketo06 while the band N at 3579 cm -1 is assigned to the OH stretching mode of the sulfoxide group in LDOimin01.

c(GlyMet)H + and [c(GlyMet)(O)H] +

A comparison of the IRMPD spectrum of c(GlyMet)H + with the calculated IR spectra of the lowest energies keto form GMketo01, GMketo02, GMketo03 and GMketo05 is shown in and GMketo03 are at 8.2 and 10.9 kJ/mol higher in energy compared to GMketo01, respectively. It is still necessary to populate a fourth conformer GMketo05, lying at 19.6 kJ/mol higher in energy compared to GMketo01, to justify the bands I and L in the high frequency region. The protonation site is always on the amide oxygen for these structures. Detailed band positions along with a concise description of the assigned vibrational modes for c(GlyMet)H + are listed in Table 3-8.

GMketo01
In the fingerprint region, only the weak band A, located at 879 cm -1 is associated with the vibrational mode of the sulfur atom: it is assigned to SCH and CNpH stretching mode. The intense band C, centered at 1301 cm -1 , is mainly assigned to the bending modes of CH2 and CH3 along with the stretching modes of CpO, CC and CN functional groups. Band B at 1209 cm -1 , is ascribed to the CpOH bending and CpO and CNp stretching modes. Band D, at 1470 cm -1 , is ascribed to a combination of CN(p)H, CH2, CH3 bending and CpCp stretching modes.

The band E, centered at 1639 cm -1 , is assigned to the CNp stretching and CNpH bending. The most intense band in the fingerprint region, the band F at 1763 cm -1 , is a typical signature of the stretch of carbonyl group C=O accompanied by nearby CNH bending.

In the high frequency region, a broad and flattened band from 2600 to 3200 cm -1 has been observed. This is mainly due to the stretching mode of NpH group involved as donor in hydrogen bond. As already observed this high intense calculated IR band is observed as broad feature in the IRMPD spectrum. The CH stretching mode is also involved in this broad feature.

Two spectral bands, noted as G (2865 cm -1 ) and H (2944 cm -1 ), are assigned to the CH2 stretching and a combination of CH2 and CH3 stretching modes, respectively. The sharp band I, centered at 3389 cm -1 , is assigned to the NpH stretching mode contributed from GMketo05.

The blue-side shoulder of I, the band J at 3416 cm -1 , is assigned to the NH stretching mode, confirmed by all selected geometries. Two weak bands K and L, positioned at 3564 and 3598 cm -1 , respectively, are both attributed to the stretching mode of OH bond.

The IRMPD spectrum of [c(GlyMet)(O)]H + is compared with the predicted spectra for the The most stable structure of iminol and enol families, GMOimin01 and GMOenol01, lie 88.4 kJ/mol and 118.5 kJ/mol higher than GMOketo01, respectively and we can rule out their formation in our experimental conditions.

GMOketo01, GMOketo02 and GMOketo03 in

A tentative assignment of IRMPD features of [c(GlyMet)(O)]H + is proposed in In the high frequency region, similar to the spectral features of c(GlyMet)H + , broad band K is attributed to the CH2, NH and OH stretching modes. The intense bands predicted in GMOketo03 and GMOketo01 are assigned to NpH stretching (2678 cm -1 ) and OH stretching of the protonated S=O group (2763 cm -1 ), respectively. The sharp band L, at 3415 cm -1 , is assigned to the NH stretching mode. The weak bands M (3578 cm -1 ) and N (3633 cm -1 ) are both ascribed to the stretching mode of OH, provided by GMOketo02 and GMOketo03, respectively.

CONCLUSIONS

In this work, we studied the one-electron oxidation of cyclic methionine dipeptides by OH free radicals produced by gamma radiolysis. The first step of the oxidation, i.e. formation of methionine free radical has been studied some years ago by pulse radiolysis 17,18 . The authors demonstrated that the c(LMetLMet) isomer led to (S ∴ S) 2c-3e free radicals due to the proximity of the two sulfur atoms while the c(LMetDMet) isomer led to (S∴N) 2c-3e free radicals. Our aim was to elucidate the fate of these two free radicals, which is still unknown. It also gave elements to predict the reactivity of these free radicals. The final products were mass isolated in the gas phase. CID-MS 2 tandem mass spectrometry and IRMPD spectroscopy have been performed. DFT calculations have been performed to get information on their chemical structures in the gas phase and for band assignment.

Oxidation of both c(MetMet) peptides gave principally one or two sulfoxide groups on each sulfur atom. Oxidation of c(GlyMet) led only to one sulfoxide group. No sulfone has been detected. In addition, loss of dihydrogen was observed giving C=C double bond in the methionine chain, due to the attack of OH radicals to the carbon atom adjacent to sulfur (formation of the so-called 𝛼-S free radical) 40 . These results are similar to those observed for e.g. Met-Val and Val-Met peptides 41 . They demonstrate that both 2c-3e free radicals have the same fate, disproportionation plus hydration to give sulfoxide.

difficult compared to linear peptides. In addition, the similar yield of sulfoxide shows that the chirality of S-containing side chains in cyclic methionine dipeptides has no impact on the production of the final product.

IRMPD spectroscopy and DFT calculations allowed us to precise the chemical structures of the final products in the gas phase. Especially we could show that in the gas phase the cyclic dipeptides adopt a keto form, except for c(LMetDMet) where an iminol isomer can also be populated in our experimental conditions. IRMPD spectra are well reproduced by the calculated IR absorption spectra of the lowest energy isomers.

The non-oxidized dipeptides are protonated on the amide oxygen. Oxidation leads to the increase of the proton affinity of the sulfoxide group. In the oxidized cyclic dipeptides, the protonation site is the sulfoxide group. Structures with the protonation of the amide oxygen, at higher energy are also populated in our experimental conditions. IR spectra performed on the powders or on the solution showed that the dipeptides adopt a keto form of the DKP ring in the solid state or in solution before oxidation. Structures at higher energies should be formed during the gamma radiolysis or are due to kinetic trapping in the electrospray source.
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BLOCKED AMINO ACIDS AND PEPTIDES

BACKGROUND OF THE STUDY

Abstract

In this chapter, a series of Methionine (Met) with terminal groups blocked by acetyl and/or methyl ester groups were studied firstly by Collision Induced Dissociation-tandem mass spectrometry (CID-MS 2 ) in Orsay, France, and then followed by Infrared multiphoton dissociation (IRMPD) spectroscopy performed at FELIX Laboratory in Nijmegen, in The Netherlands. The CID-MS 2 experiments were performed in a Fourier-transform ion-cyclotronresonance (FT-ICR) mass spectrometer with ions generated through an external electrospray ionization (ESI) source. The IRMPD spectra were recorded by a Paul type ion-trap AmaZon coupled with free-electron laser (FEL) in the fingerprint region from 600 to 2000 cm -1 . The final product of the singly oxidized product of Met residue is still a sulfoxide group even though the terminal groups were partially or completely blocked. However, compared to the IRMPD spectrum of protonated methionine and methionine sulfoxide, significant spectral differences have been observed in the spectra of terminal-blocked Met or Met-containing peptides. For instance, the diagnostic band at ~950 cm -1 in MetSOH + has red-shifted to ~860 cm -1 in protonated terminal-blocked Met due to the change of protonation site.

Introduction

In methionine (Met) one-electron oxidation, hydroxyl radicals attack S atom to form a Scentered radical cation (>S •+ ), (>S •+ ) which can be stabilized by (S∴S) and (S∴N) to form a sulfoxide group [1][2][3] . During this diffusion-controlled reaction, S-atom and OH radicals yield unstable hydroxysulfuranyl radicals (>S • -OH 2 ) which undergo decomposition to S-centered radical cations (>S •+ ) and -OH or H2O. S-centered radical cation is highly unstable and difficult to detect for Met and its derivatives, but it can be stabilized by the interaction with another electron rich atom, e.g., O, N, Cl, Br, I, Se or S 4 . When oxidation occurs on the sulfur atom, the S-centered radical cations can be then stabilized not only by the S-containing side chain to form dimeric radical cation (S∴S) + but also by the two terminals of linear peptides to form (S∴O) + and (S∴N) + . Therefore, terminal groups of Met residue contribute to the formation of stable oxidation products. However, in the interior protein sequence, terminal groups have no influence on the oxidation process. So, in order to bring our research model closer to reality, Met and MetMet with blocked terminals were investigated. The obtained results are reported in this chapter. Since still limited information on the terminal group effect in Met oxidation is available, we focused on the final oxidation products of these Met derivatives and tried to uncover the consequence due to the blockage of terminal groups in Met. By comparing the experimental results between different terminal-blocked Met with Met, we were able to elucidate the influence of terminal blockage in stable oxidation products

Investigated systems are shown in

RESULTS AND DISCUSSION

MS and CID-MS 2 analysis

The carbonyl group to the molecule and creates more intra-molecular interaction by hydrogen bonds, which makes the middle range of fingerprint region more "crowded". As for the spectra of +16 mass increment products, NacMet(O)H + and MetSOH + have much in common.

NacMet(O)H + has IR absorbances at 973 (weak), 1143 (intense), 1202-1468 (medium, less resolved) and 1785 cm -1 (intense) which can be linked to the bands of MetSOH + at 947 (weak), 1162 (intense), 1420 (medium), and 1792 cm -1 (intense), respectively. It should be noted that NacMet(O)H + shows three more bands in its IRMPD spectrum compared to the one of MetSOH + : an intense band at 862 cm -1 , a medium band at 1549 cm -1 and a weak band at 1698 cm -1 .

Calculations have been performed for protonated NacMet and NacMetSO at B3LYP/6-311+g(d,p) level of theory. A scaling factor 0.98 has been applied in fingerprint region (600-2000 cm -1 ) while the calculated frequencies associated with S=O were left unscaled.

Theoretical IR frequencies were convoluted with a Lorentzian profile with an associated width (FWHM) of 20 cm -1 in the fingerprint region.

A comparison of the calculated IR spectra of the most stable geometries of NacMetH + with its experimental IRMPD spectrum is displayed in Figure 456789. The geometry acMH+_1 has the lowest calculated energy. The calculated IR bands of acMH+_1 can justify most of the bands observed in the experimental spectrum except the medium sized band L and the less-resolved band F. The geometry acMH+_2 presents a similar spectrum as acMH+_1 and it is only 2.1 kJ/mol higher in energy than acMH+_1. The bands L and F require the presence of geometry acMH+_4 to be justified. In order to explain the presence of the shoulder L' in the experimental spectrum, it is necessary to populate a fourth conformation acMH+_3. acMH+_3 and acMH+_4 lie 10.7 and 13.3 kJ/mol higher in energy compared to the most stable geometry acMH+_1, respectively. Therefore, acMH+_1, acMH+_2, acMH+_3 and acMH+_4 can be formed in our experimental conditions, simultaneously. The protonation site is always on the N-acetyl carbonyl oxygen for these four conformers. acMH+_1 and acMH+_2 are stabilized by the non-covalent interaction of C=OH + …S (d=2.00 Å in acMH+_1; d=2.04 Å in acMH+_2)

and NH…O=C (d=2.10 Å in acMH+_1; d=2.09 Å in acMH+_2). acMH+_3 is stabilized by the intramolecular interaction of NH…S (d=2.22 Å) and C=OH + …O=C (d=1.63 Å). acMH+_4

has an hydrogen interaction between the sulfur atom and the amide proton with a distance of with the relative Gibbs free energy (∆G) at 298 K in kJ/mol, calculated at B3LYP/6-311+g(d,p) level of theory, is provided in parentheses.

Other exploited structures are reported in Appendix 9.2.1.1 with their corresponding spectra. In the fingerprint region, the sharp band A observed at 741 cm -1 is assigned to the CC streching, COH bending and CNH bending. The weak band B centered at 927 cm -1 is ascribed to the stretching of CC bonds and the bending of COH and CH3. The most intense band C arises from the CO stretching, COH bending and CH2 bending modes. Bands from D to I are less-resolved.

Assignments of the bands are listed in

The band D at 1227 cm -1 is assigned to vibrational modes of C=OH + stretching in acetyl group, COH bending, CNH bending and CH2 bending. The band E at 1281 cm -1 is attributed to the CC stretching, CN stretching, COH bending, CNH bending and CH2 bending modes. The band F at 1318 cm -1 is associated with CC stretching and COH bending. The band G at 1346 cm -1 is assigned to the stretching of CC bonds and the bending mode of COH, CNH, CH2 and CH3.

The band I localized at 1431 cm -1 is assigned to the CH2 and CH3 bends. Its red-side shoulder H (1400 cm -1 ) is attributed to the CC stretching, COH bending and CNH bending modes. The band J centered at 1548 cm -1 corresponds to the stretching of protonated carbonyl in acetyl group. The intense band K at 1612 cm -1 is the feature of C=N stretch in acetyl group. The band L at 1705 cm -1 corresponds to the C=N stretching. Its blue-side shoulder L' is assigned to a combined presence of C=OH + stretch in acetyl group and C=O stretch in carboxyl group. The prominent band M at 1779 cm -1 corresponds to the stretching of C=O in carboxyl group.

Calculations have also been carried out for the protonated oxo-form, NacMet(O)H + . Four representative structures at relatively low energy with their calculated spectra are provided in Although acMOH+_1 is the most stable geometry of NacMet(O)H + according to the calculated energy ranking at this level of the theory, the agreement between the calculated spectrum and the IRMPD one is not very good. To justify the position and the intensity of the bands observed in the IRMPD spectrum of NacMet(O)H + , it is necessary to form simultaneously both the geometries acMOH+_2 and acMOH+_3. The band K is diagnostic for the presence of conformer acMOH+_3 while the band J is decisive for that of acMOH+_2. The protonation sites of acMOH+_2 and acMOH+_3 are on the acetyl oxygen and sulfoxide oxygen, respectively. The structure acMOH+_2 lies at 2.5 kJ/mol higher in energy than the most stable conformer while the structure acMOH+_3 is 4.9 kJ/mol higher in energy than the lowest one.

acMOH+_2 is stabilized by the C=OH + …O=S hydrogen bond (d=1.34 Å) and NH…O=C interaction (d=2.14 Å). Similarly, acMOH+_3 is stabilized by the S=OH+… O=C hydrogen bond (d=1.48 Å) and NH…O=C interaction (d=2.23 Å). Unlike Met(O)H + with a protonation site on amino group 7 , the gaseous NacMet(O)H + has a mixture of protonation sites on acetyl and on sulfoxide groups. It can be inferred that the proton is labile in the gaseous NacMet(O)H + and it is moving back and forth between these two possible protonation sites. The proton is shared by acetyl oxygen and sulfoxide oxygen in the gas phase. The intense band B centered at 862 cm -1 is the diagnostic band of the oxo-form. It is assigned to the stretching of protonated sulfoxide group S=OH + along with CC stretches. The red-side shoulder of B, the band A at 728 cm -1 , is assigned to the CC stretching, SC stretching, CNH bending and COH bending modes. The blue-side shoulder of B, the weak band C at 973 cm -1 , is attributed to CC stretching, COH bending and CH2 bending. The most intense band D centered at 1143 cm -1 is ascribed to the CO stretching, COH bending and CH2 bending. The bands E-H are four adjacent absorbances. The band E at 1235 cm -1 matches with the stretches of CC and CN bonds along with CNH and COH bending. The band F at 1292 cm -1 arises from the stretching of protonated carbonyl in acetyl group, COH bending and CH2 bending. The band G at 1349 cm -1 corresponds to the CC stretching and COH bending modes. The band H at 1399 cm -1 corresponds to the CC stretching and CH3 bending. The intense band I centered at 1549 cm -1 is supposed to be the CN stretch, the C=OH + stretch of acetyl group in geometry acMOH+_2 and the C=O stretch of acetyl group in geometry acMOH+_3. The flat band J centered at 1698 cm -1 is assigned to the CN stretching. The sharp band K at 1785 cm -1 is assigned to the C=O stretching of carboxyl group in acMOH+_3.

Interestingly, the spectral signature of sulfoxide group in the protonated oxo-form is red-shifted from 947 cm -1 (in the case of MetSOH + ) 7 to 862 cm -1 (in the case of NacMetOH + ). This is due to the variation of protonation site from amino group to sulfoxide group, induced by the terminal blockage. Similar observation has been obtained in the case of cyclic dipeptides where The band assignments of [NacMet-H + ] -are detailed in The fingerprint region of [NacMet-H + ] -comprises five weak bands (from A to E) and three intense bands (F, G and H). The less-resolved band A centered at 759 cm -1 is assigned to the SC stretching along with CNH and CH2 bending modes. The weak band B at 839 cm -1 is attributed to the stretches of CC and SC bonds. The band C at 952 cm -1 arises from the CC and CN stretching modes and CH3 bending. The weak absorptions D (1112 cm -1 ) and E (1165 cm - 1 ) are due to the stretching of CC and CN bonds along with CH2 bending. The prominent band F centered at 1325 cm -1 is assigned to the stretching of CC bond and the CH3 umbrella mode.

Another strong band G at 1458 cm -1 is ascribed to a combined mode of CN stretching, CC stretching and CH3 bending. The last sharp band in the fingerprint, the band H at 1662 cm -1 , is assigned to the stretching of C=O of both acetyl group and carboxylic acid.

Calculations have been performed for the deprotonated oxo-form of NacMet, as well. The with the relative Gibbs free energy (∆G) at 298 K in kJ/mol, calculated at B3LYP/6-311+g(d,p) level of theory, is provided in parentheses.

The observed IR bands of [NacMet(O)-H + ] -are assigned in In the fingerprint region, the weak band A at 777 cm -1 is assigned to the bending of CNH and SCH. The weak band B centered at 843 cm -1 is attributed to the CC stretching, SCH bending and CH2 bending. The band C at 956 cm -1 is assigned to the stretching of CC and SC bonds along with the bending mode of CH2. The diagnostic band of this oxo form, the intense band D centered at 1054 cm -1 , is assigned to the stretching mode of S=O bond with CH3 bending. It is the major spectral difference between the non-oxidized and oxidized forms in negative mode.

The medium-sized band E at 1323 cm -1 is assigned to the stretching mode of CC bond and umbrella mode of CH3. The strong band F at 1470 cm -1 results from the CN stretching, CNH bending and CH3 bending modes. The most intense band G at 1665 cm -1 is the C=O stretching in acetyl group and in carboxyl group.

As expected, the diagnostic feature of oxidation is the intense band at 1054 cm -1 in negative mode corresponding to the S=O stretching. The IRMPD results confirmed that the oxidation of NacMet leads to the formation of a sulfoxide group in the side chain although the N-termini is blocked by acetyl group.

NacMetOCH3

The IRMPD spectra of NacMetOCH3 and of its singly oxidized form NacMet(O)OCH3 are reported in Figure 4-14. The experimental IRMPD spectra of protonated non-oxidized and oxidized species present several spectral differences. An intense band at 862 cm -1 and a medium band at 975 cm -1 are observed for the oxidized species, whereas no band is observed at 862 cm -1 for the non-oxidized molecule except a minor band observed at 948 cm -1 . Two less-resolved bands at 1619 and 1679 cm -1 have been specifically observed in the spectrum of non-oxidized ion. Similar spectral difference has also been observed in the case of NacMet. The common bands are observed at: 1246 (intense), 1300 (intense), 1439 (medium), 1534 (medium) and 1754 (intense) cm -1 for NacMetOCH3H + ; 1280 (intense), 1439 (medium), 1548 (intense) and 1754 (intense) cm -1 for NacMet(O)OCH3H + . It is supposed that the intense band at 862 cm -1 is assigned to the vibration mode of S=OH + , based on the results of NacMet(O)H + shown above. Therefore, the protonation site of NacMet(O)OCH3H + is possible to be on the acetyl oxygen. As shown in Figure 4-15, when the N-and C-terminals of methionine are blocked by acetyl and methyl ester groups, respectively, significant modifications are observed in the IRMPD spectra. By comparing the IRMPD spectra of NacMetH + and NacMetOCH3H + , the spectral differences are important although they have the same N-terminal group. These differences are due to the fact that the substitution of two terminals creates different intramolecular interaction leading to a relatively large change in the vibrational modes of the molecule.

However, almost no difference has been observed in the positions of the bands of S=O (~862 cm -1 ) and S=OH + (~969 cm -1 ) which makes them valuable to be considered as unaffected diagnostic signatures of oxidation in Met residue.

NacMetMetOCH3

The experimental IRMPD spectra of the protonated NacMetMetOCH3H + (m/z 337), singly oxidized dipeptides NacMetMet(O)OCH3H + (m/z 353) and doubly oxidized dipeptides NacMetMet(O)2OCH3H + (m/z 369) in the fingerprint region of 600-1900 cm -1 are reported in The IRMPD spectrum of NacMetMetOCH3H + is quite similar to the ones of its oxo-forms (Figure 45678910111213141516). They have roughly the same absorption peaks at 772 (weak), 976 (medium), 1208 (intense), 1290 (medium), 1359 (medium), 1434 (medium), 1552 (intense), 1750

(medium) and 1876 (weak) cm -1 . Still, some spectral differences have been found. The +16 product has an additional peak centered at 887 cm -1 which corresponds to the sulfoxide group 7,8 while the +32 product presents a characteristic peak at 1050 cm -1 which is assigned to the sulfone 9 .

CONCLUSION AND PERSPECTIVE

In this chapter, the terminal-blocked Met (NacMet, NacMetOCH3) and MetMet (NacMetMetOCH3) have been characterized by CID-MS 2 analysis and IRMPD spectroscopy.

Our objective was to investigate the final oxidation products of methionine or dipeptide containing methionine when terminal groups were protected by other substituents.

In the MS comparisons, similar oxidation products have been observed for terminal blocked Met residues: the product of oxygen addition (+16 Da and +32 Da) and the product of dehydrogenation (-2 Da). However, little decarboxylation has been observed after oxidation, comparing to the chemical yields of other stable products. This results is coherent with the results of pulse radiolysis that the 𝛼-amino radicals (𝛼C • ) had a short lifetime and relatively low yield than other radical formations in • OH-induced oxidation of NacMetOCH3 6 . CID-MS 2 results confirmed the formation of sulfoxide group by observing the diagnostic loss of HSOCH3 (-64 Da) from +16 oxo-form. The final oxidation products will be a mixture of multiple oxoforms when several susceptible sulfur sites are present in one peptide.

From IRMPD results, it has been found that the diagnostic band of sulfoxide group is redshifted from ~1000 to 862 cm -1 in the case of protonated NacMet and NacMetOCH3, compared to protonated Met reported by Ignasiak et al. 7 . Combining with a set of calculation, the diagnostic feature of NacMet(O)H + is no longer the stretching mode of S=O at ~1000 cm -1 as in the case of MetSOH + , but the vibrational mode of S=OH + stretching at 862 cm -1 . Different from the protonation site on amino group in both MetH + and MetSOH + , NacMetH + is found to protonate on acetyl oxygen while its oxo-form is found to protonate on acetyl oxygen and sulfoxide oxygen simultaneously. The variation of protonation site shifts the related spectral signature in IRMPD spectrum. The IRMPD spectrum recorded in negative mode has confirmed this conclusion.

It has also been found that, the IRMPD spectra in fingerprint region were changed dramatically when the terminal groups were blocked by other functional groups. Therefore, it is hard to interpret the spectra of terminal-blocked molecules by the previous spectral results of unblocked molecules. However, the spectral signature of sulfoxide group, the stretching modes of S=O and S=OH + , are always at the same positions for Met derivatives.

For perspective, computational work needs to be done for NacMetMetOCH3 and its oxo-forms in the future work in order to have a deeper and specific understanding of obtained IRMPD spectra of the terminal-modified dipeptide containing methionine.
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Introduction

Methionine (Met) is an essential amino acid in metabolism of many living organisms including humans 1,2 . Due to the presence of the thioether functional group on its side chain, Met is one of the main targets of oxidation residues in proteins. Its oxidation can cause dysfunction of proteins and lead to undesired diseases, e.g., Alzheimer's diseases [3][4][5] , and cellular aging [6][7][8] .

Met residue can also act as a molecular switch to detoxify antioxidants and so to protect important regions of the proteins 9 . The first steps of Met one-electron oxidation produced by OH radicals involve transients that have been characterized by pulse radiolysis [10][11][12] . Two competitive pathways were shown: direct • OH addition on the S-atom and H-atom elimination from 𝛼-S position. In the former, a S-centered radical cation (>S +• ) is formed. It can be stabilized by a 2 center-3 electron bond with any atom having a lone pair, e.g. (S∴S), (S∴N), and (S∴O). In the latter, a carbon centered radical is observed. The neighboring group effects have been demonstrated on the structure of transient-formed species [13][14][15] . The nature of the 2 center-3 electron bonded intermediates depends on the structural, geometrical, and conformational properties of peptide: the location of the Met residue in the peptide, the protection of N/C-terminal amino/carboxylate groups through N-acetylation or amidification/esterification, the nature of the peptides (open/cyclic), the number of Met residues, and the configuration (L/D) of the Met residues and on the external properties of the system 13 . The impact of the free radical structure on final products is still not well investigated.

Oxidation of peptides containing Methionine (M), Proline (P) and/or glutamic acid (E) has been investigated by pulse radiolysis. Only free radicals coming from methionine were detected 15,16 , suggesting that the other residues were protected from oxidation. Indeed the rate constants of oxidation by OH radicals with these residues are in favor of reactions with methionine mostly (k(OH + Met)= 8.5x10 9 Mol -1 L s -1 ; k(OH + Pro)= 3.1x10 8 Mol -1 L s -1 ; k(OH + Glu)= 2.3x10 8 Mol -1 L s -1 ) 17 . Pulse radiolysis studies have also shown that Pro residues did not serve as electron transfer bridge but could modulate the peptide folding and hence act on the decarboxylation process 13,18 .

Designed model peptides with variable-length proline bridges have been investigated in this work, namely Met-(Pro)n-Met (n=1 or 2) peptides, to understand the effects of different factors such as the peptide sequence, on the final oxidation products in peptides containing methionine.

The use of such peptides allows for distance control between the sulphur atoms located in the side chains of Met residues. Such an approach can help to study the eventual existence of longrange Electron Transfer (ET) between amino acid residues on final products during the oxidation process.

The effect of possible intramolecular contact formation in the stabilisation of the sulphurcentred radical cation formed during  radiolysis in -Glu-Pro-Met has been investigated as well, where the N-terminal Met was replaced by -Glu.

Pro is an important amino acid which plays a key role in collagen biosynthesis 19 , as antimicrobial agent 20 and in interaction between proteins through poly-Pro regions. A therapeutic action of Pro-Met peptides against the dengue virus was demonstrated 21,22 . In contrast to other amino acids, relatively little attention has been devoted to the radiolysis of proline [23][24][25] . However, in view of the high content of proline in collagen and elastin that form the main components of the connective tissues, it is quite useful to get some detailed information on the radiation transformation of isolated proline or Met-Pro et Pro-Met dipeptides as well. The CID-MS 2 fragmentation channel of [P(H)] + corresponds to the loss of H2O and CO molecules, as previously observed 26 . A supplementary fragment at m/z 68 is observed for The IRMPD spectra of the protonated oxidized forms of proline and glutamic acid have been reported in Figure 5-5 and compared with the IRMPD spectra of the non-oxidized amino-acids 27,28 . The IRMPD spectra of commercial 3-hydroxyproline and 4-hydroxyproline have already been published previously 26,29 . Four major bands were observed in the IRMPD spectrum of [P(O)H] + at 1147 cm -1 (intense), 1347 cm -1 (medium), 1561 cm -1 (medium) and 1762 cm -1 (intense), consistent with that of protonated 4-hydroxyproline reported by Acharya et al. 26 and by Crestoni et al. 29 . This result The oxo forms of Proline and Glutamic acide were optmized at B3LYP/6-311+g(d,p) level of theory. Density function calculations were carried out using Gaussian package 32 . The IR absorption spectra were computed at the same level of theory using a Lorentzian convolution with a 20 cm -1 full width at half maximum (FWHM). To account for anharmonicity, the calculated harmonic frequencies were uniformly scaled by 0.97, which turned out to improve the agreement between calculated and measured absorptions. All DFT static calculations were performed with the Gaussian 16 package 32 The comparison of experimental spectrum of [P(O)H] + with the calculated ones for the most stable structures of 3-and 4-hydroxyproline (ProOH01_3 and ProOH01_4) are presented in ProOH01_3 is the singly oxidized form of the protonated proline with an additional 3-hydroxyl substituent. ProOH01_4 has an additional hydroxyl group at the position 4 compared to protonated proline. By calculation, ProOH01_4 is 9.8 kJ.mol -1 higher in energy compared to ProOH01_3. The protonation site is on the nitrogen atom for both ProOH01_3 and ProOH01_4. They are stablized by intramolecular hydrogen bonding between the protonated secondary amine group with the carbonyl oxygen (d = 1.99 Å). In ProOH01_4, the pyrrolidine ring adopts an endo-puckered configuration. ProOH01_03 puckered in an endo-way as well.

In the study of protonated proline reported by Wu et al., although the experimental spectrum of protonated proline is most similar to the calculated spectrum of the structure with the lowest energy, the presence of other conformers still could not be excluded. Likewise, both Acharya et al. and Crestoni et al. have shown that several low-lying conformations of hydroxyproline are populated simultaneously in the gas phase 26,29 . A co-existence of different conformers is 1-cc_4 is more stable than 1-cc_3 of 5.2 kJ.mol -1 . These two geometries can be stablized by the intramolecular interactions of NH…O𝛾=C and NH…O𝛼=C hydrogen bonds. Both 1-cc_4 and 1-cc_3 are protonated on amino nitrogen. 1-cc_4 has an additional hydroxy substituent at the position 4, compared to protonated glutamic acid. The hydroxyl substituent of 1-cc_3 is at the position 3.The calculated spectra of these two geometries are quite similar. As already observed for [P(O)H] + , both should be populated in our experimental conditions. The weak band centered at 855 cm -1 is assigned to be the combination of CC stretching and CNH bending. The intense band at 1166 cm -1 is ascribed to the CO stretching and COH bending modes. The red-side shoulder at 1050 cm -1 is attributed to the stretch of CO, CN and CC bonds.

Band assignements are listed in

The small band at 1250 cm -1 is assigned to the stretching of CC bond, the bending of COH and CNH bonds. Another intense but less-resolved band at 1468 cm -1 is predicted by a combination of two calculated bands (1402 and 1494 cm -1 of 1-cc_3; 1393 and 1495 cm -1 of 1-cc_4) for the CO stretching, COH bending, NH3 bending and CH2 bending modes. A weak band at 1604 cm - 1 is attributed to the waggling of NH3. Two prominent bands at 1730 and 1786 cm -1 are attributed to the stretching mode of C=O𝛾 and C=O𝛼 (C=O𝛼 refers to the one located at the end of the alkyl chain while C=O𝛾 is the one on the other end), respectively.

According to these calculations with band assignments, the calculated spectra for hydroxyproline and hydroxy glutamic acid present a good agreement with the +16 mass increment products of Pro and Glu after radiolysis-induced oxidation, and the position of the hydroxyl addition is a mixture of 3-and 4-products. CID-MS 2 results confirm in both cases that Met and Pro side chains kept unmodified in the reference solutions. As for oxidation products, oxygen additions seem only localized on the Scontaining side chains for singly and doubly oxidized compounds (Table 5- species. This band is characteristic of the S=O stretching mode 35 . The presence of this band is consistent with the results of the CID-MS 2 results that +16-increment mass product MP(O) is ascribed to the formation of a sulfoxide group in methionine side chain. The intense band at 1140 cm -1 is assigned to the COH bending mode. The envelope of bands at 1239 cm -1 (weak), 1137 cm -1 (weak) and 1437 cm -1 (intense) is composed of CH, CH2, NH2 and COH bending modes. Two intense bands centered at 1666 and 1754 cm -1 originate from the stretch of two different carbonyl groups in Met and Pro moiety.

Similarly, the spectral comparison of protonated non-oxidized PM with its oxidation products is reported in Figure 5-11.b. Major observed bands of [PM(H)] + are: 1147 cm -1 (intense), 1249 cm -1 (medium), 1321 cm -1 (medium), 1540 cm -1 (medium), 1702 cm -1 (medium) and 1777 cm - 1 (medium).

The strong absorbance at 1147 cm -1 is attributed to the COH bending mode. The less-resolved envelop of bands 1249 and 1321 cm -1 is composed of several CH and COH bending modes.

The medium band centered at 1540 cm -1 is ascribed to NH bending mode in protonated PM.

The bands at 1702 cm -1 and 1777 cm -1 are assigned to the amide I band and the stretching mode of the carbonyl group.

In the case of oxidized PM, a sulfoxide group is also formed, as already revealed by the CID-MS 2 results. In the spectrum of [PM(O)H] + (Figure 5-11.b, red), the following bands are observed at: 1033 (intense, with a shoulder at 950 cm -1 ), 1101 (medium), 1155 (medium), 1299 (medium), 1377 (medium), 1517 (medium), 1595 (weak), 1699 (intense) and 1769 (intense) cm -1 . The strong band at 1033 cm -1 with a shoulder at 950 cm -1 matches with the sulfoxide stretching mode; the medium bands at 1101, 1155, 1299 and 1377 cm -1 are in the region of hybrid vibrational modes of CH, CH2, COH bending; the bands at 1517 and 1595 cm -1 may correspond to the bending of NH; the remaining two absorption bands at 1699 and 1769 cm -1 are associated with the amide I and the stretching of the carbonyl group of the acid function.

Met-Pro-Met and Met-Pro-Pro-Met

The mass spectra of non-irradiated and irradiated peptides in a N2O atmosphere for MPM and MPPM are reported in The CID-MS 2 spectra of [MPM(H)] + , [MPPM(H)] + and their oxidized forms are shown in For [MPM(H)] + , [MPPM(H)] + and their oxidation products, similar spectral assignments can be attributed since they have similar spectral features. The intense band at around 1150 cm -1 may be assigned to the COH bending mode. Absorbance in the middle fingerprint region links to a combination of CH or NH bending vibrational modes. A band at 1100 cm -1 is observed in the spectra of +32 products indicating the hydroxylation of the proline, even it is not possible to identify clearly the band associated to this functional group.

The spectral signature of sulfoxide is the band located at 1020 cm -1 assigned to the sulfoxide stretching mode. This band is still present in the spectrum of M+32 product, even if its intensity is reduced. As the CID-MS 2 results shown above, the +32 mass increment products of MPM and MPPM correspond to a mixture of sulfoxide products and hydroxyproline while the +16 mass increment products are assigned exclusively to the sulfoxide products. Since the relative
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intensity of IR absorbance is proportional to the proportion of components in a mixture. The decrease of the intensity of the S=O band in doubly oxidized products supports the evidence that only a fraction of the addition of oxygen atoms has been converted to sulfoxide groups, different from the case in singly oxidized products where all the additional oxygens were attached on sulfur atom to form sulfoxide products. Similar observation has been observed in MetMet (MM) by Ignasiak et al. 36 .

Interestingly, the diagnostic band of S=O is more intense in the spectrum of [MPPM(O)2H] + compared to the spectrum of [MPM(O)2H] + , which indicates that the double oxidized product in MPPM should mainly be composed by a single oxidation on both methionine side chains.

According to the previous study of transients formed during •OH-induced Met-(Pro)n-Met (n = 0-4) oxidation, radiation chemical yields of transients formed in MPM and MPPM are in the same order of magnitude, and both of them are controlled by the activated formation of (S∴S) +14,16 . Little difference in the formation of transient species has been observed between MPM and MPPM, which indicates there is no direct link between the relative yields of different transient products and the yields of final products.

Glu-Met and Glu-Pro-Met

The mass spectra of non-irradiated and irradiated EM and EPM solutions in a N2O atmosphere are shown in Figure 5678910111213141516.

Oxidation products +16 and +32 have been observed for both EM and EPM peptides as well as the decarboxylation. The key transient 𝛼-aminoalkyl radicals (𝛼N), formed after the loss of CO2, were found to linearly decreased for 𝛾-Glu-(Pro)n-Met peptides when n increased from 0 to 2 15 . However, there is no difference in the yield of the final product related to decarboxylation. Since the contact between the S-atom in the C-terminal Met residue and the N-atom of a deprotonated N-terminal amino group of Glu is controlled by the relative diffusion of the S •+ and the unoxidized N-atom, it is reasonable that the difference in the yield of decarboxylation can be little when the time scale is relatively large (for final products compared to transient products). and CNH bending modes. The two bands at around 1430 and 1500 cm -1 are assigned to NH and CH bending modes. Two sharp prominent bands at around 1700 and 1750 cm -1 are assigned to the amide I band and the stretching mode of the carbonyl group. The +32 product for EM and EPM is a sulfone. The diagnostic band of the sulfoxide is not present, but no diagnostic bands for the sulfone can be easily identified in the IRMPD spectra of the di-and tripeptides.

Interestingly, no oxidation occurs on the E amino acid when it is in N terminal position both on the di-and tri-peptide.

DISCUSSION AND CONCLUSION

In this work, oxidation of a series of peptides containing Met and Pro residues has been investigated by using 𝛾-radiolysis in the presence of N2O to generate oxidizing •OH radicals in aqueous solution. The structure of the final products has been systematically explored by tandem mass spectrometry and IRMPD spectroscopy, in order to get insight into the effect of the neighboring groups on their final oxidation products. Observed products are summarized in Table 5-13.

Decarboxylation (-44 Da), dehydrogenation (-2 Da), combined loss of CO and H2 (-46 Da), addition of one or two O-atoms (+16 Da or +32 Da) 34,37 are the main oxidation products obtained after γ radiolysis. A combination of O-addition and dehydrogenation was observed in MP and PM and in both peptides, proline is not oxidized. The yields of different products strongly depend on the sequence. Moreover, compared to PM, MP is more likely to undergo decarboxylation and less likely to be dehydrogenated. Interestingly, decarboxylation was not observed in oxidation of proline amino acid in solution, which indicates that the presence of methionine is necessary for this process to occur.

As for in MPnM (n=1 or 2) solutions, final products do not exhibit a significant difference when the number of inserted Pro (n) increased from 0 to 2, despite the fact that the free radicals were different 11,12,33 . Again, we confirm that all sulfur centered free radicals leads to the same products whatever their 2c-3e bond. CID-MS 2 fragmentation confirmed the assignments of products mentioned above and helped to localize the modified reaction sites. IRMPD spectra allow to gain further information about these modifications. The IRMPD spectral signature of the sulfoxide function at 1000 cm -1 reported previously 35 has been found in +16 oxidation products, confirming the formation of sulfoxide group. However, a major point is that oxidation concerns also proline residue although this residue is surrounded by 2 Met and no free radical coming from it was observed 6 DNA NUCLEOBASES AND DERIVATIVES

BACKGROUND OF THE STUDY

Abstract

In this work, the oxidation products induced by OH radicals on the four DNA nucleosides and mononucleotides have been investigated by collision-induced dissociation tandem mass spectrometry (CID-MS 2 ) and Infrared Multiple Photon Dissociation (IRMPD) spectroscopy. CID-MS 2 results have shown that the addition of oxygen atoms alone preferentially occurred on the nucleobase moiety. IRMPD spectroscopy has been employed for the first time to provide direct structural information of oxidative lesions in DNA model systems. The geometries of +16 mass increment products of 2'-deoxyadenosine, 2'-deoxyadenosine 5'-monophosphate, 2'-deoxycytidine, and 2'-deoxycytidine 5'-monophosphate were probed in the gas phase by Infrared Multiple Photon Dissociation (IRMPD) spectroscopy. Quantum chemical calculations have been used to characterize the geometries in the gas phase and to assign the bands in the IR spectrum. As for dA(O)H + and dAMP(O)H + , N3 was proved to be the most stable site of protonation and the extra oxygen atom was demonstrated to be added to the position C8 forming a C8=O group. As for dC(O)H + and dCMP(O)H + , the oxygen atom is proved to be added to the position C5 to form a C5-OH group. N3 and O2 tautomeric conformers were observed simultaneously.

Introduction

Reactive oxygen species (ROS), generated from both endogenous sources (mitochondria 1 , peroxisome 2 , etc.) and exogenous sources (ionizing radiation, solar light 3 , metal-mediated Fenton reaction 4 , etc.), are capable of causing deleterious effects by disturbing the redox balance, and then contributing to aging and age-related pathologies, such as Alzheimer diseases, cancer, and atherosclerosis 5,6 . Even though cells have developed various antioxidant defense systems to recover the damages caused by ROS or oxidizing agents, a fraction of the modifications can escape from the cellular defense and temporarily or permanently damage the nucleic acids in cells. Among all the essential components in organisms, DNA plays a crucial role in storing and expressing biological information in the normal function of the human body.

Oxidative stress in DNA can lead to harmful consequences, such as apoptosis, mutations, cellular organelles dysfunction, and aging acceleration [7][8][9][10][11] . Therefore, there is a great interest in identifying DNA oxidative damage induced by ROS.

In order to simulate the oxidative stress in DNA residues, ionization of water by 𝛾-radiolysis is employed leading to the formation of hydroxyl radicals ( • OH) in aqueous solution and oxidizing the solvated molecules in an indirect way 12,13 . Reaction of • OH with DNA bases is characterized by addition to the double bonds of these molecules to give adduct radicals of bases. Subsequent reaction of base radicals leads to a variety of products from each of the DNA bases. When free radicals react with the sugar moiety of DNA, some sugar products and intact bases are released from DNA. In the backbone of DNA, these altered sugars are released and some altered sugars which remain in the DNA backbone constitute the so-called alkali-labile site.

It has been shown that (i) the rate constant of damaging reactions does not vary much among bases, that (ii) the sugar reacts slower, probably because of the decreased electron density due to the electron withdrawing ribose substituent and that (iii) there is no real kinetic control in the attack of DNA by free radicals. It has also been shown that the introduction of one phosphate group into the system decreases the rate constant of the process 14 .

In previous studies, DNA oxidation has been investigated by pulse radiolysis, and the reaction rate of interaction between model compounds and OH radicals was determined to be close to the diffusion rate. The purine and pyrimidine bases are highly susceptible to OH radicals (rate constants 10 9 -10 10 M -1 s -1 ), while the ribose phosphate moiety is less reactive (rate constant ~10 9 M -1 s -1 ) 15 . The first step of the oxidation is the formation of a radical cation. The subsequent chemistry is complicated. This radical can either oxidized and hydrated or reduced.

In this case the imidazole ring should open. In DNA the most susceptible site of oxidation is 2'deoxyguanosine (dG) because the guanine heterocycle has the lowest potential among the four DNA bases. Oxidative damage to dG yields products that results from the initial productforming reaction occurring at one of the three sites that include the C5 or C8 of the heterocyclic ring or the 2-deoxyribose unit. Several studies have already been conducted on one electron oxidation of nucleobases by Fenton reaction or two electrons oxidation of nucleobases by H2O2. Poor information is known about the one electron oxidation produced by gamma radiolysis in the absence of air which may modify the oxidation process.

The improvement of powerful MS-based characterization methods (HPLC-MS, GC-MS) paved the way to detect oxidative lesions in DNA nucleobases and the related derivatives 16 .

Extensive studies have been devoted to understand the oxidation process in DNA components and to the chemical formula assignments of products 14,[17][18][19][20][21][22][23][24][25][26][27] . The oxidative lesions have been mainly isolated and identified in model systems 16,27 . Although the identification and quantification of these DNA lesions have been achieved by various chromatographic methods 16,28 , little information on the geometries of the oxidatively modified sites has been reported. Recently, the IRMPD spectroscopy combined with quantum chemical calculation has been shown to be a powerful tool for identifying the conformations of protonated or deprotonated DNA components [29][30][31][32][33][34] and post-translational modifications (PTM) in peptides 35- 39 . This method is based on an IR-triggered multiple photon dissociation process occurring only at the resonant frequency, which is highly structural specific. It is therefore considered as a promising new approach for providing direct structural information on DNA damage. Moreover, IRMPD spectroscopy for studying oxidation products in the gas phase can provide information on the intrinsic properties without inference from the environment.

In this current work, we investigated the one-electron oxidation of model systems by 𝛾radiation induced hydroxyl radicals ( • OH) in N2O-saturated solutions, to gain an insight into the geometric details of the final oxidation products in nucleotides and nucleosides. 

Investigated molecules are presented in

MS and CID-MS 2 results

The comparison of mass spectrum for dA and dAMP solutions, before and after the 𝛾-radiolysis, are shown in Figure 6-3. 

Precursor isolation CID-MS 2

Precursor isolation CID-MS 2 assignments can be inferred. It is worth noting that, the typical band observed at 1804 cm -1 of dAMP(O)H + is assigned to the stretching mode of the carboxyl group formed after the gamma radiation, which is similar to the spectral signature in the spectrum of dA(O)H + . In hydrogen bonding region, two common bands at 3431 cm -1 and 3658 cm -1 arise from the symmetric NH2 stretching and 3'hydroxyl with P-OH stretching, respectively. The weak band at 3536 cm -1 of dAMPH + is assigned to the NH2 asymmetric stretching, which is not observed clearly in dAMP(O)H + due to the noise of signal. Interestingly, the single oxidation product dAMP(O)H + shows similar bands in the NH/OH stretching region as already observed for dA(O)H + , which indicates that the oxidation occurs in the same position as already observed in the oxidation of dA. We can conclude that both CID-MS 2 

DFT calculations and assignments

IR absorption spectra of the conformers were computed at the B3LYP/6-311+G(2d, 2p) level of theory. Dual-scaling factors have been applied for a better agreement between the theoretical spectra and experimental ones 45 : 0.98 in the fingerprint region and 0.957 in the hydrogen stretching region for dA(O)H + and dAMP(O)H + . In addition, particularly, for nucleotides with a monophosphate group, calculated frequencies below 1350 cm -1 were kept unscaled for well describing the frequencies associated with phosphate group 29,30,46 . The calculated frequencies were convoluted with a 20 cm -1 full width at half maximum (FWHM) in Lorentzian line shape over the fingerprint region for all molecules and a 10 cm -1 FWHM in NH/OH stretching region.

Spectral assignments have been achieved by comparing the experimental IRMPD spectra with the calculated IR spectra.

The calculated structure for the oxo-form of dA and dAMP referred to as dAO and dAMPO, respectively. The tautomerization type of the structures ("k" for ketone forms, "e" for enol forms, and "i" for iminol forms) and an energetic ranking number are also indicated in the structure nomenclature for the sake of clarity. For both dA(O)H + and dAMP(O)H + , DFT calculations were carried out to confirm the structures of the these oxydation products.

A comparison of the IRMPD spectra with the calculated IR spectra of the lowest energy conformers of dA(O)H + in the fingerprint and hydrogen-stretching energy regions is shown in The IR band assignements of dA(O)H + are detailed in Table 6-3. In the fingerprint region, the strong IR band observed at 1094 cm -1 arises from the CO stretching, COH bending and CH2 bending in sugar moiety. The weak band at 1203 cm -1 is assigned to COH bending of sugar ring and CNH bending of base moiety. The less resolved band centered at 1325 cm -1 assigned to a combinaition of two bands of dAO_k1 at 1313 cm -1 and 1370 cm -1 , which is assigned to the C-N and C=N stretching of base moiety and CH2 bending of sugar ring. The sharp band at 1450 cm -1 is assigned to CN stretching and CNH bending of base moiety. The intense band observed at 1671 cm -1 represents stretches of C=C and C=N bonds accompanied with CNH bending mode in base moeity. The typical band at 1809 cm -1 is attributed to C8=O stretching in base part as expected. In the hydrogen-stretching region, the band observed at 3436 cm -1 is assigned to the symmetric N6-H2 scissoring. The sharp band at 3491 cm -1 arises from N7-H stretching. The medium sized band at 3550 cm -1 corresponds to the asymmetric stretching of N6-H2. The intense band at 3668 cm -1 results from O5'-H stretch. Its red-side shoulder at 3609 cm -1 is attributed to O3'-H stretching mode.

The diagnostic spectral signatures of adenine oxidation in dA are the band of C8=O group at 1809 cm -1 and the band of N7-H group at 3491 cm -1 . These two bands are not observed in the IRMPD spectrum of dAH + . They confirm that the oxygen addition on adenine moiety yields the structure 8-oxoAde since the formation of C8=O group is accompanied by the creation of N7-H group. Imid-Cyt, the product with a mass increment +50 42 . However, we've observed only single oxidation product (M+16) and double oxidation product (M+32) in water after the hydroxyl radicals-induced oxidation under N2O atmosphere oxidation. The fragments observed in the CID-MS 2 spectra of dC, dCMP, and their oxidation products and are shown in 

Precursor isolation CID-MS 2

Precursor isolation CID-MS 2 by previous HPLC study in cells. Oxygen-addition products (+16 Da and +32 Da products) were predominantly yielded in N2O-saturated solution exposed to 𝛾-rays.

IRMPD results

The comparison of IRMPD spectra of dCH + , dC(O)H + and CydH + is reported in Figure 6-15.

Interestingly, different spectra of dC(O)H + were obtained by FELIX and CLIO. They are compared in Figure 6-15. Cytidine is taken as a reference molecule which has an additional oxygen at the position 2', compared to dC. Based on the band assignments of protonated dC and Cyd reported previously 48 , we can roughly attributed some bands in the spectra. laboratory or CLIO Facility. According to the work of Wu and co-workers 44 , the specific band at 1781 cm -1 for dCH + represents the carbonyl C2=O stretching. In the NH/OH stretching region, these species have common bands at around 3660 cm -1 , 3577 cm -1 , 3536 cm -1 and 3426 cm -1 . The IRMPD spectrum of dC(O)H + possesses an additional band compared to the spectrum of dCH + at 3635 cm -1 , which should be assigned to the vibrational modes of a newly formed substituent due to the oxidation in cytosine moiety.

Wu and co-workers have shown that N3 and O2 protonated tautomeric conformations coexist in the gas phase for dCH + 48 . In dC(O)H + , addition of one oxygen atom leads to the formation of a carbonyl group or hydroxylation on the base moiety inducing some conformation changes.

The oxidized form of dC shows, according to the experimental set-up used for the IRMPD experiments, different tautomerization equilibria led to the enol form at the O2 position.

According to previous studies by chromatography, the mass M+16 corresponds to the formation of a hydroxyl group at position C5 in cytosine moiety, named as 5-OHCyt 47 .

Therefore, the +16 mass increment product of dC observed in this work is supposed to be the same product of hydroxylation on position 5-. In the fingerprint region, dCMPH + has a C=O stretching band at 1774 cm -1 which becomes very weak in the spectrum of dCMP(O)H + recorded at the same position. This indicates that the addition of one oxygen atom on the base moiety moves the tautomerization equilibrium between N3 protonated conformer and O2 protonated conformer strongly towards the formation of C2=OH + enol form so that the intensity of the diagnostic band for the C=O group is dramatically reduced in the IRMPD spectrum. The spectral difference between dCMP(O)H + and dCMPH + can be explained by the same reason: after oxidation, the keto-enol equilibrium moves towards the enol form. In the NH/OH stretching region dCMPH + and dCMP(O)H + shows some common bands at are at 3426 cm -1 , 3532 cm -1 , 3582 cm -1 and 3665 cm -1 . Their presences can be explained by a combination of N3-H stretching with NH2 symmetric stretching, NH2 asymmetric stretching, O2-H stretching and PO-H & O3'-H stretching, respectively.

Schematic presentation is proposed in

DFT calculations and assignments

IR absorption spectra of the conformers were computed at the B3LYP/6-311+G(2d, 2p) level of theory. Dual-scaling factors have been applied for a better agreement between the theoretical spectra and experimental spectra 45 : 0.98 in the fingerprint region and 0.957 in the hydrogen stretching region for dC(O)H + ; 0.978 in the fingerprint region and 0.955 in the hydrogen νC=O νC=OH + stretching region for dCMP(O)H + . In addition, particularly, for nucleotides with a monophosphate group, calculated frequencies below 1350 cm -1 were kept unscaled for well describing the frequencies associated with phosphate group 29,30,46 . The calculated frequencies were convoluted with a 20 cm -1 full width at half maximum (FWHM) in Lorentzian line shape over the fingerprint region for all molecules and a 10 cm -1 FWHM. Spectral assignments have been achieved by comparing the experimental IRMPD spectra with the calculated IR spectra.

The calculated structure for the oxo-form of dC and dCMP referred to as dCO and dCMPO, respectively. The tautomerization type of the structures ("k" for ketone forms, "e" for enol forms, and "i" for iminol forms) and an energetic ranking number are also indicated in the structure nomenclature for the sake of clarity.

The comparisons of experimental IRMPD spectrum of dC(O)H + with calculated spectra for the lowest energy structures is displayed in Figure 6789101112131415161718.

The spectrum of the most stable structure dCO_e1 matches perfectly with the IRMPD spectrum recorded at CLIO facility. Therefore, in experimental condition at CLIO facility, only the structure with the lowest energy is populated in our experimental conditions. dCO_e1 is protonated at O2 position with the additional oxygen atom added at position 5-of cytosine moiety. On the contrary, the spectrum obtained at FELIX laboratory requires a combined selection of dCO_e1 and dCO_e2 for well assign all the observed bands. The bands at 1265 cm -1 and at 1792 cm -1 are diagnostic evidences for the presence of dCO_e2 structure. dCO_e2 lies 3.2 kJ/mol higher in energy compared to dCO_e1 and its protonation site is on N3 position. Both these two structures are puckered for a stabilization by intramolecular hydrogen-bonding interaction. Since the energy of dCO_e3 and dCO_e4 are very close to that of the most stable one, they are also possible to be formed in the gas phase as a minority. This population difference is due to the instrumental difference between the ion traps used in FELIX and in CLIO. Other exploited structures with corresponding spectra are shown in Appendix 9.4.1.3.

The presence of other structures was excluded by energy restriction and spectral mismatch. In the fingerprint region, the weak feature observed at ~1020 cm -1 is assigned to the CC and CO stretching in sugar ring. The broad band centered at around 1085 cm -1 in both FELIX and CLIO spectra is assigned to the CC and CO stretching in sugar moiety and CN stretching in base moiety. Its red side shoulder at ~1150 cm -1 is ascribed to the vibration modes of base moiety: CO stretching, C=C stretching, CN stretching and COH bending modes. The common band centered at ~1200 cm -1 is assigned to the vibration modes of sugar moiety: CO stretching accompanied by COH and CH2 bending. The intense band at ~ 1660 cm -1 arises from C=C stretching, C=N stretching and NH2 bending in base moiety. The weak IR feature at ~1530 cm - 1 represents the CN stretching, C=OH + stretching (for O2 protonated conformer dCO_e1 and dCO_e4), C-OH bending (for N3 protonated conformer dCO_e2 and dCO_e3) with COH bending (for N3 protonated conformer dCO_e2 and dCO_e3) and NH2 bending in base part.

The spectral assignment of the vibrational modes of dC(O)H + is detailed in

The bands at 1265 cm -1 and 1792 cm -1 , observed in the FELIX IRMPD spectrum can be assigned to a combination of a C=C in sugar and CN in base stretching modes with the C=O stretching mode, respectively. They are diagnostic for the presence of dCO_e2 and dCO_e3 structures in the FELIX experimental condition. In the OPO region, the sharp band at 3426 cm - 1 is assigned to the symmetric NH2 stretching at position 4-and NH stretching at position 3-.

The band at 3536 cm -1 is ascribed to the asymmetric stretching of N4-H2. The bands positioned at 3577 cm -1 , 3635 cm -1 and 3660 cm -1 are assigned to the OH stretches at 2-, 5-and 5'-, respectively. Especially, the band at 3635 cm -1 is the diagnostic evidence of the formation of C5-OH group after oxidation, because it is not observed in the IRMPD spectrum of dCH + .

The IRMPD and calculated IR spectra of low-energy conformers of dCMP(O)H + are compared in In the fingerprint region, the most intense band at 939 cm -1 is assigned to the stretching and bending mode of P-OH bond. The broad band positioned at 1093 cm -1 arises from the stretching of CO and bending of CH2 bonds in sugar moiety and CN stretching in base part. Its two redside shoulders at 1013 cm -1 and 1048 cm -1 are ascribed to the stretching of CO in sugar and a combined vibrational mode of CO, CC stretching in sugar ring, PO stretching in monophosphate group and NH2 bending in base moiety, respectively. The band observed at 1273 cm -1 is ascribed to the P=O stretching, CC stretching in sugar ring and CN stretching in base moiety. The less-resolved band at 1189 cm -1 is predicted to be the stretching of CN, CO and C=C bond in base moiety by dCMPO_e4. The diagnostic band for the O2 protonated structure at 1516 cm -1 is assigned to COH bending (for N3 protonated conformer dCMPO_e4),

C=OH+ stretching (for O2 protonated conformers dCMPO_e1, dCMPO_e2 and dCMPO_e3), C-OH stretching (for O2 protonated conformer dCMPO_e1) and C=N stretching modes along with NH2 scissoring in base moiety as expected. The intense band at 1661 cm -1 is ascribed to the C=C stretching, C=N stretching and NH2 scissoring in base moiety.

The fingerprint band of N3 protonated structure at 1774 cm -1 is a typical band of carbonyl stretching. In the OPO region, the weak band at 3426 cm -1 is attributed to the symmetric stretching of N4-H2 in dCMPO_e1-3 and the stretching of N3-H in dCMPO_e4. The IR absorbance at 3532 cm -1 is assigned to asymmetric stretching of N4-H2. dCMPO_e1-3 alone contributes to the medium-sized band at 3582 cm -1 for 2-hydroxyl group stretching. The sharp band at 1774 cm -1 represents a combined stretching mode of O3"-H and O4"-H bonds.

The oxidation-induced addition of a hydroxyl group on the cytosine moiety in both dC(O)H + and dCMP(O)H + has changed the equilibrium of N3 and O2 protonation in base part. It made the O2-protonated conformer at lower energy and more abundance than the N3-protonated conformer. In the previous study on the protonated nucleobase, similar observation has been obtained that the populated conformations with different protonation sites present different IR spectral features 33 .

Negative mode for answering the question of tautomerization

To prove our conjecture about the possible tautomerization, the irradiated solution dAMP and dCMP has been additionally characterized in MS-ESI negative mode. Based on the previous IRMPD work on the deprotonated DNA mononuleotides done by Nei and co-workers 29 ,some bands observed in the IRMPD spectra of the deprotonated dCMP, dAMP and their oxidation products can be roughly assigned. The deprotonated site in this case is on the monophosphate group of nucleotides. Therefore, the negative mode can avoid the interference of protonation Compared to the spectrum of [dAMP-H + ] -, [dAMP(O)-H + ] -presents an additional band centered at 1750 cm -1 . This diagnostic band is attributed to the carbonyl group, which indicates that the oxygen addition on adenine results in the formation of a new carbonyl group. This is similar to the spectral difference between dAMP(O)H + and dAMPH + . Because the prefered protonation site was found to be N3 32,41 which doesn't bother the spectral signature of oxidation relating to the formation of carbonyl group.

On the contrary, in the case of protonated dCMP(O), the labile proton could modify the IR spectrum and create a discrepency between the spectrum of protonated molecule and deprotonated molecule. According to the previous results combined with calculation, the prefered protonation site are O2 and N3 by creating a keto-enol tautomerization 48,49 while this equilibrium was strongly shifted to form C2=O-H + when oxidation happened to form a C5-OH group. This reason leads to the spectral difference between positive mode and negative mode:

when there is no labile proton in the deprotonated molecule and the deprotonation site is on monophosphate group, C2=O maintains carbonyl form and thus makes the carbonyl band to be preserved in [dCMP(O)-H + ] -.

Due to the low intensity of the MS peaks, the hydroxyl radicals-induced oxidation products of dT, dTMP, dG, and dGMP were not abundant enough to be isolated and to perform the IRMPD spectroscopy experiments. So, only the MS analysis and CID-MS 2 results are reported in the following sections.

Thymine and its derivatives

The chemical structures of thymine systems are presented in 

MS and CID-MS 2 results

The mass spectra of the non-irradiated and irradiated solutions, dT and dTMP, in a N2O atmosphere are compared in Figure 6-23.

In dT solution, the most intense peak at m/z 243 is assigned to dTH + . By comparison between the MS spectrum before and after radiolysis, two new ions were generated at m/z 259 and m/z 261 which are supposed to be attributed to oxo-form dT(O)H + and hydrated form dT(H2O)H + , respectively. In dTMP solution, the ion at m/z 323 is assigned to dTMPH + . Singly oxidized product dTMP(O)H + is observed at m/z 339. 

(b) (a)

The CID-MS 2 results of the principal oxidation products observed of dT and dTMP are listed in 

Guanine and its derivatives

The chemical structures of guanine systems are presented in 

(b) (a)

Precursor isolation CID-MS 2 Precursor isolation CID-MS 2

MS and CID-MS 2 results

The MS comparison of non-irradiated solutions and irradiated ones of dG and dGMP are presented in Figure 6 In previous studies, two main products of guanine, 8-oxo-7,8-dihydroguanine (8-oxoGua) and 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy-Gua) were identified in the DNA of human monocytes exposed to gamma rays with a dose varied from 0 to 450 Gy 40 . In the N2O saturated solution used in this work, singly oxidized product of dG, dG(O)H + , is observed at m/z 284 after 𝛾-radiolysis. The new species observed after radiation at m/z 286 may be assigned 

Precursor isolation CID-MS 2

Precursor isolation CID-MS 2 Interestingly, the loss of deoxyribose (-116 Da) or deoxyribose monophosphate (-198 Da) and the presence of protonated guanine moeity (152 Da) were observed in fragmentation spectra at the same time. It suggests that both of the guanine moeity and the deoxyribose or deoxyribose monophosphate meoity could be modified when the 𝛾-radiolysis induced oxidation occured. Therefore, the +16 and +18 mass increment should not be only the 8-oxoGua and Fapy-Gua, repectively.

CONCLUSION AND PERSPECTIVE

In this work, a combined study of CID-MS 2 , IRMPD spectroscopy and DFT calculations has been carried out to shed light on the oxo-forms of nucleotides and nucleosides generated after OH radicals-induced oxidation in N2O saturated solution. Different from a variety of oxidation products detected in cellular DNA by HPLC-MS 2 27,42 , the main products yielded in N2Osaturated solution after 𝛾 -radiation are the oxygen-addition products and dehydrogenation products.

The results of CID-MS 2 revealed that the base moiety was more favorable to suffer from the addition of oxygen atoms alone compared to the sugar ring and monophosphate group, except in the case of guanine derivatives where protonated non-modified base moiety has been observed as fragment. The dehydrogenation occurred sometimes with the addition of oxygen atom and mainly on the sugar moiety. Our findings agree with the chemical formula proposed for +16 mass increment products of dA, dAMP, dC and dCMP in previous study (8-oxoAde and 5-OHCyt in base moiety). In addition, by combining with DFT calculation, IRMPD spectra have provided new insight into geometric aspect of these oxo-forms, compared to the chromatographic assays used in previous studies. In this work, IRMPD spectroscopy has been applied for the first time to detect oxidative damage to DNA. By combining with quantum chemical calculation, it is powerful structural tool to provide direct information of geometric details on the modified sites and give an idea of the composition of different conformations, which was not available to be accessed by traditional detection techniques.

S-ADENOSYL METHIONINE

INTRODUCTION

S-Adenosyl methionine (SAM) is composed of an adenosine cation attached to the sulfur atom of methionine residue (Figure 7-1). Adenosine is one of the four nucleoside building blocks of RNA, which conveys genetic information and directs gene expression. Methionine (Met), classified as one of the sulfur amino acids (SAAs), plays a crucial role in metabolism, immunity, and oxidation 1,2 . Both adenosine moiety and Met residue are highly sensitive to almost all forms of reactive oxygen species (ROS) [3][4][5] . Therefore, as a combination of these two kinds of molecules, SAM is a precious molecule for studying the possible competitive relationship between methionine and nucleoside (here, adenosine) in the oxidation process. In addition to the value of its native structure for studying oxidation reactions, SAM has important biological implications. SAM involves in three critical metabolic pathways: transmethylation, transsulfuration, and polyamine synthesis 6,7 . As a principal biological methyl donor, SAM transfers methyl to various acceptors in living organisms, such as proteins, nucleic acids, and phospholipids, via transmethylation reactions. In the metabolic pathways of SAM, it is synthesized from methionine and ATP (catalyzed by methionine adenosyltransferase), and it acts as a precursor for the formation of cysteine. As for polyamine biosynthesis, the crucial role of polyamine in cellular growth and repair makes the precursor SAM especially important for the normal function of organisms. In the clinical aspect, SAM can be used in a therapeutic way to treat liver disorders 8 and depression 9,10 . Oxidative stress caused by ROS may change the properties of SAM and result in its dysfunction. Therefore, it is valuable to investigate the effect of oxidative stress on SAM.

The aim of this work was to study the final oxidation products of SAM by high-resolution Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer 11,12 . Tandem mass spectrometry-collision induced dissociation (MS 2 -CID) experiments have been carried out to obtain the sequencing information in the oxidation products by comparing the fragments of oxo-form and non-oxidized molecule 13 . IRMPD spectroscopy was used to provide direct information on the geometries of the oxidation product since it is highly characteristic at the molecular structural level. The spectral signature of the modified SAM was revealed by comparing the IRMPD spectra of the non-oxidized molecule and oxidized molecule.

RESULTS AND DISCUSSION

MS and CID-MS 2

Although SAM is an unstable species in aqueous medium and its stability depends on the pH, temperature and the presence of counterions 14 , preliminary tests done in our lab proved that SAM can be conserved in water at room temperature for several days. Moreover, the samples were prepared freshly the same day of irradiation and they were characterized in the same day as irradiation. Therefore, the instability of SAM did not bother much our following experiments. The comparison of the mass spectrum of N2O-saturated SAM solution before irradiation and after irradiation is shown in Figure 7-2. The most intense peak at m/z 399 is assigned to the protonated SAM. Remarkable newly formed mass peaks observed in the mass spectrum, after radiolysis-induced oxidation, are listed and assigned in 

(b) (a)

Precursor isolation CID-MS 2 Precursor isolation CID-MS 2 Diagnostic fragments at m/z 136 and m/z 152 have been observed after the CID of SAM(H) + and SAM(O)H + , respectively. The fragment at m/z 136 is assigned to the protonated adenine moiety (AH + ) while the one at m/z 152 is attributed to the protonated oxidized adenine moiety (A(O)H + ). In addition, another diagnostic fragment at m/z 163 is assigned to the moiety containing the non-oxidized Met residue. Therefore, it can be inferred that the addition of an oxygen atom occurs on the adenine moiety. No oxidation of the sugar moiety or the methionine moiety has been observed in our experimental conditions.

According to the oxidation products of DNA bases reviewed by Cadet 5 , the structure of the oxidized adenine moiety (M+16) can correspond to 8-oxoAde. As mentioned above, the +18 According to the previous studies, the rate constant for the reaction of OH radicals with methionine residue alone (k(OH + Met)= 8.5x10 9 Mol -1 .L.s -1 ) 15 is higher than that of the reaction with adenosine alone (k(OH + Adenosine)= 5.8x10 9 Mol -1 .L.s -1 ) 4 , which means that methionine should have priority in the oxidation reaction with OH radicals by kinetic control.

On the contrary, we have observed that the oxidative modification occurred in adenine moiety instead of methionine residue. The observation may be explained by the steric constraint of the sulfur atom (due to the connection between adenosine moiety and methionine residue) that hindered the contact with OH radicals and hampered the formation of >S • -OH radicals in Met The neighboring group effect has been investigated in cyclic dipeptides by altering the configuration of Met side chains (Chapter III). Previous pulse-radiolysis studies have shown that the c(LMetLMet) led to the formation of (S∴S) radicals due to the proximity of the two sulfur atoms in its side chains, while the c(LMetDMet) led to (S∴N) radicals 3,5 . However, the result of this work shows that the same final product, sulfoxide, has been formed in a similar chemical yield (ca.5 %) even though the initially formed transients were different.

The effect of distance between two Met residues in oxidation has been investigated by controlling the number of inserted proline residues (Pro) between two Met (Chapter V). There has been no significant difference in the final product when the number of inserted proline residues increased from 0 to 2, despite different transient products being found in short-live time scaled [2][3][4] . Proline has been observed to be oxidized to hydroxylproline when the length of peptides started to be long (more than three amino acids in sequence).

Neighboring residues have been changed to exploit the possible antioxidative role of Met residue (Chapter V). Methionine was combined with proline and glutamic acid (Glu) in different compounds to study the final oxidation products. Although methionine has the highest rate constant of interaction with OH radicals among these three residues (k(OH+Met)= 8.5x10 9 Mol -1 .L.s -1 ; k(OH+Pro)= 3.1x10 8 Mol -1 .L.s -1 ; k(OH+Glu)= 2.3x10 8 Mol -1 .L.s -1 ) 6 and it shows a priority to be oxidized to singly oxidized form, it still cannot completely prevent proline from being oxidized via hydroxylation. Unlike proline, glutamic acid has never been oxidized in the presence of methionine.

One-electron oxidation of nucleosides and nucleotides

DNA nucleosides (dA, dC, dT and dG) and mononucleotides (dAMP, dCMP, dTMP and dGMP) were chosen to study their oxidation products in N2O-saturated solution exposed to 𝛾radiation (Chapter VI). By MS comparison, the major products observed are oxygen-addition products with one (+16 Da) or two oxygen atoms (+32 Da) added on the molecules. Sometimes, the oxygen-addition is followed by the dehydrogenation (-2 Da) process. Compared to the cellular DNA lesions detected by HPLC-MS/MS 7 , we observed a much smaller variety of products in aqueous solution exposed to gamma rays.

A neutral loss of deoxyribose (-116 Da) and deoxyribose monophosphate (-196 Da) were often observed after the CID-MS 2 fragmentation of oxygen addition products of DNA nucleotides 
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  This thesis aims to gain a better understanding of the hydroxyl radical-induced oxidation mechanisms of small model systems of biological interest by identifying the final products of oxidation. Thanks to the spectral signature confirmed by theoretical calculations, oxidative modifications in molecular structures are investigated.Chapter I is dedicated to the state-of-art knowledge of the oxidation of Methionine (Met)containing peptides and DNA components. Uncontrolled oxidative stress can cause deleterious effects on the body by disturbing cell redox balance. Therefore, it is essential to study the process of oxidation in susceptible targets, such as methionine and DNA components, which have been proven to be involved in age-related pathologies and mutagenesis. Oxidation products are typically divided into two types: transient products (~μs) that are formed first and stable products (>1 min) resulting of transient decay. While many studies of transients were done in the absence of air, very few studies of corresponding stable products have been performed, which modifies the process of reaction. During my PhD thesis, I was especially interested in the hydroxyl radical-induced oxidation of methionine-containing systems and DNA nucleobases with derivatives in the absence of oxygen. The aim and each sub-sections of this thesis project are briefly presented at the end.The experimental setups used during this thesis are presented in Chapter II. The workflow is well documented, from sample preparation to structural characterization. A home-built N2O purging system in the laboratory in Orsay allows the solution containing the samples to be saturated by N2O for studying the oxidation in the absence of oxygen. The panoramic60 Co 𝛾source IL60PL International (France) was used to oxidize the sample solutions. Two types of ion traps were mainly used during this thesis: a Paul ion traps (Esquire 3000+ in Orsay and Amazon Speed ETD in Nijmegen) and a hybrid 7T Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometer (Apex-Qe in Orsay). As for mass analysis, the FT-ICR with the ultra-high mass resolution has shown good performance in exploring oxidation products. The external electrospray ionization source (ESI) transferred species in the solution into the gas phase. Selected ions of interest were collided with Helium gas in the collisional chamber of FT-ICR to provide fragmentation information. InfraRed Multiple Photons Dissociation (IRMPD) spectroscopy is detailed in this chapter with state-of-the-art research on different themes. Our infrared spectral analysis covered 600-2000 cm -1 (the fingerprint region) and 2800-3800 cm -1 (the hydrogen bond stretching region). IRMPD spectra were recorded at the FELIX and CLIO facilities, respectively. Quantum chemical calculations have been performed to simulate the infrared absorption spectra of possible geometries.Results are presented in Chapter III-VII. Chapter III is dedicated to the study of Met-containing cyclic dipeptides, which are considered as good models for the interior of proteins with no terminal groups, like in e.g., calmodulin. Cyclic dipeptides c(LMetLMet), c(LMetDMet), and c(GlyMet) allow study of the influence of side-chain orientation on final products. CID-MS 2 , infrared absorption spectroscopy, and IRMPD spectroscopy were used to characterize nonoxidized species and oxo-forms.Chapter IV presents the results of methionine and Met-containing peptides with the terminal groups blocked. Terminal groups play an important role in the formation of sulfoxide group in Met oxidation process since in the transients, the S-centered radical cation >S •+ can be stabilized by bonding to the terminal groups possessing a lone pair. In this chapter, N-acetyl methionine (NacMet), N-acetyl methionine methyl ester (NacMetOCH3), and N-acetyl Met-Met methyl ester (NacMetMetOCH3) were studied to reveal the influence of terminal groups in the formation of Met oxidation products.A series of designed peptides with variable-length proline bridges were investigated in Chapter V to shed light on the effects of different factors on the final oxidation products. Sequence effect has been obtained by comparing the results of Met-Pro (MP) and Pro-Met (PM). Met-Pro-Met (MPM) and Met-Pro-Pro-Met (MPPM). They were used to explore the distance effect.
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 11 In the general structure, a central carbon atom, named C𝛼, is bound to a primary amine group -NH2 (N-terminal), a carboxylic group -COOH (Cterminal), a hydrogen atom -H, and a lateral chain -R which is specific for each kind of 𝛼amino acids. Beyond the role as residues in proteins, amino acids are involved in various important metabolic processes such as neurotransmitters and biosynthesis. Therefore, amino acids play a key role in maintaining the normal functioning of the body. A Fischer projection can be used to differentiate between L-and D-amino acids. It should be note that all 𝛼-amino acids have an absolute L-configuration at 𝛼-C position.
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 11 Figure 1-1. Chemical formula of an 𝛼-amino acid.
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 12 Figure 1-2. Chemical formula of Sulfur-containing amino acids.
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 13 Figure 1-3. Scheme of Met oxidation. (a) Methionine. (b) >S • -OH radicals. (c) >S •+ radicals. (d) 𝛼-S radicals. (e) 𝛼-S radicals. (f) (Met-H2). (g) (S∴N) + . (h) (S∴O) + . (i) (S∴S) + . (j) Radical cation centered on the N-atom. (k) 𝛼-N radicals. (l) (Met-CO2). (m) MetSO. Source: ref 12,23,27 .
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 14 Figure 1-4. Methionine oxidation. Source: ref 17 .

Five

  major nucleobases are common in human biology. Adenine [A] and guanine [G], with two rings in their structures, belong to the purine family; while thymine [T], uracil [U] and cytosine [C], the single ring owners, are classified as pyrimidines (Figure 1-5) 28 .
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 15 Figure 1-5. Chemical formula of (a) purines and (b) pyrimidines.

  These bases are complementary two by two, a purine always being associated to a pyrimidine: adenine [A] associates with thymine [T] (or uracil [U]) by two hydrogen bonds and guanine [G] pairs with cytosine [C] by three hydrogen bonds.
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 16 Figure 1-6. Schematic representation of nucleosides and nucleotides. Source: ref 29 .
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 17 Figure 1-7. Oxidation of guanine (G) moiety. Stable oxidative products are shown in red. Final products that have been detected in model systems: 8-oxo-7,8-dihydroguanine (8-oxoGua), 2,6-diamino-4-hydroxy-5formamidopyrimidine (Fapy-Gua) and 2,2,4-triamino-5(2H)-oxazolone (oxazolone) which can give 2,5-diamino-4H-imidazol-4-one (imidazolone) via hydration process. Source: ref 42 .
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 18 Likewise, 11 and 12 are formed by intermediate radicals, 8-hydroxy-7,8-dihydroaden-8-yl radicals (10), through addition of • OH
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 18 Figure 1-8. Oxidation of adenine (A) moiety. Stable oxidative products are shown in red. Final products that have been detected in model systems: 8-oxo-7,8-dihydroadenine (8-oxoAde), 4,6-diamino-5-formamidopyrimidine (Fapy-Ade) and 2'-deoxyionosine (Inosine). Source: ref 57,58 .
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 19 Figure 1-9. Oxidation of thymine (T) moiety. Stable oxidative products are shown in red. Final products that have been detected in model systems: 5,6-dihydroxyl-5,6-dihydrothymine (Thy-Gly), 5-hydroxy-5-methylhydantoin (Hyd-Thy), 5-hydroxymethyluracil (5-HmUra) and 5-formyluracil (5-FoUra). Source: ref 42 .
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 35 OH-induced oxidation of Cytosine and derivativesA schematic presentation of the oxidation process of cytosine and 5-Methylcytosine moiety by hydroxyl radicals is shown in Figure 1-10.
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 110 Figure 1-10. Oxidation of cytosine (C) moiety. Stable oxidative products are shown in red. Final products that have been detected in model systems: 5-hydroxycytosine (5-OHCyt), 5,6-dihydroxy-5,6-dihydrouracil (Ura-Gly), 5-hydroxyhydantoin (Hyd-Ura), 1-carbamoyl-3,4-dihydroxyl-2-oxoimidazolidine (Imid-Cyt), 5hydroxymethylcytosine (5-HmCyt), 5-formylcytosine (5-FoCyt), and 5-carboxycytosine (5-CaCyt). Source: ref 50 .
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  𝛾-radiation (0-125 Gy) a -Fenton-like reactions a -near UV irradiation with or without menadione a
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 111 Figure 1-11. IRMPD action spectra from previous research. (Left) MetH + and MetSOH + . (Right) LMetLMetH +

Figure 1 - 12 .

 112 Figure 1-12. Chemical structures of terminal protected methionine. (a) NacMet (MW=191 g/mol). (b) NacMetSO (MW=207 g/mol). (c) NacMetOCH3 (MW=205 g/mol). (d) NacMetMetOCH3 (MW=336 g/mol).

  This group of terminal protected methionine is composed of NacMet (single Methionine with N-terminal being protected), NacMetOCH3 (single Methionine with two terminals protected), and NacMetMetOCH3 (Methionine dimer with two terminals protected) (Figure1-12).

  the study of PTMs in terminal-blocked methionine and methionine-containing linear peptide, an important step forward brings us to a more complicated model: cyclic Metcontaining dipeptides which have no terminal group at all. Cyclic peptides are very interesting types of molecules to be studied as models of the interior of protein where amino acids are linked with each other by peptide bonds to form real protein sequence. No terminal group is present in this case, which makes the cyclic peptides the perfect model for investigation. Our objective in this part of the work was to investigate the oxidation in adjacent methionine without terminal groups. Cyclic dipeptides c(LMetLMet), c(LMetDMet) and c(GlyMet) (referred as cLL, cLD and cGM, respectively) (Figure 1-13), have been chosen as models for the interior of calmodulin which has nine methionine residues in its sequence, and in particular, two pairs of adjacent methionine residues (Met 71 -Met 72 and Met 144 -Met 145 ) among these nine methionine residues.
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 113 Figure 1-13. Chemical structures of cyclic dipeptides. (a) Cyclo L-Met-L-Met (MW=262 g/mol). (b) Cyclo L-Met-D-Met (MW=262 g/mol). (c) Cyclo Gly-L-Met (MW=188 g/mol).
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 114 Figure 1-14. Chemical structures of proline, glutamic acid and length modified peptides containing M, P and E.

  emerging characterization tool to give a new understanding of the direct structures of the oxidative lesion in nucleobases and their derivatives (shown in Figure 1-15) in aqueous solution after radiolytic oxidation. CID-MS 2 can isolate the oxidation products and give sequencing information and IRMPD spectroscopy can shed light on geometries of the oxoproducts. By combining with DFT calculation, the protonated geometries of the oxo-forms were defined.
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 115 Figure 1-15. Chemical structures of the chosen derivatives of nucleobases. The numbering of the nucleobase and sugar is also shown. (a) 2'-deoxycytidine. (b) Cytosine. (c) 2'-deoxycytidine 5'-monophosphate. (d) 2'deoxyadenosine. (e) Adenosine. (f) 2'-deoxyadenosine 5'-monophosphate. (g) Thymidine. (h) Thymine 5monophosphate. (i) 2'-deoxyguanosine. (j) 2'-deoxyguanosine 5'-monophosphate.
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 1 Figure 1-16. Chemical structures of S-Adenosyl methionine (SAM).

  Cogoes through emission of 0.31 MeV β particles, the loss of 1.173 MeV and 1.33 MeV 𝛾 particles to form the stable isotope60 Ni. A low probability (0.12%) of60 Co undergoes directly the 1.48 MeV β-decay and loss a 𝛾 particle of 1.33 MeV to form 60 Ni 13 (Figure2-1).
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 21 Figure 2-1. Decay scheme of 60 Co.

  4 M) aqueous solution into ferric iron Fe 3+ . The Fricke solution was air-saturated 10 -3 M ferrous ammonium sulfate ((NH4)2Fe(SO4)2)•6H2O with 10 -3 M sodium chloride NaCl in 0.4 M sulphuric acid H2SO4. Considering the effect of different shapes of containers on radiation absorption, the same types of containers (in this work, 10 mL transparent Erlenmeyer flaks) were used during irradiation for the dose dosimetry. The absorbance at 304 nm of Fricke solution has been measured before and after irradiation. The molar extinction coefficient 𝜀 of ferric iron at 304 nm and 25 ℃ was 2250 L.mol -1 .cm -1 . The length of optical path 𝑙 in the cuvette for performing IR absorption experiments was measured. The chemical yield of Fe 3+

Figure 2
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 22 Figure 2-2. Workflow of the sample preparation.
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  Cyclic dipeptides. cLMetLMet, cLMetDMet and cGlyMet were synthesized in the group of Prof. Marc Lecouvey in Sorbonne University Paris Nord. To synthesize the different peptidic targets, classical methodologies were used. A detailed description of the synthesis is reported in the Appendix 9.1.1. -Terminal-blocked methionine and peptides. NacMet was purchased from Aldrich-Sigma. NacMetOCH3 was bought from NovoPep. NacMetSO was purchased from CHEM-IMPEX. NacMetMetOCH3 was synthesized in the group of Prof. Marc Lecouvey in Sorbonne University Paris Nord. Designed proline-containing peptides. Pro, Glu were purchased from Sigma Aldrich. Met-Pro, Pro-Met were purchased from BACHEM. Glu-Met, Met-Pro-Met, Glu-Pro-Met and Met-Pro-Pro-Met were synthesized in the group of Prof. Marc Lecouvey in University Sorbonne Paris Nord, France, and the process is described in Appendix 9.3.1.

detailed in Figure 2 - 3 .

 23 Both the samples for irradiation and the corresponding references were purged gently while stirring under N2O atmosphere for approximately 30 min before irradiation, at room temperature.

Figure 2 - 3 .

 23 Figure 2-3. N2O gas purging set-up. (A) Valve of N2O tank. (B) Macro-valve of manometer. (C) Micro-valve of manometer. (D) An Erlenmeyer flask filled with distilled water. (E) Safety bottle. The flow path of the gas is marked with ivory arrows.
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 24 to display the difference between the harmonic and the anharmonic models, and to show the principle of this process.

Figure 2 - 4 .

 24 Figure 2-4. Anharmonic effect in multiple photons dissociation (IRMPD) with the important role of IVR phenomena in this process. In harmonic situation (left), the energy difference between two neighboring levels is always uniform: ∆E① = ∆E②= ∆E③ = ∆E④ (green arrows ①-④, left). In anharmonic situation (right), the second photon with the same energy cannot be absorbed since the energy difference is changed due to the anharmonicity of the vibrational modes (red arrow, right). By IVR process, the system can go back to ground state 𝑣 = 0 (blue arrow, right) and be ready to absorb the next photon with same energy (green arrow ②, right).
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 25 

Figure 2 - 5 .

 25 Figure 2-5. Schematic presentation of an IRMPD experiment.

  in sensitivity, selectivity, and versatility. In 1989, Hans Dehmelt and Wolfgang Paul were awarded the Nobel Prize in Physics for their important contribution to the development of the ion trap (Penning trap) technique in the 1950s-1960s 99-101 . Nobel Prizes continued to be awarded for the development of technologies related to mass spectrometry in the twentieth century: John Bennett Fenn for the development of electrospray ionization (ESI) and Koichi Tanaka for the development of soft laser desorption (SLD) in Chemistry in 2002 102 , which

  methods of ionization are divided into two main categories: hard ionization and soft ionization, the choice of methods depends on the aim of the experiments and the complexity of the sample. (1) In hard ionization, high quantity of residual energy is left in the target molecule, and extensive fragmentation can occur. An example of hard ionization is Electron Impact (EI), by which the subject molecules are electronically excited. (2) In soft ionization, as the opposite of hard ionization, little excess energy is left in the molecule of interest. Chemical Ionization (CI) using ion-molecule reaction to charge target particles is one of the soft ionization methods. Another soft ionization technique is employed in our lab: the electrospray ionization (ESI), which transforms liquid analyte into charged aerosol in a high voltage field directly. It has the great advantage of retaining the solution-phase information into the gas phase.

( 3 )-

 3 Ion Cyclotron Resonance (ICR) cell. In ICR cell, charged ions are excited at resonant cyclotron frequencies and then move in a circular path of which the radius is m/z-dependent. Ions are dispersed by different radius and frequency of the cyclic movement. Ion detection. Multiple detectors can be used for ion detection: e.g., Faraday cups, ionto-photon detectors, electron multipliers… etc. As for FT-ICR mass spectrometer, Free induction decay (FID) is detected by inductive plates. These signals are superposition of sine waves that can be deconvoluted by performing Fourier transform. As for QIT mass spectrometer, molecular ions are detected by a dynode detector.

  Trap mass spectrometer: Esquire 3000+ In our laboratory in Orsay, a commercial Quadrupole Ion Trap (QIT) tandem mass spectrometer (Bruker Daltonics, Esquire 3000+) is available for mass characterization and MS n experiments (n=1, 2, 3…). Many review articles were devoted to the state-of-art development of quadrupole ion trap 106-110 . Thanks to its friendly interface, it has been used to do many preliminary CID-MS n experiments during my Ph.D. for testing the irradiated solutions. The presentation of the set-up in our laboratory and a schematic representation are shown in Figure 2-6.

Figure 2 - 6 .

 26 Figure 2-6. Photo of Esquire 3000+ mass spectrometer at CLIO in Orsay, France (left) and schematic presentation of QIT tandem mass spectrometer Bruker Esquire 3000+ (right, figure taken from the Manuel by Bruker Daltonics).

  The sample was introduced by an external syringe pump, which can directly deliver the sample in solution to the nebulizer under low flow condition. Ions are generated by electrospray ionization (ESI) and the important ESI conditions are a flow rate of 150 𝜇L/h, a dry gas flow of 8 L/min, a nebulizer pressure of 1.5 bar, a spray voltage of -4500 V, and a drying gas temperature of 150 ℃ . After the introduction into the spray chamber through a nebulizer, the sample in solution was nebulized and ionized through an optimized desolvation process: droplets of solvent and sample are

Figure 2 - 7 .

 27 Figure 2-7. Photo of the implementation of Apex-Qe FT-ICR mass spectrometer at CLIO, Orsay, France (left). Schematic presentation of each section of the FT-ICR mass spectrometer (right).

  at the same time. It is placed in a strong magnetic field created by the 7 T superconducting magnet. Ions are confined radially by the high magnetic field and axially by two trapping electrodes at each end of the trap. Ions are accelerated to higher radii by means of RF excitation across two opposing electrodes (excitation plates). At the appropriate time, the RF field is turned off and the coherent package of ions is detected by another set of two opposing cylinder segments of the trap (detection plates). A third set of plates called trapping plate which provides a trapping condition to restrict the stay of ions in the ICR cell.The signal produced by ion movement in a circular path is a sinusoid with a periodicity related to the m/z of the ion trapped in the ICR cell. Ion motions in the ICR cell is composed of cyclotron motion, magnetron motion and trapping motion. The cyclo mouvments of charged ions induce current signals by potential change between the detection plates with time. The detection and measurement take place in the center of detection plates in ICR cell.Since many ions of discret m/z were detected simultaneously, the waveform becomes more complex as sample heterogeneity increases. It was therefore necessary to extract data through mathematical procedure. Fourier Transform (FT), a conversion of transient signal into a mass spectrum had the ability to achieve this goal. The commercial program ApexControl was designed to control the mass spectrometer and perfrom the MS based experiments while another software DataAnalysis allowed to reload the recorded mass spectrum and do the data processing.Unlike Esquire 3000+, Apex-Qe FT-ICR mass spectrometer no longer required two additional holes to be drilled manually as an inlet and outlet to introduce external lasers for the IRMPD spectroscopy. The IR laser beams passed through a diamond Brewster window and traverse the ECD hollow cathode by an aperture (⌀~3.45 mm) from backside. It entered the ICR cell in the opposite direction to the pulse-extracted ion flow to achieve an optimal ion cloud coverage 112 .
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 28 Figure 2-8. Photo of the AmaZon speed ETD mass spectrometer at FELIX, Nijmegen, Netherlands.

  FEL) was built by John Madey in Stanford in 1971 119 , and it was considered a pioneering work in FEL development. A schematic presentation of the fundamental principle of the FEL laser is illustrated in Figure 2-9.
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 29 Figure 2-9. Schematic presentation of basic components of a IR FEL.

Figure 2 -

 2 Figure 2-10.right. However, because the conditions required for the FELs to function properly are so stringent (e.g., large electron accelerator with sophisticate protection shield, high voltage supply, complicated maintenance… etc.), very few laboratories in the world possess this kind of laser.

Figure 2 -

 2 Figure 2-10. Temporal structure and of FELIX FEL in Nijmegen (left) and power of pulse as a function of the radiation wavelength of FELIX FEL laser (right) 36 . In the fingerprint region, FELIX produces IR radiation in the form of 5-10 𝜇s macropulses at 10 Hz which consist of 6 ps long micropulses spaced by 1 ns. The energy of the FELIX FEL laser is on the order of ~40 MeV in the fingerprint region.

2. 3 . 4 . 1 FELIX

 341 FEL laser (Nijmegen, the Netherlands)The Free Electron Laser for Infrared eXperiments (FELIX) has been relocated from the FOM institute Rijnhuizen, at Nieuwegein, to the Radbound University, at Nijmegen, in the Netherlands. At the FELIX laboratory, intense, short-pulsed infrared lasers and Terahertz freeelectron lasers are developed for various research projects of exploiting the systems of new (functional) materials and (bio) molecules124 .The FELIX IR-FEL laser runs at 10 Hz. The output of the beamline consists of 5-10 𝜇s macropulses. Each macropulse contains a train of ~5 ps micropulses. The macropulses are spaced by 1-40 ns while micropulses are spaced by 1 ns among them. The energy of each macropulse is in the range from 100 up to 200 mJ, meanwhile, the power of micropulse is around 100 𝜇J. The spectral width is ~0.5% of the central wavelength. Five variable neutraldensity IR laser attenuators (of 3, 5, 8, 10 and 10 dB) provides the different combinations of attenuation levels to adapt to the studied systems118 . The role of the attenuator is to reduce the laser intensity uniformly and thus prevent the saturated IRMPD spectrum resulting from the over fragmentation of selected precursor. The fragmentation mass spectrum is an average of 6 scans.

At

  Orsay, a benchtop IR OPO/OPA system pumped by a Nd: YAG laser (Innolas Spitlight 600) is coupled to a FT-ICR spectrometer to perform IRMPD spectroscopy experiments in CH/NH/OH-stretching region (2600-3800 cm -1 ) (Figure 2-11).

Figure 2 -

 2 Figure 2-11. Schematic representation of the Laservision OPO/OPA laser system in Orsay. The optical path of pump laser Nd: YAG laser is shown in orange. OPO and OPA stages are zoomed by green and pink dash line, respectively.

(Figure 2 - 12 .

 212 fragmentation ratio should not exceed ~1%). The quantity of this part of energy is controlled by the duration of CO2 laser varied from 440 μs up to 38 ms. Each CO2 pulse is just following the IR probe pulse with a temporal delay ~ 1 μs. In our laboratory in Orsay, protonated phosphotyrosine ([PTyr+H] + , m/z 262) is used as a reference (𝑚/𝑧 262 𝐿𝑎𝑠𝑒𝑟 → 𝑚/𝑧 216) to optimize the alignment of the laser according to the values exploited by previous research 129 . Only a good focalization in ion trap and optimal overlap of laser spots can make it achieve this amplification effect of fragmentation. The optical path of the laser sources coupling with the FT-ICR mass spectrometer in Orsay is presented in During the shutdown period of CLIO, only the NH/OH stretching region has been recorded in Orsay.

Figure 2 - 12 .

 212 Figure 2-12. Optical path scheme of the three types of lasers in the lab of Orsay. With the help of an optical instrument assembly, CLIO laser (pink), OPO/OPA system (yellow) and CO2 laser (blue) can be focalized and overlapped with the ion cloud in the ICR cell through independent paths. An additional polystyrene film (purple) is set as a reference to provide an automatic calibration of the frequency during the CLIO laser scanning. Two shutters in the optical paths of CLIO laser and OPO/OPA system are employed to control the laser irradiation time.

  ensembles were generated at a quantum chemical level for achieving an extensive exploration of low-energy conformers. The sampling has included additional geometry optimization of the final conformer ensemble. During this workflow, the calculations of the conformer energies have been based on the semi-empirical extended tight-binding method (GFN2-xTB)136 . Thus, an ensemble of conformers within 40.0 kcal/mol of the minimum energy conformer has been generated and a clustering algorithm using principal component analysis has been used to select the 100 most representative conformers.The work of this sub-section has been done by C. Clavagué ra at institute de Chimie Physique (Université Paris-Saclay, Orsay, France). She has supervised a part of the work that I have done on the DFT calculations.

(

  • OH) play important beneficial roles in biological processes, while their uncontrolled production and reactivity are known to be determining factors in pathophysiology. Methionine (Met) residues act as endogenous antioxidants, when they are oxidized into methionine sulfoxide (MetSO), thus depleting ROS and protecting the protein.

Figure 3 - 1 .

 31 Figure 3-1. Scheme of the workflow. Cyclic dipeptides were dissolved in distilled water to form an aqueous solution. Then, the treatment was followed by 𝛾 -radiolysis. IRMPD spectra were recorded before and after oxidation of the molecule of interest. DFT simulation assisted to understand the spectral difference appeared in IRMPD spectra.
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 32 Figure 3-2. Chemical structures of (a) c(LMetLMet)H + and (b) c(LMetDMet)H + and (c) c(GlyLMet)H + , together with the nomenclature used for the atoms in the protonated form on the keto functional group.
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 3333 Figure 3-3. Mass spectra of non-irradiated (black) and irradiated (red) (a) c(LMetLMet) referred as cLLH + (b) c(LMetDMet), referred as cLDH + and (c) c(GlyMet) referred as cGMH + (irradiation dose 833 Gy).
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 4634 Figure 3-4. CID-MS 2 fragmentation mass spectra of (a) c(LMetLMet)H + , referred as [cLL(H)] + (m/z 263). (b) [c(LMetLMet)(O)H] + , referred as [cLL(O)H] + (m/z 279). (c) [c(LMetLMet)(O)2H] + , referred as [cLL(O)2H] + (m/z 295).
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 3536 Figure 3-5. CID-MS 2 fragmentation mass spectra of (a) c(LMetDMet)H + , referred as [cLD(H)] + (m/z 263). (b) [c(LMetDMet)(O)H] + , referred as [cLD(O)H] + (m/z 279). (c) [c(LMetDMet)(O)2H] + , referred as [cLD(O)2H] + (m/z 295).
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 37 Figure 3-7. Simulated infrared absorption spectra in the gas phase of the cGlyMet system for different forms of the ring: keto form (top), enol01 form (middle), and enol02 (bottom). The left panel shows the overlap of all the

  -8.a), which indicates that the system remains in keto form. The presence of keto form and absence of enol can also be confirmed in the c(LMetLMet) and c(LMetDMet) spectra (Figure 3-8.b and c) due to a single band in the C=O stretching region.

Figure 3 -

 3 Figure 3-8. c(GlyMet) (a), c(LMetLMet) (b) and c(LMetDMet) (c) infrared absorption spectra in different environments: pure powder (top), a KBr pellet containing the powder at ~1% (middle), and in DMSO-d6 solution (bottom). The insets show the 2D sketch of the keto form of the systems based on the assignment.
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 39 Figure 3-9. Comparison between the IRMPD spectra of protonated non-oxidized dipeptides (blue) and the ones of protonated singly oxidized molecules (red). (a) c(LMetLMet)H + and [c(LMetLMet)(O)H] + . (b) c(LMetDMet)H + and [c(LMetDMet)(O)H] + . (c) c(GlyMet)H + and [c(GlyMet)(O)H] + .

Figure 3 - 10 .

 310 Figure 3-10. Comparison of the experimental IRMPD spectra of c(LMetLMet)H + with convoluted calculated IR absorption spectra of representative conformers of the lowest energies optimized at the B3LYP/6-311g(d) level of theory. The H-bond distances are reported in Å. The corresponding structures are reported on the right together with the relative Gibbs free energy (∆G) at 298 K in kJ.mol -1 , calculated at B3LYP/6-311g(d) level of theory.Another kind of relative Gibbs free energy in kJ.mol -1 , calculated by a combination of the electronic CCSD(T) energies at the DLPNO-CCSD(T)/cc-pvTZ level of theory with thermal correction (298 K) from the B3LYP/6-311g(d) calculations, is provided in parentheses.

Band B is attributed

  to a combination of SCH and CH2 bending modes. Main contribution to the band B is coming from LLketo02 and LLketo04. Band C can be assigned to the CN and Cp-O stretching modes. Band D is mainly due to the stretching of the protonated C-O group and to the bending mode of both C-N bonds. Band E can be assigned to a combination of the stretching mode of the CpC bond and the bending modes of the CN, CH2 and CpOH groups.

9 . 1 . 2 . 1 . 3 - 11 .

 9121311 7 kJ/mol) has been found the most stable for 5-atom cyclic family and LLopen01 (100.4 kJ/mol) for the family of opening structures, both of them can be ruled out. Calculated structures of [c(LMetLMet)(O)H] + and their relative energies have been reported in Appendix Three protonation sites can be considered, namely protonation of the amide oxygen, protonation of the amide nitrogen and protonation on sulfoxide oxygen. The amide bond remains planar or quasi planar (dihedral angle <4 °). The DKP structure is slightly puckered in a flattened boat structure. A comparison of the calculated IR spectra of the most stable geometries of [c(LMetLMet)(O)H] + LLOketo01, LLOketo02, LLOketo03 and LLOketo12 with the experimental IRMPD one is reported in Figure The position of the experimental IRMPD and the calculated IR absorption bands in the spectra of low-energy conformers are reported in

Figure 3 - 11 .

 311 Figure 3-11. Comparison of the experimental IRMPD spectra of [c(LMetLMet)(O)H] + with convoluted calculated IR absorption spectra of representative conformers of the lowest energies optimized at the B3LYP/6-311g(d) level of theory. The H-bond distances are reported in Å. The corresponding structures are reported on the right together with the relative Gibbs free energy (∆G) at 298 K in kJ.mol -1 , calculated at B3LYP/6-311g(d) level of theory. Another kind of relative Gibbs free energy in kJ.mol -1 , calculated by a combination of the electronic CCSD(T) energies at the DLPNO-CCSD(T)/cc-pvTZ level of theory with thermal correction (298 K) from the B3LYP/6-311g(d) calculations, is provided in parentheses.

, 3 - 12 .

 312 LDketo02 and LDketo06 with the experimental IRMPD one is reported in Figure As already observed for c(LMetLMet)H + , all these three structures are ketone forms with a protonation site on the amide oxygen. The combination of the calculated spectra for these three structures can explain the ensemble of features observed in the IRMPD spectrum of c(LMetDMet)H + . The most stable structure LDketo01, shows a proton shared between the amide oxygen and the sulfur atom (d = 1.93 Å), which stabilizes the structure. The DKP ring is in a slightly twisted boat structure. LDketo02 and LDketo06, are at 13.2 and 27.1 kJ/mol higher in energy than LDketo01, respectively, and are required to be chosen as complements for explaining the presence of the bands L and M. The band predicted at 1682 cm -1 for LDketo06 is slightly blueshifted compared to its counterparts in other two structures, and the contribution of this band accounts for the broadening of band G in the IRMPD spectrum. Both LDketo02 and LDketo06 are stabilized by the non-covalent NpH…..S interaction (d = 2.21 Å in LDketo02; d = 2.22 Å in LDketo06). LDketo02 possesses a quasi-planar structure while LDketo02 presents a flattened boat DKP ring. The possible enol forms have equally been exploited (Appendix 9.1.2.
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 312 Figure 3-12. Comparison of the experimental IRMPD spectra of c(LMetDMet)H + with convoluted calculated IR absorption spectra of representative conformers of the lowest energies optimized at the B3LYP/6-311g(d) level of theory. The H-bond distances are reported in Å. The corresponding structures are reported on the right together with the relative Gibbs free energy (∆G) at 298 K in kJ.mol -1 , calculated at B3LYP/6-311g(d) level of theory.Another kind of relative Gibbs free energy in kJ.mol -1 , calculated by a combination of the electronic CCSD(T) energies at the DLPNO-CCSD(T)/cc-pvTZ level of theory with thermal correction (298 K) from the B3LYP/6-311g(d) calculations, is provided in parentheses.

S

  -C stretching, CNpH and CH2 bending, mainly contributed from LDketo01. The prominent band D at 1317 cm-1 , is mainly assigned to the stretching mode of CpO and CC, along with the bending modes of CNH. Its red-side shoulder C (1278 cm -1 ) is assigned to the stretching mode of CN and the bending modes of CpOH and CH2. Its satellite peak B (1218 cm -1 ) is attributed to CpO and CNp stretching modes accompanied by CpOH and CH2 bending modes.The intense band F, positioned at 1495 cm -1 , is associated with the strong stretch of CpCp bond and the resulting bending modes of CpOH, both CNH and CH2 bonds. Its red-side shoulder E (1435 cm -1 ) is mainly assigned to the scissoring mode of CH2, the bending mode of CH3 and CNH groups. The asymmetric band G, at 1676 cm -1 , is assigned to the stretching mode of CNp and the bending modes of CNpH and CpOH. The contribution from different shifted bands of three selected geometries can justify the broadening of band G. Band H, centered at 1751 cm - 1 , is attributed to the carbonyl group stretching mode.In the OH/NH stretching region, the broad and intense band I (2942 cm -1 ) is assigned to the CH, CH2, CH3 and NpH stretching modes. Band J, centered at 3371 cm -1 , is ascribed to the NpH bond stretch, exclusively contributed from LDketo01. The sharp band K at 3416 cm -1 , is assigned to the NH stretching mode. Two satellite bands L (3494 cm -1 ) and M (3567 cm -1 ) are ascribed to the stretching modes of NH and OH groups, respectively. A comparison of the IRMPD spectrum of the oxo-form of c(LMetDMet)H + , namely [c(LMetDMet)(O)H] + , with the simulated spectra of the lowest energies structures LDOketo01, LDOketo02, LDOketo04, LDOketo06 and LDOimin01 are displayed in Figure 3-13. LDOketo01 is the lowest energy conformer and it is characterized by the protonation on the sulfoxide oxygen, while LDOketo02, LDOketo04 and LDOketo06 are characterized by the protonation of the amide oxygen. Finally, LDOimin01 shows the protonation on the iminol oxygen. The most stable structure LDOketo01 presents a flattened boat form, while

Figure 3 - 13 . 2 )

 3132 Figure 3-13. Comparison of the experimental IRMPD spectra of [c(LMetDMet)(O)H] + with convoluted calculated IR absorption spectra of representative conformers of the lowest energies optimized at the B3LYP/6-311g(d) level of theory. The H-bond distances are reported in Å. The corresponding structures are reported on the right together with the relative Gibbs free energy (∆G) at 298 K in kJ.mol -1 , calculated at B3LYP/6-311g(d) level of theory.Another kind of relative Gibbs free energy in kJ.mol -1 , calculated by a combination of the electronic CCSD(T) energies at the DLPNO-CCSD(T)/cc-pvTZ level of theory with thermal correction (298 K) from the B3LYP/6-311g(d) calculations, is provided in parentheses.

  nitrogen and the diagnostic sulfoxide stretching mode is blue shifted and close to the position observed for Met(O) and the linear dipeptides. Band C, positioned at 1179 cm -1 , is assigned to the SCH bending, CN(p) stretching and CC stretching modes. Band D at 1281 cm -1 is assigned to a combination of SOH bending, CN(p) stretching, CpOH bending and CH2 bending modes.Its twin band E at 1329 cm -1 is ascribed to the stretching of both CO and CN bonds, along with the bending modes of CH2 and CH3. The intense band F, centered at 1425 cm -1 , is assigned to the CpO stretching, CN stretching, CN(p)H bending and CH2 bending modes. Its blue-side shoulder G, positioned at 1465 cm -1 , is attributed to the CpCp stretching mode and both CNH bending modes. The band H (1591 cm -1 ) is attributed to both CO stretching, CN stretching and CNH bending modes. The weak band I at 1776 cm -1 , is assigned to the C=O stretching and CNH bending of LDOketo01, LDOketo02 and LDOketo04, meanwhile, it is also contributed from the CNp stretching of LDOketo06.
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 33144 Figure 3-14.
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 315315 Figure 3-15. Comparison of the experimental IRMPD spectra of [c(GlyMet)(O)H] + with convoluted calculated IR absorption spectra of representative conformers of the lowest energies optimized at the B3LYP/6-311g(d) level of theory. The H-bond distances are reported in Å. The corresponding structures are reported on the right together with the relative Gibbs free energy (∆G) at 298 K in kJ.mol -1 , calculated at B3LYP/6-311g(d) level of theory.Another kind of relative Gibbs free energy in kJ.mol -1 , calculated by a combination of the electronic CCSD(T) energies at the DLPNO-CCSD(T)/cc-pvTZ level of theory with thermal correction (298 K) from the B3LYP/6-311g(d) calculations, is provided in parentheses.
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 41 methionine with N-terminal being blocked by acetyl group (NacMet), methionine with two terminals protected by acetyl and methyl ester groups at the same time (NacMetOCH3), methionine dipeptide with two terminals protected by acetyl and methyl ester groups (NacMetMetOCH3) and NacMetSO, a commercial product with a known structure, used as reference. Its IRMPD spectrum has been compared to the one obtained for the oxidation product of NacMet.
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 41 Figure 4-1. Chemical structures of terminal protected methionine. (a) NacMet (MW=191 g/mol). (b) NacMetSO (MW=207 g/mol). (c) NacMetOCH3 (MW=205 g/mol). (d) NacMetMetOCH3 (MW=336 g/mol).

  MS spectra of the non-irradiated and irradiated NacMet (m/z 191), NacMetOCH3 (m/z 205) and NacMetMetOCH3 (m/z 336) solutions are shown in Figure 4-2.a, b and c, respectively.
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 42 Figure 4-2. Mass spectra of non-irradiated (black) and irradiated (red) (a) NacMet (b) NacMetOCH3 (c) NacMetMetOCH3 (irradiation dose 833 Gy).
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 43 Figure 4-3. CID-MS 2 fragmentation mass spectra of (a) NacMetH + (m/z 192). (b) NacMet(O)H + (m/z 208). (c) NacMetSOH + (m/z 208).
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 4445454644 Figure 4-4. CID-MS 2 fragmentation mass spectra of (a) [NacMet-H + ] -(m/z 190). (b) [NacMet(O)-H + ] -(m/z 206).
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 249 Figure 4-9. Comparison of the experimental IRMPD spectra of NacMetH + with convoluted calculated IR absorption spectra of representative conformers of the lowest energies optimized at the B3LYP/6-311+g(d,p) level of theory. The H-bond distances are reported in Å. The corresponding structures are reported on the right together

Figure 4 -

 4 Figure 4-10 and compared with experimental IRMPD spectrum.
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 410 Figure 4-10. Comparison of the experimental IRMPD spectra of NacMet(O)H + with convoluted calculated IR absorption spectra of representative conformers of the lowest energies optimized at the B3LYP/6-311+g(d,p) level of theory. The H-bond distances are reported in Å. The corresponding structures are reported on the right together with the relative Gibbs free energy (∆G) at 298 K in kJ/mol, calculated at B3LYP/6-311+g(d,p) level of theory, is provided in parentheses.

  of the observed bands in experimental spectrum of NacMet(O)H + is listed in

Figure 4 - 12 .

 412 Figure 4-12. Comparison of the experimental IRMPD spectra of [NacMet-H + ] -with convoluted calculated IR absorption spectra of representative conformers of the lowest energies optimized at the B3LYP/6-311+g(d,p) level of theory. The H-bond distances are reported in Å. The corresponding structures are reported on the right together with the relative Gibbs free energy (∆G) at 298 K in kJ/mol, calculated at B3LYP/6-311+g(d,p) level of theory, is provided in parentheses.
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 413 Figure 4-13. Comparison of the experimental IRMPD spectra of [NacMet(O)-H + ] -with convoluted calculated IR absorption spectra of representative conformers of the lowest energies optimized at the B3LYP/6-311+g(d,p) level of theory. The H-bond distances are reported in Å. The corresponding structures are reported on the right together
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 414 Figure 4-14. Comparison between the IRMPD spectra of non-oxidized NacMetOCH3H + (black) and singly oxidized product NacMet(O)OCH3H + (red).

For the purpose ofFigure 4 - 15 .

 415 Figure 4-15. IRMPD spectral comparison. (a) Comparison between the IRMPD spectra of MetH + (m/z 150, black) 7 , NacMetH + (m/z 192) and NacMetOCH3H + (m/z 206, red). (b) Comparison between the IRMPD spectra of Met(O)H + (m/z 166, black) 7 , NacMet(O)H + (m/z 208) and NacMet(O)OCH3H + (m/z 222, red).
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 416416 Figure 4-16.
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 53 Figure 5-3. CID-MS 2 fragmentation mass spectra of (a) [P(H)] + (m/z 116) and (b) [P(O)H] + (m/z 132).
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 525254 Figure 5-4. CID-MS 2 fragmentation mass spectra of (a) [E(H)] + (m/z 148) and (b) [E(O)H] + (m/z 164).
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 55 Figure 5-5. Comparison between the IRMPD spectra of protonated non-oxidized amino acids (black) and protonated singly oxidized forms (red) for (a) Pro and (b) Glu.

  confirms that [P(O)H] + formed during the oxidation of Pro by gamma radiolysis leads to the formation of the hydroxyproline.Based on the most stable structure of [P(O)H] + in gaz phase, ProOH01, found by Wu and coworkers31 , a hydroxyl group was added at the possible positions to form two possible forms of hydroxyproline: ProOH01_3 for the 3-hydroxyproline and ProOH01_4 for the 4hydroxyproline. According to the study by Bouchet and co-workers, the structure of [E(H)] + with the lowest energy and the most populated is 1_cc28 . Based on 1_cc, one hydroxyl group was added in place of the hydrogen atom at positions 3 or 4 to create two kinds of possible structures: ProOH01_3 and ProOH01_4, respectively. IRMPD spectra of [P(O)H] + and [E(O)H] + were then compared to simulated IR spectra to provide an insight into the position of additional hydroxyl group.
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 5 Figure 5-6.

observed in Figure 5 - 9 .Figure 5 - 9 .Figure 5 -

 59595 Figure 5-9. CID-MS 2 fragmentation mass spectra of (a) [MP(H)] + (m/z 247), (b) [(MP-CO2)H] + (m/z 203), (c) [(MP-H2)H] + (m/z 245), (d) [MP(O)H] + (m/z 263) and (e) [MP(O)2H] + (m/z 279).

  5). For doubly oxidized product [MP(O)2H] + at m/z 279, two main fragments are observed at m/z 199 and 181 resulting from the loss of HSO2CH3 (-64 Da) and a combined process of dehydration (-18 Da) and loss of HSO2CH3 (-64 Da), respectively. The diagnostic fragment at m/z 197 of [PM(O)2H] + results from a combined process of dehydrogenation (-2 Da) and loss of HSO2CH3 (-64 Da). These results prove that O-atom additions occurred only on S-containing side chain of Met residues and formed sulfoxide or sulfone groups. The IRMPD spectra of protonated MP and PM (m/z 247) have been recorded and compared with the spectra of the oxidation products M+16 (m/z 263) in Figure 5-11.

Figure 5 - 11 .

 511 Figure 5-11. Comparison between the IRMPD spectra of protonated non-oxidized peptides (black) and protonated singly oxidized forms (red) for (a) MP and for (b) PM.
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Figure 5 - 12 .

 512 Figure 5-12. Mass spectra of non-irradiated reference solutions (black) and of the corresponding irradiated ones (red). (a) MPM (MW= 377 g.mol -1 ). (b) MPPM (MW= 474 g.mol -1 ). Irradiation dose 833 Gy.

Figure 5 - 13 - 14 .

 51314 Figure 5-13-14. The assignment of the most intense peaks observed in the CID-MS 2 spectra are reported inTable 5-9-10, respectively.
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 55515 Figure 5-13. CID-MS 2 fragmentation mass spectra of (a) [MPM(H)] + (m/z 378), (b) [MPM(O)H] + (m/z 394) and (c) [MPM(O)2H] + (m/z 410).
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 51655 Figure 5-16. Mass spectra of non-irradiated reference solutions (black) and of the corresponding irradiated ones (red) of (a) EM (MW= 278 g.mol -1 ) and of (b) EPM (MW= 375 g.mol -1 ).

Figure 6 - 1 .

 61 DNA oxidation products and the modified sites in molecules have been determined by Fourier transform ion cyclotron resonance-mass spectrometry (FT-ICR-MS) and collision-induced dissociation tandem mass spectrometry (CID-MS 2 ). CID-MS 2 experiments provided sequential information and helped to identify the modified sites. IRMPD spectroscopy experiments have been carried out for the first time to probe the diagnostic spectral features of oxidative lesions in DNA components. By combining with quantum chemical calculations, more detailed information of the modified sites has been obtained.
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 611 Figure 6-1. Chemical structures of (a) 2'-deoxyadenosine (dA, MW=251 g/mol), (b) adenosine (Ado, MW=267 g.mol -1 ) and (c) 2'-deoxyadenosine 5'-monophosphate (dAMP, MW=331 g.mol -1 ); (d) 2'-deoxycytidine (dC, MW=227 g.mol -1 ), (e) cytidine (Cyd, MW=243 g.mol -1 ) and (f) 2'-deoxycytidine 5'-monophosphate (dCMP, MW=307 g.mol -1 ); (g) 2'-deoxyguanosine (dG, MW=267 g.mol -1 ) and (h) 2'-deoxyguanosine 5'-monophosphate (dGMP, MW=347 g.mol -1 ) ; (i) thymidine (dT, MW=242 g.mol -1 ) and (j) thymidine 5'-monophosphate (dTMP, MW=322 g.mol -1 ). The numbering is shown in the figure as well.

Figure 6 - 2 .

 62 Figure 6-2. Chemical structures of adenine (A), 2'-deoxyadenosine (dA), adenosine (Ado) and 2'-deoxyadenosine 5'-monophosphate (dAMP). The numbering is shown in the figure as well.
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 6364 Figure 6-3. Mass spectra of non-irradiated (black) and irradiated (red) solutions of (a) dA, and (b) dAMP (irradiation dose 1517 Gy).

Figure 6 - 5 .

 65 Figure 6-5. CID-MS 2 fragmentation mass spectra of (a) dAMPH + (m/z 332), (b) dAMP(O)H + (m/z 348), (c) [dAMP(O)2-H2]H + (m/z 362) and (d) dAMP(O)2H + (m/z 364).

  and IRMPD experiments confirm the oxidation of the base moiety and the formation of an extra C=O group. Schematic presentation of this oxygen addition is shown in Figure 6-8.

Figure 6 - 8 .

 68 Figure 6-8. Schematic presentation of oxidation in adenine moiety.

Figure 6 - 9 .

 69 Figure 6-9. The calculated spectrum of the most stable structure dAO_k1 with a protonation site on N3 is in good agreement with the experimental spectrum. It is stabilized by the hydrogen-bonding interaction of N3H + ⋯ O5' with a puckered structure facilitating this interaction. Structures dAO_k2, dAO_k3, and dAO_k4 at slightly higher energy than dAO_k1 show similar IR spectra and should be populated in our experimental conditions. The bands at 3640 of dAO_k3 and 3641 cm -1 of dAO_k4 are required to justify the weak band observed at 3609 cm -1 in IRMPD spectrum. The possible iminol conformers (dAO_i1, dAO_i2, dAO_i3, dAO_i4) of dA(O)H + formed by keto-imine tautomerism have been taken into consideration as well (Appendix 9.4.1.1). However, their spectra are not in good agreement with the IRMPD one. As conclusion, dAO_k1, dAO_k2, dAO_k3, dAO_k4 are populated in gas phase of dA(O)H + .
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 6916 Figure 6-9. Comparison of the experimental IRMPD spectra of dA(O)H + with convoluted calculated IR absorption spectra of representative conformers of the lowest energies optimized at the B3LYP/6-311+G(2d, 2p) level of

Figure 6 - 12 .

 612 Figure 6-12. Mass spectra of non-irradiated (black) and irradiated (red) solutions of (a) dC and (b) dCMP (irradiation dose 1080 Gy).

Figure 6 -

 6 Figure 6-13. CID-MS 2 fragmentation mass spectra of (a) dCH + (m/z 228). (b) dC(O)H + (m/z 244). (c) dC(O)2H + (m/z 260).

Figure 6 -

 6 Figure 6-14. CID-MS 2 fragmentation mass spectra of (a) dCMPH + (m/z 308), (b) dCMP(O)H + (m/z 324), and (c) dCMP(O)2H + (m/z 340).

Figure 6 - 15 .

 615 Figure 6-15. Comparison between the IRMPD spectra of dCH + (blue), CydH + (green) and single oxidation product dC(O)H + (red recorded at CLIO, black at FELIX).

Figure 6 -

 6 16 to show this change in the equilibrium of different protonation sites. After the addition of hydroxyl group at position 5 due to the oxidation, tautomerization equilibrium between the N3 and O2 protonation shifts more to form the C2=OH + enol form.
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 616617 Figure 6-16. Schematic presentation of oxidation and the equilibrium of different protonation sites between N3 and O2 in cytosine moiety.
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 661974 Figure 6-19. Comparison of the experimental IRMPD spectra of dC(O)H + with convoluted calculated IR absorption spectra of representative conformers of the lowest energies optimized at the B3LYP/6-311+G(2d, 2p)
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 6206 Figure 6-20. IRMPD spectra of [dAMP-H + ] -with its single oxidation product [dAMP(O)-H + ] -.
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Figure 6 - 22 .

 622 Figure 6-22. Chemical structures of thymine (T), thymidine (dT), thymidine-2'-OH and thymidine 5'monophosphate (dTMP). The numbering is shown in the figure as well.

Figure 6 - 23 .

 623 Figure 6-23. Mass spectra of non-irradiated (black) and irradiated (red) solutions of (a) dT and (b) dTMP (irradiation dose 1080 Gy).
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 6106 Figure 6-24. CID-MS 2 fragmentation mass spectra of (a) dTH + (m/z 243) and (b) dT(O)H + (m/z 259).
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Figure 6 - 26 .

 626 Figure 6-26. Chemical structures of guanine (G), 2'-deoxyguanosine (dG), guanosine and 2'-deoxyguanosine 5'monophosphate (dGMP). The numbering is shown in the figure as well.

Figure 6 - 27 .

 627 Figure 6-27. Mass spectra of non-irradiated (black) and irradiated (red) (a) dG and (b) dGMP (irradiation dose 1080 Gy).

  Fapy-Gua)H + . The product at m/z 298 is supposed to be the product of a combined double oxidation (+32 Da) and dehydrogenation (-2 Da). The oxidative product at m/z 300 is ascribed to double oxidation (+32 Da). Similar types of products were observed in dGMP solution after 𝛾-radiolysis, the ions at m/z 364 and m/z 366 are possible to be assigned to dGMP(O)H + and d(Fapy-Gua)MPH + , respectively. The ion observed at m/z 380 corresponds to the doubly oxidized product. CID-MS 2 experiments have been carried out for the oxidation products of dG and dGMP as well. Tentative assignments of the fragments are listed in

Figure 6 -

 6 Figure 6-28. CID-MS 2 fragmentation mass spectra of (a) dGH + (m/z 268), (b) dG(O)H + (m/z 284), (c) (dFapy-Gua)H + (m/z 286), (d) [dGMP(O)2-H2]H + (m/z 298) and (e) dG(O)2 H + (m/z 300).

Figure 6 -

 6 Figure 6-29. CID-MS 2 fragmentation mass spectra of (a) dGMPH + (m/z 348), (b) dGMP(O)H + (m/z 364), (c) [(dFapy-Gua)MP]H + (m/z 366) and (d) dGMP(O)2H + (m/z 380).

2 '

 2 -deoxyadenosine (dA), 2'-deoxyadenosine-5'-monophosphate (dAMP), 2'-deoxycytidine (dC) and 2'-deoxycytidine 5'-monophosphate (dCMP) were chosen as representative molecules for studying the geometries of oxidation products by the IRMPD spectral features for purine and pyrimidine DNA bases. By combining with DFT calculation, the diagnostic IRMPD signature of the C=O bond in dA(O) and dAMP(O) at ~1800 cm -1 has been identified for the first time and indicates that the oxidation occurred in adenine moiety led to formation of a new carbonyl group at position 8-. The protonation site of dA(O)H + and dAMP(O)H + was proved to be still on N3 atom. The presence of the intense band at ~1530 cm -1 for C-OH vibrations of cytosine moiety and the band at ~1790 cm -1 for C=O stretching in dC(O) and dCMP(O) proved a co-existence of N3 and O2 protonated conformers with a formation of O5-H group after radiolysis-induced oxidation and tautomerization in the gas phase.
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 71 Figure 7-1. Chemical structure of S-Adenosylmethionine (SAM) (m/z 398).

Figure 7 - 2 .

 72 Figure 7-2. Comparison between the mass spectrum of non-irradiated (black) and irradiated (red) SAM solution (irradiation dose 606 Gy).

3 . 2 .Figure 7 - 3 .

 3273 Figure 7-3. CID-MS 2 fragmentation mass spectra of (a) [SAM+H] + (m/z 399) and (b) [SAM(O)+H] + (m/z 415).

  mass increment product is supposed to be (Fapy-Ade)-Met. The proposed neutral structures of oxidized SAM are shown in Figure 7-4. In the proposed structure, oxidative modifications always localize in adenine part.

Figure 7 - 4 .

 74 Figure 7-4. The proposed structure of SAM+16 (left) and SAM+18 (right).

Figure SI5 .

 SI5 Figure SI5. Geometry of the conformers of c(LMetLMet)H + , optimized at the B3LYP/6-311g(d) level of the theory. The relative free energy is in parentheses (kJ/mol).
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 SI7SI15SI25SI33SI3742SI43SI46SI47SI48SI49SI50SI51SI52 Figure SI7. Geometry of the conformers of c(LMetLMet)H + , optimized at the B3LYP/6-311g(d) level of the theory. The relative free energy is in parentheses (kJ/mol).
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  7-5. Experimental IRMPD spectra of protonated SAM (blue) and its protonated single oxidation form (red). ...................................................................................................................................

	H2O Abbreviations Water He Helium Qh Quadrupole-hexapole
	H2O2 RF	Hydrogen peroxide Radio frequency
	A HPLC RNA Ado Hyd-Thy ROS API Hyd-Ura ATR SAAs ATP IET SAM iMTD-GC Ser	High-performance liquid chromatography Ribonucleic acid Adenine 5-hydroxy-5-methylhydantoin Reactive oxygen species Adenosine 5-hydroxyhydantoin Atmospheric pressure ionization Sulfur amino acids Attenuated Total Reflectance Intramolecular Electron Transfer S-adenosyl methionine Adenosine triphosphate Iterative metadynamic sampling and genetic crossover Serine
	C Imidazolone SLD CI Imid-Cyt >S • -OH radicals CID IMS >S •+ radicals Cys Cyd CREST IVR IRMPD IR Inosine 𝛼-S radicals	2,5-diamino-4H-imidazol-4-one Soft laser desorption Cytosine 1-carbamoyl-3,4-dihydroxyl-2-oxoimidazolidine hydroxysulfuranyl radicals Chemical Ionization Ion mobility spectrometer S-centered radical cation Collision-induced dissociation Intramolecular Vibrational energy Redistribution Conformer Rotamer Ensemble Sampling Tool Infrared Multiple Photon dissociation Cytidine Infrared Cysteine 2'-deoxyionosine 𝛼-(alkylthio) radicals
	dA dAMP LC dC Lys	2'-deoxyadenosine Liquid chromatography 2'-deoxyadenosine 5'-monophosphate 2'-deoxycytidine Lysine
	dCMP dG Me dGMP Met/M dT MetSO dTMP MeOH Da m/z DC MS DFT MS/MS or MS 2 DNA Msr DKP MW	2'-deoxycytidine 5'-monophosphate Methyl 2'-deoxyguanosine Methionine 2'-deoxyguanosine 5'-monophosphate Methionine sulfoxide Thymidine Methanol Thymidine 5'-monophosphate Mass-to-charge ratio Dalton Mass spectrometry Direct current Tandem mass spectrometry Density functional theory Methionine Sulfoxide Reductase Deoxyribonucleic acid Diketopiperazine Mass weight
	𝛼N radicals	𝛼-aminoalkyl radicals
	EI NacMet ESI NacMetOCH3 Enk NacMetMetOCH3 ETD Nd: YAG N2	N-acetyl methionine Electron ionization N-acetyl methionine methyl ester Electrospray ionization N-acetyl Met-Met methyl ester Enkephalin Neodymium-doped yttrium aluminium garnet Electron-transfer dissociation Nitrogen
	Fapy-Ade N2O Fapy-Gua NMR FEL n-BBS	Nitrous oxide 4,6-diamino-5-formamidopyrimidine Nuclear magnetic resonance 2,6-diamino-4-hydroxy-5-formamidopyrimidine Free-electron laser n-butyl benzenesulfonamide
	FID FT-ICR • OH FWHM OPA OPO	Free induction decay Hydroxyl radicals Fourier Transform ion cyclotron resonance Optical Parametric Amplifier Full-width at half maximum Optical Parametric Oscillator
	G Oxazolone	Guanine 2,2,4-triamino-5(2H)-oxazolone
	GS-Me Gly PA Glu/E Pro/P GFN2-xTB PTM	S-Methyl-glutathione Proton affinity Glycine Proline Glutamic acid The semi-empirical extended tight-binding method Post-translational modification
	QIT	Quadrupole ion trap

Table 1 -

 1 1. Characterized transient products formed in initial steps of Met one-electron oxidation and their spectral

	. Typically, pump-probe methods have been employed to
	characterize their transient absorption spectra and study their kinetics. The transient species
	detected in Met oxidation by • OH radicals are listed in Table 1-1 with the corresponding
	maxima and molar absorption coefficients.	
	Transient products	Molar absorption	Maximum of absorption
		coefficient	(nm)
		(M -1 .cm -1 )	
	>S • -OH	3500	360
	𝜶-S radicals	3000	290
	(S∴N) +	4500	390
	(S∴O) +	3250	390
	(S∴S) +	7300	480
	𝜶-N radicals	3400	360

Compounds (m/z) Peaks observed in the MS m/z, z=1 Identified products Identified oxidation sites (for oxidized forms) (Lys-Met)H + a

  

		294	(Lys-Met)H + + O	Met(SO)
	(278)	234	(Lys-Met)H + -CO2	-
	(Met-Lys)H + a	294	(Met-Lys)H + + O	Met(SO)
	(277)			
		345	(Tyr-Met)H + + 2O	Met(SO2) or Met(SO) + Tyr(OH)
	(Tyr-Met)H + a	329	(Tyr-Met)H + + O	Met(SO)
	(312)	285	(Tyr-Met)H + + O -CO2	-
		269	(Tyr-Met)H + -CO2	-
	(Met-Tyr)H + a (312)	345 329 285	(Met-Tyr)H + + 2O (Met-Tyr)H + + O (Met-Tyr)H + + O -CO2	-Met(SO) -
	(Met-Val)H + a,b (249)	281 265 247	(Met-Val)H + + 2O (Met-Val)H + + O (Met-Val)H + -H2	-Met(SO) -
	(Val-Met)H + a,b (249)	281 247 203	(Val-Met)H + + 2O (Val-Met)H + + O (Val-Met)H + -H2 -CO2	-Met(SO) -
		313	(Met-Met)H + + 2O	Met(SO)-Met(SO)
	(LMet-LMet)H + a	297	(Met-Met)H + + O	Met(SO)
	(281)	295	(Met-Met)H + + O -H2	-
		279	(Met-Met)H + -H2	-
	(Met-Enk)H + a,c (575)	607 591 573	(Met-Enk)H + + 2O (Met-Enk)H + + O (Met-Enk)H + -H2	-Tyr(OH) -
	(Trp-Met)H + d	351	(Trp-Met)H + + O	Met(SO)
	(336)			
	(Met-Trp)H + d	367	(Met-Trp)H + + 2O	Met(SO) + Trp(OH)
	(336)	351	(Met-Trp)H + + O	Met(SO) or Trp(OH)

(GS-Me)H + d

  

		384	(GS-Me)H + + 4O -H2	-
		368	(GS-Me)H + + 3O -H2	-
		354	(GS-Me)H + + 2O	Met(SO2)
	(322)	338 320	(GS-Me)H + + O (GS-Me)H + -H2	Met(SO) -
		278	(GS-Me)H + -CO2	-
		276		

Table 1-2, Met

  . As we can observe in

	Da with n=1, 2, 3…). Still, some subtle differences in the final product have been observed in
	the different peptides, such as the chemical yield that is varied according to the neighboring
	environment of Met residue. In most cases, Met residue is the primary target of OH radicals to
	form sulfoxide group in one-electron oxidation of Met-containing systems. However, Met
	residue can serve as a pro-oxidant in several specific cases where Intramolecular Electron
	Transfer (IET) transfers the charge from another residue to the methionine radical cation Met •+ ,
	thereby preventing Met residue from being preferentially oxidized, in e.g., Met-enkephalin
	(Met-Enk)
	-containing peptides
	mainly suffer from a single or a combined process of the following reaction: decarboxylation
	(-CO2, -44 Da), dehydrogenation (-H2, -2 Da), single or multiple oxygen addition (+On, +16xn

Table 1 -3, with

 1 the corresponding experimental conditions and employed methods.

	Transient

products Mass difference Environment Oxidation condition Techniques for characterization 8-oxoGua +16

  

				-60 Co 𝛾-radiation (0-450 Gy) a	
			Cellular DNA	-12 C 6+ particles radiation (0-1000 Gy) a -36 A 18+ ions radiation (0-200 Gy) b	HPLC-MS/MS
				-Photooxidation with riboflavin e	
			Isolated DNA in aerated solution	-60 Co 𝛾-radiation (0-240 Gy) a -36 A 18+ ions radiation (0-200 Gy) b	HPLC-MS/MS
			Cellular DNA	-60 Co 𝛾-radiation (0-450 Gy) a -12 C 6+ particles radiation (0-1000Gy) a	HPLC-MS/MS
	Fapy-Gua	+18	Isolated DNA		
			in aerated	-60 Co 𝛾-radiation (0-100 Gy) c	HPLC-MS/MS
			solution		
	Imidazone	-20	Isolated DNA in aerated solution	-60 Co 𝛾-radiation (800 Gy) d -Photooxidation with benzenphenone d	HPLC, NMR
	Oxazolone	-38	Isolated DNA in aerated solution Cellular DNA	-60 Co 𝛾-radiation (800 Gy) d -Photooxidation with benzenphenone d	HPLC, NMR
			(in vivo and in		
			vitro)		

Table 1 -

 1 

	3. Summary of detected stable products after oxidation of guanine systems with the corresponding
	experimental conditions.

Table 1 -4, with

 1 the corresponding experimental conditions and employed methods.

	Transient	Mass	Environment	Oxidation condition	Techniques for
	products	difference			characterization
	8-oxoAde	+16	Cellular DNA	-60 Co 𝛾-radiation (0-450 Gy) a -12 C 6+ particles radiation (0-1000 Gy) a	HPLC-MS/MS
	Fapy-Ade	+18	Cellular DNA	-60 Co 𝛾-radiation (0-450 Gy) a -12 C 6+ particles radiation (0-1000 Gy) a	HPLC-MS/MS
	a from ref 53				
	Table 1-4. Summary of detected stable products after oxidation of adenine systems with the corresponding
	experimental conditions.			

Table 1 -5, with

 1 the corresponding experimental conditions and employed methods.

	Transient

products Mass difference Environment Oxidation condition Techniques for characterization

  

	Thy-Gly	+34	Cellular DNA	-60 Co 𝛾-radiation (0-450 Gy) a -12 C 6+ particles radiation (0-1000 Gy) a	HPLC-MS/MS
				-60 Co 𝛾-radiation (0-450 Gy) a	
	5-HmUra	+16	Cellular DNA	-12 C 6+ particles radiation (0-1000 Gy) a	HPLC-MS/MS
				-36 A 18+ ions radiation (0-200 Gy) c	
				-60 Co 𝛾-radiation (0-450 Gy) a	
	5-FoUra	+14	Cellular DNA	-12 C 6+ particles radiation (0-1000 Gy) a	HPLC-MS/MS
				-36 A 18+ ions radiation (0-200 Gy) c	
	Hyd-Thy	+4	Isolated DNA in aqueous solution	-Ionizing radiation (0-200Gy) b -Fenton-like reactions b	LC-MS/MS
	a from ref 53 , b from ref 65 , c from ref 66		
	Table 1-5. Summary of detected stable products after oxidation of thymine systems with the corresponding
	experimental conditions.			

Table 1 -6, with

 1 the corresponding experimental conditions and employed methods.

Table 1 -

 1 

	6. Summary of detected stable products after oxidation of cytosine systems with the corresponding
	experimental conditions.

  Quadrupole Ion Trap (QIT). It is also called Paul trap, in memory of its inventor Wolfgang Paul. Unlike the homogeneous electric fields employed in TOF, QIT uses dynamic electric fields. Charged particles are trapped between two endcap

electrodes, selected by a combination of direct current (DC) and radio frequency (RF) potential. A stable ion trajectory will be narrowed for the chosen m/z, which allows to isolate ions with wanted m/z ratio and eliminate others.

  Centre Laser Infrarouge d'Orsay (CLIO) has been built and operated for users worldwide since 1992. It houses table-top OPO IR lasers and a FEL laser tunable in the infrared range. it is 80 𝜇J for single micropulse. Similar to FELIX, the spectral width is ~0.5% of the The energy of CLIO at the room of experiments 𝐄 𝑬𝟏𝟎 can be read, however, it is not equal to the real output energy of the laser 𝐄 𝑪𝑳𝑰𝑶 . Still, the energy at the laser output 𝐄 𝑪𝑳𝑰𝑶 can be estimated by multiplying the measured energy by a factor of 3/2 (𝐄 𝑪𝑳𝑰𝑶 = 𝐄 𝑬𝟏𝟎 ×

	central wavelength (	∆𝜆 𝜆	= 0.5%) 121 .
	Specifically, an electron energy of 42-44 MeV has been used to perform the previous
	experiments of nucleobases and peptides. According to the records of previous experiments,
	typically, CLIO has presented a maximum of energy around 54 mJ at 10.9 μm and a minimum
	of energy around 37 mJ at 5.5 μm.
	Both of these IR sources are coupled with ion traps for performing IRMPD spectroscopy, SFG
	interface spectroscopy and AFMIR spectromicroscopy 125,126 .
	The CLIO IR-FEL is based on an electron linear accelerator, by which the beam energy is
	tunable from 20 to 50 MeV. The IR-FEL output consists of 8 µs long macropulses fired at a

repetition rate of 25 Hz, and each macropulse is formed by about 500 micropulses, each ~1 ps long. Micropulses are separated by 16 ns at CLIO. The energy of macropulse is around 40-50 mJ while 𝟑 𝟐

  Figure 2-13. Laser power (𝑬) as a function of noted wavelength (𝝀 𝒏𝒐𝒕𝒆𝒅 ) with its polynomial fit.

		120					noted points polynomial fit of E	Model Equation	Polynomial y = Intercept + B1*x^1 + B2*x^2 + B3*x^3 + B4*x^4 + B5* x^5
		100						
									Weight	No Weighting
	E (mJ)	80 60							Residual Sum of Squares Adj. R-Square	Intercept	23.90578 0.99579	Value -963.61314	Standard Error 167.38226
									B1	367.46048	87.08379
		40							B2	-46.57813	17.34958
									E	B3	2.70318	1.65745
		20							B4	-0.06983	0.07613
									B5	5.67191E-4	0.00135
		4	6	8	10	12	14	16	18
				Noted wavelength (micron)	

  Figure 2-14. Difference of wavelength (∆𝝀) as a function of noted wavelength (𝝀 𝒏𝒐𝒕𝒆𝒅 ) with its polynomial fit.

	(micron) wavelength Delta	0.2 0.4 0.8 1.0 0.6					noted point Polynomial fit	Model Equation Weight Residual Sum of Squares Adj. R-Square	Polynomial y = Intercept + B1*x^1 + B 2*x^2 No Weighting 2.57815E-4 0.97617 Value Intercept 0.06228	Standard Error 0.01292
									A-B	B1	-0.01708	0.00263
		0.0							B2	0.0011	1.17315E-4
		4	6	8	10	12	14	16	18
				Noted wavelength (micron)	
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 3 1. Most intense peaks in the CID-MS 2 fragmentation mass spectra of c(LMetLMet)H + and oxidized forms.
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3

. Most intense peaks in the CID-MS 2 fragmentation mass spectra of c(GlyMet)H + and its oxidized forms.

Table 3 -4.

 3 

		Experiment	Assignment	LLketo01	LLketo02	LLketo04
	A	870	νSC, δSCH, δCNH		853	
	B	1219	δSCH, δCH2		1222	1187
	C	1315	νCN, νCp-O, δCH2, δCN(p)H	1323	1287	1306
	D	1436	δCH2, δCN(p)H, νNC	1433	1433	1445
	E	1487	νCpC,	1477	1462	
			δCN(p)H, δCH2, δCpOH			
	F	1665	νNpC, δCNpH, δCpOH	1653	1633	1672
	G	1755	νC=O, δCNH	1734	1746	1737
		Broad band at	νOH	2451	2533	
		ca.2600				
	H	2941	νCH2, νCH3	2938	2940	2928
			νNpH, νasCH2			2981
			νNpH	3053		
			νNpH		3092	
	I	3423	νNH	3444	3454	3443
	J	3585	νOH			3588

Table 3 -
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4

. Experimental and calculated vibrational frequencies for the selected isomers c(LMetLMet)H + at B3LYP/6-311g(d) level of the theory, and corresponding band assignments.

Table 3 -

 3 

	(d = 2.38 Å). The amide bond remains planar. The DKP structure is slightly puckered in a
	flattened boat structure. LLOketo02 is 2.1 kJ/mol higher in energy than LLOketo01. It is
	stabilized by the hydrogen bond between the protonated S=O group and the carbonyl one. The
	DKP structure is in a flattened boat structure. LLOketo03 is at 3.9 kJ/mol higher in energy
	compared to LLOketo01. It is characterized by a hydrogen bond between the NH group of the

5. LLOketo01, is the most stable conformer for [c(LMetLMet)(O)H] + stabilized by a network of two hydrogen bonds. It is protonated on the oxygen of the sulfoxide group, as LLOketo02 and LLOketo03, due to the increasing of the proton affinity in the methionine derivatives when the sulfoxide function is formed by gamma radiolysis

33 

. The protonated sulfoxide group is involved in a hydrogen bond with the carbonyl group S=O-H…..O=C (d = 1.80 Å). LLOketo01 is also stabilised by the interaction NH…..S amide bond and the non-oxidized sulfur atom. It shows a boat structure. Finally, LLOketo12 is at 33 kJ/mol higher in energy compared to LLOketo01. It is protonated on the carbonyl group and it is stabilized by a hydrogen bond between the NpH group of the amide bond and the S=O group.

Table 3 -5.
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		Experiment	Assignment	LLOketo01 LLOketo02 LLOketo03	LLOketo12
	A	869	νS=OH + , δSCH, νS=O	824			927
	B	1082	νCN, δSOH, νS=O	1071	1054		1121
	C	1181	δCOH, δCH2, δSOH			1206	1202
	D	1289	νCOH, δSOH, δCH2	1279	1263	1320	1322
	E	1427	δNH, δCH2, δCH3	1423	1405	1423	1429
	F	1592	νCN, νCO, δCNH, δCH2		1619	1623	
	G	1652	νC=O, δCNH	1644			1673
	H	1745	νC=O, δCNH	1729	1717	1730	1730
		-	ν(S)OH		2337		2530
	I	2938	νCH2, νCH3	2934	2928	2933	2933
		Broad band	νNH	3232		3232	
		between	ν(S)OH	3303			
		2900-3200					
		cm -1					
	J	3418	νNH	3431	3421		
	K	3497	νNH, νNpH			3438	3450
	L	3587	νOH				3545
	M	3623	νOH			3596	

Table 3 -
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5. Experimental and calculated vibrational frequencies for the selected isomers of [c(LMetLMet)(O)H] +

at B3LYP/6-311g(d) level of the theory, and corresponding band assignments.

Table 3 -6.

 3 

		Experiment	Assignment	LDketo01	LDketo02	LDketo06
	A	847	νSC, δCH2, δCNpH	804		
	B	1218	νCpO, δCpOH, νCNp, δCH2		1167	1206
	C	1278	νCN, δCpOH, δCH2	1250	1276	1266
	D	1317	νCpO, νCC, δCN(p)H	1322	1311	1311
	E	1435	δscissorCH2,δCH3, δCN(p)H	1434	1430	1438
	F	1495	νCpCp, δCN(p)H, δCpOH,	1493		1471
			δCH2			
	G	1676	νCNp, δCNpH, δCpOH	1638	1650	1682
	H	1751	νC=O, δCNH	1727	1732	1740
	I	2942	νCH, νCH2, νCH3, νNpH	2936	2934	2926
	J	3371	νNpH	3396		
	K	3416	νNH	3431		
	L	3494	νNH		3446	3447
	M	3567	νOH		3579	3602
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6

. Experimental and calculated vibrational frequencies for the selected isomers of c(LMetDMet)H + at B3LYP/6-311g(d) level of the theory, and corresponding band assignments.

Table 3 -7.

 3 

		Experiment	Assignment	LDOketo01 LDOketo02 LDOketo04	LDOketo06	LDOimin01
	A	871	νS=OH + , νS=O, νCC, δCH2, δCH3	814	905	919	
	B		νS=O, δCH2, δCH3				999
	C		δSCH,νCN(p), νCC		1162	1159		1120
	D		δSOH, νCN(p),δCpOH, δCH2	1298	1263	1271	1243
	E		νC(p)O, νCN(p), δCH2, δCH3		1322		1320
	F		νCpO, νCN, δCN(p)H, δCH2			1412	1431	1428
	G		νCpCp, δCN(p)H		1509	1503	
	H		νC(p)O, νCN(p), δCN(p)H	1650	1634	1645		1629/1669
	I		νC=O, δCNH, νCNp	1734	1732	1739	1686/1724
	J		νCH2, νCH3	2931	2924	2935	2935	2925
		Broad band	νNpH			3113	
		between	ν(S)OH	3196			
		2900 and					
		3300 cm -1					
	K		νN(p)H	3420	3407			3420
	L		νNH		3444	3454	3448
	M		νOH				3559
	N		ν(S)OH					3593
		Table 3-7. Experimental and calculated vibrational frequencies for the selected isomers of [c(LMetDMet)(O)H] +
		at B3LYP/6-311g(d) level of the theory, and corresponding band assignments.		

Table 3 -

 3 owns a DKP structure in a flattened boat structure, whereas GMketo02 and GMketo03 are in more puckered boat forms. GMketo01, GMketo02 and GMketo03 are stabilized by the same type of interaction: an NpH…..S interaction (d = 2.17, 2.19, 2.18 Å,

		Experiment	Assignment	GMketo01 GMketo02 GMketo03 GMketo05
	A	879	δSCH, δCNpH		866	870	824
	B	1209	δCpOH, νCpO, νCNp	1167	1172	1173	1184
	C	1301	δCH2, δCH3, νCpO νCC, νCN	1283	1277	1278	1255
	D	1470	δCN(p)H, δCH2, δCH3,	1433	1435	1432	1441/1496
			νCpCp				
	E	1639	νCNp, δCNpH	1661	1648	1649	1682
	F	1763	νC=O, δCNH	1743	1747	1749	1735
		Broad band	νNpH, νCH	2845	2896	2879	
		between 2600					
		and 3200 cm -					
		1					
	G	2865	νCH2				2866
	H	2944	νCH2, νCH3				2934
	I	3389	νNpH				3383
	J	3416	νNH	3456	3465	3466	3441
	K	3564	νOH	3565	3557	3561	
	L	3598	νOH				3597

respectively). GMketo05 shows a slightly twisted boat, and no special interaction takes place in structure to help stabilize the molecule. Other possible families have also been investigated (Appendix 9.1.2.3 with relative energies), the results proved that ketone forms were generally at lower energy level and were comprehensive enough to explain the experimental spectrum.

The calculated Iminol structure with the lowest relative free energy is GMimin01 with energy 69.7 kJ/mol higher than GMketo01. As for enol family, the lowest relative energy belongs to the calculated structure GMenol01 who is at 102.3 kJ/mol with respect to the energy of GMketo01. Both of GMimin01 and GMenol01 were ruled out by mismatch of spectral features and energy criteria. 8. Experimental and calculated vibrational frequencies for the selected isomers of c(GlyMet)H + at B3LYP/6-311g(d) level of the theory, and corresponding band assignments.

Table 3

 3 is assigned to CN(p) stretching and the corresponding CN(p)H bending modes, while the band G is associated with the stretching of C(p)C(p) and the bending of CN(p)H and CH2 groups. The less-resolved band H, centered at 1584 cm -1 , is assigned to the CpCp stretching, CNp stretching and CpOH bending modes. The band I, at 1657 cm -1 , is assigned to CO and CN(p) stretching, accompanied by the CN(p)H bending. The typical band J at 1763 cm -1 , is assigned to the stretching of carbonyl group and CNH bending.

	-9 by

ascribed to CN(p) stretching, CpO stretching, COH bending and CH2 bending. The intense band E, centered at 1271 cm -1 , is assigned to both CN stretching, CC stretching, CH2 and CH3 bending modes. The band F and G are located at 1397 and 1446 cm -1 , respectively. The band F

Table 4 -

 4 1. Most intense peaks in the CID-MS 2 fragmentation mass spectra of NacMetH + , its oxidized form, and commercial product NacMetSOH + .

Table 4 -

 4 5 by matching the experimental bands with the calculated ones.

		Experiment acMH+_1 acMH+_2 acMH+_3 acMH+_4	Assignments
	A	741	754	754	747	722	νCC, 𝛿CNH, 𝛿COH
	B	927	931	921	909	929	νCC, 𝛿COH, 𝛿CH3
	C	1148	1156	1159	1165	1143	νCO, 𝛿COH, 𝛿CH2
	D	1227	1245	1241	1192	1204	νC=OH + (acetyl), 𝛿COH,
							𝛿CNH, 𝛿CH2,
	E	1281	1278	1269	1289	1295	νCC, νCN, 𝛿COH, 𝛿CNH,
							𝛿CH2
	F	1318			1321		νCC, 𝛿COH
	G	1346	1353	1346		1357	νCC, 𝛿COH, 𝛿CNH,
							𝛿CH2, 𝛿CH3
	H	1400	1398	1401	1388	1391	νCC, 𝛿COH, 𝛿CNH
	I	1431	1447	1448	1444	1441	𝛿CH2, 𝛿CH3
	J	1548	1553	1543		1534	νC=OH + (acetyl)
	K	1612	1612	1617	1623		νC=N
	L	1705				1695	νC=N
	L'	1735			1727		νC=OH + (acetyl), νC=O
							(carboxyl)
	M	1779	1781	1785		1789	νC=O (carboxyl)

Table 4 -

 4 5. Experimental and calculated vibrational frequencies for the selected isomers NacMetH + at B3LYP/6-

311+g(d,p) level of the theory, and corresponding band assignments.

Table 4 -6.
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		Experiment acMOH+_2 acMOH+_3	Assignments
	A	728	744	734	νCC, νSC, 𝛿CNH, 𝛿COH
	B	862	859	842	νS=OH + , νCC
	C	973	1000		νCC, 𝛿COH, 𝛿CH2
	D	1143	1154	1163	νCO, 𝛿COH, 𝛿CH2
	E	1235	1263	1262	νCC, νCN, 𝛿CNH, 𝛿COH
	F	1292	1296		νC=OH + (acetyl), 𝛿COH, 𝛿CH2
	G	1349		1352	νCC, 𝛿COH
	H	1399		1393	νCC, 𝛿CH3
	I	1549	1518-1578	1515-1620	νCN, νC=OH + (acetyl), νC=O (acetyl),
	J	1698	1746		νCN
	K	1785		1788	νC=O (carboxyl)

Table 4 -

 4 6. Experimental and calculated vibrational frequencies for the selected isomers NacMet(O)H + at B3LYP/6-311+g(d,p) level of the theory, and corresponding band assignments.

Table 4 -5. Experiment acMH-_1 acMH-_2 acMH-_3 acMH-_4 Assignments

 4 

	A	759	758	776	766	772	νSC, 𝛿CNH, 𝛿CH2
	B	839	834	832	857	854	νCC, νSC
	C	952	959	960	964	964	νCC, νCN, 𝛿CH3
	D	1112	1112	1131	1109	1107	νCN, νCC, 𝛿CH2
	E	1165	1164	1208	1188	1186	νCN, νCC, 𝛿CH2
	F	1325	1327	1317	1309	1309	νCC, 𝛿umbCH3
	G	1458	1480	1483	1483	1482	νCN, νCC, 𝛿CH3
	H	1662	1657	1653	1659	1660	νC=O (acetyl), νC=O (carboxyl)

Table 4 -

 4 7. Experimental and calculated vibrational frequencies for the selected isomers [NacMet-H + ] -at B3LYP/6-311+g(d,p) level of the theory, and corresponding band assignments.

Table 4 -6.
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		Experiment acMOH-_1	acMOH-_2	acMOH-_3	acMOH-_4	Assignments
	A	777	798		818	792	𝛿CNH, 𝛿SCH
	B	843	827	810	834	852	νCC, 𝛿SCH 𝛿CH2
	C	956	893				νCC, νSC, 𝛿CH2
	D	1054	1057	1059	1062	1053	νS=O, 𝛿CH3
	E	1323	1339	1319	1315	1329	νCC, 𝛿umbCH3
	F	1470	1482	1485	1482	1478	νCN, 𝛿CNH, 𝛿CH3
	G	1665	1654	1648	1656	1658	νC=O (acetyl), νC=O
							(carboxyl)

Table 4 -

 4 8. Experimental and calculated vibrational frequencies for the selected isomers [NacMet(O)-H + ] -at B3LYP/6-311+g(d,p) level of the theory, and corresponding band assignments.

Table 5 -

 5 4. by comparing the calculated spectra of 1-cc_3 and 1-cc_4 with the experimental spectrum.

	Experiment	Assignment	1-cc_3	1-cc_4
	855	νCC, 𝛿CNH	808	822
	1050	νCO, νCN, νCC	1055	1064
	1166	νCO, 𝛿COH	1166	1157
	1250	νCC, 𝛿COH, 𝛿CNH	1270	1269
	1468	νCO, 𝛿COH, 𝛿NH3, 𝛿CH2	1402/1494	1393/1495
	1604	𝛿NH3	1574	1631
	1730	νC=O𝛾	1683	1704
	1786	νC=O𝛼	1768	1763
	Table 5-4. Experimental and calculated vibrational frequencies for the selected isomers of [E(O)H] + obtained at
	B3LYP/6-311+g(d,p) level of the theory and corresponding band assignments.	

m/z, z=+1 Compound m/z, z=+1 Compound

  

	378	[MPM(H)] +	475	[MPPM(H)] +
	332	[(MPM-CO2-H2)H] +	429	[(MPPM-CO2-H2)H] +
			431	[(MPPM-CO2)H] +
			473	[(MPPM-H2)H] +
	394	[MPM(O)H] +	491	[MPPM(O)H] +
	410	[MPM(O)2H] +	507	[MPPM(O)2H] +

Table 5

 5 

	-8. Most intense peaks observed in the mass spectra of (left) irradiated MPM solution and (right) irradiated
	MPPM solution.

Table 5 - 9

 59 

-10, respectively.

Precursor isolation CID-MS 2 Precursor isolation CID-MS 2 Precursor isolation CID-MS 2

  

	Product	m/z, z=+1	Compounds
	dA irr. N2O	252	dAH +
		136	dAH + -deoxyribose
		268	dA(O)H +
		152	dA(O)H + -deoxyribose
		282	[dA(O)2-H2]H +
		264	[dA(O)2-H2]H + -H2O
		136	AH +
		119	AH + -NH3

Table 6 -

 6 1. Most intense peaks in the CID-MS 2 fragmentation mass spectra of dAH + and its oxidized forms.
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			Precursor isoltation					
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Table 6 -5 -6-6.

 6 The CID-MS 2 spectra are provided in Figure

6-13 -6-14.

  

	Product	m/z, z=+1	Compounds
	dC irr. N2O	228	dCH +
		112	dCH + -deoxyribose
		244	dC(O)H +
		128	dC(O)H + -deoxyribose
		260	dC(O)2H +
		144	dC(O)2H + -deoxyribose

Table 6 -

 6 5. Most intense peaks in the CID-MS 2 fragmentation mass spectra of dCH + and its oxidized forms.

Table 6 -

 6 6. Most intense peaks in the CID-MS 2 fragmentation mass spectra of dCMPH + and its oxidized forms.

	Product	m/z, z=+1	Compounds
	dCMP irr. N2O	308	dCMPH +
		192	dCMPH + -deoxyribose
		112	dCMPH + -deoxyribose -monophosphate
		324	dCMP(O)H +
		306	dCMP(O)H + -H2O
		208	dCMP(O)H + -deoxyribose
		128	dCMP(O)H + -deoxyribose -monophosphate
		340	dCMP(O)2H +
		144	dCMP(O)2H + -deoxyribose -monophosphate

Table 6 -7.

 6 

	Experiment	dCO_e1 dCO_e2 dCO_e3	dCO_e4	Assignment
	FELIX					
	1014	960	966	969	947	νCC (sugar), νCO(sugar)
	1086	1076	1071	1084	1074	νCO(sugar), νCC(sugar), νCN (base)
	1133	1151	1125	1120	1152	𝛿COH (base), νCO (base), νC=C
						(base), νCN (base)
	1187	1198	1191	1196	1195	νCO (sugar), 𝛿COH (sugar), 𝛿CH2
						(sugar)
	1265		1275	1267		νC=C (sugar), νCN (base)
	1534	1529	1549	1551	1528	𝛿COH (base), νC=OH + (base), νC-
						OH , νCN (base), 𝛿NH2 (base)
	1667	1666	1666	1664	1663	νC=C (base), νC=N (base), 𝛿NH2
						(base)
	1792		1789	1789		νC=O (base)
	3426	3423	3414	3414	3424	νsNH2 (4-), νNH (3-)
	3536	3542	3527	3527	3543	νasNH2 (4-),
	3577	3603			3603	νC=O-H + (2-)
	3635	3657	3666	3667	3653	νOH (5-)
	3660	3678			3681	νOH (5'-)

Table 6 -

 6 7. Experimental and calculated vibrational frequencies for the selected isomers of dC(O)H + at B3LYP/6-311+G(2d, 2p) level of the theory, and corresponding band assignments.

Table 6 -8.

 6 

	Exp. dCMPO_e1 dCMPO_e2 dCMPO_e3 dCMPO_e4	Assignments
	939	914	914	917	915	νPO, 𝛿POH
	1013		1012	1018	1019	νCO (sugar)
	1048	1060	1060	1063	1054	νCO (sugar), νCC (sugar), νPO,
						𝛿NH2 (base)
	1093	1103	1105	1096	1096	νCO (sugar), 𝛿CH2 (sugar),
						νCN (base)
	1189				1176	νCN (base), νCO (base), νC=C
						(base)
	1273	1266	1264	1254	1275	νP=O, νCC (sugar), νCN (base)
	1516	1526	1526	1528	1546	𝛿COH (base), νC=OH + (base),
						νC=N (base), 𝛿 𝑠𝑐𝑖𝑠𝑠𝑜𝑟 NH2
						(base)
	1661	1652	1653	1662	1661	νC=C (base), νC=N (base),
						𝛿 𝑠𝑐𝑖𝑠𝑠𝑜𝑟 NH2 (base)
	1774				1780	νC=O (base)
	3426	3415	3415	3414	3402	νsNH2 (4-), νNH (3-)
	3532	3536	3536	3534	3518	νasNH2 (4-)
	3582	3599	3599	3600		νC=O-H + (2-)
	3657	3645	3643	3648	3650	νOH (3''-& 4''-)

Table 6 -

 6 

8

. Experimental and calculated vibrational frequencies for the selected isomers of dCMP(O)H + at B3LYP/6-311+G(2d, 2p) level of the theory, and corresponding band assignments.

Table 6 -

 6 9 and 6-10 with tentative assignments. The corresponding CID-MS 2 spectra are provided in Figure

6-24 -6-25.

  

	Product	m/z, z=+1	Compounds
	dT irr. N2O	243	dTH +
		127	dTH + -deoxyribose
		259	dT(O)H +
		223	dT(O)H + -H2O-H2O
		143	dT(O)H + -deoxyribose

Table 6 -

 6 9. Most intense peaks in the CID-MS 2 fragmentation mass spectra of the products of dTH + and its oxidation products.

Table 6 -11 -6-12 with

 6 the corresponding CID-MS 2 spectra in Figure 6-28 -6-29.

	Product	m/z, z=+1	Compounds
	dG irr. N2O	268	dGH +
		152	dGH + -deoxyribose
		284	dG(O)H +
		168	dG(O)H + -deoxyribose
		152	GH +
		286	dFapy-GuaH +
		170	dFapy-GuaH + -deoxyribose
		152	GH +
		298	[dG(O)2 -H2]H +
		152	GH +
		300	dG(O)2H +
		184	dG(O)2H + -deoxyribose
		152	GH +

Table 6 -

 6 11. Most intense peaks in the CID-MS 2 fragmentation mass spectra of the products of dGH + and its oxidation products.

Precursor isolation CID-MS 2 Precursor isolation CID-MS 2 Precursor isolation CID-MS 2 Precursor isolation CID-MS 2 Precursor isolation CID-MS 2

  

	Product	m/z, z=+1	Compounds
	dGMP irr. N2O	348	dGMPH +
		232	dGMPH + -deoxyribose
		152	dGMPH + -deoxyribose-monophosphate
		364	dGMP(O)H +
		346	dGMP(O)H + -H2O
		266	dGMP(O)H + -monophosphate
		248	dGMP(O)H + -deoxyribose
		168	dGMP(O)H + -deoxyribose -monophosphate
		152	GH +
		366	[(dFapy-Gua)MP]H +
		170	dFapy-GuaH +
		152	GH +
		380	dGMP(O)2H +
		264	dGMP(O)2H + -deoxyribose
		184	dGMP(O)2H + -deoxyribose-monophosphate
		152	GH +

Table 6 -

 6 12. Most intense peaks in the CID-MS 2 fragmentation mass spectra of the products of dGMPH + and its oxidation products.
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Table 7 -1.

 7 

	Compound	m/z, z=+1	Mass increment (+)	Assignment
			or decrement (-)	
			(Da)	
		399	0	SAM(H) +
	SAM irr.606Gy	415	+16	SAM(O)H +
		417	+18	(Fapy-Ade)MetH +

Table 7 -

 7 1. Peaks observed in mass spectrum of irradiated SAM solution (irradiation dose 606 Gy).

Acknowledgements

When hydroxyl-induced oxidation occurs, the initial cyclic dipeptide c(MetMet) (a) undergoes two possible pathways: H-atom abstraction or addition of OH radical. They are in competition with each other. The first pathway leads to the formation of 𝛼-S free radicals (d) and (e) by removing one hydrogen atom from the 𝛼-S position of (a). Disproportionation of (d) and (e) leads to (a) and the product with a C=C double bond (i) by the loss of H2. In the second pathway, the thioether group of (a) is attacked by OH radical to form hydroxysulfuranyl radicals (b) which are highly unstable and decompose rapidly to S-centered radical cations (c). Three possible 2c-3e free radicals (f)-(h) can be formed through intramolecular or intermolecular stabilizations with a reactive site owing a lone electron pair. Hydration and disproportion of 2c-3e free radicals give rise to the formation of sulfoxide product cMetMetSO (j). The amount of sulfoxide formed in both c(LMetLMet) and c(LMetDMet) are quite similar and low (ca.5 %).

The same amount of sulfoxide is observed for c(GlyMet). This result shows that oxidation of methionine in cyclic peptides, that are good models for the interior of the protein, is quite

The most intense peaks are assigned to the protonated molecules under study in each spectrum: the peak at m/z 192 is assigned to NacMetH + in Figure 4-2 m/z 369 in the irradiated NacMetMetOCH3 solution) correspond to the addition of one and two oxygen atoms to the initial molecules, respectively. No or very little decarboxylation product (-44 Da) has been observed after irradiation, even though there is an unblocked C-terminal in the case of NacMet. In the process of • OH-induced Met oxidation, the decarboxylation is accompanied by the formation of 𝛼-N radicals via a transfer of oxidation site from sulfur to amino group 4 . By time-resolved pulse study, terminal-blocked Met residues have been found to have very low yields of the reducing radicals in short time scale 5,6 . In our experiments, we have observed that the final yield of decarboxylation decreased due to the blockage of terminal groups in long time scale. The blockage of terminal groups hampered the loss of CO2 and the formation of 𝛼-amino radicals in single Met residue. CID-MS 2 

IRMPD spectroscopy 4.2.2.1 NacMet

The IRMPD spectroscopy experiments for NacMet have been carried out in both positive and negative modes. The results obtained in positive mode are shown in Figure 4567. The IRMPD spectra have been recorded in the 600 to 1900 cm -1 energy region for the protonated nonoxidized species NacMet (m/z 192), the singly oxidized product NacMet(O) (m/z 208) and the commercial NacMetSO (m/z 208). NacMetSO was studied as reference. In Figure 4567, the spectrum of the singly oxidized product NacMet(O)H + and the one of commercial sample NacMetSOH + are identical. This indicates that they have the same chemical structure. This result shows that the addition of an O-atom in the +16 mass increment product occurs on the sulfur atom and forms a sulfoxide group. In the spectrum of NacMetH + , the observed bands are: 741 (intense), 927(weak), 1148 (intense), 1202-1468 (weak, a less resolved envelope of bands), 1548 (medium), 1612 (intense), 1705 (medium), 1779 (intense) cm -1 . In the spectrum of NacMet(O)H + (or NacMetSOH + ), there are fewer bands: 728 (weak), 862 (intense), 973 (weak), 1143 (intense), 1202-1468 (weak, a less resolved envelope of bands), 1549 (medium), 1698 (weak) and 1785 (intense) cm -1 . Major spectral contrasts between the non-oxidized and oxidized species are observed below 1000 cm -1 . NacMet(O)H + and NacMetSOH + own an intense band centered at 862 cm -1 with a blue-side shoulder at 975 cm -1 , whereas NacMetH + possesses a sharp band 741 cm -1 . In 1500-1800 cm -1 energy range, NacMetH + exhibits two extra absorption bands at 1612 and 1705 cm -1 . These differences in the MetH + shows three major bands: a medium band at 1170 cm -1 assigned to a combination of νCOH, 𝛿COH and 𝛿NH3, an intense band at 1477 cm -1 for 𝛿 𝑢𝑚𝑏 NH3 + and a typical band at 1800 cm -1 for the νC=O 7 . The spectrum of NacMetH + is much more complex. NacMetH + has a prominent band at 1148 cm -1 which can be linked to the band at 1170 cm -1 of MetH + and a strong band at 1779 cm -1 that can correspond to the band at 1800 cm -1 of MetH + . Both of them are slightly red-shifted after the protection of N-terminal group. Clear differences between the two ions are observed in the IRMPD spectra of MetH + and NacMetH + . Only one band at 1477 cm -1 in the middle of the fingerprint region of MetH + while NacMetH + has various less resolved bands. When N-terminal is blocked by an acetyl group, the acetyl group brings one more

the protonation site changes to sulfoxide oxygen when there is no terminal group of Met residue (Chapter III). Therefore, it is coherent with the previous results that the presence of terminal groups altered the protonation site in Met oxidation products and the proton affinity (PA) of the molecule has increased after the formation of sulfoxide group in oxo-forms. Instead of the spectral signature of S=O stretches at around 1000 cm -1 , the NacMet(O)H + possesses a redshifted band at 862 cm -1 which is S=OH + stretching.

In order to circumvent the spectral difference induced by the protonation on sulfoxide group, IRMPD spectroscopy experiments in negative mode have been performed as well. This is the first time the spectral signature of sulfoxide group has been studied in anion. By comparing it to the spectrum of the protonated hydroxyproline reported previously 29 , it is possible to assign the observed IR bands: the intense band at 1147 cm -1 corresponds to the prominent band predicted at 1167-1169 cm -1 , assigned to the C-O stretching and COH bending modes; the medium band at 1347 cm -1 is the diagnostic signature of 4-hydroxyproline, attributed to NH2 wagging predicted at 1332 cm -1 ; and the intense band at 1762 cm -1 is in good agreement of the band at 1770 cm -1 , assigned to the carbonyl stretching mode 27 . Even if the spectrum of protonated Pro+16 shows all the spectral features of protonated (2S,4S)-4hydroxyproline, we cannot exclude the possibility that it is a mixture of 4(R)-and 4(S)hydroxyproline. More spectroscopic features are observed in the IRMPD spectrum of [P(O)H] + which we recorded in Felix laboratory using an AmaZon ion trap, compared to the one reported by Crestoni et al. at the CLIO facility in Orsay. Some spectral differences between [P(H)] + and [P(O)H] + are observed at 892 cm -1 , 1095 cm -1 and 1232 cm -1 , respectively where the stretching of the C-O and the bending of the COH related to the alcohol function are expected.

Based on this information provided by IRMPD spectroscopy, it can thus be inferred that the addition of an oxygen atom on Pro leads to the formation of a hydroxyl group in pyrrolidine ring when hydroxyl radicals attack on Pro moiety as previously observed 23 . A mixture of 3and 4-hydroxyproline should be formed during the oxidation of Pro by gamma radiolysis in our experimental conditions. Diagnostic bands for the cis/trans 4-hydroxyproline are observed in the IRMPD spectrum of Pro+16 near 1750 cm -1 . Diagnostic bands for the cis 3-and 4hydroxyproline are observed at 1214 cm -1 and 1271 cm -1 , respectively. While cis 3hydroxyproline exhibits a trough in dissociation yield at around 1214 cm -1 and a peak in yield at around 1271 cm -1 , the reverse is observed for cis 4-hydroxyproline 26 .

The C-H bond in  position to the side-chain carboxylic group in glutamic acid represents the main site of the • OH radical attack leading to the formation of a hydroxylated residue 30 .

Unfortunately, the CID-MS 2 fragmentation spectrum of [E(O)H] + presents only one main fragment which corresponds to the loss of a water molecule, which is not diagnostic of the reported oxidation site of amino acid. Otherwise, the IRMPD spectrum of [E(O)H] + shows some extra band at 855 cm -1 , 1050 and 1250 cm -1 , which can be assigned to the stretching mode of the C-O group of the alcohol function formed during the gamma radiolysis and the bending mode of the COH group. The C-O stretch shows up in the region 1260-1050 cm -1 28 , indicating the hydroxylation of E during gamma radiolysis while the position of this hydroxyl group still could not be identified according to the IRMPD spectrum.

supposed to be possible for the single oxidation product observed in irradiated proline solution.

However, in this work, since our focus was on discriminating oxidation sites in the singly oxized form of proline, only the lowest energy conformers of 3-hydroxyproline and 4hydroxyproline are compared. The band assignments of [P(O)H] + are listed in Table 5-3. The prominent band at 1147 cm -1 is assigned to a combination of CO and CN stretching along with NH2, COH and CH2 bending.

The band at 1347 cm -1 corresponds to the CO and CN stretching accompanied by NH2, COH and CH2 bending modes. The weak band at 1561 cm -1 is ascribed to the scissoring mode of NH2. The typical and intense band at 1762 cm -1 is assigned to the stretching of carbonyl group. (5.2) (0.0)

Met-Pro and Pro-Met

The mass spectra of the non-irradiated and irradiated dipeptides in a N2O atmosphere are shown in Figure 56789. All observed species are listed and assigned in Table 5-5.

MP irr. PM irr. m/z, z=+1

Compound m/z, z=+1

Compound From non-oxidized species to singly oxidized product, the diagnostic feature at around 1000 cm for EPM(O)) cm -1 . The intense band at around 1155 cm -1 can be attributed to COH bending mode. The weak band at around 1250 cm -1 may correspond to CC stretching along with COH

(b) (a)

in pulse radiolysis studies 14,16 . The Pro free radical is carbon-centered and these species are difficult to observe by absorption. In the previous HPLC-MS 2 assay, the oxidation of nucleosides by the reaction with 𝛾radiolysis-induced • OH in cellular DNA (with a dose from 0 to 450 Gy) gave rise to two main products: 8-oxo-7,8-dihydroadenine (8-oxoAde) and 4,6-diamino-5-formamidopyrimidine (Fapy-Ade) 40 . Different from the condition in cells, a combined process of oxygen addition and dehydrogenation has been observed in N2O-saturated aqueous solution after gamma radiation at 1517 Gy. The addition of an oxygen atom on dA and dAMP should be in position C8. This conjecture is further confirmed by the following IRMPD spectra. No relevant oxidation products have been identified in previous study for the +30 and +32 mass increment products in the hydroxyl radical-induced oxidation of nucleobases.

Compound

IRMPD results

The By comparing the spectrum of non-irradiated dAH + and singly oxidation product dA(O)H + in the fingerprint region, it is significant to find an additional peak at 1809 cm -1 for dA(O)H + .

This spectral difference is assigned to the stretching mode of the C=O group and it is absent in the IRMPD spectrum of AdoH + . This observation is in accord with the structure of 8-oxoAde (M+16) in which the additional oxygen forms a new carboxylic group at the position C8 in νC=O adenine moiety [42][43][44] . In the hydrogen-stretching region, dAH + and AdoH + have three common bands at 3421 cm -1 (intense), 3532 cm -1 (weak) and 3667 cm -1 (intense). The strong band at 3421 cm -1 results from the symmetric NH2 stretching. The band observed at 3667 cm -1 represents the stretching of 3'-and 5'-hydroxyl substituents. And, the third common band at 3532 cm -1 is assigned to the asymmetric NH2 stretching 41 . In addition to the three common bands mentioned above, AdoH + shows a weak band at 3581 cm -1 assigned to the only structural difference between them, the stretching mode of the hydroxyl group in position 2'. dA(O)H + , has two common bands to dAH + and AdoH + at 3668 cm -1 and 3436 cm -1 whereas it is lack of the band at ~3581 cm -1 . The absence of the band at 3581 cm and PO stretching modes. The band at 1099 cm -1 is assigned to the stretching of CO and CC bonds in sugar moiety. The asymmetric band at 1259 cm -1 is attributed to the stretching of P=O.

The weak band at 1440 cm -1 is assigned to a combined vibrational modes of CN stretching, CNH bending in base moeity and CH2 bending in sugar moeity. The band at 1549 cm -1 is assigned to the CC stretching, CN stretching and NH2 symmetric bending in base moeity.

Similarily, the prominent band at 1650 cm -1 is assigned to the CC stretching, C=N stretching and NH2 symetric bending in base moeity. Typical band at 1804 cm -1 rises from the C8=O stretching as expected. In the hydrogen-streching region, the most intense band at 3658 cm -1 is assigned to OH stretches at position 3"-and 4"-. The midium sized band at 3431 cm -1 and the weak band at 3483 cm -1 are attributed to N7-H stretching and N6-H2 symmetric stretching, respectively. The band predicted at 3565 cm -1 for N6-H2 asymmetric stretching mode is hidden in the spectral noise. The relative Gibbs free energy (∆G) at 298, in parentheses, is given in kJ/mol,. Similar to the case of dAOH + , the diagnostic bands of dAMPOH + are the bands assigned to the C8=O and N7-H groups, at 1804 and 3484 cm -1 , respectively. They are not observed in the IRMPD spectrum of non-oxidized species. These results prove that the oxidation of adenine moiety leads to the formation of C8=O and N7-H groups.

Experiment dAMPO_k1 Assignments

Cytosine and its derivatives

The chemical structures of cytosine systems are presented in Figure 6-11. residue 15 . Therefore, it made methionine residue less favorable to react with OH radicals than adenine moiety. Or, another hypothesis is that methionine served as a pro-oxidant to form methionine radical cation Met •+ . Then, the Intramolecular Electron Transfer (IET) from adenine moiety to the Met •+ led to the formation of adenine radical cation which initiated the oxidation of adenine moiety.

IRMPD spectra

The Band assignments of protonated adenosine (Ado) and protonated methionine (Met) have been reported by Wu et al. 17 and Ignasiak et al. 18 , respectively. In addition, the calculation of dA(O)H + in Chapter VI can also serve to understand the IRMPD spectrum of SAM(O).

According to these previous calculations mentioned above, some bands can be roughly attributed. The most intense band centered at 1113 cm -1 for both SAM(H) + and SAM(O)H + is supposed to be sugar ring stretches coupled with COH bending, C-OH stretching and NH3 + bending in Met residue. The intense band at 1630 cm -1 of SAM(H) + and its counterpart at 1636 cm -1 of SAM(O)H + are supposed to be the NH2 scissoring in adenine moiety. Their red side shoulders arise from coupled nucleobase stretches. Compared to the sharp band at 1770 cm -1 of SAM(H) + , SAM(O)H + has an additional band at 1724 cm -1 . The band at 1770 cm -1 is assigned to the stretching mode of carbonyl group. The presence of the additional band at 1724 cm -1 for SAM(O)H + is probably due to the intra-molecular interaction after oxidation which makes the band of carbonyl group shift to the red side.

Interestingly, the intense band centered at 832 cm -1 for both [SAM(H) + and SAM(O)H + was not observed previously in the IRMPD spectra of MetH + and AdoH + , which may be induced by the interaction between Met residue and adenosine moiety. Some spectral differences have been observed after the oxidation of SAM, but they are not dramatic. The intensity of the weak band centered at 644 cm -1 has increased after oxidation. In addition, the weak band at 750 cm -1 disappeared after oxidation.

CONCLUSION AND PERSPECTIVE

Preliminary results of the study on the oxidation products of SAM are presented in this chapter.

In this work, the singly oxidized product SAM(O) (m/z 414) of SAM produced after 𝛾radiolysis induced oxidation has been identified by FT-ICR-MS analysis. CID-MS 2 operation has been carried out for investigating the oxidatively modified site. It has been observed that the oxidation occurred preferentially on the adenine moiety instead of the ribosyl moiety or the Met residue. IRMPD spectra in the fingerprint region has been recorded for both SAM(H) + (m/z 399) and SAM(O)H + (m/z 415) for the sake of comparison. Spectral difference has been found at 1724 cm -1 where SAM(O)H + has an additional band compared to SAM(H) + .

For the future direction of this work, DFT calculation will be performed to assign the bands observed in IRMPD spectrum. In addition, SAM will also be studied by pulse-radiolysis to investigate the transient products of SAM oxidation.
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Chapter VIII: Summary and perspectives 8 SUMMARY AND PERSPECTIVES

The last chapter is dedicated to a summary of the results of this Ph.D. project. During this Ph.D.

study, small molecules of biological interest were taken as models for investigating their radiolysis-induced oxidation by IRMPD spectroscopy. The aim was also to study the relation between the formed transient radicals and the final products observed in OH-radical induced oxidation of different ROS targets.

Perspectives and proposed future work are also outlined.

SUMMARY

One-electron oxidation of Met-containing compounds

Terminal blocked methionine (Chapter IV) and cyclic dipeptides (Chapter III) were studied to investigate the terminal group's effect on methionine oxidation. The site of protonation can be changed according to the presence of the terminal group. In non-modified methionine (Met) residue, the preferred protonation site is on the amino group for both MetH + and Met(O)H + . In this work, we have demonstrated that the preferred sites of protonation were altered by the modification (or presence) of the terminal groups of methionine. In the case of NacMetH + and protonated cyclic dipeptides, the protonation site is on the amide oxygen. In their oxo-forms, the oxidation site prefers to localize on the sulfoxide group. The order of the preferred site of protonation is amino group > sulfoxide oxygen > N-acetyl oxygen for both terminal-blocked methionine and cyclic peptides. Unlike the consequence resulting in a variation of the site of protonation, the absence, or the blockage of terminal groups in Met-containing peptides does not alter the final product of Met oxidation. When there is no other competitive residue for oxidation, the +16 mass increment product is always assigned to sulfoxide formation in Met residue. The same final products have been observed in Met-containing peptides, such as decarboxylation (-44 Da), dehydrogenation (-2 Da), and oxygen addition (+16 Da or +32 Da).

The diagnostic spectral signature of sulfoxide group stretch is always found at ~1000 cm -1 for the singly oxidized product in Met-containing peptides as in single Met residue 1 . However, this band is strongly red-shifted to ~870 cm -1 when the molecule is protonated on sulfoxide oxygen.

In this case, this diagnostic band is assigned to S=OH + stretching for a sulfenic formation. and mononucleotides, respectively, except in the case of guanine systems which were modified both in base moiety and sugar moiety. This observation leads to the conclusion that the oxygenaddition occurred preferentially on the purines and pyrimidines than ribose phosphate moiety.

However, the loss of H2 has also been observed after hydroxyl-radical induced oxidation and demonstrated by CID that it occurred on the sugar moiety.

Although the DNA oxidation products have been identified by many chromatographic methods, such as HPLC-MS/MS, little geometric information has been found for these products. In this work, IRMPD spectroscopy was proposed to probe singly oxidized products 

PERSPECTIVES: MORE COMPLEX SYSTEMS…?

The modifications induced by ROS may occur in different forms (such as phosphorylation, sulfation, acetylation, methylation, glycosylation, etc.) at one or multiple protein sites. This diversity makes one single structural modification easily hide in a complex IRMPD spectrum with all the structural information of protein. Therefore, the diagnostic spectral signature associated with the modified site is challenging to be identified in large biomolecules. This is why numerous works have been done primarily in simple model systems for providing benchmarks of various types of oxidative modifications in recent years 1,[16][17][18][19][20][21] .

In this thesis, although we have taken a significant step forward in the complexity of studied systems (from the single Met residue and linear dipeptides to the polypeptides, cyclic peptides, and components of DNA), the models used are still too far from real life. Some works have shown the possible structural analysis of proteins in the gas phase by IRMPD spectroscopy 22,23 .

The high sensibility to fine details of protein structures of IRMPD spectroscopy has been proved. Therefore, one could expect that identifying a single modified site in protein sequences would be possible.

To achieve such a goal, more complex systems should be studied systematically and extensively to build fundamental benchmarks for IR diagnostic assignments in large biomolecules in the future. For instance, the study of SAM will be completed with the theoretical work to understand its oxidation mechanisms when adenosine and methionine present at the same time. The strategy Boc was used to synthesize cyclic peptide. After BOC protection of N-terminal amino acid, the same method of activation as described above was used for the coupling reaction with (S) H-Met-OMe. After purification by chromatography, the different dipeptides were obtained in good yields. The Boc protective group was removed by formic acid. After evaporation, dipeptides were recrystallized in ethyl acetate in ammonium formate form. The key step was the cyclisation. As described previously, it was necessary to control the racemization. The use of mixture of sec-butanol and toluene allowed us to avoid these side reactions. After purification by recrystallisation in ethyl acetate, the products were obtained in the form of white powder. The optical purity of cyclic dipeptides was then controlled by chiral LC-MS (Figure SI2). 
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