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ABSTRACT

In recent decades, the oxidation reactions of amino acids, peptides, and proteins have
been the focus of extensive research due to their biological significance. Because of the
low oxidation potential, amino acids containing sulfur are particularly vulnerable to
attacks by one-electron oxidants, such as short-lived excited states, free radicals, and
reactive oxygen species. The oxidation of methionine and cysteine causes significant
damage to proteins, and consequently, it is believed to contribute to neurodegenerative
diseases like Alzheimer's disease, Parkinson’s disease, biological aging, and type 2
diabetes. This has generated considerable interest in their studying. Despite the long
history of one-electron oxidation of sulfide groups, certain aspects of this process remain
unclear or controversial, such as the free radical reactions that lead to stable modifications

of amino acids.

The aim of this doctoral dissertation was to thoroughly investigate and describe the
mechanisms behind photosensitized and radiation-induced oxidation of biomimetic

model amino acids that contain a sulfide group.

A series of five thematically coherent scientific articles (P1-P5) describes both transient
and stable products of the oxidation reaction of model systems containing a sulfide group.
The oxidation was sensitized by 3-carboxybenzophenone and also induced radiolytically,
where the oxidizing agent was the hydroxyl radical. Short-lived transients (e.g.,
intermediates containing three-electron bonds, free radicals, and radical ions and reactive
excited states) were investigated using time-resolved techniques (laser flash photolysis
and pulse radiolysis), while stable products were identified using high-performance liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS). Combining these
complementary methods allowed us to address the impact of the substrate’s structure
(type of functional groups, length of the amino acid side chain) and the reaction conditions
(pH) on the formation of transient and stable products. This helped to propose a fuller
picture of the oxidation processes in selected biologically important compounds.
Additionally, the aromatic ketones (benzophenone, 3-carboxybenzophenone,
and 4-carboxybenzophenone), which are used as photosensitizers, were characterized

in detail.



STRESZCZENIE

W ciagu ostatnich dekad reakcje utleniania aminokwasow, peptydow oraz biatek byty
przedmiotem licznych badan ze wzgledu na ich znaczenie biologiczne. Niski potencjat
oksydacyjny sprawia, ze na atak utleniaczy, takich jak krotko zyjace stany wzbudzone,
wolne rodniki czy reaktywne formy tlenu, szczegdlnie narazone sg aminokwasy
zawierajace atom siarki. Utlenianie metioniny oraz cysteiny prowadzi do powaznych
uszkodzen biatek i w konsekwencji jest uwazane za jedng z przyczyn schorzen
neurodegeneracyjnych takich jak: choroba Alzheimera, Parkinsona oraz biologiczne
starzenie 1 cukrzyca typu 2. Jednak pomimo licznych badan poswigconych
jednoelektronowemu utlenianiu grupy sulfidowej (tioeterowej), niektore aspekty tego
procesu nadal pozostaja niejasne lub kontrowersyjne; na przyktad reakcje wolnych
rodnikow prowadzace do powstania trwatych modyfikacji w aminokwasach nadal

wywoluja wiele pytan.

W ramach pracy doktorskiej przeprowadzone zostaly prace badawcze, ktérych celem
bylo doglebne poznanie 1 uzupetnienie dotychczasowej wiedzy na temat mechanizmow
jedno-elektronowego utleniania pochodnych metioniny - biomimetycznych ukltadow
modelowych aminokwasow zawierajacych grupe sulfidowa. W serii pigciu tematycznie
spojnych artykutow naukowych (P1-P5) zostaty opisane zarowno produkty przejsciowe,
jak 1 trwate, reakcji utleniania fotosensybilizowanego przez 3-karboksybenzofenon oraz
utleniania indukowanego radiolitycznie, w ktorym utleniaczem jest rodnik hydroksylowy.
Krotko zyjace produkty przejsciowe (indywidua zawierajace wigzanie trojelektronowe,
rodniki, rodnikojony oraz reaktywne stany wzbudzone) zostaly przebadane za pomoca
technik czasowo-rozdzielczych (laserowej fotolizy btyskowej oraz radiolizy
impulsowej), a produkty trwate =zostaly zidentyfikowane 2z wykorzystaniem
wysokosprawnej chromatografii cieczowej sprzgzonej z tandemowg spektrometrig mas
(LC-MS/MS). Potaczenie tych komplementarnych metod pozwolito uzyska¢ odpowiedz
na pytania o wplyw struktury substratu (rodzaju grup funkcyjnych, dtugosci tancucha
bocznego), a takze warunkow reakcji (pH) na powstajace produkty posrednie oraz trwate
modyfikacje badanych zwigzkéw. Dzigki temu otrzymano petniejszy obraz procesoOw
utleniania  wybranych, biologicznie istotnych czasteczek. Ponadto zostata
przeprowadzona szczegdtowa charakterystyka ketonéw aromatycznych (benzofenonu,
3-karboksybenzofenonu oraz 4-karboksybenzofenonu), ktére stosowane sa jako

fotosensybilizatory.
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ABBREVIATIONS

>Ge* sulfur-centered radical cation

excited triplet state of benzophenone/3-carboxybenzophenone/4-
3(BP)*/*(3CB)*/*(4CB)*

carboxybenzophenone
3CB 3-carboxybenzophenone
4CB 4-carboxybenzophenone
Ac-Met acetyl methionine
Ac-Met-NH» acetyl methionine amide
Ac-Met-OCH3 acetyl methionine methyl ester
AP B amyloid
BP benzophenone
CB* excited triplet state of 3-carboxybenzophenone/4-
carboxybenzophenone
CB*" 3-carboxybenzophenone/4-carboxybenzophenone radical anion
CBH* 3-carboxybenzophenone/4-carboxybenzophenone ketyl radical
Cys cysteine
CysS*® thiyl radical
CysSOH sulfenic acid
DAD Diode Array Detector
ET electron transfer
HPLC high-performance liquid chromatography
ISC intersystem crossing
ket back electron transfer rate constant
kon back hydrogen atom transfer rate constant
ku deprotonation rate constant



knn
ksep
LC
LC-MS
LC-MS/MS
LFP
m/z
MCRC
MeCys
Met
Met-NH>
Met-OCH3
MetSO
MS
MS/MS

Msr

PR
QTOF

S..OH

(S-N)*

(S-.0)

proton transfer from the protonated amino group rate constant

charge separation rate constant

liquid chromatography

liquid chromatography coupled with mass spectrometry

liquid chromatography coupled with tandem mass spectrometry

laser flash photolysis
mass to charge ratio
Methionine Centered Redox Cycle
S-methyl-cysteine
methionine
methionine amide
methionine methyl ester
methionine sulfoxide
mass spectrometry
tandem mass spectrometry
methionine sulfoxide reductase
acid dissociation constant
pulse radiolysis
quadrupole time-of-flight

hydroxysulfuranyl radicals

two-centered three-electron intramolecular bond between sulfur

and nitrogen atoms

two centered three-electron intramolecular bond between sulfur

and oxygen atoms



two centered three-electron intermolecular bond between two

(S..S)"
sulfur atoms
TOF time-of-flight
VWD variable wavelength detector
aC radical centered on alpha-carbon
aN a-aminoalkyl radical
0Nsubs. a-amidoalkyl radical
aS a-(alkylthio)alkyl radical
aSi a-(alkylthio)alkyl radical centered on terminal carbon atom
aSz a-(alkylthio)alkyl radical centered on y (methylene) carbon atom
Tin half lifetime
[0} quantum yield
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1 INTRODUCTION

1.1  Sulfur-containing amino acids

Oxidation of amino acids, peptides, and proteins has been the subject of many studies due
to its importance in medicine, biology, and basic chemistry [1,2]. Only two of twenty
canonical amino acids incorporated into proteins contain sulfur. They are methionine
(Met) and cysteine (Cys) [3]. Figure 1 shows the structures of Met and Cys. Both those
amino acids have antioxidant functions and play a key role in cellular metabolism
regulation [4]. The sulfide group in methionine and the thiol group in cysteine are very
susceptible to oxidation. Oxidative stress and redox homeostasis disruption lead to the
irreversible modifications of methionine- and cysteine-containing peptides and proteins.
Those non-reversible modifications to Met and Cys lead to pathological situations,
considering their vital functions in organisms. Oxidized forms of methionine and cysteine
are considered to be possible indicators of neurodegenerative conditions such as

Parkinson's disease, Alzheimer's disease, biological aging, and type 2 diabetes [5].

i 1
HZN\CI—Tg\OH "N o
HZC/C|;H2 Hs” (|3H2

|
H3C/S
Methionine Cysteine

Figure 1 Structures of methionine (Met) and cysteine (Cys)

1.2 Methionine

The research on methionine started over 100 years ago, in 1922, when Mueller published
a paper announcing the discovery of a new sulfur-containing amino acid [6,7]. It was
isolated by acidic hydrolysis of casein. Mueller also proposed the correct empirical
formula, CsH11NO>S, but couldn't determine the structure of the new compound. Six years

later, in 1928, Barger and Cayne succeeded in establishing the correct structure of this
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new amino acid. They also proposed the name methionine as an abbreviation of y-

methylthiol-a-aminobutyric acid [8].

Met is one of the most hydrophobic amino acids. It is highly susceptible to oxidation by
a variety of endogenous and exogenous sources, including oxidases, reactive oxygen
species,

y-radiation, metal-catalyzed oxidation, "leakage" from the electron transport chain, and
"autooxidation" of flavins and xenobiotics [9]. Under aerobic conditions methionine
oxidation frequently leads to the formation of methionine sulfoxide (MetSO) [10]. This
modification converts the hydrophobic properties of methionine into hydrophilic
properties, causing structural and conformational alterations and, ultimately, loss of
biological activity [11]. Luckily, cells are equipped with a repair mechanism called
the Met-centered redox cycle (MCRC) that involves two kinds of methionine sulfoxide

reductases (Msr) to catalyze the reduction of MetSO back to Met (Figure 2) [10].

hydrophobic hydrophilic

Figure 2 Met-centered redox cycle

Repeated oxidation cycle and subsequent reduction lead to the consumption of multiple
forms of oxidants; thus, methionine residue is thought to act as an endogenous antioxidant

defense system for proteins [9].
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1.2.1 Methionine and Alzheimer's disease

Alzheimer's disease is one of the most common dementia-type disorders. It is a
multifactorial disease whose specific etiology is complex and not yet definite. The
amyloid theory is one popular (albeit controversial) hypothesis [12—14]. According to it,
Alzheimer's disease is caused by oxidative stress and is characterized by "deposition of a
special substance in the cortex," as described by Alois Alzheimer in 1907 [15]. This
pathological protein deposition in and around the brain tissue is now called amyloid
(senile) plaques. It is considered to be one of the pathological hallmarks of Alzheimer's
disease (Figure 3). The primary component of senile plaque is a B-amyloid (AB) peptide
generally composed of 40 or 42 amino acids and contains methionine residue in position

35 (Metss) in its C-terminal domain.

In-vitro (EPR and NMR) and in-vivo studies have confirmed the critical role of
methionine in aggregation, neurotoxicity of the A, and radical generation [9,10,16]. The

detection of methionine sulfoxide in senile plaques also confirms the significance of

¥y 5:
Amyloid

plaque

methionine in B-amyloid oxidation/reduction mechanisms [17].

p-amyloid

@ ﬁ oxidation

Figure 3 Oxidized p-amyloid peptide forms amyloid plaques that are hallmarks of Alzheimer's
disease

®

In B-amyloid, methionine residue acts as an electron donor and reduces Cu (II) bound to
the peptide. This redox reaction yields Cu (I) and methionine radical cation >S°*" that
induces oxidative stress. It has been found to occur only with a full-length B-amyloid that
contains both histidine that forms a complex with Cu(Il), and methionine with reducing
properties. The fragments of AP that either lack N-terminal histidine or C-terminal
methionine do not reduce Cu (1), and therefore, sulfur radical cation >S*" is not formed
[18,19]. No protein oxidation was also observed when Metss was replaced with cysteine
[20]. This shows that oxidation of amino acid residue in AP is highly site-specific. Besides

Cu (II), many biologically relevant oxidants can readily oxidize methionine and yield
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sulfur radical cation: hydroxyl radicals, peroxyl radicals, singlet oxygen, and other

excited states [21].

1.3 Cysteine

The indirect discovery of cysteine occurred in 1810 when William Hyde Wollastone
isolated a crystalline substance, now identified as a cystine dimer, from urinary calculi.
Numerous debates and incorrect structural assignments surrounded the research of cystine

and cysteine in the 19th and early 20" centuries [7].

Cysteine is essential in protein structure due to its ability to form disulfide bonds with
other cysteine residues [3]. It participates in tertiary and quaternary structures of proteins,
forming intra- and intermolecular disulfide bonds. The S-S bonds stabilize the protein
conformation and enhance resistance to extreme environments like highly acidic
or alkaline pH and high temperature. They also shield the protein from enzyme
breakdown [22].

Cysteine contains a thiol group, which is significantly more reactive than the sulfide
group in methionine. The thiol group in cysteine can lose a proton to form thiolate with a
negative charge, which increases its reactivity [23]. The pK. of Cys side-chain is
estimated to be 8.6 [24], but it is strongly dependent on the surrounding amino acids and

can be as low as 2.5 [25] and as high as 10.5 [24].

A cysteine residue (especially as a thiolate) acts as a nucleophile; it can spontaneously
react with electrophilic molecules and quickly oxidize in vivo by one- or two-electron
oxidants [26,27]. The metastable products of those reactions are thiyl radical (CysS®) and
sulfenic acid (CysSOH), respectively. Both of those species have biologically relevant
functions. For example, CysS® takes part in the catalytic cycle of several enzymes, and
CysSOH can react with thiols (e.g., cysteine to form cystine, and with S-glutathione) and
form disulfide bonds that often result in changes in protein function [28-30]. Figure 4
shows the oxidative modifications of cysteine in proteins and their biological

consequence.

14



1-electron oxidants: s 2-electron oxidants:
*OH, CO5™, "NO,, 202, ONOOH, ROOH,

LOO’, O= Men+1 OCI, RNHCI, HOSCN

Main initial oxidation
products SO(H)
Main stable oxidation
products SSG S- SNO S0, SNHR!

protein function modulation;

gain of a new function;

protein damage, aggregation, proteolysis;
repair/reduction

Biological consequences:

Figure 4 . Oxidative modifications of protein Cys and their biological consequence. The figure
adapted from the paper [28] with publisher s permission. Copyright Portland Press Ltd 2019

S-methyl cysteine (MeCys) is a sulfide derivative of cysteine, characterized by
substituting the hydrogen atom attached to the sulfur by a methyl group. This
modification enhances the stability of MeCys and changes its reactivity, making it more
similar to methionine. S-methyl cysteine exhibits potential antioxidant activity, which
may help prevent or reduce oxidative stress, inflammation, and insulin resistance induced

by high fructose [31].

1.4 Photosensitizers

Photosensitizers initiate photosensitized reactions by absorbing light, then act as donors
and transfer the energy to the acceptor (target) molecules — quencher [32]. Photosensitized
reactions are particularly useful when direct excitation of the target molecule is
problematic, e.g. due to its absorption properties. Since methionine, cysteine, and their
derivatives have their absorption maxima at about 200 nm, the sensitizer is crucial to their

photooxidation.
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Figure 5 UV spectra of 3CB, Met, and Cys

As seen in the above spectra in Figure 5, in the 355 nm irradiation of solution containing
3- carboxybenzophenone (3CB) and quencher, the sensitizer is selectively excited, and

the quencher stays in the ground state.

One of the most widely used triplet-state photosensitizers is benzophenone (BP).
Research on the photochemistry of benzophenone dates back to the 19" century when
Ciamciam and Stilber correctly recognized the product of photoreduction of BP in the
alcoholic medium as photodimer — benzopinacol [33,34]. Since then, BP has been widely
studied and has been successfully used in a variety of sensitized reactions involving
organic and inorganic compounds, e.g., herbicides [35], aquatic contaminants [36,37],

various sulfur-containing molecules [38—40], amino acids, peptides and proteins [41-50].

Unfortunately, benzophenone is hardly soluble in water; thus, its use in studying reactions
in an aqueous environment is limited. Benzophenone derivatives that have carboxyl group
in meta and para positions, respectively 3-carboxybenzophenone (3CB) and 4-
carboxybenzophenone (4CB). They possess very similar photophysical properties —
including the quantum yield of triplet formation of 1 — but are water-soluble therefore,
are more helpful in studying biological systems. On the other hand, absorption spectra of

4CB-derived radicals partly overlap with the spectra of transients generated due to
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methionine oxidation. This issue is resolved by using 3CB instead — 3CB-derived
transients are hypsochromically-shifted and substantially less absorbing in the 370-400
nm region than the respective 4CB transients. Figure 6 shows the transient absorption

spectra of 3CB and 4CB.

1.2x10* ; s
i 4CB*
1 —W— 4CBH
. ; : 4CB*
LOAOf € 3B
1 » 3CBH
i ~ @ 3CB”
BLOXLO® e
€ 6.0x10° — R R e e e o o rrrrrrrrrrrrrrrrrrrrrrrr SR B B
o i . Aq . - 3
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Figure 6 Transient absorption spectra of species derived from 4CB and 3CB excitation

It is a significant advantage in the research of methionine-containing peptides — it allows
a more accurate analysis of the kinetics of the absorption change in the abovementioned

region.

A comparison of the photophysical properties of BP, 4CB, and 3CB is summarized in
Table 1.
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Table 1 Spectral characteristics of transients derived during reduction of BP, 4CB, and 3CB
[51-53]

BP 4CB 3CB

Absorption & (molar Maximum & (molar Maximum & (molar

maximum absorption absorption absorption absorption absorption

(nm) coefficient (nm) coefficient (nm) coefficient
M cm! M1 cem! M1 em!
) ) )
Excited 520 6500 535 6250 520 5400
triplet
state
Ketyl 550 3400 570 5900 550 2700
radical
Radical - - 650 8800 600 5200
anion

Another  significant  characteristic of  3-carboxybenzophenone and  4-
carboxybenzophenone is their ability to undergo protonation (the acid-base equilibrium
of 3CB* and 3CBH?* is shown in Scheme 1), a process that is dependent on the pH. This
acid-base equilibrium can be described by the pK. values of these compounds.
Specifically, the pK, of 3CBH®*/3CB* is 9.5 [51], while the pK, of 4CBH®*/4CB*"
is 8.2 [40].

O OH
. COOH +HY . COOH
—_—
B ———
+H"™
3CB"™ 3CBH®

Scheme 1 Acid-base equilibrium of 3CB ketyl radical

The sensitizer plays a dual role in photosensitizer oxidation; it not only acts as an electron
acceptor but also acts as a free radical scavenger, forming stable products that can be

separated (HPLC) and identified (TOF-MS/MS).
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1.5 Early events of photosensitized oxidation of methionine under anoxic

conditions

Upon absorption of UV light, 3CB yields an excited singlet state, which undergoes
efficient intersystem crossing to give the energetically lower excited triplet state (*3CB*).
Generally, organic compounds can quench this excited triplet via electron- or hydrogen-
transfer processes. The primary step of the photo-induced oxidation of methionine has

been a topic of research since the 1970s [41].

The electron transfer (ET) from the quencher — electron-rich methionine residue — to
33CB* results in the formation of an encounter complex: (3CB*"... S**). It can decay via

three different pathways [42,43,48,54,55]:

1) charge separation (ksep) yielding 3CB radical anion (3CB*®" ) and sulfur radical
cation (S*"),

2) proton transfer (ku) yielding 3CB ketyl radical (3CBH®) and a-(alkylthio)alkyl
radical (aS),

3) back electron transfer (kvet), resulting in the regeneration of reagents in their
ground state,

4) proton transfer within the encounter complex from the protonated amino group

(possible when the amino group of the amino acid is not blocked) to 3CB*™ (knn).

The main decay pathway at neutral and high pH is the diffusion apart of the encounter

complex (ksep). The initially formed sulfur radical cation (>S°**) can [52]:

1) be stabilized by the formation of a two-centered three-electron bond with any
other neighboring atom having a lone electron pair (O, N, S) yielding (S~N)",
(S-~0), and/or (S-.S)" transient species,

2) deprotonate yielding relatively stable a-(alkylthio)alkyl radical (aS),

3) decarboxylate and form a-aminoalkyl radicals (aN) via the pseudo-Kolbe

mechanism.

Ultimately, the radicals that form stable products are aN, aS, and 3CBH®. Moreover, there
are two possible structures of aS radicals — one in which the radical is located on the
terminal carbon atom (aS:) and the other (aS2) in which the radical is located in the &-

position (see Scheme 2 for the structures).
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The presence of neighboring groups, such as the amide bond and the ester group, strongly
affects the reaction pathways. The former rules out the possibility of proton transfer from

the protonated amino group (excludes Ann), and the latter eliminates decarboxylation.
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Scheme 2 Mechanism of CB-sensitized photo-oxidation of methionine in aqueous solutions in the absence of oxygen

21



It is possible to follow the generation of the initial transients using time-resolved
techniques, e.g., laser flash photolysis and radiolysis (more about laser flash photolysis
and radiolysis setups in Chapters 1.10.2 — Laser flash photolysis and 1.10.3 — Pulse
radiolysis).

Using laser flash photolysis, allows to collect both transient absorption spectra at various
delay times following the initial laser pulse and kinetic traces (absorption changes over
time) at specific wavelengths. The obtained transient spectra comprise numerous
overlapping spectra of several components (intermediates). They are decomposed into the
individual spectra associated with the various transient species present via a multiple

linear regression following the given Equation 1 [56,57]:
1
J

where ¢; is the extinction coefficient of the jth species and the regression parameters, aj,
are equal to the concentration of the jth species times the optical path length of the

monitoring light.

The procedure of resolving the transient spectra using the additive law of absorption, the
reference spectra of transients, and the least squares method allows to follow the
concentration changes of the transient species (short-lived excited triplet states, radicals,
radical ions, other intramolecular and intermolecular three-electron transient species such
as (S-~S)", (S-~0) and/or (S--N)") in time (the dependence of concentration as a function
of time is called a concentration profile) and to observe the reaction kinetics [57]. Figure
7 shows reference spectra of transient species: aS, aNsubs. (aN radical that has substituted

amino group), (S--N)", (S..0), (S-~S)".
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Figure 7 Reference spectra of transients

Unfortunately, the ground state absorption of the sensitizer — 3CB restricts the spectral
range for nanosecond laser flash photolysis studies to wavelengths above 360 nm.
Therefore, some transients, such as the a-(alkylthio)alkyl radical (aS) with its absorption
maximum at Amax = 290 nm and unsubstituted a-aminoalkyl radicals (aN) (Amax = 260
nm), cannot be detected directly [58]. The sulfur radical cation (>S°*") is also not
observable directly as it is unstable and quickly reacts with neighboring heteroatoms or

is converted into (S..S)" [59].
1.6 Photosensitized oxidation of methyl-cysteine in an oxygen-free environment
Research on the sensitized photooxidation of S-methyl cysteine is scarce and focused on

comparing it with the oxidation mechanism of methionine.

It has been observed that MeCys does not form dimeric (S..S)"; instead, the structure of
the amino acid favors the intramolecular electron transfer from the carboxylic group to
the sulfur radical cation and subsequent decarboxylation reaction (¢pco2 = 0.45). The a-

aminoalkyl radicals (aN) that are formed as a result of decarboxylation are good
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reductants. Their reaction with the sensitizer (CB) in the ground state is the source of the

secondary radical anion (CB*") [42,55].

1.7 Analysis of transients formed in anoxic radiation-induced oxidation of

methionine

Klaus Dieter Asmus's group conducted extensive radiation chemical studies on
methionine oxidation in the 1980s. Based on their research, the following mechanism and

reaction rate constants are calculated [59-61].

The initial step of the radiation-induced oxidation of methionine is competition between
the electrophilic addition of HO® radical (generated in the radiolysis of water) to the sulfur
atom (k= 1.8x10' M s!) and subsequent formation (S..OH) as an initial product and
hydrogen atom abstraction (k = 4.5%x10° M! s!). The rate constants reveal a 1:4 ratio

favoring HO® addition over hydrogen atom abstraction.

Further steps of the reaction and the formed products depend greatly on the pH. In
strongly acidic solutions (pH < 3), (S..OH) undergoes dehydration, yielding sulfur radical
cation >S°** (k=10° s!). This reaction involves external protons from the solvent. The
sulfur radical cation can either be deprotonated (k = 2.4x10° s') to produce o-
(alkylthio)alkyl radicals (aS) at low concentration or, at high concentration, it can be
stabilized through intramolecular interaction with another unreacted molecule forming
dimeric (S--S)* complex (k= 10° M s™). At higher pH (>3), when the carboxyl group is
deprotonated, the formation of >S** via dehydration involves a proton from the amino
group (-NH3"). Subsequently, the sulfur radical cation can be stabilized via
intramolecular interaction with the nitrogen atom and the formation of five-membered
(S N)"(k>3.2x10%s"). Opening the ring yields an N-centered radical cation, which then

undergoes decarboxylation, forming the a-aminoalkyl radical (aN).
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1.8 Stable products formation

Despite the extensive studies on the photo- and radiation-induced oxidation of methionine
and its derivatives, the analysis of the stable products of the reaction has only recently
become the focus of the research. Furthermore, based on the structure of the post-
oxidation stable products, it is also possible to deduce the structure of its radical precursor,
which is essential when the transient cannot be directly observed (for example, a-
(alkylthio)alkyl radical in laser flash photolysis). The quantitative analysis of stable
products is often performed using high-performance liquid chromatography and mass
spectrometry to acquire qualitative data (more about both techniques in Chapters 1.10.4

— High-performance liquid chromatography and 1.10.5 — Mass spectrometry).

1.8.1 Photosensitized oxidation

The metastable intermediates generated in the sensitized anoxic oxidation can undergo
radical cross-coupling, forming stable products. The mentioned intermediates are aS (two
types: aSi and aS», see Scheme 2 for the structures), aN, and CBH® radicals, which are
generated respectively via deprotonation, decarboxylation, and reduction of the sensitizer
(e.g., 3-carboxybenzophenone, 3CB or 4-carboxybenzophenone, 4CB). They can
recombine differently depending on the reaction conditions, producing various adduct-
type stable products. In sensitized oxidation, the intermediate with the highest
concentration is ketyl radical (CBH®), which scavenges the other radicals. As a result, the
possible stable products are aS-CBH, aN-CBH, aS-aS, aN-aN, aS-aN and CBH-CBH
[62]. The dimeric products aS-aS, aN-aN, and aS-aN are less likely to be generated due
to the small concentration of the precursor radicals; they are also more challenging to
detect using high-performance liquid chromatography with a diode array detector (DAD)
as they do not have a chromophore moiety (unlike adducts with CB that possess two

aromatic rings).

1.8.2 Radiation-induced oxidation

Methionine sulfoxide is the main stable product of anoxic radiation-induced oxidation of
methionine residue [63—66]. Nevertheless, there are still controversies concerning its
formation. Two proposed mechanisms are direct HO® oxidation (one-electron oxidation)
or a reaction with hydrogen peroxide generated in situ (two-electron oxidation). The one-
electron oxidation observed in deoxygenated solutions involves the hydration of the

sulfur in sulfur radical cation >S°*" [67]. On the other hand, it was proposed Met is
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oxidized to MetSO by H>O» generated from radiolysis of water (in oxygenated and
deoxygenated solution), or H>O, formed in the disproportionation of O>*" (in the presence
of oxygen). HO® leads exclusively to the formation of aldehyde in the oxygenated
solution, in the absence of oxygen, the amine is also generated. Besides oxidants HO®
and H>O,, water radiolysis also leads to other reactive reductive species, € aq and H®
(more about gamma radiolysis of water in Chapter 1.10.3 — Pulse radiolysis) [68]. The
sulfur atom of methionine is selectively attacked by H®, yielding a-aminobutyric acid
(Aba) in the absence of oxygen. When the oxygen is present, homoserine is formed

instead [69-71].

Scheme 4 shows the reaction mechanism of the y-irradiated solution of Met in the

presence and absence of molecular oxygen [69].
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1.9 Literature review of photo- and radiation-induced oxidation of methionine

derivatives in deoxygenated solutions

Methionine comprises approximately 6% of proteins' total amino acid content [72].
Therefore, it is essential to investigate how neighboring groups and the positioning of
methionine in the molecule influence its oxidation mechanism. Most studies in this area

employ time-resolved techniques, such as laser flash photolysis and pulse radiolysis.

The N-terminal methionine residue in proteins can be mimicked by a methionine
derivative in which the carboxylic group is blocked, for example, by an ester or amide
group (e.g., Met-OCH3, Met-NH). Conversely, when the amino group is modified to
form an N-acetyl group, the amino acid resembles the amide bond found in C-terminal
methionine (e.g., Ac-Met). Blocking amino and carboxylic groups imitates methionine as

an internal amino acid residue (e.g., Ac-Met-OCH3, Ac-Met-NH, Ac-Met-NH-CH3).

1.9.1 Photosensitized oxidation

Depending on the structure of the Met-derivative and the experimental conditions
(concentrations and pH), several reactions can occur following the formation of
the encounter complex. Possible reactions include deprotonation, decarboxylation,
interaction with nitrogen, cyclization to (S~N)* and forming an intermolecular (S..S)*
radical cation. The intermediates observed in specific experiments depended on the pH

and the structure of the terminal groups.

Table 2 summarizes the quantum yields of the primary intermediates of the
photosensitized oxidation of methionine and its derivatives. From this data, it can be

concluded that:

1) the (S..N)"is observed only when the amino group is unsubstituted; in Met-OCH3
and Met-NHo, it is the predominant transient species regardless pH (excluding
CBH® and CB*") — it is formed via proton transfer from the protonated amino
group to the CB™ radical anion within the encounter complex [CB*"... >S*"] (kxu
pathway, see Scheme 2),

2) the decarboxylation reaction can be disregarded for all Met derivatives,

3) in case of Ac-Met oxidation, the primary intermediate is the dimeric sulfur radical

cation ((S..S)"),
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4) at acidic pH, when both the amino and carboxylic groups are blocked ( Ac-Met-
OCHj3 and Ac-Met-NHy), the quantum yields of (S..N)" and (S..S)" are low, with
the ketyl radical (CBH®) as the primary intermediate.

Table 2 The quantum yields of the primary intermediates of the photosensitized oxidation of
methionine and its derivatives

Met-
pH ¢CBH®* ¢CB*~ ¢(S~N)" &(S-S)* ¢$CO2 Ref.
derivative
6 0.11 0.27 0 0.23 0.28
Met [42,48]
11 0.05 0.66 0.38 0.10 0.55
6 0.39 0 0.20 0.04 0
Met-OCH3 [43,48]
10 0 0.43 0.28 0.04 0
5 0.39 0 0.28 0.10 0
Met-NH2
10 0 0.48 0.28 0.07 0
[42,43,48]
7 0.12 0.29 0 0.28 0.05
Ac-Met
10 0.13 0.29 0 0.27 —
Ac-Met- 6 0.22 0.04 <0.05 0.07 0 [43,48]
OCH;3 10 0.12 0.11 <0.05 — — [73]
Ac-Met-NH2 6 0.19 0.07 0 0.09 0 [43,48]

1.9.2 Radiation-induced oxidation

The initial steps of *OH-induced oxidation of methionine and its derivatives are similar:
the formed transient species are (S..OH), aS radicals, and (S..S)". Differences are
observed in stabilizing the sulfur radical cation and forming three-electron bonds with

heteroatoms, such as nitrogen and oxygen.

In acetylated methionine (Ac-Met), no interaction of sulfur with nitrogen was observed.
However, decarboxylation is possible, albeit less effective than in methionine (G(CO2)Ac-
Met 0.27 vs G(CO2)met 0.52) [71]. Acetylation also extends the time of the adduct with OH
(Ac-MetS..OH) as there is not a -NH3" group that acts as an intramolecular proton donor

in the decay of MetS.~.OH [60,74,75].

On the other hand, substituting the carboxy group with the ester group eliminates the
possibility of decarboxylation. It prolongs the half-time of (S."N)"to 1.1 ms, compared to

the half-time of unsubstituted methionine: T1/2 Mets-Ny+= 220 ns [61].
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Simultaneous blocking of the carboxyl and amino groups limits the possibilities of
stabilizing the sulfur radical cation — the three-electron bonds could be formed only with
oxygen or nitrogen in the acetyl, ester, or amide group. The research on the radiation-
induced oxidation of Ac-Met-NH» and Ac-Met-OCHj3 shows that at pH 4.0 and 4.6, only
kinetically favored (S..O)" is formed whereas in higher pH, both (S..O)" and (S..N)" were
observed [76]. For another dually blocked methionine derivative, Ac-Met-NH-CH3 in
neutral pH, only (S..N)" species were detected. There are two possible structures of
(S-N)" as there is a nitrogen atom in the methylated amide moiety and an acetylated
amino group. The G-value (G = 0.10 umol J!) of both (S..N)" structures reaches its
maximum at 10 ps following the electron pulse and, at that time, accounts for 17% of the

total present radicals [77].

Scheme 5 shows the photochemical and radiation paths of oxidation of methionine

derivatives.
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1.10 Methodology

1.10.1 UV-Vis spectrophotometry

UV-Vis absorption spectroscopy is a stationary spectroscopic method for analyzing
substances containing chromophores (e.g., carbonyl groups and aromatic rings). A UV-
Vis spectrophotometer measures the absorption (or transmission) of ultraviolet and visible

light that passes through a sample, resulting in an absorption spectrum.

The principle for UV-Vis detection is Beer-Lambert law, which states that: "The
absorbance (4) of a beam of collimated monochromatic radiation in a homogeneous
isotropic medium is proportional to the absorption path length, /, and to the concentration,
¢, or — in the gas phase — to the pressure of the absorbing species, where the
proportionality constant, €, is called the molar (decadic) absorption coefficient" [78] — it

is express by the following Equation 2:

A=¢elc (2)
In the multicomponent mixture, a principle of additivity of absorbance is applied. It says
that the absorption of light by two or more compounds at the same wavelength is additive;
in other words, the total absorbance of a mixture at a specific wavelength is the sum of

the absorbance values of each compound in this mixture at that wavelength (Equation 3).

An:A1+A2+A3+... (3)
The critical components of a spectrophotometer are a light source, sample area, and one
or more detectors. Figure 8 shows the schematic diagram of the spectrophotometer,

including each component's role.
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Figure 8 Scheme of the UV-Vis spectrophotometer

UV-Vis spectrophotometers are also commonly used as detectors in high-performance
liquid chromatography (HPLC) systems due to their reliability, ease of use, and universal
response to the chromophores. There are three common types of UV detectors. The fixed-
wavelength detectors are not widely used today. They operate on one distinct wavelength,
typically a 254 nm emission line from a low-pressure mercury lamp. Variable wavelength
(VWD) and diode array detectors (DAD) determine the absorbance of the sample at a
single wavelength or a wavelength range. In VWD, the polychromatic light spectrum
generated by the deuterium lamp is directed onto a motorized diffraction grating, where
it is dispersed into component wavelengths. Afterward, the grating is rotated to select a
specific wavelength or a narrow range of wavelengths which passes through the slit to the
flow cell and then to the photodetector. In DAD, the polychromatic light from the
deuterium lamp first passes through the flow cell; the transmitted light is directed onto
the diffraction grating and then onto the array of photodiodes. Spectra from individual

photodiodes are generated simultaneously [79].

1.10.2 Laser flash photolysis

The laser flash photolysis (LFP) technique is a time-resolved method used to monitor fast
photochemical processes. It provides information about the primary steps of the
mechanism of the reactions happening during initial nano- and microseconds. LFP was
used for the first time in 1950 by George Porter from Cambridge University [80]. It was
such a pioneering invention that later, in 1967, he, together with Manfred Eigen and

Ronald Norrish, were awarded the Nobel Prize in chemistry "for their studies of extremely
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fast chemical reactions, effected by disturbing the equilibrium by means of very short

pulses of energy" [81].

Laser flash photolysis is a "pump-probe" method, meaning first, a sample is excited using
photons generated by a laser (pump). Then, a second pulse from a lamp (probe) monitors
the change in the absorbance of the solution over time. The laser flash experiments were
carried out at the Department of Physical Chemistry and Photochemistry at Adam

Mickiewicz University, and the LFP setup used in this work is presented in Figure 9.
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Figure 9 The experimental setup for nanosecond laser flash photolysis. Figure adapted from
[73] with publisher s permission. Copyright Springer Nature 2009.

The crucial elements of this setup are Nd: YAG laser (a pump), which can generate 266,
355, and 532 nm excitation wavelengths at a 10 Hz repetition rate; pulsed xenon lamp (a
probe); monochromator (M); photomultiplier (PMT); optics, mechanics, electronics

(oscilloscope, photodiode, delay generator, shutters, filters); and computer [73].

Apart from the concentration profiles mentioned in Chapter 1.5 — Early events of
photosensitized oxidation of methionine, the laser flash photolysis also enables us to
determine primary quantum yields using relative actinometry and an aqueous solution of

3-carboxybenzophenone as an actinometer since its spectral properties are known [51].

1.10.3 Pulse radiolysis

Pulse radiolysis (PR) and laser flash photolysis are used to generate and study transient

species (radical ions, excited states, electrons, and free radicals). LFP and PR are pump-
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probe methods, but in pulse radiolysis, the high-energy electrons generated in the
accelerator act as a pump. Chromophoric groups are not required in the pulse radiolysis
experiments because the ionization radiation is non-selective. Electrons interact with
various molecules independently of their chemical nature and don't distinguish between
solvent and solute. Consequently, because there are more molecules of solvent than the
solute in the dilute solution ([solute]<0.1 mol dm?), the primary source of the radicals is
the solvent. The solute-derived radicals are formed by interacting with solvent-derived
radicals and the solute. The electron beam has low LET (linear energy transfer, which is
the rate of energy loss per unit length of the particle); thus, the ionization events occur in

small, well-separated regions called spurs [68,82].

In the aqueous solutions, the radiolysis of water is the source of the reactive species. The
water radiolysis can be summarized by the following reactions (the indicated time is the

time by which each event is completed):

H,0 «s HO*" + e and H,O* ionization and excitation of the water ~107¢s

molecule
H,0°*"+ H,0 — *OH + H30" ion molecule reaction ~101s
H,O* — H®*+ °*OH, H> + *O  dissociation into a vapor phase ~1013s
e +nHxO — exq solvation of the electron ~10125

By ~107'%s, all products from the above reactions are gathered in spurs. Next, these
products begin to diffuse and react with other radicals and/or molecules of scavenger,
forming secondary radicals or products. Within 107’s, these spur processes and diffusive-

escape are complete, and radiolysis of water can be summed up in one reaction:
H>0 w» (0.28) eaq , (0.062) H®, (0.28) *OH, (0.047) Ha, (0.073) H20>, (0.28) H30"
The numbers in brackets are the radiation chemical yields (G values) in umol J! [68],

The e.q and H*® are reducing agents, whereas HO® is an oxidant. To achieve a
predominantly oxidizing environment, the aqueous solution is saturated with nitrous

oxide (N20) to convert e,q into HO® according to the following reaction:

N20O + eaq — N2+ O* (+ H20) —» N2+ HO®* + HO™ k=102 mol dm™
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Consequently, ~90% of radicals formed in water radiolysis are oxidants, and the
remaining ~10% are H® which have reducing properties. The reaction of NoO with H® is

too slow (k=2.1 x 10° dm*mol ' s!) to be relevant [68,83].

The major components of the pulse radiolysis setup are similar to the laser flash
photolysis setup described previously (Chapter 1.10.2 - Laser flash photolysis): pump
(linear electron accelerator), digital oscilloscope, xenon lamps (probe), monochromator,
photomultiplier, and computer. There are various detection systems available for pulse
radiolysis, e.g., ultraviolet-visible-near infrared (UV-Vis-NIR) or infrared (IR)
spectrophotometry, Raman spectroscopy, conductometry, electron paramagnetic
resonance (EPR), nuclear magnetic resonance (NMR), light scattering (LS), chemically

induced dynamic nuclear polarization (CIDNIP) [84].

The differences between laser flash photolysis and pulse radiolysis are summarized in

Table 3 below.

Table 3 Differences between LFP and PR

Laser flash photolysis Pulse radiolysis
Energy source Laser pulses emitting Accelerators  generating
photons high energy electrons
Mechanism Photons interact with solute In a dilute solution,

electrons interact with the

solvent

Chemical nature of the Chromophore needed (with No chromophore needed
sample absorption matching to the

wavelength of the laser)

Available spectral region Fixed wavelength The whole spectral region
(depending on the type of is available
the laser)

1.10.4 High-performance liquid chromatography

The classical column chromatography was invented in the early 1900s by Mikhail Tswett.
He described the principle of the separation of plant pigments in 1903 in a lecture in
Warsaw and first used the word "chromatography" in a paper published three years later.

Chromatography is defined as: "a physical method of separation in which the components
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to be separated are distributed between two phases, one of which is stationary (stationary
phase) while the other (the mobile phase) moves in a definite direction" [78]. In liquid
chromatography, the mobile phase is a liquid and "high-performance" ("or high-
pressure") means that high pressure is applied to pass the mobile phase, contrary to "low

pressure” (traditional) liquid chromatography which relay on gravity.

A lot of development in the area of liquid chromatography happened between the 1900s
and nowadays: in the 1940s, paper chromatography was introduced (the technique used
today as thin layer chromatography - TLC), and in the late 1950s, an amino-acid analyzer
based on ion exchange chromatography was introduced, the early 1960s brought gel-
penetration chromatography and finally in the late 1960s high-performance liquid
chromatography was developed. Since then, the technique has been widely practiced,

modified, and improved [79].

HPLC has become a powerful analytical tool used in both quantitative and qualitative
studies of chemical reactions. After separation, the stable products can be identified,
quantified, and purified. HPLC system consists of the pumping system, degassing unit,
autosampler, column (and column oven), detector, and data processor. Figure 10 below

shows the HPLC system schematic, including each component's role.

Introduces the sample to
the HPLC column Transforms the

physiochemical property
To separate each of an analyteinto a
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constant

Organic/aqueos solvents
are used depending on the
analysis

The signal from the
detector is processed,
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Figure 10 HPLC Flow Diagram

Two components that have the most significant influence on the successful separation of

the mixture are the mobile phases (polar vs. non-polar) and the choice between gradient
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vs. isocratic elution (meaning the solvent composition is changed throughout the
separation or the solvent composition stays constant, respectively) and the choice of the
HPLC column. The wide variety of commercially available columns and numerous
HPLC-compatible solvents make HPLC a versatile experimental technique that can be

customized and adjusted to the sample.

There are two primary HPLC separation modes. They are characterized by the choice of
the column and mobile phase: reverse-phase (RPC) and normal phase chromatography
(NPC). RPC features the non-polar stationary phase and the polar mobile phase (e.g., C18
column and a mixture of water and acetonitrile as the mobile phase). In contrast, a polar
stationary phase (typically unbounded silica or silica bounded with cyano or amino
groups) and a non-polar mobile phase (e.g. hexane) are used in NPC. Generally, the
reverse-phase is used for water-soluble samples and the normal-phase for samples

insoluble in water, preparative HPLC, and the separation of the isomers.

The final component in the HPLC system is the detector that transforms the
physiochemical property of an analyte into a measurable signal. The choice of detector
depends on the nature of the analytes and the required sensitivity. An example of a
sample-specific detector is the UV-Vis detector described in Chapter 1.10.1 — UV-Vis
spectrophotometry. The other popular detector — mass spectrometry — will be described

below.

1.10.5 Mass spectrometry (MS)

The main purpose of the mass spectrometer is to produce ions and then separate and
analyze them according to their mass-to-charge ratio (m/z). Mass spectra contain

information about the elemental and isotopic composition of the analytes.

The mass spectrometer consists of three essential components: the ion source, the mass
analyzer, and the detector. Table 4 summarizes the role and examples of each

element [85].
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Table 4 The components of the mass spectrometer

Element Role Examples

the ion source ionization of the sample Chemical Ionization (CI),
Atmospheric-Pressure
Chemical Ionization
(APCI), Electrospray
Ionization (ESI), Matrix-

Assisted Laser

Desorption/Ionization

(MALDI), Inductively

Coupled Plasma (ICP)

the mass analyzer separation of the ions Quadrupole, Ion Trap,
according to m/z Time-of-Flight (TOF),

hybrids (e.g. Quadrupole
Time-Of-Flight — QTOF)

the detector converting a current of Faraday Cup, Electron
separated ions into a Multipliers, Electro-Optical
useable signal Ion Detectors

Apart from being an independent analytical instrument, MS can be used as a detector in
liquid chromatography, creating a powerful analytical technique (LC-MS) that combines
the separation capabilities of liquid chromatography (LC) with the detection and

identification capabilities of mass spectrometry (MS).

1.10.6 Tandem mass spectrometry (MS/MS)

Tandem mass spectrometry involves at least two stages of mass analysis. In the first stage,
the precursor ions are primarily filtered according to their m/z and isolated in the first
mass analyzer (MS"). Then, the selected ions undergo fragmentation in the collision cell.
The resulting fragment ions are again selected according to m/z and analyzed in the
second mass analyzer (MS?), finally reaching the detector. MS/MS instrumentation
combines two or more identical types of mass analyzers in series, such as a triple
quadrupole analyzer or a TOF/TOF analyzer. Alternatively, hybrid instruments for

MS/MS can be developed by combining two or more mass analyzers; for example, a
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quadrupole and TOF can be paired to create Q-TOF analyzers or a quadrupole and linear

ion trap to form a Q-Trap instrument [86].

It is also possible to further extend the selection-fragmentation-detection sequence to
produce the fragments of the product ions generated in the second mass analyzer (MS?)
and achieve even better sensitivity and specificity. This type of experiment is the MS"

experiment (where n represents the number of generations of ions being analyzed) [85].

MS/MS offers improved sensitivity and specificity compared to single-stage mass
spectrometry. Tandem mass spectrometry and fragmentation experiments provide
structural information on the photoproducts and, after detailed analysis, their metastable
precursor radicals. It is even possible to determine which of the two carbon atoms the

radical is localized.

High-resolution tandem mass spectrometry enables the identification of the unknown
molecule based on the monoisotopic (exact) mass and the isotope distribution.
Monoisotopic mass is the sum of the exact masses of the most abundant isotope of each
element in the molecule. Meanwhile, the nominal mass is the molecular weight calculated
using the integer of the atomic masses of the elements. Two molecules can have the same
nominal mass but different empirical formulas and, therefore, different monoisotopic
masses. For example, CH40 and O> have the same nominal mass, 34 u, but their
monoisotopic mass have detectable difference: Mchao = 32.02621, Moz = 31.98983. The
monoisotopic masses of more complex molecules differ on the fourth or fifth decimal
place, and the high-resolution mass spectrometers can detect such subtle yet crucial
differences. Mass accuracy shows the difference in parts per million (ppm) between the
calculated exact mass of an ion and the mass measured by the mass spectrometer

following Equation 4:

measured mass — calculated exact mass * 10° (4)

mass accuracy =
calculated exact mass

In the high-resolution mass spectrum, one signal is presented as a series of peaks called
isotope distribution. It shows the mass and the likelihood of the occurrence of different
i1sotopic variants or isotopologues of a molecule [87]. Isotope abundances of the elements
are complied with and published by IUPAC [88]. Table 5 shows the isotopes of sulfur

and oxygen and their abundances.
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Table 5 Isotopic abundance of sulfur and oxygen isotopes [88]

Element Abundance [%]

328 94.99

38 0.75

sulfur

34S 4.25

3¢S 0.01

10 99.757
oxygen 70 0.038

80 0.205

Isotopic distribution is a valuable tool for confirming the elemental composition of the

molecule. For example, distinguishing between sulfone (R—SO>—R', Mso2= 63.96190)
and disulfide (R—SS—R' Mss = 63.94414). The abundance of sulfur-34 is 4.25% (see

Table 5), so when there are two sulfur atoms, the abundance of peak + 2 Da should be

about 8.5%. The two isotope distributions in Figure 11 show this difference based on the

simple sulfone and disulfide.
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Figure 11 Isotope distribution of simple sulfone and disulfide [89]
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2 RESEARCH OBJECTIVE

Previously, research primarily employed time-resolved techniques such as laser flash
photolysis and pulse radiolysis to study the anoxic oxidation mechanisms of methionine,
cysteine, and their derivatives. However, these methods alone do not adequately capture
the complete dynamics between sulfur-containing amino acids, the excited triplet state of
the sensitizer, or the reactive species generated from water radiolysis. A combination of
steady-state and time-resolved approaches is necessary to comprehensively reveal the
oxidation reaction's mechanism and follow the fate of the short-lived transients until they

become stable products.

The main aim of this thesis was to thoroughly investigate and describe the mechanisms
behind photosensitized and radiation-induced oxidation of biomimetic model amino
acids that contain a sulfide group. Although these reactions have been studied for
decades, their mechanisms remain only partially understood and require further

exploration using modern and more sensitive techniques.
The specific objectives were to:

(i) characterize in detail the photoreduction of the sensitizers — aromatic ketones;

(i1) analyze quantitatively and qualitatively stable products and transient species
(three-electron-bonded intermediates, free radicals, and radical ions) of the
photosensitized and radiation-induced model compounds;

(111) describe the effect of the structure (neighboring functional groups, the length of
the amino acid side chain) on the reactivity of studied compounds and the
mechanism of their oxidation;

(iv) explore the correlation between the three-electron bond and the structure of the

stable product.
The presented doctoral dissertation is based on the following scientific papers:

P1 Grzyb, K.; Franski, R.; Pedzinski, T. Sensitized Photoreduction of Selected
Benzophenones. Mass Spectrometry Studies of Radical Cross-Coupling Reactions.
Journal of Photochemistry and Photobiology B: Biology 2022, 234, 112536.
DOI: 10.1016/j.jphotobiol.2022.112536.
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P2 Pedzinski, T.; Grzyb, K.; Kazmierczak, F.; Franski, R.; Filipiak, P.; Marciniak, B.
Early Events of Photosensitized Oxidation of Sulfur-Containing Amino Acids Studied by
Laser Flash Photolysis and Mass Spectrometry. Journal of Physical Chemistry B 2020,
124 (35), 7564-7573.

DOI: 10.1021/acs.jpcb.0c06008.

P3 Pedzinski, T.; Grzyb, K.; Skotnicki, K.; Filipiak, P.; Bobrowski, K.;
Chatgilialoglu, C.; Marciniak, B. Radiation- and Photo-Induced Oxidation Pathways of
Methionine in Model Peptide Backbone under Anoxic Conditions. International Journal
of Molecular Sciences 2021, 22 (9), 4773.

DOI: 10.3390/ijms22094773.

P4 Grzyb, K.; Sehrawat, V.; Pedzinski, T. The Fate of Sulfur Radical Cation of N-
Acetyl-Methionine: Deprotonation vs. Decarboxylation. Photochem 2023, 3 (1), 98-108.
DOI: 10.3390/photochem3010007.

P5 Grzyb, K.; Kazmierczak, F.; Pedzinski, T. Efficient Decarboxylation of Oxidized
Cysteine Unveils Novel Free-Radical Reaction Pathways. Journal of Photochemistry and
Photobiology A: Chemistry 2024, 451, 115530.

DOI: 10.1016/j.jphotochem.2024.115530.
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3  DISCUSSION OF THE RESEARCH

3.1 Sensitized photoreduction of selected benzophenones. Mass spectrometry

studies of radical cross-coupling reactions (P1)

The article (P1) describes the analysis of the stable and transient products yielded in the
hydrogen atom transfer (HAT) reaction, sometimes referred to as electron transfer
followed by proton transfer, between the selected sensitizer: benzophenone (BP, 1),
3-carboxybenzophenone (3CB, 2), 4-carboxybenzophenone (4CB, 3) and 2-propanol.
This investigation complements the past research that mainly focused on time-resolved
studies and treated the sensitizer only as a tool to study the reaction mechanism and

products of the target molecule, e.g., amino acid.

As expected, the laser flash photolysis experiment showed that the transient products of
the sensitizer's triplet state quenching by 2-propanol are the excited triplet state and ketyl
radicals of the respective sensitizer. The stable reduction photoproducts were separated
using high-performance liquid chromatography (HPLC) and identified by high-resolution
tandem mass spectrometry (MS/MS). Scheme 6 shows the general scheme of the

reaction.

o

*
o OH
R1 R R
H hv 355 1 H * 1
+ H3C*C‘2*CH3 ‘—nﬂ + HaC*Q*CHs —_ + H3C*(.‘:*CH3 ——( stable products
Ry OH Ry OH Ry OH

BP,1,R;=R,=H
3CB, 2, Ry = COOH, Ry=H
4CB, 3, Ry = H, Ry = COOH

Scheme 6 Photoreduction of the excited triplet of benzophenones by 2-propanol

Three main types of stable photoproducts were:

— structural isomers of the radical cross-coupling of diphenyl ketyl and dimethyl
ketyl radicals;
— benzopinacol and benzopinacol-like products;

— aldehyde.

There are two isomers of diphenyl ketyl-dimethyl ketyl adducts yielded from BP
photoreduction, two from 3CB and one from 4CB. Those isomeric products have the same

monoisotopic mass and, therefore, the same elemental composition, but the MS/MS
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spectra showed substantial differences. By analyzing the diagnostic fragment ions, we
determined the structures of the products. In one isomer, the dimethyl ketyl radical is
attached to the phenyl ring of the sensitizer (type A), while the other has the dimethyl
ketyl radical attached to the ketyl group of the diphenyl ketyl radical (type B) — both

structures are shown in Figure 12.

HO
OH

OH
Q Q ) O O )
R2 RZ

OH
Type A Type B
BP, 1:R|=H;R,=H BP, 1: Ry=H;R,=H
3CB,2: R =COOH; R, =H 3CB, 2: R;=COOH; R, =H

4CB, 3: R, = H; R,= COOH

Figure 12 Type A and B of the photoproducts

The adduct with the substituted ring (type A) is formed more efficiently based on the area
of the peak on the chromatogram. This isomer is the sole product of the 4CB reduction,
likely due to the steric hindrance caused by the carboxylic group.

The diphenyl ketyl radical also undergoes dimerization, forming benzopinacol (one BP-
BP dimer) and benzopinacol-like products (two 3CB-3CB dimers and two 4CB-4CB
dimers). Dimerization of 3CBH® and 4CBH® produces dimers, each containing two
stereocenters. One dimer adopts an SS or RR configuration, while the other is an RS
isomer. As it is impossible to differentiate between the enantiomeric pair using the
traditional achiral chromatographic column used in this study, it is presumed that one

dimer has the SS or RR configuration, and the other the RS configuration.

Tandem mass spectrometry (MS/MS) analysis was conducted on all isomers of the
dimers, revealing that the predominant fragmentation pattern involves the loss of a water

molecule.

To examine the structures in more detail, the MS/MS analysis was performed not only for
[M+H]" but also for [M+H(—H20)]" and [M+H(—2H20)]" ions. The structures of the ions
are shown in Figure 14. The first water molecule is eliminated from the carboxylic group.
This process is independent of the absolute configuration of the asymmetric carbon atom.

Therefore, the product ion spectra of [M+H]" of 3CB-3CB and 4CB-4CB are identical.
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The elimination of the second water molecule involves the hydroxyl group and is
influenced by the carbon atom's absolute configuration. As a result, the product ion

spectra of ions [M+H(—H,0)]" are entirely different.

[M+H]* [M+H -H,01* [M+H -2H,0]*

m/z 455 m/z 437 m/z 419

Figure 13 Water elimination from 3SCBH-3CBH

The third type of stable product is the aldehyde formed in the reduction of the carboxylic
group. It is one of the primary products of the reaction of 3CB and 4CB, while the

aldehyde derived from BP — benzhydrol — appears only in trace amounts.

Article P1 provides a comprehensive report describing the photoreduction of
benzophenones using advanced, high-resolution techniques, specifically LC-QTOF-
MS/MS. Although the reaction is typically viewed as straightforward and trivial, it has
not been thoroughly explored regarding the formed isomeric stable products. High-
resolution MS/MS spectrometry allows for monitoring the behavior of free radicals after
their radical coupling reactions, resulting in stable products. This research completes the
picture of the secondary reactions involving transients produced during the sensitized
reduction of benzophenones. It offers foundational information for studies in which
benzophenone and its derivatives are used as sensitizers, including the research described

in this thesis.
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3.2 Early Events of Photosensitized Oxidation of Sulfur-Containing Amino Acids

Studied by Laser Flash Photolysis and Mass Spectrometry (P2)

Article P2 is focused on the photooxidation of Ac-Met-NH-CH3 and Ac-MeCys-NH-CHj3
sensitized by the triplet state of 3-carboxybenzophenone (*3CB*). Both these compounds
mimic the behavior of internal methionine and methyl-cysteine in peptide as they have
peptide-like bonds on both the C- and N-terminus and contain a sulfide (-C-S-CH3) group,
but the key difference is that the MeCys derivative has one less methylene group.
Blocking amino and carboxyl groups also limits the number of possible photoreactions.
This research aimed to unveil how the small structural change impacts the reaction
mechanism. To accomplish this, a combination of time-resolved techniques (nanosecond
laser flash photolysis, LFP) and steady-state methods (HPLC and HPLC-MS/MS) was
employed to quantitatively and qualitatively characterize short-lived transients and stable
products.

Two key differences in the initial reaction paths were observed. Firstly,
for Ac-MeCys-NH-CH3, the >S** is efficiently stabilized through the formation of a two-
centered three-electron bond with either a nitrogen atom ((S..N)" intermediate) or an
oxygen atom ((S..O)" intermediate). In contrast, neither (S..N)" nor (S..O)" was detected
for Ac-Met-NH-CH3. However, no intermolecular interaction and formation of
dimeric (S..S)" were observed for either compound.

Secondly, even though all experiments were carried out in the same neutral pH,
significantly lower than the pK, of 3CBH®*/3CB* (pKa = 9.5 [51]), the quantum yield of
the radical anion (3CB*") is considerably higher for methyl-cysteine analogue compared
to methionine analogue.This observation suggests that for Ac-Met-NH-CH3, proton
transfer (kn) dominates over charge separation (ksep) (refer to Scheme 2 in Chapter 1.5 —
Early events of photosensitizer oxidation of methionine for context), whereas the contrary
is observed for Ac-MeCys-NH-CH3 where ksep>kn. This phenomenon can likely be
attributed to structural factors. For proton transfer to occur, the proton must be accessible
to the sensitizer. However, the steric effect restricts access to the proton of the methylene
group in Ac-MeCys-NH-CH3s, making deprotonation of this group impossible. On the
other hand, deprotonation of both the terminal methyl group and internal methylene group
is possible for the Met derivative. The density functional theory (DFT) calculations
additionally confirmed this explanation. As a result, for Ac-Met-NH-CH3, two types of

a-thioalkyl radicals (aS) are formed: terminal aS; and internal aS>. In contrast, Ac-

47



MeCys-NH-CH3 photooxidation produces only the terminal aS;. Indeed, analysis of the
stable products confirmed that the sole stable product of MeCys derivative
photooxidation is the radical cross-coupling product of aS; and 3CBH® (aS:-3CB),
whereas for the methionine derivative, two adducts are formed: aS;-3CBH and aS»-
3CBH. The structures of all stable products were confirmed by MS/MS analysis. Figure

14 illustrates the factors and consequences of the photooxidation mechanism.

Ac-Met-NH-CH, Ac-MeCys-NH-CH,

\\\\\

AY
o=c./\ "5—CH,
/
G

0S,-3CBH aS,-3CBH

aS;-3CBH

Figure 14 Differences in transient quantum yields, encounter complex geometry, and resulting
stable products observed forAc-Met-NH-CHs and Ac-MeCys-NH-CHs

Based on the chromatograms acquired after various lengths of irradiation, it was possible
to calculate the quantum yields of the amino acid disappearance. They were found to be
0.13 and 0.12 for the Met analogue and MeCys analogue, respectively. These values are
significantly smaller than the quantum yields of the radicals generated in LFP, indicating
that only a portion of the free radicals detected in laser flash photolysis lead to stable
products; the rest regenerate to the initial reactants via a new proposed secondary reaction
channel — back hydrogen atom transfer from ketyl radical to the carbon-centered o-

thioalkyl radical (kvn).

In conclusion, it was demonstrated that a minor structural change (one methylene group
less in the methionine derivative compared to the methyl-cysteine derivative)
significantly influences the primary and secondary steps of the reaction. Specifically, the

Met derivative undergoes electron transfer followed by proton transfer within the
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encounter complex (kn), ultimately producing only neutral free radicals (aS and 3CBH®).
In contrast, in addition to the kx pathway, electron transfer followed by charge separation
(ksep) was observed for the Cys derivative. This reaction pathway produces charged
species: >S*" and 3CB*". Regarding secondary reactions, Ac-Met-NH-CH3 forms both
aS1 and aS»-type radicals, as indicated by the presence of radical-coupling products with
3CBH®. On the other hand, methyl-cysteine only yields one type of radical-coupling
product (aS1-3CBH). The geometry of the encounter complexes between 3CB and both
compounds and the steric effects cause these mechanistic differences. Furthermore, the
back hydrogen-atom transfer reaction from 3CBH® to aS was found to be a new

competing process to radical coupling reaction.
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3.3 Radiation- and Photo-Induced Oxidation Pathways of Methionine in Model
Peptide Backbone under Anoxic Conditions (P3)

Article P3 examines the oxidation mechanism of acetyl methionine methyl ester (Ac-
Met-OCH3), which was investigated using complementary time-resolved radiation and
photochemical techniques: pulse radiolysis and laser flash photolysis. The short-lived
transient species generated by HO® and via electron transfer from the 3CB* were
compared, and the formed stable products were separated using HPLC and characterized

in detail using mass spectrometry.

The primary radiation-induced reaction pathway involved the addition of HO® to the
sulfur atom of the methionine residue, forming the S..OH radical. S.".OH radicals decayed
into sulfur radical cations (>S*"), which underwent further reactions to form (S..S)", S."N,
and aS radicals. In addition to the primary adduct formation, two minor reaction pathways
were observed: deprotonation of the sulfide group, leading to aS radicals, and hydrogen
abstraction from the aC-carbon (N-CH-CO group), resulting in aC radicals. Based on the
obtained spectra and their resolution, it was possible to calculate the radiation chemical
yield (G-value) and growth and decay rate constant for all detected transients. G-values
show how the concentration of the transients changes over time. At 1.1 ps after the
electron pulse, S..OH is the most abundant species, constituting 73.6% of all transients
produced. At 3 s, the yield of the (S..S)", (S..N), and aS increases at the expense of
S..OH. By 6 microseconds, aS radicals became the most abundant species, making up
45.6% of the total radicals, indicating its stability. After 1.1, 3, and 6 us following the
electron pulse, the total G-values were found to be 0.53, 0.56, and 0.57 umol J!,
respectively. These values align with the expected G-value of HO®, which is 0.56 umol
J~L. The radiation-induced oxidation of Ac-Met-OCHj3 leads to the formation of ten stable
products. Expectedly, one is formed via the reaction of the starting compound with H>O».
Reaction with H®, a minor product of water radiolysis, causes the loss of *SCH3 and the
formation of the derivative of a-aminobutyric acid. Disulfide is formed via fragmentation
of (S..S)". The aS radicals (terminal S| and internal aS;) are the precursors of two types
of stable products. Firstly, they undergo radical cross-coupling forming dimers. Five
isomeric aS-aS dimers with identical m/z were identified. The analysis of their MS/MS
spectra revealed that there are three diastereoisomers of aS>-0S> and two diastereoisomers

of aS2-aS1. Secondly, aS radicals also react with *SCH3 (generated during the reaction of
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H*® with Ac-Met-OCH3), yielding two isomers: where *SCH3 is attached to the terminal
carbon (aS1-SCH3) and another which it is attached to the internal, y-carbon (aS2-SCH3).

Scheme 7 shows the reaction pathways, including the rate constants of the formation of

the radicals and the final stable products detected in LC-MS (in pink rectangles).
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Scheme 7 The mechanism of the reaction of radicals generated by y-irradiation with Ac-Met-
OCH;

Laser flash photolysis examined the reaction of Ac-Met-OCH3 with the photosensitizer —
3- carboxybenzophenone. Upon 355 nm laser irradiation, the dominant transient species
are the triplet state of 3CB (*3CB*) and ketyl radical (3CBH®) with only minor
contribution of radical anion (3CB*"). Because the absorption of these 3CB-derived

species is so strong, the transient signals from the methionine derivative itself are masked.

LC-MS analysis of the irradiated samples revealed a complex mixture of products,
including unreacted starting materials (Ac-Met-OCH3 and 3CB) and several oxidized
species that are formed via competing pathways: dimerization of the aS radicals (identical
as in radiation-induced oxidation), dimerization of 3CBH®, and cross-coupling of aS with
3CBH?® radicals. Traces of disulfide and sulfoxide were also detected. Radical cross-
termination yielded a total of five adducts: four assigned to aS1-3CBH and one aS>-3CBH
as confirmed by MS/MS analysis. Dimerization of ketyl radical yielded two isomeric
3CBH-3CBH dimers. The mechanism of the reaction, including the formed stable

products (in turquoise rectangles), is shown in Scheme 8.
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Scheme 8 The mechanism of the photosensitized reaction of Ac-Met-OCH3

The article P3 highlights the differences and similarities between the radiation- and
photo-induced oxidation of a methionine derivative, a simple biomimetic model amino
acid. The difference in the initial step of the reaction — the addition of HO® versus an
electron transfer and the formation of an encounter complex — naturally impacts the
secondary reactions. Radiolytic oxidation leads to the formation of a wider variety of
Met-derived transient species that are easier to detect, while the dominant transients
observed in photolytic oxidation are derived from the sensitizer. Nevertheless, the main
precursors of the final stable products under both conditions are o-(alkylthio)alkyl
radicals (aS), although the mechanism of their formation and relative concentration differ

(aS2: aS; ratio is 2:1 in radiolysis and 5:1 in photolysis).
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3.4 The Fate of Sulfur Radical Cation of N-Acetyl-Methionine: Deprotonation vs.
Decarboxylation (P4)

It is well known that the primary intermediate of methionine photooxidation is sulfur
radical cation >S*. Article P4 describes the competition between the two reactions of
>S°*" of acetyl methionine (Ac-Met): decarboxylation and deprotonation in neutral and
basic pH. Acetyl methionine is the simplest model compound that mimics methionine in
the C-terminal domain of proteins and peptides, and it should easily undergo
decarboxylation as it has a free carboxylic group, ultimately leading to both aN-3CBH
and aS-3CBH adducts.

The stable and transient products of the oxidation were characterized qualitatively and
quantitatively. Additionally, a sensitive analytical method (LC-MS) for monitoring the
decarboxylation of methionine-containing peptides based on a novel marker (aN-3CBH

adduct) was developed.

At both pHs, the transient species identified using laser flash photolysis included 3CB
radical anion (3CB*"), 3CB ketyl radical (3CBH®), and intramolecularly bonded (S..S)".
The acid-base equilibrium between 3CB* and 3CBH® influenced the concentration of the
3CB-derived transient species both below and above pKa (pKa = 9.5 [51]).

Irradiation of the solution containing Ac-Met and 3CB with a 355 nm laser resulted in the
formation of nine stable post-oxidation products (the chromatogram is shown in Figure
15), identified as four stereoisomers of aS>-3CBH, one isomer of aS;-3CBH, two
stereoisomers of aN-3CBH, and two stereoisomers of 3CBH-3CBH. Identical products

were formed at neutral and basic pH.
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Figure 15 HPLC chromatogram of aqueous solutions containing N-Ac-Met and 3CB at pH 6.4
irradiation. The expansion of the chromatograms between 12 and 18 min is shown next to the
chromatogram. Chromatograms were recorded at 220 nm

53



Because the aS cannot be detected using LFP due to its spectral overlap with the ground
state absorption of the sensitizer, the evidence of the deprotonation is the detection of oS-
3CBH adducts. On the other hand, covalently bonded aN-3CBH adduct can act as a probe
for decarboxylation since aN are formed exclusively in decarboxylation reaction (via
pseudo-Kolbe mechanism). The yields of the competing reactions, deprotonation and
decarboxylation, were calculated based on the results from the photolysis experiment
(quantum yield of the charge separation) and the chromatographic data (ratio of the area
under the peaks of the formed photoproducts assuming that aS-3CBH and aN-3CBH
adducts have the same molar absorption coefficient). The favored reaction pathway of
>S*" was shown to be deprotonation (¢ = 0.23 for both pH for deprotonation vs. ¢ = 0.09
atpH 6.7 and ¢ = 0.05 at pH 10.7 for decarboxylation). Thus, pH has essentially no impact
on the competition between these two processes. The fate of the sulfur radical cation of

Ac-Met is shown in Scheme 9.
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Scheme 9 Two pathways of N-Ac-Met sulfur radical cation: deprotonation and decarboxylation
Utilizing LC-MS/MS for monitoring decarboxylation significantly enhanced the ability
to determine the reaction with much higher sensitivity than previously reported. The
combination of advanced time-resolved spectroscopy and high-resolution MS/MS

spectrometry allowed to follow the fate of free radicals until they eventually yield stable
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products through complex radical coupling reactions. Identifying these stable products
and accurately assigning them structures offers undeniable evidence of the presence of
free radicals, which is particularly beneficial when radicals are undetectable in time-

resolved studies, as in the case of aS and aN.
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3.5 Efficient decarboxylation of oxidized Cysteine unveils novel Free-Radical

reaction pathways (P5)

Acetyl methyl cysteine (Ac-MeCys) is an S-methylated derivative of cysteine with an
acetylated amino group. The presence of the -SCH3 group makes it similar to the
previously studied Ac-Met (see Chapter 3.4). However, the key difference between those
two compounds is the distance between the sulfide group and the peptide backbone. The
effect of this seemingly minor structural difference (one less methylene group in Ac-
MeCys) on the oxidation mechanism is studied using laser flash photolysis and LC-

MS/MS and discussed in article P5.

The main finding of the research was the identification of a-amidoalkyl radicals (aN) as
the primary products of oxidation formed through decarboxylation. aN was directly
detected in the LFP experiment. Other observed transient species were 3CB*, 3CBH*® and
3CB* and (S..0O). The concentration of aN increases at the expense of (S..0), suggesting
that aN was generated via the pseudo-Kolbe mechanism in which an electron transfer
occurs from the carboxyl group to a sulfur-centered radical cation. Furthermore, the
nearly identical quantum yields of aN and 3CB*" (¢ = 0.39 and ¢3cB.- = 0.42) imply
that the sole pathway of >S** is decarboxylation, and no deprotonation of >S** occurred.

aS was formed as a result of the proton transfer within the encounter complex.

Once formed, aN radicals decay through two distinct pathways. The first involves their
radical cross-coupling with ketyl radicals, resulting in the formation of two stereoisomers
of aN-3CBH adducts. The second pathway involves beta-scission followed by hydrolysis,
which leads to the loss of CHsSH and the subsequent formation of an alcohol derivative.
These stable products were confirmed through LC-MS analysis, where the photoproducts
were separated and identified based on the mass spectrum. Other characterized
photoproducts were one isomer of aS-3CBH adduct (whose precursor is terminal aS;

radical) and two isomers of 3CBH-3CBH.

The chromatographic data showed that the formation of aN radicals was more efficient
than that of aS radicals, indicating a strong preference for decarboxylation over
deprotonation. This was in stark contrast to Ac-Met, where the sulfur radical cation
primarily undergoes deprotonation to form oS radicals, leading to a different set of
reaction products. In Ac-MeClys, the preference for aN radical formation was attributed

to the formation of a kinetically favorable five-membered (S..O) intermediate. In
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contrast, Ac-Met, which contains one more methylene group, yields a six-membered
intermediate that is less favorable. This difference results in a much higher quantum than
expected yield of decarboxylation for Ac-MeCys (¢ = 0.42) compared to Ac-Met (¢ =
0.09), highlighting the importance of molecular geometry and kinetic stability of the
intermediates in the trajectory of the reaction. The reaction mechanism is shown in

Scheme 10.
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Scheme 10 Mechanism of the photosensitized oxidation of Ac-MeCys

This study highlights the impact of molecular structure on free-radical reaction pathways.
It demonstrates how rapid kinetics control these pathways, specifically showing that the
formation of kinetically favored five-membered (S..O) in Ac-MeCys significantly

enhances the efficiency of decarboxylation. In addition, this work demonstrates how even
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minor structural modifications of peptides influence their reactivity pathways and,

consequently, the structures of stable modifications.
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3.6 Summary and conclusions

This dissertation explores the anaerobic oxidation of sulfur-containing amino acids that
have peptide-like bonds and mimic the behavior of the amino acids in complex protein
structures:  Ac-Met-NH-CH3;,  Ac-MeCys-NH-CHiz,  Ac-Met-OCH3,  Ac-Met,
and Ac-MeCys. Additionally, photoreduction of the popular photosensitizers
benzophenone, 3-carboxybenzophenone, and 4-carboxybenzophenone, which are
essential to initiate photooxidation of the mentioned compounds, was studied. The
mechanisms of the reactions were investigated using a combination of time-resolved and
stationary methods, allowing for the observation of the transients from their generation

to their conversion into stable products.

The results from the five peer-reviewed articles that comprise this doctoral dissertation

helped accomplish the specific research objectives.
The main achievements presented in this doctoral dissertation are:

1. All stable products formed in the photoreduction of benzophenone,
3-carboxybenzophenone, and  4-carboxybenzophenone  using  liquid
chromatography coupled with high-resolution tandem mass spectrometry were
identified. These results clarify the mechanistic pathways involving
benzophenone-based sensitizers (P1).

2. Small structural change between Met and MeCys derivatives (a difference of one
methylene group) was shown to have a substantial effect on their reactivity:

— Met derivative was shown to undergo mainly electron transfer followed
by proton transfer, while charge separation was observed additionally for
the MeCys derivative (P2);

— Met derivative yielded multiple isomeric products, and oxidation of
MeClys derivative led to one dominant photoproduct (P2);

— Decarboxylation is the dominant decay pathway for MeCys derivative due
to the formation of kinetically favored five-membered (S..O) ring (vs six-
membered ring for Met derivative) (PS).

3. A new competing reaction pathway that leads to the regeneration of the sensitizer
and the Met derivative in their ground state was also suggested (P2).

4. The mechanisms of photosensitized and radiation-induced oxidation were

compared, revealing that the primary radicals involved in the formation of stable
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products are a-(alkylthio)alkyl radicals (aS), although the underlying mechanisms
of their formation differ (P3).

5. Decarboxylation of Ac-Met was observed, contradicting earlier beliefs that this
process does not occur (P4). The yield of the decarboxylation was found to be
independent of the pH of the solution.

6. A new decay mechanism of the radicals was described: it was proposed that aN

undergoes hydrolysis and beta-scission resulting in respective alcohol formation

(P5).

These conclusions were possible thanks to the excellent separation of the products using
HPLC and the in-depth analysis of the MS/MS spectra. It is crucial to highlight the
significant role that analyzing all stable products plays in elucidating the mechanisms of

free radical reactions of sulfur-containing amino acids.

In summary, this dissertation offers insights into the photosensitized and radiation-
induced oxidation of methionine and methyl-cysteine derivatives. These compounds act
as models for internal Met and MeCys residues or mimic amino acids in the C-terminal

domain of peptides.
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ARTICLE INFO ABSTRACT

Keywords:
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The hydrogen atom transfer reaction (HAT) between selected benzophenones (benzophenone BP, 3-carboxyben-
zophenone 3CB, and 4-carboxybenzophenone 4CB) and 2-propanol was reinvestigated focusing on stable product
analysis. As expected, the primary species of these HAT's are the respective diphenyl and dimethyl ketyl radicals
that eventually undergo several radical coupling reactions leading to stable photoproducts. However, the
mechanisms of these free radical reactions remain unclear and open to question. In this report, we focus on the
detailed analysis of the stable photoproducts of these reactions using liquid chromatography coupled with high-

resolution mass spectrometry (LC-ESI-QTOF-MS/MS). Products of photopinacolization (benzpinacol and two
diastereoisomers of 4CB and 3CB dimers) and isomeric radical cross-coupling adducts of respective diphenyl and
dimethyl ketyl radicals were separated chromatographically, and their structures were determined by high-
resolution MS/MS, and the mechanisms of the reactions are discussed.

1. Introduction

UVA and UVB light may interact with biomolecules directly or, more
likely, through photosensitization by light-absorbing chromophores.
Benzophenone (1) and its multiple derivatives, for example, 3-carboxy-
benzophenone (2) and 4-carboxybenzophenone (3) have been used as
biochemical sensitizers due to their well-established photochemical
properties under UVA irradiation: (i) typical photoactivation at
350-370 nm allows selective excitation without direct photoexposure of
peptides, proteins, nucleosides or DNA; (ii) intersystem crossing yield
bisc ~ 1; (iii) relatively high yield of singlet oxygen generation through
triplet-triplet energy transfer to molecular oxygen (Et = 290 kJ/mol, ¢a
~ 0.3). These properties make benzophenone-derivatives excellent tools
in fundamental biochemical studies of photosensitized damage pro-
cesses that can take place through a variety of reactions: electron
transfer, hydrogen atom transfer (HAT), energy transfer, or generation
of reactive oxygen species [1,2].

The mechanisms of benzophenone- and carboxybenzophenone-
sensitized reactions have been successfully studied in a variety of inor-
ganic and organic compounds e.g., aquatic contaminants [3,4], 4-phe-
noxyphenol [5,6], herbicides [7], monuron [8], p2-adrenoceptor
agonists [9] and various sulfur-containing compounds e.g. sulfides and

thiols [10-12], amino acids and oligopeptides [13-26], carboxylic acids
[27], sulfonamide antibiotics [28] and other model compounds
[29-31]. These papers about sensitized photooxidation focus mostly on
time-resolved analyses and investigate the nature and structure of
transient species. The occasional stationary irradiation experiments
focus primarily on the stable products derived from the quencher, and
the final fate of the sensitizer is usually not considered.

The electron transfer quenching of the triplet state of the sensitizers
leads to the formation of the radical anion (BP®—, 3CB®~ or 4CB®)
and/or ketyl radical (BPH®/3CBH®/4CBH®). The equilibrium between
those two transients depends strongly on the pH of the solution
[16,23,29].

The physical and chemical properties of benzophenone, 3-carboxy-
benzophenone, and 4-carboxybenzophenone as well as the kinetic and
spectral characteristics of transients derived from them vary. Benzo-
phenone is insoluble in water thus its applicability in studies on bio-
logical systems that require an aqueous environment is limited. On the
other hand, 3-carboxybenzophenone and 4-carboxybenzophenone are
water-soluble, and therefore they are often more useful. Using 3CB
instead of 4CB as a sensitizer expands the available spectral region up to
the visible and near UV region (370-400 nm) since 3CB-derived tran-
sients are considerably less absorbing in that spectral range than the
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Fig. 1. LC-MS chromatogram of 355 nm irradiated samples of benzophenone
(BP) containing 2-propanol. Peaks are labeled with m/z of the most intense
peak of the acquired MS spectrum.

respective 4CB transients.

The first report on the formation of benzopinacol by irradiation of a
solution of benzophenone in aliphatic alcohols dates back to the 19th
century when Ciamician and Silber correctly interpreted the structure of
the photodimer [32]. Since then this photochemical reaction has been
extensively explored in various conditions and using a wide range of

Journal of Photochemistry & Photobiology, B: Biology 234 (2022) 112536

techniques [33-43]. The nature of the formed transient species and the
mechanism of the reaction have especially been the subject of numerous
detailed studies. On the other hand, very few reports focus on a thorough
analysis of stable products [40].

The photochemical reaction of benzophenone with a suitable
reductant, e.g. 2-propanol, yields a diphenyl ketyl radical and a radical
derived from the reductant (e.g. a dimethyl ketyl radical in the case of 2-
propanol). Subsequently, those radicals can undergo various dimeriza-
tion and coupling reactions that lead to the formation of several prod-
ucts: acetone, pinacol, benzhydrol, benzopinacol, unsymmetrical
pinacol, and para-substituted benzophenone [40,42,44].

It has also been observed that the coupling reaction yields the in-
termediate, generally called “light-absorbing transient” (LAT), that ex-
hibits an absorption maximum at 358 nm [42]. The structure of LAT was
a controversial subject, and two possible structures of this photoproduct
have been discussed throughout the years: one being the product of
dimerization of a diphenyl ketyl radical called “isobenzpinacol” [38,39]
and the other - a cross-coupling product of diphenyl ketyl and hydrox-
yalkyl radicals [37,42,45]. Ultimately the experimental evidence indi-
cated the latter to be correct. The ability of the excited triplet state of
benzophenone to efficiently abstract a hydrogen atom from an H-donor
and its relatively low reduction potential are the main reasons why
benzophenone is an excellent one-electron triplet-state oxidant [46].

There is a need for a comprehensive report on the photophysical
properties of benzophenones studied with modern, currently used
techniques such as liquid chromatography with tandem mass spec-
trometry (LC-MS/MS). High-resolution mass spectrometry is a powerful
technique for characterization and structural analysis of the stable
photoproducts. It can provide the molecular composition of the products
based on the measured exact masses (or more precisely m/z values).
Additionally, MSMS fragmentation experiments provide the structural
information of the photoproducts and, after detailed analysis, their
precursor radicals. In the present study, we investigated both transient
species and, often considered, trivial stable products of the photore-
duction of commonly used photosensitizers: benzophenone (BP),

3-carboxybenzophenone (3CB), and 4-carboxybenzophenone (4CB).

The exact structures of the benzopinacol-like products were
described based on the MS/MS fragmentation experiments.

2. Experimental

Benzophenone (BP, 1), 3-carboxybenzophenone (3CB, 2), and 4-car-
boxybenzophenone (4CB, 3) were obtained commercially from Sigma-
Aldrich as the best available grade and was used as received. The
deionized water for the experiments was purified using a commercial
system from Millipore, model Simplicity (Billerica, MA, USA).

Absorption spectra were measured using a Cary 5000 UV /vis spec-
trophotometer. A benzophenone-benzhydrol actinometer was used for
the determination of the quantum yields of sensitizer disappearance
[471.

The laser flash photolysis (LFP) setup used in this work has been
described in detail elsewhere [29]. Briefly, this setup employs an Nd:
YAG laser (Spectra Physics, Mountain View, CA, USA, model INDI
40-10) with a 355 nm excitation wavelength as the light pump and a
pulsed xenon lamp (Applied Photophysics, Surrey, UK) to probe the
excited sample. Kinetic traces were recorded between 370 and 750 nm
at 10 nm intervals. The sample contained the sensitizer (BP, 3CB or 4CB,
4 mM) and 2-propanol (10% v/v).

Steady-state photochemical irradiation experiments were performed
inalcm x 1 cm rectangular cell on an optical bench irradiation system
using a Genesis CX355 STM OPSL laser (Coherent), with a 355 nm
emission wavelength (the output power used was set at 50 mW). After
steady-state irradiations, samples (BP, 6 mM, 3CB, 3.6 mM and 4CB, 3.7
mM each containing 10% v/v of 2-propanol) were subjected to LC-MS
and MS/MS analyses.

The LC-MS measurements were carried out using a liquid
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chromatography Thermo Scientific/ Dionex Ultimate 3000 system
equipped with a C18 reversed-phase analytical column (2.6 pm, 2.1 mm
x 100 mm, Thermo-Scientific, Sunnyvale, CA, USA). The column tem-
perature was set to 45 °C. Two eluents were used: water and acetonitrile
with 0.1% (v/v) formic acid. The separation of 3CB and 4CB reduction
photoproducts was achieved using a gradient elution: from 7 to 60% of
acetonitrile at a flow rate of 0.3 ml/min for 42 min, and the separation of
photoproducts of BP reduction with the gradient of 30-60% in 30 min.

This UHPLC system was coupled to a hybrid QTOF mass spectrom-
eter (Impact HD, Bruker Daltonik, Bremen, Germany). The ions were
generated by electrospray ionization (ESI) in positive mode. MS/MS
fragmentation mass spectra were produced by collisions (CID, collision-
induced dissociation) with nitrogen gas in the Q2 section of the
spectrometer.

All of the LFP and stationary irradiation experiments were performed
in oxygen-free solutions at neutral pH.

3. Results and discussion
3.1. Laser flash photolysis
As can be seen in Scheme 1, upon 355 nm excitation, the triplet of the

sensitizer was generated. Then the hydrogen-transfer (sometimes
referred to as electron transfer followed by proton transfer) reaction

Table 1
Obtained mass accuracies (errors) for products yielded in photoreduction of benzophenone (1).
Compound Retention time (min) Accurate mass (measured) Exact mass (calculated) Mass accuracy (ppm) Composition
la 7.9 225.1268 225.1279 —5.06 Ci6H170
1, BP 10.8 183.0805 183.0810 —4.18 Cy3H110
1b 19.5 225.1270 225.1279 -1.96 Ci6H170
lc 20.8 349.1576 349.1592 —4.70 Ca6H210
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Fig. 5. LC-MS chromatogram of 355 nm irradiated samples of 3-carboxybenzo-
phenone (3CB) containing 2-propanol. Peaks are labeled with m/z of the most
intense peak of the acquired MS spectrum.

leads to the formation of the respective ketyl radical (BPH®, 3CBH®,
4CBH®). If the pH of the aqueous solution was higher than pK, (pK,
(3CBH). =9.5, pKa. 4ceu = 8.2), the ketyl radical deprotonated yielding
the corresponding radical anion (3CB®—, 4CB® ) [23,48,49].

The transient spectra recorded for all of the investigated compounds
at a short time after the laser flash (30-700 ns) showed a characteristic
band in the visible part of the spectrum

(Amax Bp = 520 nm, Apay 3¢ = 530 nm, Apax 4cg = 535 nm) that can be
assigned to the triplet state of the sensitizer. Within several microsec-
onds, the maximum shifted to the longer wavelengths (Amax Bp, 3cB =

Journal of Photochemistry & Photobiology, B: Biology 234 (2022) 112536

550 nm, Apax 4cg = 570 nm) indicating the formation of the respective
ketyl radical [23,48-50]. For the transient absorption spectra refer to
Fig. S1.

3.2. Stable products analysis

3.2.1. Benzophenone (BP, 1)

As shown in Fig. 1 three main photoproducts, formed in the photo-
reduction of benzophenone, eluted with the retention times of approx-
imately 8 min (product 1a),

19.5 min (product 1b), and 21 min (product 1c).

Although the retention time of product la and product 1b differ
substantially, they exhibited the same mass to charge ratio m/z 225
which suggests their isomeric nature, confirmed by the monoisotopic
mass of both products: m/z 225.1268 and m/z 225.1270 and the same
elemental composition: C;6H;70. Those peaks are assigned to the adduct
of benzophenone and 2-propanol after a dehydration reaction (typical
reaction occurring in MS ion source, m/z of the parent ion MH+ is 243)
[51-56].

The MS/MS fragmentation of those compounds presented in Fig. 2
revealed significant structural differences between these two isomeric
photoproducts. (See Fig. 3.)

The exact mass of the product ion detected for only la with m/z
119.0858 corresponds to the molecular formula of CoH; ;. The existence
of a fragment ion with such a composition is possible only when the
dimethyl ketyl radical is attached to the phenyl ring of benzophenone.
Such a product of photoreduction of benzophenone by 2-propanol was
previously reported by Rubin et al. [40]. Further confirmation of the
formation of this type of product was the loss of carbon monoxide from
the ion at m/z 147 which involves a ketyl carbon atom shown in Fig. 2.

The diagnostic product ion at m/z 183 detected for photoproduct 1b
was formed after the neutral loss of C3Hg, and it corresponds to the
benzhydrol cation. This suggests that the dimethyl ketyl radical was

Table 2
Obtained mass accuracies (errors) for products yielded in photoreduction of 3-carboxybenzophenone (2).
Compound Retention time (min) Accurate mass (measured) Exact mass (calculated) Mass accuracy (ppm) Composition
2a 13.7 211.0751 211.0759 -3.81 C14H1102
2b 15.9 269.1174 269.1178 -1.37 Ci7H1703
2, 3CB 18.5 227.0705 227.0708 -1.41 Ci14H1103
2c 26.0 269.1173 269.1178 -1.74 Ci17H,703
2d 26.9 455.1489 455.1495 -1.24 CasH2306
2e 27.8 455.1494 455.1495 -0.14 CagH2306
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Fig. 6. High-resolution MS/MS spectra of the product ions [M + H-H,0]" of 2b and 2¢ (m/z 269.1174 and 269.1173).
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Fig. 9. High-resolution MS/MS spectra of the product ions [M + H-H,O]" of 2d and 2e (m/z 437.1362 and 437.1363).

attached to the ketyl carbon of the diphenyl ketyl radical.

The product 1c at m/z 349.1576 corresponds to benzopinacol after
the elimination of one water molecule. The loss of the water molecule is
a common fragmentation pathway of ions [M + H]" observed for the
compounds bearing the hydroxyl group [51-56]. The MS/MS analysis of
the [M + H-H,0]" ion of 1c is presented in Fig. 4.

Negligible amounts of side photoproducts were found at retention

times of 5.5-6 min, see Fig. 1. One with m/z 185.0957 is assigned to
benzhydrol and the other product with m/z 241.1226 is possibly a
secondary product derived from product 1a. The exact masses of the
diagnostic ions from MS/MS experiments allowed us to suggest the
structures of the photoproducts that are collected in Table 1.
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Fig. 11. LC-MS chromatogram of 355 nm irradiated samples of 4-carboxyben-
zophenone (4CB) containing 2-propanol. Peaks are labeled with m/z of the most
intense peak of the acquired MS spectrum.

3.2.2. 3-carboxybenzophenone (3CB, 2)

As presented in Fig. 5, the photoreduction of 3-carboxybenzophe-
none yielded five photoproducts: 2a (m/z 211.0754, retention time
14 min), 2b (m/z 269.1174, retention time 16 min), 2c (m/z 269.1173,
retention time 26 min), 2d (m/z 455.1652, retention time 27 min) and
photoproduct 2e (m/z 455.1650, retention time 28 min). For high res-
olution m/z values see Table 2.

The peak with m/z 211 (photoproduct 2a) was assigned to the
aldehyde derived from the reduction of the carboxylic group of 3-car-
boxybenzophenone (for MS/MS spectrum see Fig. S3).

Two products with m/z 269 (2b and 2c) were detected (they corre-
spond to [M + H-H,0] " ion - product of the dehydration of the parent
ion, the molecular ion [MH]" m/z 287 was not detected).

They have the same molecular composition, but possess different
MS/MS spectra (Fig. 6) suggesting that they are isomers. The fragmen-
tations pathways of 2b and 2c are similar to 1a and 1b.

The MS/MS fragmentation of 2b corresponded to the loss of neutral
molecules of water, carbon monoxide, carbon dioxide and aromatic ring
and showed a fragmentation peak with m/z 119.0855, identical to the
fragment from the photoproduct la, therefore suggesting that the
dimethyl ketyl is attached to a phenyl ring. On the other hand, the first
step in the fragmentation pattern of 2c corresponds to the loss of the
neutral species of CsHg yielding a product ion at m/z 227.0703 indi-
cating that the dimethyl ketyl radical is attached to the ketyl carbon of
the 3CB.

Photoproducts 2d and 2e showed the same molecular composition
(Ca8H230¢) suggesting their isomeric nature. One of the peaks corre-
sponds to the SS or RR isomer, whereas the second peak corresponds to
the RS isomer (see Fig. 7), however, it is difficult to assign the peaks to
the particular isomers. Separation of enantiomers (SS, RR) by liquid
chromatography can be performed only with the achiral stationary
phase, whereas the standard C18 column was used in this study.

Fig. 8 shows the product ion spectra of ions [M + H]™ for 2d and 2e.
The fragmentations of both ions are similar. The differences lie in the
different relative abundances of the product ions formed by the loss of
H,0 molecules (m/z 437 and 419, their plausible structures are shown in
Fig. S5). Loss of the HyO molecule (— m/z 18) is a common fragmen-
tation pathway of ions observed for the compounds bearing carboxylic
or hydroxylic groups [51-56]. The first elimination of the H,O molecule
involves the carboxylic group, and it is not affected by the configuration
of asymmetric carbon atoms. On the other hand, the second elimination
of the H20 molecule involves hydroxyl group, thus the configuration of
asymmetric carbon atoms can affect the loss of the second H,O molecule
which is reflected by the relative abundances of ions [M + H]', [M + H-
H,0]", and [M + H-2H,0]" in Fig. 8 (MS/MS of 2d and 2e).

Table 3

Obtained mass accuracies (errors) for products yielded in photoreduction of 4-carboxybenzophenone (3).
Compound Retention time (min) Accurate mass (measured) Exact mass (calculated) Mass accuracy (ppm) Composition
3a 13.0 211.0754 211.0759 -2.39 C14H1102
3b 15.2 269.1175 269.1178 —1.00 C17H,1703
3, 4CB 19.4 227.0700 227.0708 -3.61 C14H1103
3c 25.6 455.1563 455.1495 15.02 CogH2306
3d 27.8 455.1562 455.1495 14.80 CagH2306
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Fig. 12. High-resolution MS/MS spectrum of the product ion [M + H-H,0]" of
3b (m/z 269.1175) — m/z of the parent ion MH+ is 287.
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The product ions at m/z 182, 211, and 227 were formed as a result of
the breaking of the bond between the asymmetric carbon atoms of [M +
H] ™ ions (the plausible structures are shown in Fig. S6). Their formation
was not affected by the configuration of the asymmetric carbon atoms
since they have identical relative abundances for 2d and 2e (Fig. 8). It is
worth noting that the formation of the product ion at m/z 182 is an
example of the violation of the ‘even-electron rule’ [57-60].

Fig. 9 shows the product ion spectra of ions [M + H-H,0] " for 2d and
2e. The spectra are noticeably different, indicating that their fragmen-
tation is affected by the configuration of the asymmetric carbon atoms.
Based on the obtained accurate masses we have deduced the elemental
composition of the product ions. However, it is very difficult to propose
even their tentative structures. For example, how can one rationalize the
formation of the product ion at m/z 318 which is formed after the loss of
H,0, C¢Hs (phenyl moiety), and two carbon atoms from 2c¢ [M + H-
H,0]? It is also possible that we are dealing with a very rare example of
the attachment of background gases to the product ions, namely O, or
CO4 [61,62]. For example, the product ion at m/z 214 may be formed by
the O, attachment to the product ion at m/z 182 (Fig. S6).

Fig. 10 shows the product ion spectra of ions [M + H-2H»01" for 2d
and 2e. Both spectra are similar regarding the most abundant product
ions, but the differences concern the relative ion abundances. Thus, the
ions [M + H-2H,0]" for 2d and 2e, most probably have the same
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Fig. 13. High-resolution MS/MS spectra of the product ions [M + H]" of 3¢ and 3d (m/z 455.1563 and 455.1562).
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Fig. 14. High-resolution MS/MS spectra of the product ions [M 4 H-H,0]" of 3c and 3d (m/z 437.1445 and 437.1441).
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Fig. 15. High-resolution MS/MS spectra of the product ions [M + H-2H,0]" of 3¢ and 3d (m/z 419.1324 and 419.1330).
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Fig. 16. Structures of main stable products of photoreduction of benzophenone (1a, 1b, 1c¢), 3-carboxybenzophenone (2a, 2b, 2c, 2d, 2e) and 4-carboxybenzophe-

none (3a, 3b, 3c, 3d).

structures but different internal energy. The observed most abundant
product ions are the same as those observed for 2d [M + H-H,0]"
(Fig. 9), and it is very difficult to propose even their tentative structures.

3.2.3. 4-carboxybenzophenone (4CB, 3)

The LC-MS chromatogram of the irradiated sample of 3 is shown in
Fig. 11. Four photoproducts were detected in the chromatographic
analysis: photoproduct 3a (m/z 211.0771, retention time 13 min),
photoproduct 3b (m/z 269.1199, retention time 15 min), photoproduct
3c (m/z 455.1563, retention time 26 min) and photoproduct 3d (m/z
455.1562, retention time 28 min). High-resolution m/z data can be
found in Table 3.

The product 3a with m/z 211 was identified as the aldehyde formed
in the reduction carboxylic group of 4-carboxybenzophenone (for MS/
MS spectrum see Fig. S8).

Interestingly, only one photoproduct with m/z 269 (3b) was detected
after irradiation of 4CB, its fragmentation spectrum is presented in
Fig. 12. It is identical to the MS/MS spectrum of 2b (Fig. 6). Thus
dimethyl ketyl must be attached to the phenyl ring. We suggest that only
one photoproduct with m/z 269 was formed due to a steric effect. The
carboxylic group in the para position in 4CB might hinder the radical
cross-coupling of the dimethyl ketyl radical and the diphenyl ketyl
radical.

Both fragmentation patterns of [M + H]" of 3c and 3d (Fig. 13) show
the same most abundant product ions, but the differences lie in their
relative intensities. The product ions observed for the [M + H]™ ions of
3c and 3d are almost identical to those of 2d and 2e (Fig. 8) — the

position of the carboxylic group does not affect the fragmentation
pathway.

As shown in Fig. 14, fragmentation patterns of [M + H-H,O0]"
product ions of 3c and 3d are slightly different. Interestingly, the frag-
mentation patterns observed for the [M + H-H,0]" product ions of 3c
and 3d differ evidently from the ones of 2d and 2e (Fig. 9).

Fig. 15 shows the product ion spectra of [M + H-2H,0]" of 3c and
3d: the same fragment ions are present in both spectra but their relative
abundances differ noticeably.

4. Conclusions

The stable products formed in the sensitized photoreduction of
benzophenone (BP, 1), 3-carboxybenzophenone (3CB, 2), and 4-carbox-
ybenzophenone (4CB, 3) were characterized in detail. The quenching of
the triplet state of the sensitizers by 2-propanol yields three main types
of photoproducts (their structures are shown in Fig. 16):

e structural isomers of radical cross-coupling products of diphenyl
ketyl and dimethyl ketyl radicals: one, in which radical derived from
the quencher is attached to the phenyl ring (1a, 2b, 3b) and the other,
in which it is attached to the carbon atom (1b, 2c);

e benzpinacol (1¢) and diastereoisomers of benzpinacol-like products
(2d, 2e, 3c, 3d);

e aldehydes formed as the result of the reduction of the carboxylic
group of the sensitizer (2a, 3a).
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High-resolution mass spectrometry allowed us to determine the
structures of those photoproducts and distinguish between isomers.

A detailed study of sensitized photoreduction of selected
benzophenone-based sensitizers described here offers a valuable
contribution to the research on the photochemical reactions employing
benzophenone, 3-carboxybenzophenone, and 4-carboxybenzophenone
as photosensitizers. This study shows the potential for the investiga-
tion of the stable products of the free radical reactions of molecules of
biological significance. The insight into the role of benzophenone (and
particularly its water-soluble derivatives) into the mechanistic pathways
of biologically relevant processes is presented.
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Figure S1. Transient absorption spectra of BP, 3CB and 4CB samples containing 2-propanol recorded after 355

nm laser pulse at 90, 300, 700 ns and 4 ps delays; insets: kinetics of decays of excited triplet state of each

sensitizer, recorded at 530 nm for BP, 520 nm for 3CB and 540 nm for 4CB.
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Figure S2. High-resolution MS/MS spectrum of the product ion [M+H]* of (BP, 1) (m/z 183.0811)
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Figure S3. High-resolution MS/MS spectrum of the product ion [M+H]* of 3-carboxybenzophenone (3CB, 2)
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Figure S4. High-resolution MS/MS spectrum of the product ion [M+H]* of photoproduct 2a (m/z 211.0751)
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Figure S7. High-resolution MS/MS spectrum of the product ion [M+H]* of 4-carboxybenzophenone (4CB, 3)

(m/z 227.0700)
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Figure S8. High-resolution MS/MS spectrum of the product ion [M+H]* of photoproduct 3a (m/z 211.0753)

Table 1 Quantum Yields of Substrate Disappearance from 355 nm Laser Irradiations?

BP

3CB 4CB

()]
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ABSTRACT: The mechanism of photooxidation of methionine (N-Ac-

Met-NH-CH;, 1) and methyl—cysteirlle (N—Ac—MeCys—NH—CHs, 2) I S f:/i 5 .
analogues by 3-carboxybenzophenone triplet (3CB*) in neutral aqueous CH, w CH5CNH-GH-C-NH CHs  CH5 GNH-GH-G-NH-CHy
g . : . . CH, 355 nm CHz CHz

solution was studied using techniques of nanosecond laser flash photolysis i % e g HCR
and steady-state photolysis. The short-lived transients derived from 3CB O O g oGP
and sulfur-containing amino acids were identified, and their quantum yields 0014 T ooy CHa&'NHfﬁ:;&fNHfCHa
and kinetics of formation and decay were determined. The stable o RES

photoproducts were analyzed using liquid chromatography coupled with oo
high-resolution mass spectrometry. Substantial differences in the mecha- = °*

AA

nisms were found for methionine and S-methyl-cysteine analogues for both ZEZi R g = b -
primary and secondary photoreactions. A new secondary reaction channel oo At 3o "
(back hydrogen atom transfer from the ketyl radical to the carbon-centered @0 w0 T s s w0 0 700

g q g q . A (nm)
a-thioalkyl radical yielding reactants in the ground states) was suggested.
The detailed mechanisms of 3CB* sensitized photooxidation of 1 and 2 are proposed and discussed.
B INTRODUCTION containing S-alkyl-cysteine residues (ie., S-alkylglutathiones)

were also studied due to their significant biological role in

The mechanisms of photosensitized and radiation-induced v i i
living organisms (e.g, see refs 14 and 26). Despite many

oxidation of amino acids and peptides have been investigated

mainly due to the biological significance of such processes.' ™ reports devoted to the detailed mechanisms of radical reactions
One of the sites primarily attacked by oxidative agents such as and their transformations in the sensitized photooxidation of
short-lived excited states, free radicals, or reactive oxygen Met- and S-Me-Cys peptides, some doubts remain as to their
species is the thioether moiety of methionine (Met) residues. final fates (ie., the stable oxidation products). Surprisingly,
Met oxidation can cause serious consequences during oxidative there are only a few reports that combine complementary time-
stress;' however, despite the numerous studies focused on the resolved and steady-state techniques in the photoinduced and
one-electron oxidation processes of the methionine residue, radiation-induced oxidation of Met-containing peptides,9’10’16
some aspects of the process still remain unclear or It is, therefore, rational to use relatively simple model
controversial (e.g,, the fate of free radicals leading to stable structures, such as the compounds investigated in this paper
modifications of the amino acids”'”). One-electron oxidation (see Figure 1), to carry out these complementary time-resolved
of Met-containing peptides and proteins in solution occurs laser flash photolysis and stationary photochemical irradiations
easily, e.g., by using strongly oxidizing hydroxyl radicals (*OH) experiments.

from water radiolysis or through photosensitization using In this work, we investigated the mechanism of one-electron,
carboxybegnézgphenone (CB) excited triplets as electron photosensitized oxidation of two synthetic amino acids
acceptors.”” " The transients formed in the oxidation of containing a thioether moiety N-Ac-Met-NH-CH;, 1, and N-

Met-containing peptides by various one-electron oxidants have
been well-characterized.>"' ™" The initially formed sulfur
radical cation can interact with electron-rich atoms (O, N, or
S), yielding two-centered three-electron bonds. It can also
irreversibly deprotonate, yielding a carbon-centered, a-
(alkylthio)alkylmet-containing radical (aS) as presented in
Scheme 1.

Similar to the Met-containing peptides, the mechanisms of
photoinduced and radiation-induced oxidation of peptides

Ac-MeCys-NH-CHj, 2 (see Figure 1 for structures) in aqueous
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Scheme 1. General Scheme for 3CB Triplet Photosensitized Oxidation of S-Containing Compounds®
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thioalkyl radical; (S.".N)*, intramolecular two-centered three-electron bonded species; (S..S)", intermolecular two-centered three-electron bonded
species; (S..0)", intramolecular two-centered three-electron bonded species.
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Figure 1. Structures of peptide model compounds used in this work:
N-Ac-Met-NH-CHj, (1) and N-Ac-MeCys-NH-CH; (2).

solutions. The compounds studied in this paper are better
models for internal Met and S-MeCys residues in peptides and
proteins than previously investigated 3-(methylthio)-
propylamine (3-MTPA) and N-acetyl-3-(methylthio)-
propylamine (3-AcMTPA)'”'® since they possess the pep-
tide-like bonds on both C and N terminals, ruling out the
possibility for decarboxylation and the possibility of proton
transfer from the protonated N-terminal group.”'®'® Both
short-lived transients and the stable products from photo-
sensitized irradiations of aqueous solutions of the studied
compounds were identified in the current work showing
significant differences between Met and S-MeCys analogues.
Time-resolved and steady-state experimental approaches
allowed us, based on the model compounds, to suggest the
mechanism of one-electron oxidation which is important for
unraveling the redox chemistry in sulfur-containing amino
acids, peptides, and proteins.

B EXPERIMENTAL SECTION

The synthetic procedure, as well as spectral characterization, of
S-MeCys and Met-analogues is described in the Supporting
Information.

3-Carboxybenzophenone (3CB) was obtained commercially
from Sigma-Aldrich as the best available grade and was used as
received. The deionized water for the experiments was purified
using a commercial system from Millipore, model Simplicity
(Billerica, MA, USA).

The laser flash photolysis (LFP) setup used in this work has
been described in detail elsewhere."> Samples for LFP
experiments were excited using 355 nm, the third harmonic
of a Nd:YAG laser (Spectra Physics Mountain View, CA, USA,
model INDI 40-10) with pulses of 6—8 ns duration. The
monitoring system consisted of a 150 W pulsed Xe lamp with a
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lamp pulser (Applied Photophysics, Surrey, U.K.), a
monochromator (Princeton Instruments, model Spectra Pro
SP-2357, Acton, MA, USA), and a R95S model photo-
multiplier (Hamamatsu, Japan), powered by a PS-310 power
supply (Stanford Research System, Sunnyvale, CA, USA). The
data processing system consisted of real time acquisition using
a digital oscilloscope (WaveRunner 61004, LeCroy, Chestnut
Ridge, NT, USA) which was triggered by a fast photodiode
(Thorlabs, DET10M, ~1 ns rise time). The data from the
oscilloscope were transferred to a computer equipped with
software based on LabView 8.0 (National Instruments, Austin,
TX, USA) which controls the timing and acquisition functions
of the system. Data acquired on the nanosecond laser setup
were analyzed using Origin 8.0 fitting functions. For the
determination of the quantum yields of the transients, relative
actinometry was used according to the procedure described in
ref 20, taking 3CB in aqueous solution as the actinometer and
€40 = 5400 M~! cm™ for the T—T absorption of 3CB."'

Steady-state photochemical irradiation experiments were
performed in a 1 cm X 1 cm rectangular cell on an optical
bench irradiation system using a Genesis CX355 STM OPSL
laser (Coherent), with a 355 nm emission wavelength (the
output power used was set at 20 mW). Absorption spectra
were measured using a Cary 5000 UV/vis spectrophotometer.
A benzophenone-benzhydrol actinometer was used for the
determination of the quantum yields of amino acid
disappearance.”’ The MS experiments were carried out using
a hybrid QTOF instrument (Impact HD, Bruker). Ions were
generated by electrospray ionization (ESI). MS/MS fragmen-
tation mass spectra were produced by collisions (CID,
collision-induced dissociation) with nitrogen gas in the Q2
section of the spectrometer. The MS instrument was coupled
with an HPLC chromatographic system (Ultimate 3000,
Thermo/Dionex) equipped with an autosampler, a vacuum
degasser, and a diode-array detector. Separation was achieved
using a C18 reversed-phase analytical column (2.6 ym, 2.1 mm
X 100 mm, Thermo-Scientific) eluted with a gradient from 3%
to 60% of acetonitrile and water (with 0.1% formic acid) at a
flow rate of 0.3 mL/min for 30 min.

All LFP and stationary irradiation experiments were
performed in oxygen-free aqueous solutions at neutral pH.

B RESULTS AND DISCUSSION

The general mechanism of primary reactions in the one-
electron oxidation of methionine and S-methylcysteine

https://dx.doi.org/10.1021/acs.jpcb.0c06008
J. Phys. Chem. B 2020, 124, 7564—7573
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Figure 2. (A) Optical transient absorption spectra of N-Ac-Met-NH-CH, (S mM, pH = 6.8) recorded after the 355 nm laser pulse at 50, 100, and
300 ns delays; (B) concentration profiles calculated at different delay times with respect to the laser pulse for the reaction of 3CB excited triplet
quenched by N-Ac-Met-NH-CH; (S mM) in aqueous solution at pH = 6.8; (C) optical transient absorption spectra of N-Ac-Me-Cys-NH-CH; (S
mM, pH = 6.8) recorded after the 355 nm laser pulse at 50, 100, and 300 ns delays; (D) Concentration profiles calculated at different delay times
with respect to the laser pulse for the reaction of 3CB excited triplet quenched by Ac-MeCys-NH-CH; (S mM) in aqueous solution at pH = 6.8

(see text for details).

Table 1. Quantum Yields of Radical Species Generation from LFP Experiments and Quantum Yields of Amino Acids

Disappearance from Stationary Irradiations”

® (3CB*) @ (3CBH")
N-Ac-Met-NH-CH, <0.02 0.32
Ac-MeCys-NH-CH, 0.34 0.24

“+15% experimental error.

@ (total) @ (S..0)* Dy,
0.34 0 0.13
0.58 ~0.40 0.12

analogues seems to be well-known® and is presented in
Scheme 1. As can be seen in Scheme 1, the free radicals are
generated in three primary processes: (i) electron transfer
followed by charge separation (k,,) yielding 3CB® radical
anions (which are then involved in a water-assisted
protonation reaction) and an >S** radical cation; (ii) electron
transfer followed by proton transfer within the encounter
complex (ki) yielding a 3CBH® radical and an aS radical; (iii)
back electron transfer (ki) to regenerate the reactants in their
ground states. It should be pointed out that the ki, reaction
path gives charged species while the ky reaction path
eventually yields neutral free radicals. The kyy reaction of
3CBH" with aS radicals leads to the formation of the reactants
in their ground states (the exothermicity of this reaction (AH)
is estimated to be approximately —60 kcal/mol). This value is
in a good agreement with the exothermicity of cross-
disproportionation of the alkyl radicals leading to double
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bond formation calculated by Benson™® showing that this
process (kyy) remains in competition with radical coupling
reaction.

The photosensitized oxidation of sulfur-containing com-
pounds leads to a sulfur-centered radical cation (>S**) as a
primary intermediate. This radical cation can be reversibly
stabilized by the formation of three-electron bonds with
electron-rich nucleophilic centers (S, N, or O atom) or
irreversibly deprotonate yielding a relatively stable carbon-
centered radical (aS); see Scheme 1.

The spectra obtained from photosensitized oxidation (see
Figure 2) of both amino acids were deconvoluted into
individual components by using a linear regression technique:

8AG) = ¥ e()a,

https://dx.doi.org/10.1021/acs.jpcb.0c06008
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Scheme 2. Mechanism of 3CB* Photosensitized Oxidation of N-Ac-Met-NH-CHj;, Ultimately Leading to Radical-Coupling
Reactions between aS and 3CB Ketyl Radicals Yielding Isomeric Photoproducts 1a, 1b, and 1c¢*
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Scheme 3. Mechanism of 3CB* Photosensitized Oxidation of Ac-MeCys-NH-CHj, Ultimately Leading to Radical-Coupling
Reactions between aS and 3CB Ketyl Radicals Yielding Isomeric Photoproduct 2a“
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Figure 3. Calculated (DFT) O—H distances for the most stable conformations for encounter complexes, [3CB-+**S<]: (A) N-Ac-Met-NH-CH,

(1); (B) Ac-MeCys-NH-CH; (2).
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Figure 4. Structures of main stable products of 3CB* photosensitized reaction with N-Ac-Met-NH-CHj (products 1a, 1b, 1c) and Ac-MeCys-NH-
CH, (2a).
1800 L o me 221 both (S..N)* and (S..O)" are very similar and exhibit their
1500 m/z1205 before iradiation absorption maxima around 4., = 390 nm.'***7>® Hence, the
1200 analysis of the obtained transient absorption spectra for
2 00 compound 2 was based on the approximation that the
£ 600 transients at A, = 390 nm were attributed to the (S..O)"
300 species (vide infra).
0 ‘ ‘ ‘ ‘ : ; ‘ ‘ An important observation from the nanosecond laser flash
0 ° tim,;?min) 1 20 photolysis experiments (see the concentration profiles in
18007 ””’;f Figure 2) is that there was an efficient stabilization of >S**
1500 miz 205 —— iradiated for 10 min through the formation of two-centered three-electron bonded
2 12007 ! cyclic intermediates observed for N-Ac-MeCys-NH-CH,
E :Zzi iz 431 (compound 2). The most rational explanation for the
400 ] b1 1c formation of the 390 nm absorbing transient is that the
0] ‘ ‘ ‘ ‘ d}\A ‘ ‘ | sulfur-centered radical cation was intramolecularly stabilized by
0 5 time1(0min) 15 20 the formation of a three-electron bond with a nitrogen atom

Figure S. LC—MS chromatogram of 355 nm irradiated (lower panel)
and nonirradiated (upper panel) aqueous solution containing 3CB (2
mM) and N-Ac-Met-NH-CH; (S mM) at pH = 6.8. The numbers
above the peaks indicate the m/z values of the parent MH" ion (for
exact masses, refer to the text).

The details of this deconvolution procedure has been
described earlier in refs 20 and 23, together with the reference
spectra of all of the expected transients. The optical spectra of
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(five-membered ring intermediate, (S.".N)*) or with an oxygen
(six- or five-membered ring, (S..0)*). This stabilization
remains in competition with the deprotonation of the >S°*,
the primarily formed intermediate, eventually leading to the
formation of a much more stable, carbon-centered a-thioalkyl
radical (aS). Interestingly, no intermolecular stabilization by
the formation of (S.~.S)* was observed in these studies. This is
due to the negligibly small yield of >S** formation for 1 and
competing processes of >S°** reactions for 2 (see Scheme 3),
resulting in relatively low transient concentrations.

https://dx.doi.org/10.1021/acs.jpcb.0c06008
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Figure 6. Product ion spectra of [M + H]* (m/z = 431) ions of the photoproduct 1a (middle) and the diastereomeric photoproducts 1b and 1c
(top and bottom) of N-Ac-Met-NH-CHj oxidation at pH = 6.8. Red circles indicate the diagnostic product ions for each isomer (see Table 2 for

details).
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1200 ] formation of six-membered (S..0)" intermediates was
2 900 postulated earlier by Schoeneich et al.””** for radiation-
£ 500l induced oxidation of the methionine amide N-Ac-Met-NH,, a
500 ] compound similar in structure to N-Ac-Met-NH-CHj studied
o] L here. However, as it was shown in this work for compound 1
0 ‘ 5 ‘ 10 ‘ 15 ‘ 2 and in the sensitized photooxidation of N-Ac-Met-OCH; by
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Figure 7. LC—MS chromatogram of 355 nm irradiated (lower panel)
and nonirradiated (upper panel) aqueous solution containing 3CB (2
mM) and Ac-MeCys-NH-CH; (S mM) at pH = 6.8. The numbers
above the peaks indicate the m/z values of the parent MH" ion (for
exact masses please refer to the text).

7569

(electron transfer quenching vs OH radical addition), and this
difference affects the secondary reactions.

The significant difference in the initial reaction paths of
compounds 1 and 2 can also be explained by the structure of
the encounter complex formed as a result of collisional
quenching of 3CB* by 1 or 2. The transient absorption spectra
and the concentration profiles of intermediates obtained from
LFP experiments are presented in Figure 2. Although the pH

https://dx.doi.org/10.1021/acs.jpcb.0c06008
J. Phys. Chem. B 2020, 124, 7564—7573
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Figure 8. Product ion spectrum of [M + H]* (m/z 417) ion of photoproduct 2a of Ac-MeCys-NH-CH; oxidation at pH = 6.8.

Table 2. Obtained Mass Accuracies (Errors) for Diagnostic
Product Ions for Fragmentation of 1 (m/z 431) and 2 (m/z
417)

diagnostic measured mass

product mass exact mass accuracy composition
la (-CH,R) 189.0685 189.0698 —6.9 ppm C,H3N,0,8
1b 249.0899 249.0916 —6.8 ppm C;H30,
Ic 249.0900 249.0916 —6.4 ppm C;H;0,
2a (-CH,R) 175.053S 175.0541 —3.4 ppm C¢H,N,O,S

of the experiments is the same (neutral) and is well below the
pK, of 3CBH*/3CB*~ (pK, = 9.5'"), there were noticeably
more radical anions generated for Ac-MeCys-NH-CH;
(compound 2) as compared to the methionine analogue
(compound 1). The quantum yields for generating the ketyl
radicals 3CBH® and ketyl radical anions 3CB°®~ reflecting the
efficiencies of the primary photochemical reactions k., and ky
are summarized in Table 1. The quantitative results in Table 1
remain in excellent agreement with earlier studies on the
compounds of similar structure.””"

It can be assumed that at pH = 6.8 the protonation of
initially formed 3CB radical anions (primary electron transfer
product) will be relatively slow. In the time window of the LFP
experiment (up to S us), the equilibrium between the two
forms of the ketyl radical (3CB*~ and 3CBH"®) was still not
established. This equilibration occurred on a longer time scale
due to the low concentration of protons at neutral pH and a
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low value for the water-assisted protonation rate constant (the
protonation rate constants by H*, ky, = 6.4 X 10" M™' 57,
and water, kyo = 5.1 X 10> M™! 7', are known and can be
found in ref 11). Moreover, both radicals were involved in
reactions with aS (radical-coupling) as shown in the reaction,
Scheme 1. In other words, the ketyl radicals decayed due to the
coupling reactions as well as due to slow equilibration between
3CB*” and 3CBH".

The concentration profiles of transients from LFP experi-
ments (see Figure 2) clearly suggest that since very little
3CB°®” was observed for N-Ac-Met-NH-CHj, the ky reaction
path dominated over ki, for compound 1 (only negligible
amounts of charge-separation products were observed). This
means that the ky pathway was the main primary photo-
chemical reaction leading to the disappearance of the Met
analogue (ki > kg, see Scheme 2). On the other hand, for
Ac-MeCys-NH-CH3, higher yields of 3CB*” generation in
comparison with 3CBH® were observed even at neutral pH
showing that k., > ky. A possible explanation of this behavior
may be the difference in the primary photochemical reaction
reactivity of both compounds (N-Ac-Met-NH-CH, (1) and
Ac-MeCys-NH-CH; (2)) in the initial stages of the process,
right after electron transfer in the solvent cage, within the
encounter complex (vide infra). This argument is further
supported by the observation of an intramolecular three-
electron-bonded (S..O)* species for Ac-MeCys-NH-CHj,
(from which charged radical species were produced: 3CB*~
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and >S** as presented in Scheme 3). No such stabilization was
observed for N-Ac-Met-NH-CH; where the radicals observed
to be formed from the separating encounter complex were the
neutral radicals 3CBH® and aS. This striking difference in
reactivity between these two compounds, of such similar
structure, can be reasonably explained by structural (steric)
factors. One should notice that after electron transfer in the
encounter complex, the hydrogen atoms attached to the
carbon adjacent to the sulfur atom become acidic and therefore
can possibly form hydrogen bonds, e.g., with the neighboring
carbonyl oxygen of the sensitizer (as shown in Scheme 3). Due
to the steric effect, such bonding would make the proton from
the methylene group inaccessible for the ky path of the
reaction for the compound 2, and consequently, no
deprotonation at this carbon atom can occur. This steric
effect of the sensitizer approaching the reaction center was
additionally supported by the DFT calculation (Prof. Jacek
Koput, private communication; see Figure 3) describing the
structures of encounter complexes [3CB--**S<] in the most
stable conformations for Ac-MeCys-NH-CH; (2) and N-Ac-
Met-NH-CHj (1). The distances between the oxygen atom of
3CB and the hydrogen atoms of the methyl and methylene
groups neighboring the sulfur atom of 1 were both small and
equal to 2.67 and 3.19 A, whereas for compound 2 they were
2.16 and 4.82 A for methyl and methylene groups, respectively.

The results discussed above show that the ky reaction path
in the oxidation of 1 involves proton transfer from both carbon
atoms neighboring the sulfur atom, resulting in two aS-type
radicals (aS; and aS, as shown in Scheme 2). The access to
this “internal” proton in the encounter complex with Ac-
MeCys-NH-CH; (see Scheme 3) is sterically more difficult,
making the k., path more efficient in the case of 2 (Ac-
MeCys-NH-CH;). Consequently, only one type of aS radical
(localized on the terminal carbon atom and depicted as aS,) is
being formed in this case (see stable product analysis).

The steady-state irradiations of the 3CB-amino acid systems
(with 1 or 2) led to the decomposition of the reactants and the
generation of various stable products. The quantum yields of
disappearance of the amino acids (®g;,) were found to be 0.13
and 0.12 (+0.02) for 1 and 2, respectively. These values are
significantly smaller than the quantum yields of the radicals
obtained from LFP (see Table 1), indicating that only a
fraction of the radical-coupling reactions in the radical pairs (as
presented in Schemes 2 and 3) is involved in the formation of
stable products. The remaining quantities of free radicals
undergo back H atom transfer process (kyy). In other words,
only the fraction of the free radicals generated (and observed
in LFP as shown in Table 1) generates stable products and the
remaining radicals undergo the radical disproportionation
reaction (k) regenerating the initial reactants.

It is noteworthy that small amounts of the sulfoxide (>S=
O) were detected after steady-state irradiation and LC—MS
stable product analysis of 1, while no sulfoxide was formed in
the oxidation of 2. Since the solutions were purged with high
purity argon prior reaction, >S=0 could not be produced in a
reaction with molecular oxygen. The mechanism of sulfoxide
formation from bimolecular aS radical disproportionation has
been proposed earlier,”'® and it involves the y-carbon-centered
radical. This type of radical (aS,) is present exclusively in the
oxidation of 1, while the photosensitized oxidation of
compound 2 yields only one type of @S radical (aS,, localized
on the terminal C atom) and cannot be a precursor for any
sulfoxide formation.
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As explained above, the photosensitized oxidation reaction
led to two major types of relatively stable, carbon-centered
radicals: ketyl radicals from 3CB reduction and two types of aS
radicals derived from amino-acid oxidation and/or subsequent
> §** deprotonation (as presented in Scheme 1). These two
radicals (aS and 3CBH®) are known to undergo radical-
coupling reactions yielding the adduct-type photoproducts'® of
different structures depending on the exact structure of their
precursors. Moreover, once the aS radicals are produced
(either from the deprotonation of > S** or from the ky
reaction pathway as described above), the question arises on
which of the two carbon atoms is the radical localized? To
answer this question, the samples containing 3CB and the
quencher were irradiated and subsequently analyzed using
HPLC with a standard spectrophotometric detection and
coupled with high-resolution MS and MS/MS detection. This
stable product analysis is therefore very helpful in collecting
information on the nature and structure of the free-radical
species taking part in such photooxidation processes. High-
resolution MS is a very powerful technique for analysis of the
stable photoproducts since, from the measured exact masses
(or more precisely m/z values) of the products, one can prove
the molecular composition of the products. However, there is
no structural information from such experiments. MSMS
fragmentation experiment, on the other hand, may provide the
structural information on the photoproducts and, after detailed
analysis, their precursor radicals.

The aS-type radicals produced in the oxidation of both
compounds (aS; and @S, for 1 and only aS; for 2) ultimately
led to radical-coupling products with the 3CB ketyl radical
(3CBH") and traces of aS—a$ dimeric products (as shown in
the Supporting Information). As expected, only one main
stable product was detected for 2 with m/z 417, while three
isomers (one structural 1a and two optical 1b and 1c) with m/
z 431 were observed for 1 (see Figures 4—6).

Stable Product Analysis: N-Ac-Met-NH-CH; Oxida-
tion. As can be seen on the chromatograms in Figure 5, three
main photoproducts eluted with retention times of approx-
imately 11—12.5 min were detected after 10 min, 355 nm
irradiation. All products showed the same molecular
composition at m/z 431.1633, suggesting their isomeric nature
(photoproducts 1a, 1b, and 1c; see Figure 4 for suggested
structures) .

The MSMS fragmentation was performed for the [M + H]*
product ion at m/z 431, and as can be seen in Figure 6, the
fragmentation revealed significant structural differences
between the photoproducts. The main fragmentation pathways
of 1a, 1b, and 1c correspond to the decomposition of the
methionine moiety. However, the diagnostic product ion at m/
z 189 detected for photoproduct 1a clearly indicates that the
benzophenone moiety (depicted as R) was attached to the S-
methyl group. Furthermore, the diagnostic product ions at m/z
249 detected for diastereomeric photoproducts 1b and 1c
indicate that these two compounds possess the -S-CH; moiety;
thus -R must be attached to the S-methylene group. It is
therefore clear, that the photoproducts 1a, 1b, and 1c were
generated in a radical-coupling reaction between two types of
radical species as described above (aS and the 3CBH"® ketyl
radical). It is noteworthy that, as expected, traces of aS—aS$
radical-coupling products (m/z 40S5) were also detected (see
small peaks at retention times 12—14 min in Figure S5), but
these photoproducts were not analyzed in this work due to
their small yields. Following the same line of reasoning, also
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the traces of benzpinacol-like products (3CBH—3CBH) were
detected in the LC—MS analysis. The mechanism of 3CB*
photosensitized oxidation of N-Ac-Met-NH-CHj; is summar-
ized in Scheme 2.

Stable Product Analysis: N-Ac-MeCys-NH-CH; Oxida-
tion. As presented in Figure 7, only one main photoproduct
eluting with a retention time of approximately 11.5 min was
detected after irradiation. This photoproduct (2a) shows its
MS spectrum with one clear peak at m/z 417, and the
difference of 14 Da (CH, group) suggests that the structure of
this product is very similar to the Met analogue discussed
above. The MSMS fragmentation (Figure 8) of [M + H]* at
m/z 417, analogically as for [M + H]* ion of photoproduct 1a,
corresponds to the decomposition of the cysteine moiety (loss
of neutral molecules of water, methylamine, carbon monoxide,
and acetamide). The diagnostic product ion at m/z 175,
however, clearly indicates that R is attached to the S-methyl
group. Therefore, the photoproduct 2a is similar in structure to
photoproduct 1a (see Figure 4). As in the case of N-Ac-Met-
NH-CH; oxidation, traces of aS-aS$ radical-coupling products
(m/z 379) and benzpinacol-type products (m/z 455) were also
detected for Ac-MeCys-NH-CH; (Scheme 3).

The exact masses of diagnostic ions from MSMS experi-
ments that allowed us to suggest the structures of photo-
products are collected in Table 2.

On the basis of the data obtained in the flash photolysis and
stationary irradiation followed by the LC—MS analysis of the
stable photoproducts, the mechanism of 3CB* photosensitized
oxidation of Ac-MeCys-NH-CHj is presented in Scheme 3.

B CONCLUSIONS

The mechanisms for photosensitized oxidation of methionine
(N-Ac-Met-NH-CHj, 1) and methyl-cysteine (Ac-MeCys-NH-
CH;, 2) analogues by 3-carboxybenzophenone excited triplet
(3CB*) in neutral aqueous solutions were shown to differ
significantly. The differences observed for primary and
secondary photoreactions are summarized below.

For primary photochemical reactions (Scheme 1), the
following were observed.

e For compound 1 only one primary photoreaction,
namely, electron transfer followed by proton transfer
within the encounter complex, ky leading to the
formation of ketyl radical 3CBH*® and a-thioalkyl radical
(aS) was observed with the quantum yield ®(3CBH*) =
0.32.

For compound 2 both ky and kg, (electron transfer
followed by charge separation) primary photoreactions
were observed with the quantum yields ® (3CBH®) =
0.24 and @ (3CB*") = 0.34, respectively.

For secondary reactions leading to stable products (Schemes
2 and 3), the following were observed.

e For compound 1 both a$S, and aS,-type radicals were
formed as proven by the detection of radical-coupling
products with 3CB ketyl radicals (aS;-3CBH and two
diastereoisomers of S,-3CBH). This indicates that
hydrogen atoms from the methyl and methylene groups
attached to the sulfur atom in the amino acid side chain
CH;-S-CH,- participate in the reaction mechanism,

For compound 2 only one type of radical-coupling
product (aS;-3CBH) was found and only a hydrogen
atom from the methyl group (CH;-S-) was involved,
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e The back H-atom transfer reaction of 3CBH® with aS
radicals (kyy) leading to regeneration of reactants in the
ground states was shown to compete with the radical-
coupling reactions.

The differences in the photoreaction mechanisms were
rationalized by the differences in geometry of the encounter
complexes of 3CB with both amino acids (a steric effect for
compound 2).

In summary, it was demonstrated that a small change in the
structure of the sulfur-containing amino acid (one methylene
group less for S-methyl-cysteine analogue in comparison to
methionine) led to significant changes in the mechanisms of
the photosensitized oxidation of N-Ac-Met-NH-CH, (1) and
Ac-MeCys-NH-CH; (2) by the 3-carboxybenzophenone excited
triplet in neutral aqueous solutions.
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Comment S1. The synthesis procedure:

The compounds N-Ac-Met-NH-CH; (1) and N-Ac-MeCys-NH-CHj (2) studied in this work were
synthesized in the following reaction sequence: both the starting Met and Cys were transformed
into the respective methyl esters hydrochlorides first, then the amino groups were acetylated
and finally the ester functionality transformed into methylamides.

The desired products of the above reaction sequence were purified by column chromatography
using as an eluent a gradient of mixture of methylene chloride-methanol.

The reaction products were characterized by spectral methods and they displayed the expected
properties.
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Intens.
x104

1.251

1.00

0.751

0.50

0.25 |

0.00 += e '.___;__ e & it Bt - - 2 et s ol sapucan s ' ’ =
0 Bl 10 15 20 25 30 Time [min]

El
@™
-]
o
=

[%] 221.0952

222.0980

223.0930
A

218 219 220 221 222 223 224 225 226 227 miz

MNa+
243.0772

40 1950737

204 MH+ 2MNa+
» L i { L 4(}3.}643

100 200 300 400 500 00 700 miz

Fig. S1 Sulfoxide detected for N-Ac-Met-NH-CHj; (compound 1). extracted ion chromatogram (after 10
min irradiation) and MS spectrum of the >S=0 photoproduct (m/z for unoxidized cmpd. 1 is 205.1011).
Sulfoxide was not detected for N-Ac-MeCys-NH-CHj; (compound 2).
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2. aS-oS detection:
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Abstract: Within the reactive oxygen species (ROS) generated by cellular metabolisms, hydroxyl
radicals (HO®) play an important role, being the most aggressive towards biomolecules. The re-
actions of HO® with methionine residues (Met) in peptides and proteins have been intensively
studied, but some fundamental aspects remain unsolved. In the present study we examined the
biomimetic model made of Ac-Met-OMe, as the simplest model peptide backbone, and of HO®
generated by ionizing radiation in aqueous solutions under anoxic conditions. We performed the
identification and quantification of transient species by pulse radiolysis and of final products by
LC-MS and high-resolution MS/MS after y-radiolysis. By parallel photochemical experiments, using
3-carboxybenzophenone (CB) triplet with the model peptide, we compared the outcomes in terms
of short-lived intermediates and stable product identification. The result is a detailed mechanistic
scheme of Met oxidation by HO®, and by CB triplets allowed for assigning transient species to the
pathways of products formation.

Keywords: methionine; oxidation; pulse and y-radiolysis; laser flash and steady-state photolysis;
free radicals; high-resolution MS/MS

1. Introduction

The oxidation of methionine residues (Met) in peptides and proteins is a crucial
reaction in the biological environment [1]. Reactions of both one- and two-electron oxidants
with Met have been studied in some details. The reactive oxygen species (ROS) network,
initiated from superoxide radical anion (O,°*™) and nitric oxide (NO®), regulates numerous
metabolic processes. The production of two-electron oxidants like HyO,, ONOO™ or HOCI
involves the reaction with Met residues in a site-specific manner with formation S and
R epimers of methionine sulfoxide, Met(O) [1]. Interestingly, the two epimeric forms of
sulfoxide are repaired enzymatically by methionine sulfoxide reductase Msr-A and Msr-B,
respectively [2,3]. Met residues in proteins are not only preserved against oxidative stress,
but these transformations play an important role in cellular signaling processes [3,4].

Hydroxyl radicals (HO®) are the most reactive species within the ROS network and
have long been regarded as a major source of cellular damage [5]. The main cellular
processes that generate HO® are the Fenton reaction of H,O,, the reduction of HOCI or
Hy0O, by O*~ and the spontaneous decomposition of ONOOH [1]. In cells it is estimated
that the diffusion distance of HO® is very small due to its high reactivity with various types
of biomolecules with rates close to diffusion-controlled [6,7]. Scheme 1 shows the two-step
reaction of HO® with sulfides like Met to give formally one-electron oxidation, i.e., the
formation of sulfuranyl radical followed by heterolytic cleavage [8-10].
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Scheme 1. Methionine (R = CH,CH(NHj3)*COO™) like thioethers reacts with two-electron oxidants
to give the corresponding sulfoxide, while the reaction with HO® affords other products.

Radiolysis of water provides a very convenient source of hydroxyl radicals HO®. Time-
resolved kinetic studies by pulse radiolysis have expanded our mechanistic understanding
of radical reaction pathways of Met at various functionalized environment [11]. Indeed,
neighboring group participation of one-electron oxidation of Met (MetS**) reactivity within
particular peptides and/or proteins is of great importance, due to the presence of a manifold
of possible participating functionalities (carboxy, amine, hydroxy and amide groups) [12].
For a long time it was believed that the two-centered, three electron (2c-3e) bonds between
the oxidized sulfur atom and the lone electron pairs, located on the nitrogen atom in
the N-terminal amino group and the oxygen atoms in the C-terminal carboxyl group are
responsible for the stabilization of MetS®** through a five-membered or six-membered ring
interaction [13-16]. Subsequent studies showed that heteroatoms present in the peptide
bond can be also involved in the formation of similar transient species with 2c-3e bonds
with the oxidized sulfur atom [14-18].

There are also a few radiation chemical studies of Met in aqueous solutions, followed
by product characterization and quantification. In the reaction of HO® with free Met
in either the absence or the presence of oxygen, the attack at sulfur atom accounts of
~90% affording 3-methylthiopropionaldehyde; the formation of small amounts of the
corresponding sulfoxide is due to in situ formation of HyO, rather than to direct oxidation
by HO® [19,20]. Again, studying the reaction of HO® with tripeptide Gly-Met-Gly provided
strong evidence that the corresponding sulfoxide in the tripeptide derives from the in
situ formed HyO;. It is relevant to say that the main product of the tripeptide is an
unsymmetrical disulfide (RCH,SSCHj3) assigned to the chemistry of MetS®** with parent
compound, while the use of aerobic conditions highlighted the formation of other products
derived from peroxyl radicals of the tripeptide [17].

The present study focuses on the reaction of HO® with Ac-Met-OMe (1), the simplest
model peptide backbone. This reaction was previously studied by pulse radiolysis at the
pH range 4-5.7 [14]. Herein we extend the identification and quantification of transient
species by pulse radiolysis at pH 7 and of final products of y-radiolysis by LC-MS and
high-resolution MS/MS under anoxic conditions. The purpose of acetylation of the N-
terminal amino group is to eliminate the fast intramolecular proton transfer from the
amino group to the sulfuranyl moiety, which was suggested earlier as the main decay
reaction pathway, while the esterification of the C-terminal carboxyl group eliminates its
decarboxylation [8,9,17,21,22]. Therefore, the use of 1 allows to study the reaction of HO*
with Met residue with no contribution of N- and C-terminal functional groups.

Excited triplet states of benzophenones carboxyl derivatives (*CB) were also shown to
be very useful for studying one-electron oxidation reactions of Met-containing molecules
of biological significance [21,23,24]. The mechanism of primary photo-induced processes
occurring during Met oxidation in aqueous solutions is summarized in Scheme 2.
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Scheme 2. Known mechanism of primary photochemical reactions for sensitized photooxidation of
methionine derivatives in aqueous solution.

The quenching of 3CB by Met derivatives leads to formation of a complex that can
decay in three primary reactions: charge separation leading to CB*~ and MetS**; H-atom
transfer from alpha carbon atom next to sulfur to form CBH® and «S°® radicals; and back
electron transfer leading to formation of reactants in their ground states. Recently, the
reaction of 3-carboxybenzophenone triplet (*CB) with Ac-Met-NHMe has been studied
in some details by some of us [25]. The mechanism of photooxidation of Met moiety
showed to involve mainly H-atom abstraction from the two «-positions next to sulfur
(see Scheme 2). Herein we included results of CB sensitized photooxidation of Ac-Met-
OMe (1) in aqueous solutions applying flash photolysis studies for transient detection and
continuous photolysis for products identification.

Application at the same time of radiation and photochemical techniques allowed
for the first time to have two complementary conditions in order to compare in detail
the oxidation mechanisms of Met derivative 1 initiated either by HO® or >CB leading via
short-lived intermediates to stable products.

2. Results and Discussion
2.1. Pulse Radiolysis Studies

Pulse irradiation of water leads to the primary reactive species e aq, HO®, and H®, as
shown in Reaction (1). The values in brackets represent the radiation chemical yield (G) in
pmol 1. In N,O-saturated solution (~0.02 M of N,O), e aq are efficiently transformed into
HO?® radicals via Reaction (2) (k=9.1 x 10° M~1s1), affording G(HO®) = 0.56 pmol 171

H,O — e, (0.28), HO® (0.28), H*(0.06) Q)

eyq + N2O+ H,O — HO® + Np + HO™ @)

The reaction of HO® with compound 1 was investigated in N,O-saturated solution of
0.2 mM 1 at natural pH (pH value of 7.0 was recorded). Transient absorption spectra in the
range 270-700 nm recorded in the time range of 200 ns to 400 us were collected in Figure 1.

The transient spectrum obtained 1.1 us after the electron pulse showed a dominant
sharp absorption band with Apnax = 340 nm. Based on previous studies on methion-
ine derivatives, this band can be assigned to the HO® adduct of the sulfur atom HOS®
(cf. Scheme 3 for the structure) [13,14,17]. However, as shown in Figure 1, the transient spec-
trum profile changes with time, indicating the overlap of various transient species. The tran-
sient spectrum profile can be resolved into contributions from the following components:
the sulfuranyl radicals (HOS®), the C-centered radicals (xC®), the «-(alkylthio)alkyl
radicals («S(1)® and «S(2)°®), the inter-molecular sulfur-sulfur radical cations (SS**) and
intramolecular sulfur-nitrogen three-electron-bonded radicals (SN*®) (the structures of these
intermediates are highlighted in colored boxes in Scheme 3; see also Figures S1 and S2 in
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Supplementary Materials for their individual spectra). These intermediates were previously
identified during HO®-induced oxidation of 1, but at the pH range 4-5.7 [14].
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Figure 1. Absorption spectra following HO® oxidation of compound 1 (0.2 mM) in N,O-saturated aqueous solutions at pH
7. Spectra were taken after the following time delays: (a) 200 ns (e), 400 ns (e), 500 ns (¢), 1.1 us (e), 3 us (), 5 us (e) and
inset: short-time profiles representing growths at A = 290 nm (e), 340 nm (e), 390 nm () and 490 nm (e); (b) 10 us (), 20 us
(#), 50 ps (@), 100 ps (o), 200 pus (o), 400 pus (o) and inset: long-time profiles representing decays at A = 290 nm (e), 340 nm (o),
390 nm (¢) and 490 nm (e) (Dose per pulse = 11 Gy; optical path =1 cm).

The spectra recorded 1.1, 3 and 6 us after the electron pulse were resolved into
contributions from the same components (HOS®, xC®, «S®, SS** and SN*®). Figure 2
shows the spectrum at 6 us, while Figures S3 and 54 report the spectra at 1.1 and 3 us,
respectively. The sum of all component spectra with their respective radiation chemical
yields (G-values) resulted in a good fit (2 symbols in Figure 2, Figures S3 and S4) to the
experimental spectra.

Table 1 reports the radiation chemical yields of each radical and their percentage
contribution to the transient spectrum obtained.

Table 1. The radiation chemical yields (G, pmol 771 of radicals and their percentage contribution (in parenthesis) to the
total yield of radicals present in the reaction of HO® with compound 1 at different times after electron pulse at pH 7.0 2.

Time (us) HOS*® «C*® aS(@1)® + aS(2)°® SSet SN°® Total R®
11 0.39 0.06 0.01 0.04 0.03 053
’ (73.6%) (11.3%) (1.9%) (7.5%) (5.7%) ’
3 0.16 0.02 0.17 0.11 0.10 056
(28.6%) (3.6%) (30.3%) (19.6%) (17.9%) ’
6 0.03 0.02 0.26 0.13 0.13 057
(5.3%) (3.5%) (45.6%) (22.8%) (22.8%) :

2 For a procedure of G determination see Section 3 and [15].

The calculated total G-value of 0.53 pmol J~! for the 1.1 us spectrum is nearly in
agreement with the expected G-value of HO® (0.56 umol J~1) available for the reaction of 1
at pH 7 and the concentration (0.2 mM) of 1. This small difference in G-values could be
understood, since at this time the reaction of HO® radicals with 1 via pathways 2 and 3
(Scheme 3) is about to be completed. The spectrum showed a dominant sharp absorption
band at Amax = 340 nm. It is worthy to note that the most abundant radical present at
this time is HOS®, which constitutes more than 70% of all radicals (Table 1). On the other
hand, the total G-value of 0.56 pmol ]! for 3 us spectrum is in excellent agreement with
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the expected yield of HO® radicals. The spectrum after 6 us (Figure 2) was dominated
by two distinct absorption bands with the pronounced maxima at A ~ 290 and 490 nm.
These bands were assigned to «S® radicals and SS®* radical cations, respectively. The
first one was obtained by hydrogen abstraction (path 2 in Scheme 3), and both of them
by a sequence of reactions involving HOS® radicals and sulfur radical cations (S**). The
spectrum at 6 s was resolved into contributions from the same components (Table 1). The
total G-value of all radical present (0.57 umol J~!) is again in excellent agreement with the
expected yield of HO® radicals. It is worthy to note that the most abundant radicals present
at 6 us are xS®, SS** and SN*® radicals which constitute more than 90% of all radicals.
Interestingly, the comparison of the radiation chemical yields of HOS® radicals and the
sum of radiation chemical yields of «S®, SS®* and SN*® radicals at 3 pus and 6 ps after the
pulse (Table 1) suggested that the increase of G(xS® + SS** + SN*®) occurs at the expense
of decrease of G(HOS?®). This observation can be rationalized by the involvement of the
S** on Met moiety in two equilibria (an acid-base and a concentration) and an irreversible
deprotonation channel presented in Scheme 3.

Dimers
P ————> 7,8,9,10, 11
(cf. Scheme 5)

g H (0] !
' YN : O/i by-products
| [ — from
. O 1 unimolecular
! i decay
i S |
aC’
V H+
i Ho]
' -
N ! ey o
e T
| S

Scheme 3. Proposed mechanism for the reaction of HO® radicals generated by y-irradiation of N,O-saturated aqueous

solutions containing 1.0 mM N-acetyl methionine methyl ester (1) at natural pH.

Excellent material balance of all radicals, identified in the system equal to the G-value
of HO® radicals available for the reaction with 1, proved the presence of all radical transients
as the precursors of end products. At this point, it has to be stressed that after 6 s the total
G-value of the radicals began to decrease, reaching the value of 0.12 umol J~1 at 400 us
which is only slightly higher than the G-value of «S® radicals (0.10 umol J~!) (Figure S5).
This suggests that on this time domain nearly 80% of all radicals formed in the system
were consumed in radical-radical processes leading to the final products. Moreover, in
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this time domain the rates of these termination processes became dominant compared
to the rates of transformation of SS®* and SN® radicals into «S(1)®, «S(2)® and «C*®
radicals, respectively.
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Figure 2. Resolution of the spectral components: HOS® (o), xC*® (A), S(1)® and «S(2)® (M), SS**
(¥), SN* (V) in the transient absorption spectrum recorded 6 s (e—experimental; ®—fit) after the
electron pulse in NpO-saturated aqueous solution containing 0.2 mM 1 at pH 7.

Inset in Figure 1a shows kinetic traces recorded at four wavelengths (290, 340, 390 and
490 nm) that correspond to the maxima of absorption bands of the four most abundant
radicals present in the irradiated system, i.e., S®, HOS®, SN® and SS**. These kinetic
traces look different, and they reached their maximum signal at various times after the
pulse. We assigned the observed buildup at A = 340 nm to the formation of HOS® radical.
Because HOS® is decaying in a significant way during its formation (see inset in Figure 1a),
one has to account for this decay in order to get the proper value for the rate constant of
the formation. Furthermore, based on the reference spectra applied in spectral resolutions
(Figure S2), one can expect that the optical absorption bands of at least two radicals (xC*®
and SN*) overlap with the optical absorption band of HOS®, and thus may “contaminate”
formation and decay traces observed at A = 340 nm. In order to overcome this problem,
we extracted the concentration profile of HOS® using spectral resolution of spectra at any
desired time delay following the electron pulse ranged from 200 ns to 8 us (cf. Figure S6A).
Similarly, on the basis of the extracted concentration profiles of the other transients (SS®*,
«S®, aC*® and SN*), it was possible to evaluate their kinetic parameters (cf. Figure S6B-E).
Otherwise, this would not be possible based just on “raw” time profiles recorded at the
wavelengths of their absorption maxima (see insets in Figure 1). Kinetic parameters of all
radical transients are collected in Table 2.

The first-order decay of HOS® (k; = 5.6 x 10° s™!) results in radicals with a sulfur
radical cationic site (5°*). The S** undergo typical reactions expected for such kind of
radicals: deprotonation leading to the «S® radicals, the intermolecular formation of SS**
and intramolecular five-membered cyclic SN® (Scheme 3).

For the equilibrium S** + 1S SS*®*, the values of k¢ = 2.2 x 10°M s land k. =3.6 x 10* s 1
give the equilibrium constant K = k¢/k; = 6.1 x 10* M~1, which is three-fold lower than the
previously estimated K for analogous dimeric radical cations derived from (CHj3),S [26].
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Table 2. Kinetic data for growth and decay of radicals present after the reaction of HO® with
compound 1 at pH 7.0 from the pulse radiolysis studies.

k,s~1 HOS® aC® as® SSe** SN*®

P 2.1 x 10° 1.5 x 100 4.1 x 10°P 47 x 10° 3.7 % 105
growth 1.1 x 1002 7.5 x 1072 3.6 x 10%¢ 2.2 x 10°d '

kdecay 5.6 x 10° 1.4 x 100 4.0 x 103 3.6 x 10* 8.2 x 103

2 The second-order rate constants (M~!s~!) measured based on 0.2 mM concentration of 1; ? the first-order
rate constant of the fast growth; © the first-order rate constant of the slow growth; d the second-order rate
constant (M~ !s~1) measured based on 0.2 mM concentration of 1, and corrected for the backward reaction of the
equilibrium, cf. Scheme 3.

The formation of aS*® radicals occur via two different mono-exponential processes
with k= 4.1 x 10° s and k = 3.6 x 10* s~! (cf. Figure S6C). The first one is assigned to
deprotonation of S** that is formed directly from HOS®, and the second to deprotonation
of S** that is formed via the reverse reaction involving SS®*. These assignments are
strongly supported by the fact that the rate constant of the slow formation of ®S® radicals
(cf. Figure S6C) is equal to the rate constant of the SS®** decay (cf. Figure S6B).

A second-order rate constant of 7.5 x 10° M~!s~! was obtained for the reaction of HO®
radical with 1, via path 3 (Scheme 3), by measuring the rate constant of the pseudo-first-
order growth k = 1.5 x 10° s~! of the «C® concentration at 0.2 mM of 1 (cf. Figure S6D),
which was assigned to the direct H-atom abstraction from the x-carbon atom by HO®
radicals (see path 3 in Scheme 3). This value is reasonable considering in this case a rather
low C*-H bond energy [27]. A quite surprising result is the short lifetime of «C® radicals
which decays via a mono-exponential process with the rate constant k = 1.4 x 10° s~!
(cf. Figure S6D). We tentatively suggest that by-products are formed by unimolecular
decay due to 3-fragmentation with formation of the acyl radical, CH3C(O)® [28].

The pseudo-first order growth k = 3.7 x 10° s~! of the SN® concentration can be
assigned to the overall reaction with the first step leading to S**, followed by the concerted
cyclization and deprotonation (see Scheme 3). The decay of the SN*® radicals is rather
slow and occurs with the pseudo-first order rate constant k = 8.2 x 10% s~!. Based on
earlier results [14,15], protonation of the SN*® radicals provides the most facile mechanistic
reaction pathway of their decay. On the basis of the extracted concentration profiles of
the SN*® radicals in cyclic L-Met-L-Met at various pHs, it was possible to evaluate the
rate constant of SN* radicals with protons to be 2.1 x 10° M~!s~! [15]. At pH 7, these
reactions occur with the pseudo-first order rate constant 2.1 x 10? s~!, which are much
lower than the pseudo-first order rate constant measured for the decay of the SN*® radicals
formed from compound 1 (vide supra). Therefore, the most probable pathway responsible
for the decay of the SN*® involves N-protonation (e.g., by water molecules), followed by
deprotonation at the xC-carbon leading to «C® radicals (cf. Scheme 3). These reactions
provide an irreversible entry to these C-centered radicals and were previously suggested
for linear peptides containing Met residue [14]. Since «C® radicals are formed in a slow
process, this fact, combined with their very short lifetime, rationalizes their absence in the
resolved absorption spectra recorded at longer times.

2.2. y-Radiolysis and Product Analysis

In addition to the reactive species e ~aq, HO®, and H®, radiolysis of neutral water leads
also to H* (0.28) and H,O, (0.07); in parenthesis the G in pmol T~ [7]. In N,O-saturated
solution, the G(HO®) = 0.56 umol ]!, therefore HO® and H* account for 90% and 10%,
respectively, of the reactive species (cf. Reactions (1) and (2)).

N,O-saturated solutions containing compound 1 (1.0 mM) at natural pH were irradi-
ated for 400 and 800 Gy under stationary state conditions with a dose rate of 46.7 Gy min !
followed by LC-MS and high-resolution MS/MS analysis. A representative LC-MS analysis
of the 800 Gy irradiated sample is shown in Figure 3.
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Figure 3. HPLC run of y-irradiation of NpO-saturated aqueous solutions of 1.0 mM N-acetyl methio-
nine methyl ester (1) at natural pH at a dose of 800 Gy (dose rate of 46.7 Gy min~!). The consumption
of 1 led to the formation of 10 products. Inset: expansion of the chromatogram between 14 and
22 min.

Eleven compounds were detected in the chromatogram including the starting material
1. All peaks were identified and their chemical structures assigned by examination of their
high-resolution mass data and characteristic fragmentation patterns (see Figures S7 and S8).
In Schemes 3 and 4 the structures of all products are reported that will be described in
some detail below.

H He
42—02 1 — Y o~ + CH3S-

Scheme 4. The reaction of 1 with HyO, and H*® atom affords sulfoxide 2 and a-aminobutyric 3 derivatives, respectively.

Combination of the pulse radiolysis results on reactive intermediates and the struc-
tural information obtained from the high-resolution MS/MS allows the depiction the
mechanistic proposal of compound 1 transformation by y-radiolysis (Scheme 3). It is well
documented from previous studies on Met derivatives that the sulfoxide 2 is formed due
to the in-situ generation of hydrogen peroxide [17,19], while the H® addition to the sul-
fur (k= 1.7 x 10° M~ s~ 1) with the formation of a sulfuranyl radical intermediate affords
compound 3 and CHj3S® radical (Scheme 4) [29,30].

From the pulse radiolysis studies described above, the reaction of HO® with 1
(k=1.1 x 101 M~1s71) followed one main and two minor paths. In Scheme 3, the forma-
tion of adduct radical (HOS®) is the main path (path 1), while the two minor ones are:
the H-atom abstraction from the CH,-5-CH3 moiety to give the intermediate «S® radicals
(path 2) and the H-atom abstraction from the N-CH-CO moiety to give the intermediate
«C*® radical (path 3). Table 1 shows that 1.1 us after the pulse the distribution percentages
were 73.6, 1.9 and 11.35% for HOS®, aS® and «C®, but at 6 ps after the pulse the relative
contribution changed to 5.3, 45.6 and 3.5%, respectively. The HOS® follows a first-order
decay (kq = 5.6 x 10° s~1) by HO™ elimination to give the sulfide radical cation, which is at
the crossroad of various possible reactions affording the intermediates SS®*, xS®, SN*® and
«C®. We recall from pulse radiolysis section that the radiation chemical yields of HOS®
and the sum of radiation chemical yields of SS**, aS® and SN* species at 3 us and 6 ps
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after the pulse (Table 1) suggest that the formation of SS**, xS® and SN*® species follows
the decay of HOS?®, as discussed in the previous section.

We suggest that the disulfide radical cation (SS®*), which is in equilibrium with sulfide
radical cation (S**) and starting material, fragments and affords the observed disulfide
5 [17]. Moreover, the S** is prompt to deprotonation. Evidence from the pulse radiolysis
experiments indicated that SN*® radical is the progenitor of «C® radical and the proposed
mechanism is suggested in Scheme 3, including the tentatively suggested unimolecular
decay by p-fragmentation with formation of acyl radical [28]. We do not have confirmation
of this latter pathway by the present LC-MS data.

Lastly, the «S*® radicals, which can be both «S(1)® and «S(2)® are shown in Scheme 3.
Table 1 reports the percentage contribution as a function of time, i.e., 1.9, 30.3 and 45.6% for
1.1, 3 and 6 ps after the pulse, which means that at longer time scale the S® radicals are
the only remaining reactive species together with CH3S® radical derived from the H® atom
reactivity (cf. Scheme 4). The cross-termination of «S(1)® and «S(2)® with CH3S® affords
compounds 4 and 6, respectively (see Scheme 3).

The data from the high-resolution MS/MS showed that compounds 7, 8, 9, 10 and 11
are dimers of «S*® radicals (Scheme 3). Figure S8 shows the high-resolution MS/MS spectra
of the five compounds. The accurate masses of these products, m/z 409.1484, 409.1480,
409.1480, 409.1479, 409.1478, correspond to a molecular weight MH* equivalent of two
«S*® radicals. Although the fragmentation patterns are not diagnostic, some information
can be extracted. All of them show that initial fragmentations with a loss of CH4O, CH4S,
C2H4O and/or CszO.

Further structural information may be obtained from the analysis of potential dias-
teroisomers. What is the ratio of the two «S*® radicals? It is expected «S(2)® radical to be
in higher concentration than «S(1)® and in line with the higher stability of secondary vs.
primary alkyl radical due to favorable deprotonation from the precursor sulfide radical
cation. Assuming that the concentration of ®S(2)® radical is twice that of the «S(1)® radical,
it is expected to having aS(2)-aS(2) and «S(2)-aS(1) from a probability point of view of
termination steps. Figure 4 shows that «5(2)-aS(2) has four stereocenters, two are from
the starting material fixed at the S configuration whereas two new stereocenters generated
from the self-termination can be R or S. In total four products, two of them are identical,
and therefore we expect to have 5555, SRSS and SRRS diastereoisomers.

Figure 4 shows that «5(2)-«S5(1) has three stereocenters, two are from the starting
material fixed at the S configuration and one stereocenter is generated from the cross-
termination of the two radicals, producing the diastereoisomers SSR and SRS. In total, five
diastereoisomers that we associated with the five dimeric products detected by LC-MS in
y-radiolysis of the compound 1.

2.3. Photosensitized Oxidation by 3CB

Sensitized by triplet CB (*CB) oxidation of Met derivatives leads to numerous tran-
sients, well characterized in our earlier studies [23,25,31]. Laser flash photolysis (LFP)
results of the 3CB with 1 are presented in Figure S9. The main species observed are 3CB
and ketyl radical (CBH®), with a minor contribution of radical anion (CB®*~) (Figure 5). As
expected, the transient species derived from compound 1 could not be directly observed
due to the strong absorption overlap of the transients derived from CB photochemistry.
However, it is expected that the radical coupling reactions derived from the two «S®
radicals are predominant.

The Ar-saturated solutions containing CB (4 mM) and compound 1 (20 mM) at natural
pH were irradiated for 20 min using a CW 355 nm laser (50 mW, see Experimental Section
for details). A representative LC-MS analysis of the irradiated solution is shown in Figure 6.
A variety of compounds were detected in the chromatogram, including the starting material
1 and CB. The high-resolution mass data and fragmentation patterns of all peaks were
analyzed and information on their chemical structures were extracted. In Scheme 5, the
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structures of major products are reported that will be described in some detail in the

following paragraphs.
C(O)OMe
AcHN——H S
C(O)OMe CH,
AcHN——H S MeS——H SorR
CH, CH,
MeS——H SorR S
MeS——H SorR (|3H2
CH, CH,
AcHN—|—H S AcHN——H S
C(O)OMe C(O)OMe
aS(2)—aS(2) aS(2)—aS(1)
3 diastereoisomers 2 diastereoisomers
SSSS - SRSS - SRRS SSS - SRS
Figure 4. The chemical structures of aS(2)-«S(2) and «S(2)-aS(1) indicating the configuration of
stereocenters.
) OH
oo guUTt
cB CBH-

Figure 5. Structures of the sensitizer (3-carboxybenzophenone, CB) and its respective photo-reduction
product (ketyl radical, CBH?®).
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Figure 6. HPLC run of 355 nm irradiated solution containing CB (4 mM) and N-acetyl methionine
methyl ester (1) (20 mM). The peaks are labelled with numbers referring to products shown in

Scheme 5 and Figure 7.
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C(0)OMe
Me(O)CHN+H s
C(0)OMe CH,
Me(O)CHN—-H s CH,
CH, S OH
MeS——H SorR CH, Ph——Ar SorR
Ph——Ar SorR Ph+Ar SorR Ph——Ar SorR
OH OH OH
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Figure 7. The chemical structures of «5(2)-CBH, «S(1)-CBH and CBH-CBH) indicating the configuration of stereocenters.

1 + 3cB
(0]
H - path 2 *5— 5+S/R1 path 3 Ph R
5 -—— - \n/ 0 3CB “Me /C—O—S/M; T 2
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(cf Scheme 3) o r
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CBH—CBH aS(2)—CBH aS(1)—CBH aS(2)—aS(2) aS(2)—aS(1)
18,19 12,13, 16, 17 14,15 8,9,10 7,11

Scheme 5. Proposed mechanism for the reaction of 3CB triplet with N-acetyl methionine methyl ester (1) at natural pH 7.

Based on LFP results for the reactive intermediates and the structural information
obtained from the high-resolution MS/MS, the mechanistic proposal of compound 1 trans-
formation by photolysis can be depicted (Scheme 5). The formation of a complex between
3CB and 1 through its sulfur atom is well documented followed by the H-atom abstrac-
tion as the main pathway, yielding the two aS(1)® and «S(2)® radicals (path 1) [25,31,32].
Evidence that a small portion of the complex undergoes one electron transfer, with the
formation of sulfide radical cation (S**), was obtained (path 2). In analogy with the
above-described mechanism in the radiolysis section, we detected traces of compound 5
suggesting a small contribution to the formation of aS(1)® and «S(2)® radicals. Moreover,
we detected traces of sulfoxide 2. We speculate that the oxidation of sulfur is due the for-
mation of a biradical and its further fragmentation to the corresponding sulfoxide (path 3).
The fate of xS® radicals will depend on the relative concentration of «S(1)® and xS(2)®
and the presence of a CBH® radical.

The HPLC run in Figure 6 shows compounds in three retention time intervals:

(i) Intheinterval of 17.5-19.5 min there are three major peaks that correspond to com-
pounds 8, 9 and 10, and 2 minor peaks that correspond to compounds 7 and 11,
which all are the dimers of «S® radicals observed in y-radiolysis experiments (cf.
Scheme 3). It is worth underlining that the accurate masses of these products and
the fragmentation patterns are identical in all sets of experiments (Figure 510). We
assigned the structures 8, 9 and 10 to the 3 diastereoisomers of the «S(2)-«S(2) dimers
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and 7 and 11 (minor peaks) to the 2 diastereoisomers of «S(2)-xS(1) reported in the
previous radiolysis section (see Scheme 5).

(ii) In the interval of 32-34 min there are two peaks that are individuated as compounds
18 and 19 (Figure 6). Their accurate masses (m/z 455.1527, and 455.1522) corre-
spond to the MH* of the dimer CBH-CBH (Figure S11). Figure 7 shows that CBH-
CBH has two stereocenters and a plane of symmetry that correspond to erythro and
threo diastereoisomers.

(iii) In the interval of 25-29 min there is the major peak that corresponds to CB, with
two doublets on the right and left sides, respectively, and one singlet in the shoulder
of CB (Figure 6). In this area of HPLC run there are the cross-coupling products of
«S*® and CBH?® radicals. The accurate masses of two couples of compounds named
12,13 (m/z 414.1391, 414.1393) and 16, 17 (m/z 414.1390, 414.1393), as well as their
fragmentation patterns, are identical and assigned to aS(2)-CBH (Scheme 5 and
Figure 512). Figure 7 shows that «S(2)-CBH has three stereocenters, one is from the
starting material fixed at the S configuration and two stereocenters are generated from
the cross-termination of the two radicals, producing the diastereoisomers SSS, SRS,
SSR and SRR. Regarding the singlet in the shoulder of CB, having also m/z 414.1392,
but different fragmentation patterns, it is assigned to «S(1)-CBH (Figure S13). As
shown in Figure 7, this compound has two stereocenters, the usual S configuration
from the starting material and a new one generated from the cross-termination of the
two radicals, producing the diastereoisomers SS and SR. It is likely that, under our
HPLC conditions, the two diastereoisomers be under the same peak, or one of them
overlap with CB.

The above analysis suggests that the concentration of «S(2)® radical is much higher
than aS(1)°®, as expected from the competition of the two H-atom abstraction steps with
formation of secondary vs. primary alkyl radical, being the difference in BDE energy
2-3 kcal/mol. The LC run (Figure 6) together with the proposed mechanism (Scheme 5)
suggests a ratio of 5-5.5 between the two «S® radicals. In this situation, the intermediates
CBH® and «S(2)*® will be the main players in the self-termination steps with formation of
18,19 and 8, 9, 10, respectively, as well as in the cross-termination reaction with formation
of 12, 13, 16 and 17 diastereoisomers.

3. Materials and Methods
3.1. Pulse Radiolysis

The pulse radiolysis experiments were performed with the LAE-10 linear accelerator
at the Institute of Nuclear Chemistry and Technology in Warsaw, Poland with a typical
electron pulse length of 10 ns and 10 MeV of energy. A detailed description of the experi-
mental setup has been given elsewhere along with basic details of the equipment and its
data collection system [33,34]. The 1 kW UV-enhanced xenon arc lamp (Oriel Instruments,
Stratford, CT, USA) was applied as a monitoring light source. The respective wavelengths
were selected by MSH 301 monochromator (Lot Oriel Gruppe, Darmstadt, Germany) with a
resolution of 2.4 nm. The intensity of analysing light was measured by means of PMT R955
(Hamamatsu, Hamamatsu City, Shizuoka, Japan). A signal from detector was digitised
using a Le Croy WaveSurfer 104MXs-B (1 GHz, 10 GS/s) oscilloscope and then send to PC
for further processing. A water filter was used to eliminate near IR wavelengths.

Absorbed doses per pulse were on the order of 11 Gy (1 Gy = 1] kg~ !). Experiments
were performed with a continuous flow of sample solutions using a standard quartz cell
with optical length 1 cm at room temperature (~22 °C). Solutions were purged for at least
20 min per 250 mL sample with N, O before pulse irradiation. The G-values were calculated
from the Schuler formula (Equation (3)) [35]

19.6[9]

1+ /19.6[9]

G(S*) = 0.539 4 0.307 3)
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where [S] is the HO®-scavenger concentration and with respect to the current work, con-
centration of Ac-Met-OMe. This form of the Schuler formula gives G(S®) in units of pmol
J~1, and with respect to the current work, [S] = 0.2 mM gives G(5°) = 0.557 umol ]!
where (S°®) corresponds to all radicals formed in the system. The dosimetry was based on
N,O-saturated solutions of 1072 M KSCN which following radiolysis, produces (SCN),®~
radicals that have a molar absorption coefficient of 7580 M~lcm ™! at A = 472 nm and are
produced with a yield of G = 0.635 umol J~1 from Equation (3) [36].

3.2. Spectral Resolutions of Transient Absorption Spectra

The observed absorption spectra monitored at various time delays following the
electron pulse, were transformed from A(Aj) to Ge(Aj) by multiplying A(Aj) by the factor (F)
from the dosimetry described in Section 3.1. A(Aj) represents the absorbance change of the
composite spectrum and F = g47p x G(SCN),°*~ / A4z where €477 is the molar absorption
coefficient of (SCN),°*~ at 472 nm and G(SCN),°*~ is the radiation chemical yield of the
SCN),°*~ (see Section 3.1) and A4y represents the observed absorbance change in the
thiocyanate dosimeter. The optical spectra thus converted were resolved into specific
components (representing individual transients) by linear regression according to the
following Equation (4)

GE(/\I') = ZSJ(AI)G] (4)
]

where ¢; is the molar absorption coefficient of the jth species and the regression parameters,
G;, are equal to the radiation-chemical yield of the jth species. The sum in Equation (4)
is over all radical species present. For any particular time delay of an experiment, the
regression analysis included equations such as Equation (4) for each A; under consideration.
Further details of this method were described elsewhere [15].

The reference spectra of these transients were previously collected and applied in
the spectral resolutions (cf. Figure S2 in Supplementary Materials) [15,17]. The molar
absorption coefficients of the relevant transients, which will be further identified below,
are provided in the following: HOS®, Amax = 340 nm and e349 = 3400 M1 em™ L aC®,
Amax = 270 nm and €579 = 6200 M~ ecm ! and Aax= 370 nm and €379 = 1800 M1 em~1; «S®,
Amax =290 nm and e300 = 3000 M1 em™1; SS®*, A ax = 480 nm and €450 = 6880 M~ em~!;
SN®, Amax = 390 nm and e399 4500 M1 cm 1,

For the compound (1) studied in this work, it was not possible to generate these
radicals selectively since they undergo fast mutual transformation. Based on our earlier
experience, however, we can say with certainty that the changes in molar absorption
coefficients within the same type of radicals are not significant and are in the limit of 15%
error (5% variation in the experimental data and 10% combined error in the reported molar
absorption coefficients for the UV-vis spectra of the intermediates under consideration).
The fact that the combined yields of the transient species derived from their respective
molar absorption coefficients are at the short time delays equal to the expected initial
yield of the scavenged *OH radicals by 1, i.e., 0.56 mol ]! (based on Schuler’s formula
(Equation (3) in Section 3.1)), and they also never exceed this value, supports additional
validation of the spectral resolutions and eliminates unreasonable fits.

Involvement of the H® atom reaction is not reflected in the resolved transient spectra
since the forming CH3S* (see Scheme 4) is formed with a very low radiation chemical
yield (<0.06 mol J~!) and is characterised by the very low molar absorption coefficient
(<500 M~lem™1). However, the involvement of H® atoms is reflected in the formation of
final products 4 and 6 (see Scheme 3).

3.3. Steady-State «y-Radiolysis

Irradiations were performed at room temperature using a ®®°Co-Gammacell at different
dose rates. The exact absorbed radiation dose was determined with the Fricke chemical
dosimeter, by taking G(Fe*) = 1.61 umol ]! [37].
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3.4. Laser Flash Photolysis

The laser flash photolysis (LFP) setup used in this work has been described in detail
elsewhere [25,31]. Briefly, this setup employs Nd:YAG laser (Spectra Physics, Mountain
View, CA, USA, model INDI 40-10) with 355 nm excitation wavelength as light pump
and 150 W pulsed xenon (Applied Photophysics, Surrey, UK) to probe the excited sample.
A flash photolysis experiment was performed in oxygen-free environment in 1 x 1 cm
rectangular quartz fluorescence cells. Kinetic traces were recorded between 370 and 750 nm
at 10 nm intervals. The sample contained the quencher-compound 1 (20 mM) and the
sensitizer CB (4 mM) at pH =7.

3.5. Steady-State Photolysis

Steady-state photochemical irradiation experiments were performedinal x 1 cm
rectangular cell on an optical bench irradiation system using a Genesis CX3555TM OPSL
laser from Coherent (Santa Clara, CA, USA) with 355 nm emission wavelength (the output
power used was set at 50 mW).

3.6. LC-MS/MS Measurements

The LC-MS measurements were carried out using a liquid chromatography Thermo
Scientific/ Dionex Ultimate 3000 system equipped with C18 reversed-phase analytical
column (2.6 um, 2.1 mm x 100 mm, Thermo-Scientific, Sunnyvale, CA, USA). The LC
method employed a binary gradient of acetonitrile and water with 0.1% (v/v) formic
acid. Separation was achieved with a gradient of 7-60% of acetonitrile at a flow rate
of 0.3 mL/min for 42 min. This UHPLC system was coupled to a hybrid QTOF mass
spectrometer (Impact HD, Bruker Daltonik, Bremen, Germany). The ions were generated
by electrospray ionization (ESI) in positive mode. MS/MS fragmentation mass spectra
were produced by collisions (CID, collision-induced dissociation) with nitrogen gas in the
Q2 section of the spectrometer.

4. Conclusions

Summarizing the role of various transient species obtained by the two different time-
resolved techniques and their connection with the end-product formation (Schemes 3 and 5),
the xS(2)® and «S(1)*® radicals play an important role in both oxidation processes, although
their mode of formation and relative concentration are quite different: (a) in radiolysis, the
one-electron oxidation of sulfide (generated by HO® addition followed by HO™ elimina-
tion) is followed by x-deprotonation with formation of «S(2)® and «S(1)® radicals, in an
approximately 2:1 ratio; (b) in photolysis, the formation of a complex between >CB and the
sulfur moiety is followed by H-atom abstraction, yielding «S(2)® and «S(1)® radicals in an
approximately 5:1 ratio. The final products are formed by radical-radical combination.

The herein described complete and detailed study of the oxidation mechanisms of Met
residue, simulating its position in the interior of long oligopeptides and proteins, represents
a significant and original contribution to the understanding of oxidation reactions in real
biological systems, i.e., proteins, applicable to research in protein therapeutics. This work
offers a benchmark for the identification, quantification and mechanistic determination of
products derived from oxidation of methionine derivatives.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22094773/s1, Figure S1: The structures of six reactive intermediates identified in the pulse
radiolysis experiments. Figure S2: Reference spectra used in the resolutions of the transient absorp-
tion spectra following *OH-induced oxidation of CH3C(O)N-Met-OCHj3. Figure S3: Resolution of the
spectral components in the transient absorption spectrum recorded 1.1 us after the electron pulse in
N;O-saturated aqueous solution containing 0.2 mM AcN-Met-OMe at pH 7.0. Figure S4: Resolution
of the spectral components in the transient absorption spectrum recorded 3 us after the electron
pulse in N,O-saturated aqueous solution containing 0.2 mM AcN-Met-OMe at pH 7.0. Figure S5:
The sum of all radicals (HOS®, xC*®, SS**, SN*®, «S®) taken in spectral resolutions as a function of
time. Figure S6: First-order kinetic fits of the growth and decay of radicals HOS® (panel A), SS**
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(panel B), «S*® (panel C), «C*® (panel D), and SN* (panel E). Figure S7: High-resolution MS/MS
spectra of the products 4 (m/z 252.0731) and 6 (m/z 252.0732) derived from the cross-termination of
aS(1)® and «S(2)* with CH3S® and product 5 (m/z 238.0578)-a disulfide. Figure S8: High-resolution
MS/MS spectra of the five dimeric products 7 (m/z 409.1484), 8 (m/z 409.1480), 9 (m/z 409.1480), 10
(m/z409.1479) and 11 (m/z 409.1478) derived from the combination of two «S® radicals. Figure S9:
Transient absorption spectra following LFP of CB (4 mM) and N-AcMetOCH3 (20 mM) for differ-
ent time delays at pH 7. Figure S10: High-resolution MS/MS spectra of the dimeric products 8
(m/z409.1481), 9 (m/z 409.1484) and 10 (m/z 409.1480) derived from the combination of two «S(2)®
radicals. Figure S11: High-resolution MS/MS spectra of the two dimeric products 18 (1/z 455.1527)
and 19 (m/z 455.1522) derived from of the combination of two CBH® radicals. Figure S12: High-
resolution MS/MS spectra of the products 12 (m/z 414.1391, 13 (m/z 414.1393), 16 (m/z 414.1390)
and 17 (m/z 414.1393) derived from the cross-termination of «S® and CBH® radicals. Figure S13:
High-resolution MS/MS spectra of the product 14 (m/z 414.1392) derived from the cross-termination
of aS*® and CBH® radicals.
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Figure S1. The structures of six reactive intermediates identified in the pulse radiolysis
experiments.

7000 *
r oC X * %
[ S ¥
[ SN %
- *
5000 -son *
[ * SS+ ob aC: ey70 = 6200 %
- r = 1800 1
- L * €370 ]
54000 : Y SST: e4g0=6880 * ]
~ r * g aS: exgo =3000 * 1
<3000 | Y aihs : SN: e300 = 4500 *o
= b @\/ \ ¥ SOH: 349 = 3400 o]
2000 F * / ]
[ %')/ *k * "\.\. ]
[ -k
1000 { * KX s,
r ..
\\'\.'\l.\_ 2004,

250 300 350 400 450 500 550 600
A [nm]

Figure S2. Reference spectra used in the resolutions of the transient absorption spectra
following *OH-induced oxidation of CH3C(O)N-Met-OCHs.
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Figure S3. Resolution of the spectral components: HOS® (e), aC*® ( £), aS(1)® and aS(2)® (m),
SS*" (*), SN® () in the transient absorption spectrum recorded 1.1 us (e— experimental; ®—

fit) after the electron pulse in N20-saturated aqueous solution containing 0.2 mM AcN-Met-
OMe at pH 7.0.
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Figure S4. Resolution of the spectral components: HOS® (e), aC*® (£ ), aS(1)® and aS(2)® (m),
SS** (%), SN* () in the transient absorption spectrum recorded 3 us (®— experimental; ®—
fit) after the electron pulse in N20O-saturated aqueous solution containing 0.2 mM AcN-Met-

OMe at pH 7.0
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Figure S6. First-order kinetic fits of the growth and decay of radicals HOS® (panel A), SS**
(panel B), aS*® (panel C), aC*® (panel D), and SN* (panel E).
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Figure S7. High-resolution MS/MS spectra of the products 4 (m/z 252.0731) and 6 (m/z
252.0732) derived from the cross-termination of aS (1)" and aS(2)* with CH3S" and product 5
(m/z 238.0578) — a disulfide.
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Figure S8. High-resolution MS/MS spectra of the five dimeric products 7 (m/z 409.1484), 8
(m/z 409.1480), 9 (m/z 409.1480), 10 (m/z 409.1479) and 11 (m/z 409.1478) derived from the

combination of two aS’ radicals.
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Figure S9. Transient absorption spectra following LFP of CB (4mM) and N-AcMetOCHj3
(20mM) for different delay times at pH 7. The initially formed CB excited triplet with a transient
absorption maximum at 520 nm (50 ns delay time) yields ketyl radical CBH® with a maximum
at 550 nm (observed at 1-5 ps timescale).
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Figure $10. High-resolution MS/MS spectra of the dimeric products 8 (m/z 409.1481), 9 (m/z
409.1484) and 10 (m/z 409.1480) derived from the combination of two aS(2)’ radicals.
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and 19 (m/z 455.1522) derived from of the combination of two CBH' radicals.
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Abstract: In the present study, we investigated the photooxidation of the biomimetic model of C-
terminal methionine, N-Acetyl-Methionine (N-Ac-Met), sensitized by a 3-Carboxybenzophenone
(3CB) excited triplet in neutral and basic aqueous solutions. The short-lived transient species that
formed in the reaction were identified and quantified by laser flash photolysis and the final stable
products were analyzed using liquid chromatography coupled with high-resolution mass spectrom-
etry (LC-MS) and tandem mass spectrometry (MSMS). Based on these complementary methods,
it was possible to calculate the quantum yields of both competing reactions, and the deprotona-
tion was found to be favored over decarboxylation (for neutral pH: ¢y = 0.23 vs. ¢.cop = 0.09,
for basic pH: ¢ = 0.23 vs. ¢.cop = 0.05). Findings on such a model system, which can possibly
mimic the complex protein environment, are important in understanding complicated biological
systems, for example, the studied compound, N-Ac-Met, can, to some extent, mimic the methionine
in the C-terminal domain of 3-amyloid, which is thought to be connected with the pathogenesis of
Alzheimer’s disease.

Keywords: methionine oxidation; radical coupling; decarboxylation

1. Introduction

Methionine (Met) is a hydrophobic amino acid with an oxidatively labile thioether
group. The oxidative modifications of methionine residue (resulting from the free radical
reactions involving neighboring groups) acids are partially reversible via a complex process
of enzymatic reduction, playing an important role in the maintenance and protection of the
redox status [1].

Methionine in proteins is easily oxidizable, leading to an increase in the side-chain
polarity of the residue [2]. As a result, its oxidation has long been regarded as a form of
protein damage that occurs randomly in response to oxidative stress. For example, sulfur
radical cation sites can interact with tertiary structures of the biosystems [1]. The oxidation
also leads to the biological inactivation of hormones, changes in Met-containing proteins,
and cataract formation in the eye lens [3]. The one-electron oxidation of methionine-
containing compounds has also been closely linked to biological aging and the pathogenesis
of neurodegenerative diseases, such as Alzheimer’s disease, which are thought to be caused
by oxidative stress and characterized by the pathological deposition of amyloid plaques
in and around the brain tissue [4—6]. The primary component of the amyloid plaque is a
3-amyloid (A), which is a peptide generally composed of 40 or 42 amino acids containing
methionine residue in position 35 (Met35) in its C-terminal domain. The presence of
easily oxidized methionine plays a critical role in aggregation, the neurotoxicity of the
A, and secondary radical generation [6,7]. The exact role of Met in proteins is, however,
still not fully understood [7]. There is also limited information regarding the possible
photoproducts in hypoxic or anaerobic conditions, despite their occurrence in tumors and
their destruction using cancer photodynamic therapies [8].
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The strongly oxidating hydroxyl radicals (¢OH) and excited triplet states of ben-
zophenones as one-electron oxidants have been widely used to study the primary steps
of the oxidation of Met-containing peptides [9-15]. In the sensitized photooxidation
of methionine-containing compounds, the excited triplet of a sensitizer (for example 3-
Carboxybenzophenone, 3CB) accepts an electron from the sulfur moiety, resulting in a
charge-transfer (CT) complex that can undergo the following processes: (i) back electron
transfer (kpet) yielding reagents in their ground states; (ii) charge separation (ksep) yielding
3CB*” and sulfur radical cation (>5°"); (iii) in-cage proton transfer (kg) from sulfur moiety
to 3CB*” yielding relatively stable carbon-centered x-thioalkyl radical («S). The sulfur
radical cation as a primary oxidation product (>S°**) can, furthermore, be stabilized by
the interaction with electron-rich atoms (S, N, O) resulting in the formation of inter- and
intramolecular three-electron bonded species [16-18].

The fate of the sulfur radical cation is affected by the neighboring groups, for ex-
ample, the presence of an amide bond eliminates the possibility of proton transfer from
the protonated N-terminal group [19-21], and blocking the carboxyl group (for example
by esterification) eliminates the possibility of decarboxylation [22,23]. The presence of
neighboring amino acid residues with lone pairs from the carboxyl (Asp, Glu), amine (Lys),
and hydroxyl groups (Thr, Ser) also impacts the reactions of the sulfur radical cation [24].

In this study, we investigated the one-electron 3CB-sensitized oxidation of the simplest
model of C-terminal methionine—N-Acetyl-Methionine (N-Ac-Met, Figure 1). We focused
on the competing reactions of sulfur radical cation: decarboxylation and deprotonation that
could potentially occur in the methionine residue in the C-terminal domain of 3-amyloid.

H Q
N
W OH COOH
O
S\
3-carboxybenzophenone
N-Ac-Met (3CB)

Figure 1. Structure of N-Acetyl-Methionine (N-Ac-Met) and the sensitizer 3-Carboxybenzophenone
(3CB).

The stable products of the 3CB-sensitized oxidation of N-Ac-Met have been reported
before. In this report, the oxidation products are studied by means of high-resolution
mass spectrometry, coupled with high-performance liquid chromatography, steady-state
photolysis, and time-resolved flash photolysis.

2. Experimental Section
2.1. Laser Flash Photolysis (LFP)

Nanosecond laser flash photolysis experiments were performed using 3-Carboxybenzophenone
(3CB) as a photosensitizer. Samples containing 3CB and N-Ac-Met were excited using
355 nm, the third harmonic of an Nd: YAG laser (Spectral Physics Mountain View, CA,
USA, model INDI 40-10) with pulses of 6-8 ns duration. The monitoring system consisted
of a 150 W pulsed Xe lamp with a lamp Pulser (Applied Photophysics, Surrey, UK), a
monochromator (Princeton Instruments, model Spectra Pro SP-2357, Acton, MA, USA),
and an R955 model photomultiplier (Hamamatsu, Japan), powered by a PS-310 power
supply (Stanford Research Systems, Sunnyvale, CA, USA). Nd: YAG laser acted as a pump
and pulsed Xenon lamp acted as a probe of the exciting sample. A self-constructed flow
system was used to avoid the depletion of the starting materials and the accumulation of
possible photolysis products. The continuous circulation of aqueous solutions was achieved
using a peristaltic pump, followed by simultaneous bubbling with a high purity Argon
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for about an hour. All of the flash photolysis experiments were carried outin1 x 1 cm
rectangular quartz fluorescence cells. Kinetic traces were taken between 370 and 700, at
10 nm intervals. The time-resolved absorption spectra were constructed from the kinetic
traces. For the determination of the quantum yields of the transients, relative actinometry
was used, taking 3CB in an aqueous solution as the actinometer and 520 = 5400 M~! cm~!
for its triplet-triplet absorption. The concentration profiles were obtained via a multiple
linear regression-based software (Decom) using the reference spectra data from the pulse
radiolysis studies.

2.2. Steady-State Photolysis

Steady-state photolysis experiments were performed ina 1 x 1 cm rectangular cell on
an optical bench irradiation system using a Genesis CX355STM OPSL laser from Coherent
(Santa Clara, CA, USA), with 355 nm emission wavelength (the output power used was set
at 50 mW). The concentrations of 3CB and N-Ac-Met were 4.5 mM and 20 mM, respectively.

2.3. Chemicals and Sample Preparation

3CB and N-Ac-Met were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
used as received. Water was purified through a Millipore (Merck Milli-Q) system. The
pH of the solutions was adjusted by adding potassium hydroxide and/or hydrochloric
acid, using a Mettler Toledo Five Easy FE20 pH-meter equipped with a semimicro InLab
electrode from Mettler Toledo (Columbus, OH, USA). High purity argon (Linde) was used
to purge the freshly prepared solutions of the reagents for photolysis experiments.

2.4. High Performance Liquid Chromatography (HPLC)

The HPLC system (Ultimate 3000, Thermo/Dionex) was equipped with an autosam-
pler, a vacuum degasser, and a diode array detector. Solutions were injected without
separation using Chromeleon 7.2. Two eluents were used for the separation and isolation of
substrates and stable products after irradiation at 10 and 30 min: eluent A (H,O) and eluent
B (CH3CN) with 0.1% (v/v) formic acid. The separation was achieved with a gradient from
7% to 60% of acetonitrile and water (with 0.1% formic acid), at a flow rate of 0.3 mL/min for
30 min, and the column temperature was set to 45 °C using a C18 reversed-phase analytical
column (2.6 um, 2.1 mm x 100 mm, Thermo-Scientific).

2.5. Liquid Chromatography-Mass Spectrometry (LC-MS)

The mass spectra were recorded using a hybrid time-of-flight mass spectrometer—
QTOF (Impact HD, Bruker). Ions were generated by electrospray ionization (ESI) source
under the following conditions: a flow rate of 0.3 mL/min, a nebulizer pressure of 1.5 bar,
a capillary voltage of 4000 V, and a drying gas temperature of 200 °C.

3. Results
3.1. Laser Flash Photolysis

The transient absorption spectra obtained from the photosensitized oxidation of 1 (N-
Ac-Met) were recorded after different times, after 355 nm laser pulse, and then deconvoluted
into individual components (example of the spectral resolution for the time delay of 800 ns
for pH 6.7 and 10.7 are presented in Figure 2, panels A and C). The resulting concentrations
of each transient species were plotted as a function of time giving the concentration profiles
(see Figure 2, panels B and D).



Photochem 2023, 3

101

0.012
0.010
0.008
g 0.006 -
0.004

0.002

0.000

—=—3CBH*

ool i” = 3CBH*
—¥—(88)" - B ¢ 38
3 *
—a—fit A (3CB)
—e— experimental 1014 v v (89)
v
° v
=08 ¢ v
= rl v
2 [ ] v v
c
2 06 °.
g [ " vy v
S | e v
€ 04 ° u
g °
L [
® o
0.2+ [} . ° ° ° .
I
"""" QO{MMMMAA A A A 4 A A A A 4

0.005 ~

0.004

0.003

0.002

0.001

0.000

Cc
erimental 0.6
°
L)
05 o0
oo,
e 4,
0.4 vvav
. v v
v VVVvvvv
0.3
0.2
0.1
0.0 A A A A AAAAAAALAAALNAR
T T

T T T T T
500 550 600 650 700 0 10 20 30 40

A (nm) time (us)
—e— 3CB* = 3CBH*
) 0.7 D ® 3CB*
A 3(3CB)*
v (SS)

concentration (uM)

(ss
—a—fit
—o— exp
T T T T T T T
400 450 500 550 600 650 70

0 0 2 4 6 8
A (nm) time (us)

Figure 2. (A) Resolution of the spectral components in the transient absorption spectra 800 ns after
laser pulse following quenching of the 3CB (4.5 mM) triplet state by N-Ac-Met (20 mM) at pH 6.7;
(B) Concentration profiles calculated at different delay times with respect to the laser pulse for the
reaction of 3CB (4.5 mM) excited triplet quenched by N-Ac-Met (20 mM) in aqueous solution at
pH = 6.7; (C) Resolution of the spectral components in the transient absorption spectra 800 ns after
laser pulse following quenching of the 3CB (4.5 mM) triplet state by N-Ac-Met (20 mM) at pH 10.7;
(D) Concentration profiles calculated at different delay times with respect to the laser pulse for the
reaction of 3CB (4.5 mM) excited triplet quenched by N-Ac-Met (20 mM) in aqueous solution at
pH 10.7.

The same transient species are present at both pHs: ketyl radical 3CBH?®, radical anion
3CB* and (S.-.S)*. The absence of the triplet excited state (3(3CB)*), even at a shorter time,
and the high concentration of (S.-.S)* can be explained by the high concentration of the
quencher (20 mM).

At pH 6.7, the initially formed 3CB*~ decays, while the concentration of 3CBH*®
grows and then decreases, moving toward the equilibrium. On the other hand, in the basic
solution, the dominant intermediate is 3CB*~; 3CBH® is present only in small concentrations
and for a very short time, and quickly decays.

No stabilization of N-Ac-Met through the formation of (S.-.N)* was observed
(Amax = 390 nm, €390nm = 4520 M~ em 1) and no aN (x-amidoalkyl radical) was detected
(Amax = 370 nm, €370nm = 2000 M~ ecm~! [25]). oS ((a-(alkylthio)alkyl radical) was not ob-
served due to its absorption in the UV region Amax = 290 nm (e290nm = 3000 M~tem=1)[17],
below the experimentally available spectral region (overwhelmed by ground state absorp-
tion of 3CB).

The quantum yields, shown in Table 1, were calculated from the initial concentration
of the intermediates, which are shown on the concentration profiles in Figure 2. 3CB in an
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aqueous solution was used as an internal actinometer. The initial concentration of 3CB*
was calculated to be 3.46 uM (pH 6.7) and 1.70 uM (pH 10.7).

Table 1. Quantum Yields of Radical Species Generation from LFP Experiments.

Radical Species ® (pH =6.7) @ (pH =10.7)
3CB*~ 0.32 0.28
3CBH* 0.20 0.10
3.2. LC-MS/MS

The Ar-saturated aqueous solutions containing sensitizer 3CB and N-Ac-Met at a
neutral pH were irradiated using a 355 nm continuous-wave laser. Before irradiation, only
the starting materials (3CB and N-Ac-Met) were detected using the LC-MS technique. The
irradiated samples at pH 6.7 and 10.7 were subjected to further LC-MS analysis.

The irradiation of the samples at both pHs yielded the same products. A representative
LC-MS analysis of the solution after 10 min irradiation at pH 6.4 is shown in Figure 3 (LC-
MS analysis of the sample before irradiation and irradiated for 30 min as well as the
chromatograms of the sample at pH 10.7 can be found in SI in Figure S1 and S2, see
Supplementary Materials).

100

2
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s 400
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w04 1
400 1 3
3CBH-3CBH ,_l_‘ 400 356 1 3
455 20 - n n \ / / 400 356
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Figure 3. HPLC chromatogram of aqueous solutions containing: N-Ac-Met (20 mM) and 3CB
(4.5 mM) at pH 6.4 after 10-min irradiation. The expansion of the chromatograms between 12 and
18 min is shown next to the chromatogram. Peaks are labelled with m/z of the [M + H]* or [M +
H-H,O]* ions of the acquired MS spectrum.

The peaks with m/z 192.0695 and 227.0705 were assigned to the substrates, N-Ac-Met,
and 3CB, respectively. The peaks with m/z 455.1501 and 455.1498 were assigned to the
products derived from the photosensitizer 3CB: dimers of 3CBH® radicals [26]. Products 1,
2, and 3 were formed in the photooxidation of N-Ac-Met and will be described more closely.

The accurate masses of products 1 and 2 are the same: m/z 400.1240, but their MSMS
fragmentations differ significantly, clearly suggesting their isomeric nature. Based on
the accurate masses and MSMS fragmentation pattern, it can be deduced that 1 and 2
are the radical cross-coupling product of the «S radical and ketyl radical 3CBH® after
the dehydration reaction occurring in the MS source [27-32]. We previously published a
detailed explanation of the presence of multiple isomeric x5-3CBH photoproducts in the
methionine-containing peptides and a thorough description of the diagnostic ions (circled
in red in Figure 4) [22,23]. The MSMS spectra of photoproducts 1 and 2 are shown in
Figure 4.
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Figure 4. MSMS spectra of photoproducts 1a and 1b (fragmentation of m/z 400 ion).

The chromatogram, presented in Figure 3, also shows two peaks, marked 3. Their
retention times differ significantly but the accurate masses (1m/z 356.1326), as well as the
fragmentation patterns, are identical. This m/z corresponds to the molecular formula of
CyoH2;NOj3, which can be assigned to the product of the cross-coupling reaction of the
aN radical (x-amidoalkyl radical) and the 3CBH® product loss of water molecule (typical
reaction occurring in MS ion source [27-32]).

aN radical is formed in the decarboxylation reaction (via pseudo-Kolbe mechanism)
from sulfur-centered radical cation >5°* [25] (Figure S3). xN-3CBH has two stereocenters:
one is fixed (S) and the other one can have either a R or S configuration, giving two possible
diastereoisomers (SS and SR); consequently, there are two peaks on the chromatogram
corresponding to these stereoisomers.

The main fragmentation patterns of photoproducts 3 (Figures 5 and S4) correspond
to the loss of the -HSCHj3 group and the amide bond cleavage (loss of the acetyl group).
Other fragment ions were formed after the neutral losses of water molecules and ammonia.

The exact masses of the diagnostic ions from the MSMS experiments that allowed us
to suggest the structures of photoproducts are collected in Table 2.

It is noteworthy that no products of «S-aS, aN-aN, or «S-aN radical-coupling were
detected, suggesting that virtually all of the «S and oN radicals were ultimately trapped
by 3CBH®.

Table 2. High-resolution MSMS data for the products of N-Ac-Met oxidation.

Photoproduct Accurate Mass Exact Mass Mass Accuracy Molecular
P (Measured) (Calculated) (ppm) Composition

1 (xS,-3CBH) 400.1240 400.1219 5.33 Cp1HpoNOsS

2 (x51-3CBH) 400.1244 400.1219 6.33 Cy1HpoNOsS

3 (xN-3CBH) 356.1326 356.1320 1.57 CpoH»pNO3S
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Figure 5. MSMS spectrum of photoproduct 3 (fragmentation of m/z 356 ion).

The quantum yields of the two competing reactions, the deprotonation (formation of
aS-3CBH products) and decarboxylation (formation of xN-3CBH products) of N-Ac-Met,
are summarized in Table 3. The calculations were based on the quantum yield of the
charge separation reaction (ksep) and the ratio of the area under the peaks of the formed
photoproducts observed on the chromatogram (Figures 3 and S1), assuming that the «S-
3CBH and «N-3CBH photoproducts have the same molar absorption coefficient. The ratio
of the photoproducts was the same after 10 and 30 min of irradiation.

Table 3. Quantum yields of two competing reactions of sulfur radical cation of N-Ac-Met (1) .

Reaction Pathway ®atpH=64 & at pH =10.7
Deprotonation (xS) 0.23 0.23
Decarboxylation («N) 0.09 0.05

@ £15% experimental error.

4. Discussion

The suggested fate of the sulfur radical cation >5°* is presented in Scheme 1. This
cation can undergo two competing reactions: deprotonation, yielding a-thioalkyl radical
(S); or decarboxylation via a pseudo-Kolbe reaction, which involves the intramolecular
electron transfer from the carboxylate group to the sulfur radical cation, leading to the
decarboxylation and formation of x-amidoalkyl radical (xN).
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Scheme 1. Two pathways of N-Ac-Met sulfur radical cation: deprotonation yielding two isomeric oS
radicals, and decarboxylation yielding «IN radical.

Neither «S nor «N radicals could be detected in the LFP experiments; therefore, the
reaction paths of the sulfur radical cation were deduced from the analysis of the stable
products, carried out using high-resolution mass spectrometry. The stable products formed
in the radical cross-coupling reaction of &S and «N with 3CB ketyl are unique and sensitive
markers for deprotonation and decarboxylation processes. The aN-3CBH photoproducts
were formed at both pH = 6.7 and 10.7; as the carboxylic group is deprotonated (pK, of
the carboxylic group of methionine is 2.16 [33]), the decarboxylation via pseudo-Kolbe
mechanism is possible.

One may expect that the decarboxylation of N-Ac-Met with its free carboxylic group
should be a common reaction but, contrary to our results, the previously reported quantum
yields of decarboxylation in sensitized oxidation was found to be negligible [10,19,34,35].
The earlier results were based on the less sensitive techniques, e.g., laser flash photolysis,
pulse radiolysis studies, and CO, detection using gas chromatography [24,36,37].

5. Conclusions

In the current paper, we investigated the competition between the deprotonation and
decarboxylation of the sulfur radical cation >S** of N-Acetyl-Methionine (N-Ac-Met). All
of the stable products of 3CB-sensitized oxidation of N-Ac-Met were characterized using
LC-MS and MSMS. The accurate masses of the products and the MSMS fragmentation
patterns provided the molecular formula and structural information of the photoproducts
and, based on that information, their precursor radicals.

The «-thioalkyl radicals (xS) are formed as a result of the deprotonation of >S**, and
eventually lead to the radical cross-coupling isomeric products 1 and 2. The x-amidoalkyl
radicals («IN), resulting from the decarboxylation of >S**, formed photoproducts 3. We
provided experimental proof for the decarboxylation of N-Ac-Met, which was previously
neglected. Based on the LC-MSMS technique, we found the marker of decarboxylation
with a much higher sensitivity than the previously utilized methods: the formation of the
stable photoproducts «N-3CBH could act as a probe for decarboxylation as «N radicals are
formed only after the loss of CO,.
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The calculated free-radical reaction yields showed that the preferred reaction pathway
of >5°* is deprotonation (¢ = 0.23 for both pH for deprotonation vs. ¢ = 0.09 at pH 6.7 and
¢ =0.09 at pH 10.7 for decarboxylation).

Based on the results from the time-resolved experiments (laser flash photolysis) and
stable product analysis (LC-MS and MSMS), the complete mechanism, including the
quantum yields of the reactions, of the photosensitized oxidation of N-Acetyl-Methionine
is proposed in Scheme 2.
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Scheme 2. Mechanism of 3CB* photosensitized oxidation of N-Ac-Met.

In summary, we have presented key insights into the free radical reaction pathways of
the biologically relevant methionine residue, which mimics the Met35 in the C-terminal
domain of 3 amyloid. The results of this research offer the first step in the long journey of
explaining the pathway leading to the irreversible modifications and damages in protein
that cause Alzheimer’s disease.
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aqueous solutions containing: N-Ac-Met (20 mM) and 3CB (4.5 mM) at pH 6.7 before irradiation (top
panel, red), after 10-minute irradiation (middle panel, green) and after 30-minute irradiation (bottom
panel, blue). The expansion of the chromatograms after irradiation between 12 and 18 minutes is
shown next to the chromatograms. Peaks are labelled with m/z of the [M + H]+ or [M + H-H,OJ+
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N-Ac-Met (20 mM) and 3CB (4.5 mM) at pH 10.7 before irradiation (top panel, orange), after 10-
minute irradiation (middle panel, dark green) and after 30-minute irradiation (bottom panel, purple).
The expansion of the chromatograms after irradiation between 12 and 18 minutes is shown next
to the chromatograms. Peaks are labelled with m/z of the [M + H]* or [M + H-H,O]* ions of the
acquired MS spectrum.; Figure 53: The mechanism of the pseudo-Kolbe reaction.; Figure S4: MSMS
spectra of photoproducts 3 at retention time 14.5 and 17.3 min.
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Figure S1. HPLC chromatograms of aqueous solutions containing: N-Ac-Met (20 mM) and 3CB (4.5 mM) at pH
6.7 before irradiation (top panel, red), after 10-minute irradiation (middle panel, green) and after 30-minute
irradiation (bottom panel, blue). The expansion of the chromatograms after irradiation between 12 and 18
minutes is shown next to the chromatograms. Peaks are labelled with m/z of the [M+H]+ or [M+H-H2O]+ ions
of the acquired MS spectrum.
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Figure S2. HPLC chromatograms of aqueous solutions containing: N-Ac-Met (20 mM) and 3CB (4.5 mM) at pH 10.7 before
irradiation (top panel, orange), after 10-minute irradiation (middle panel, dark green) and after 30-minute irradiation (bot-
tom panel, purple). The expansion of the chromatograms after irradiation between 12 and 18 minutes is shown next to the
chromatograms. Peaks are labelled with m/z of the [M+H]+ or [M+H-H2O]+ ions of the acquired MS spectrum.
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Figure S3. The mechanism of the pseudo-Kolbe reaction.
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ABSTRACT

The present study explores the photosensitized oxidation process of Acetyl-Methyl-Cysteine (Ac-MeCys) within a neutral pH aqueous solution. A comprehensive
mechanism elucidating this phenomenon is put forth, leveraging outcomes from nanosecond laser flash photolysis (nsLFP) investigations and analysis of resultant
stable compounds. The nsLFP findings furnish insights into the transient entities arising from the interaction between the photosensitizer, 3-carboxybenzophenone
(3CB), and Ac-MeCys. These insights encompass the quantum yields of these transients. Additionally, the evaluation of enduring products entails the utilization of
liquid chromatography and high-resolution mass spectrometry techniques. The principal reaction observed involves the formation of a-amidoalkyl radicals (aN)
through decarboxylation, which supersedes the more prevalent a-thioalkyl radicals (aS) reported previously for analogous compounds such as Ac-Methionine. The aN
radicals experience two distinct pathways for decay: they either combine with ketyl radicals to yield the aN-3CBH radical coupling product, or undergo beta-scission
and hydrolysis, relinquishing CH3SH and giving rise to a corresponding alcohol.

This investigation highlights how the distance relationship between the thioether group and the peptide backbone influences the oxidation trajectory of Ac-MeCys

in comparison to Ac-Met.

1. Introduction

S-Methyl-Cysteine (SMC), a cysteine thioether derivative, is consid-
ered an important bioactive compound. It naturally occurs in plants
from the Allium family such as garlic and onion, Brassicaceae family:
cauliflower, Chinese cabbage, and legumes [1]. The Allium species owes
its characteristic aroma and flavor to the presence of S-Alk(en)yl-Cys
Sulfoxides (SMCO) [1,2]. Both SMC and the corresponding sulfoxides
have not been found to be natural components of mammalian and insect
tissues or proteins in higher plants, but they occur relatively often in the
form of corresponding y-glutamyl peptides [3]. Despite the interest that
SMC and SMCO have sparked over the years, little is undoubtedly known
about the biosynthesis of these compounds. Two main hypotheses have
been proposed: transfer of methanethiol to O-acetyl serine (OAS) or
direct methylation of free cysteine [4].

It has been found in animal studies that the dietary supplement of
SMC and SMCO has therapeutic potential [5]. It could be beneficial for
the prevention or treatment of kidney diseases [6], metabolic syndrome
[7]1, and diabetes [8] via its antioxidative, anti-inflammatory, and
antifibrogenic activity. Additionally, SMC was reported to be a potent
protective agent for neuronal [9] and respiratory systems [10].

* Corresponding author.
E-mail address: tomekp@amu.edu.pl (T. Pedzinski).

https://doi.org/10.1016/j.jphotochem.2024.115530

Given the potential therapeutic use of SMC, it is important to study
the free radical reactions that occur during oxidative stress and the fate
of the radicals generated as a result of the oxidation of SMC.

This work is focused on the photosensitized oxidation of Acetyl-
MethylCysteine (Ac-MeCys) by the 3-Carboxybenzophenone excited
triplet (3CB*) in a neutral aqueous solution (structures of both substrates
are shown in Fig. 1).

3-Carboxybenzophenone has been used as a photosensitizer because
of its useful, well-described physical and photophysical properties: good
water solubility, quantum yield of triplet formation of 1, low extinction
coefficient of 3CB-derived radicals in 370-420 nm region where the
transient species derived from sulfur-containing compounds exhibit
their absorption maxima [11,12].

The Ac-MeCys investigated in this work is a N-acetyl derivative of S-
Methyl Cysteine. It contains a thioether moiety that is susceptible to
attack by free radical species. The mechanism of photo- and radiation-
induced oxidation of a similar compound - Ac-MeCys-NH-CH3 has
already been described in detail [13,14]. Ac-MeCys-NH-CHg possesses
the peptide-like bond on the C-terminal end, and thus the possibility of
decarboxylation is ruled out. On the other hand, in Ac-MeCys the
carboxyl group is free so decarboxylation is possible. Ac-MeCys is a
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Fig. 1. Structures of Acetyl-MethylCysteine and a photosensitizer — 3-
Carboxybenzophenone.

lower homolog of Acetyl Methionine (Ac-Met) that was recently studied
by us. It is interesting to see how a small change in the structure of the
compounds (a difference of one methylene group) affects the reaction
pathways and the quantum yields of the reactions.

2. Materials and methods

The synthetic procedure for Ac-MeCys is described in the Supporting
Information.

3-Carboxybenzophenone (3CB) was obtained commercially from
Sigma-Aldrich as the best available grade and was used as received. The
deionized water for the experiments was purified using a commercial
system from Millipore, model Simplicity (Billerica, MA, USA).

The laser flash photolysis (LFP) setup used in this work has been
described in detail elsewhere [15]. Samples for LFP experiments were
excited using 355 nm, the third harmonic of an Nd: YAG laser (Spectra

400 -
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Physics Mountain View, CA, USA, model INDI 40-10) with pulses of 6-8
ns duration. The monitoring system consisted of a 150 W pulsed Xe lamp
with a lamp pulser (Applied Photophysics, Surrey, U.K.), a mono-
chromator (Princeton Instruments, model Spectra Pro SP-2357, Acton,
MA, USA), and an R955 model photomultiplier (Hamamatsu, Japan),
powered by a PS-310 power supply (Stanford Research System, Sunny-
vale, CA, USA). The data processing system consisted of real-time
acquisition using a digital oscilloscope (WaveRunner 6100A, LeCroy,
Chestnut Ridge, NT, USA) which was triggered by a fast photodiode
(Thorlabs, DET10M, ~1 ns rise time). The data from the oscilloscope
were transferred to a computer equipped with software based on Lab-
View 8.0 (National Instruments, Austin, TX, USA) which controls the
timing and acquisition functions of the system. Kinetic traces were taken
between 370 and 700 at 10 nm intervals. The concentration of the
quencher (Ac-MeCys) was 3.8 mM.

Steady-state photolysis experiments were performed ina 1 x 1 cm
rectangular cell on an optical bench irradiation system using a Genesis
CX355STM OPSL laser from Coherent (Santa Clara, CA, USA), with a
355 nm emission wavelength (the output power used was set at 50 mW).
The concentrations of 3CB and Ac-MeCys were 2.5 mM and 5 mM,
respectively.

The LC-MS measurements were carried out using a liquid chroma-
tography Thermo Scientific/ Dionex Ultimate 3000 system equipped
with a C18 reversed-phase analytical column (2.6 pm, 2.1 mm x 100
mm, Thermo-Scientific, Sunnyvale, CA, USA). The column temperature
was set to 45 °C. Two eluents were used: water and acetonitrile with 0.1
% (v/v) formic acid. Ac-MeCys oxidation photoproducts were separated
using gradient elution from 7 to 60 % of acetonitrile at a flow rate of 0.3

40

35 A P2

30
m/z 211

25 aldehyde P2

20+

mAU

15 +

10

P1
P3 P3

T
13 14 15 16
time (min)

Fig. 2. HPLC chromatogram of aqueous solutions containing: Ac-MeCys (5 mM) and 3CB (2.5 mM) at pH 7.07 after 20-minute irradiation. The expansion of the

chromatograms between 13 and 17 min is shown next to the chromatogram.

Table 1
Obtained mass accuracies (errors) for substrates and products yielded in the photooxidation of Ac-MeCys.

Retention time (min) Accurate mass (measured) Exact mass (calculated) Mass accuracy (ppm) Molecular composition Compound
1.4 178.0528 178.0538 — 5.56 CeH12NO3S Ac-MeCys
13.3 386.1035 386.1062 —7.04 C20H20NOsS P1
13.6 342.1158 342.1164 -1.72 C19H20NO3S P2
13.9 312.1230 312.1236 - 1.87 Cy8H18NO4 P3
14.1 211.0754 211.0759 - 2.39 C14H1102 aldehyde (derived from 3CB)
14.6 312.1234 312.1236 — 0.59 C18H18NO4 P3
15.6 342.1155 342.1164 —2.60 C19H20NO3S P2
19.3 227.0701 227.0708 -3.17 C14H1103 3CB
27.0 455.1479 455.1495 —3.44 CogH2306 3CBH-3CBH
28.0 455.1513 455.1513 + 4.04 CasH2306
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Fig. 3. MSMS spectrum of photoproduct P1 - «S-3CBH (fragmentation of [M +
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Fig. 4. MSMS spectrum of photoproduct P2 - aN-3CBH (fragmentation of [M +
H (- H0)] + m/z 342 ion).

ml/min for 42 min.

This UHPLC system was coupled to a hybrid QTOF mass spectrom-
eter (Impact HD, Bruker Daltonik, Bremen, Germany). The ions were
generated by electrospray ionization (ESI) in the positive mode. MS/MS
fragmentation mass spectra were produced by collisions (CID, collision-
induced dissociation) with nitrogen gas in the Q2 section of the
spectrometer.

[M + H — Hy0]" ions (ions after dehydration, which is a typical
reaction occurring easily in MS ion source [16-21]) of all

P i T
N N
0
o e 0O o
S S
| \
(S.0)
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photoproducts, were subjected to MSMS analysis.
All of the LFP and stationary irradiation experiments were performed
in oxygen-free solutions at neutral pH.

3. Results
3.1. LC-MS/MS

The separation of photoproducts was achieved using high-
performance liquid chromatography followed by the analysis of the
stable products carried out using high-resolution mass spectrometry.

A representative LC-MS analysis of the solution after 20 min of
irradiation (355 nm CW laser, 50 mW) at pH 7.07 is shown in Fig. 2 (LC-
MS analysis of the sample before irradiation can be found in the SI in
Figures S1).

The peaks with retention times of 1.4 min and 19.3 min were
assigned to the substrates: Acetyl MethylCysteine (Ac-MeCys) and 3-Car-
boxybenzophenone (3CB), respectively, and they were detected both
before (see Figure S1) and after (Fig. 2) the laser irradiation. The irra-
diation caused the appearance of a group of six well-separated peaks
between 13 and 16 min and a pair of peaks between 25 and 30 min. The
latter peaks are the products of the recombination of the radicals derived
from the sensitizer [12].

The high-resolution m/z values as well as the obtained mass accu-
racies (errors) of the substrates and products can be found in Table 1.

The molecular composition of photoproduct P1 (CyoH2oNOsS)
calculated based on the high-resolution m/z suggests that it is the radical
cross-coupling product of oS and 3CBH® (aS-3CBH photoproduct). The
formation and structure of this type of photoproduct are well-described
in the previous study on the photosensitized oxidation of MeCys and Met
derivatives [13].

The MSMS spectrum of the P1 photoproduct can be seen in Fig. 3.

The MSMS spectrum (Fig. 4) and high-resolution MSMS data showed
that two products P2 are the products of the radical cross-coupling
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Fig. 5. MSMS spectrum of photoproduct P3 with a retention time of 13.9 min
(fragmentation of [M + H(-H,0)]™ m/z 312 ion).
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Scheme.1. Formation of aN via pseudo-Kolbe mechanism.
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Scheme.2. Mechanism of formation of P3.
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Fig. 6. Concentration profiles calculated at different delay times with respect
to the laser pulse for the reaction of 3CB (2.5 mM) excited triplet quenched by
Ac-MeCys (5 mM) in aqueous solution at pH = 6.8.

Table 2
Quantum yields of the radical species generated in the LFP
experiment.

Radical species Quantum yields

3CB®~ 0.42
3CBH® 0.13
(5-.0) 0.35
aN 0.39

reaction of aN (x-amidoalkyl radical) and 3CB® radicals. Two detected
peaks with significantly different retention times (13.6 and 15.6 min)
and the same MSMS spectra correspond to the two possible di-
astereoisomers of aN-3CBH - SS and SR. P2 has two stereocenters: one
has a fixed S configuration from the substrate and the other stereocenter
is generated from the radical cross-coupling reaction and can have either
R or S configuration.

aN radicals are generated in the decarboxylation reaction that occurs
via the pseudo-Kolbe mechanism. It involves an electron transfer from
the carboxylate group to the sulfur-centered radical (>$®") and the
formation of a five-membered (S..O) ring, stabilized by the two-centered
three-electron bond [22]. The mechanism of this reaction is depicted in
Scheme 1.

The products P3 with m/z 312.1230 and 312.1236 are presented on
the chromatogram in Fig. 2 as two peaks with considerably different
retention times (13.9 and 14.6 min). Both products exhibit the same
MSMS spectrum (Figure 5 and S2), and they were assigned to the mo-
lecular composition of C;gH;gNO4. The fragmentation spectrum of P3
showed a base peak (a fragmentation ion with 100 % intensity) with m/z

282.1129 (C17H;16NO3). This corresponds to the neutral loss of CH50.
The loss of CH20 is a common fragmentation pattern for compounds
with terminal hydroxyl groups [23-25]. A tentative structure of P3 is
shown next to the MSMS spectrum in Fig. 5. Since this product has two
stereocenters (similar to the product P2 described above), there are two
possible diastereoisomers (SS and SR), and there are two peaks on the
chromatogram.

The possible formation pathway of P3 is presented in Scheme 2. The
reaction involves beta scission, hydrolysis of aN radical (formed via the
pseudo-Kolbe mechanism shown in Scheme 1), and loss of the terminal
CH3SH group. The newly formed radical is trapped by the ketyl radical
(3CB®") ultimately yielding the P3 product.

3.2. Laser flash photolysis

The transient absorption spectra (Figure S3) obtained from photo-
sensitized oxidation of aqueous solution of Ac-MeCys at pH = 6.8 were
deconvoluted into individual components by using a multilinear
regression technique (described in more detail in [26,27]):

AA(%) = Zej(ﬂi)aj

where ¢; is the extinction coefficient of the jth species and the regression
parameters, aj, are equal to the concentration of the jth species times the
optical path length of the monitoring light. The sum is over all species
present.

Figure S2 shows the typical spectra following the quenching of 3-car-
boxybenzophenone: at short times after the laser pulse when the
dominating species is the triplet state of 3CB (3CB*) with its absorption
maximum at Apax &~ 520 nm, then the maximum shifts to longer wave-
lengths (A ~ 550 nm and A ~ 600 nm) corresponding to the ketyl radical
(3CBH®) and 3CB radical anion (3CB®"), respectively.

The efficient intramolecular stabilization of sulfur radical cation
(>S®*H through the formation of a two-centered three-electron bond
with an oxygen atom (five-membered ring intermediate, (S.~.O)) was also
observed. As shown in the concentration profile in Fig. 6, the decay of
(S..0) simultaneously led to the generation of aN. This observation
supports the proposed mechanism of the formation of aN via the pseudo-
Kolbe mechanism (Scheme 1).

Quantum yields shown below in Table 2 were calculated from the
initial concentration of the intermediates shown in the concentration
profiles of Fig. 6. Benzophenone dissolved in acetonitrile was used as an
external actinometer. The initial concentration of 3CB* was calculated
to be 3.1 pM.

4. Discussion

The first step in the 3CB* sensitized oxidation of Ac-MeCys is an
electron transfer from the sulfur atom to the carbonyl group of the
sensitizer. This radical-ion pair can decay via the following pathways: (i)
charge separation (ksep) yielding 3CB®~ and > S®7, (ii) back electron
transfer (kpet) to regenerate reactants in their ground state, and (iii)
proton transfer within the encounter complex leading to the formation
of aS and 3CBH® (ky). The last pathway leads to the formation of a
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Scheme.3. Mechanism of 3CB* photosensitized oxidation of Ac-MeCys.

triplet radical pair that is non-reactive and cannot undergo the recom-
bination. Therefore to form the stable product (P1) it is essential to
produce the reactive singlet radical pair via the spin flip within the
encounter complex [28]. The mechanism of Ac-MeCys photooxidation is
shown in Scheme 3.

It should be pointed out that the quantum yields of 3CB®~ and aN
formation calculated from the concentration profiles (Fig. 6 and Table 2)
are practically the same within experimental error (¢3cge— = 0.42 and
dan = 0.39). This suggests that the only reaction pathway of > S® is
decarboxylation leading to the formation of aN radicals. Deprotonation
of > S®" was not observed thus all aS radicals must have resulted from
the proton transfer within the encounter complex (ky). The formation of
aN radicals (primary decarboxylation products) was found to be more
efficient than the formation of oS. This tendency can be clearly seen
from the chromatogram in Fig. 1: the area of the P1 peak (xS-3CBH
radical coupling product) is significantly smaller than the combined
areas of the peaks of photoproducts P2 and P3 (note that the precursor of
both of these products is aN).

Contrary, the sulfur radical cation of a very similar structure of
Acetyl-Methionine (Ac-Met) studied by us before [23], decays mostly via
deprotonation, yielding oS radicals and subsequently isomeric radical
coupling products.

The decarboxylation of Ac-MeCys is definitely more efficient than
the decarboxylation of Acetyl-Methionine [29]: ¢ = 0.42 vs. ¢ = 0.09,
respectively, at neutral pH. Likely the main reason for this substantial
difference in quantum yields is the fact that the formation of a five-
membered structure of (S..O)-bonded species (which is the precursor

of aN, see Scheme 2) in Ac-MeCys is kinetically preferred over the six-
membered ring in Ac-Met (both structures are shown in Figure S4).
This preference has been previously observed in other sulfur-containing
compounds [22,30-34] and confirmed by the kinetic measurements and
rate constant calculations: the formation of a five-membered ring was
found to be two orders of magnitude faster than the formation of a six-
membered ring [35].

Apart from being scavenged by 3CB®~, aN radicals were found to
simultaneously hydrolyze and lose -HSCH3 group to form the alcohol —
photoproduct P3 (see Scheme 2). A similar reaction in which aN un-
dergoes CP — S bond cleavage and then is hydrolyzed to acetaldehyde
has been described before in S-methylcysteine [36,37]. However, the
hydrolysis leading to the aldehyde involves the free amino group. In the
case of Ac-MeCys, the amino group is blocked (acetylated) and this
particular reaction cannot occur. It is also possible that such a P3-type
product is formed also in Ac-Met, but, due to the low quantum yield
of decarboxylation and a limited sensibility of the detection techniques
employed in the study, it was not detected.

5. Conclusions

In this paper, we investigated the mechanism of 3CB-triplet-sensi-
tized oxidation of Acetyl MethylCysteine (Ac-MeCys). The a-ami-
doalkyl radicals (aN) resulting from decarboxylation, decayed via two
pathways: they formed aN-3CBH adducts (photoproducts P2) or un-
derwent beta-scission (loss of CH3SH) and hydrolysis, ultimately form-
ing respective alcohol — photoproducts P3. aS-3CBH (photoproduct P1)
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was formed exclusively within the encounter complex following the
spin-flip of the triplet radical pair.

Based on the concentration profiles (Fig. 6) and the areas of the peaks
on the chromatogram (Fig. 2), it can be clearly seen that the formation of
aN is favored over the formation of aS. This is the opposite tendency
than in the Ac-Met which we studied before [29]. This comparison of the
reactivity of two similar structures demonstrates how small structural
change of the sulfur-containing amino acids leads to significant changes
in the mechanism of photooxidation of Ac-MeCys vs. Ac-Met.
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Supplementary Information

The synthetic procedure for Ac-MeCys:

To a stirred suspension of MeCys (0.135 g; 0,001 mM) in anhydrous acetic acid (5 mL) was added
dropwise acetic anhydride (0.113 mL, 1.2 eq) and the stirring of the resulted mixture continued
overnight. After TLC analysis (methylene chloride-methanol gradient), the volatiles were co-
evaporated several times with ethyl acetate and finally the product stored in a vacuum desiccator.
Obtained amount was 0.174 g (98% yield) of the final product.

NMR analysis of Ac-MeCys:

1H NMR (400 MHz, ppm, DMSO-d6): & 1.86 (s, 3H); 2.07 (s, 3H), 2.69 (dd, J=13.5, 9 Hz, 1H), 2.84 (dd,
J=13.5, 5 Hz, 1H), 4.39 (m, Hz), 8.22 (d, J=7 Hz, 1H), 12.80 (br s, 1H):
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13C NMR (100 MHz, ppm, DMSO-d6): & 15.28, 22.43, 35.13, 51.63, 169.48, 172.41:
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Figure S1. HPLC chromatogram of aqueous solutions containing: Ac-MeCys (5 mM) and 3CB (2.5 mM) at pH
7.07 before irradiation.
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Figure S2. MSMS spectrum of photoproduct P3 with retention time 14.6 min (fragmentation of [M+H(-H20)]*
m/z 312 ion)
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Figure S3. Optical transient absorption spectra recorded after the 355 nm laser pulse at 150, 200, and 300 ns,

400 ns, 500 ns, 750 ns, 1 us, 2 us, 4 us and 5 us delays following the 3CB (2.5 mM) triplet state by Ac-MeCys (5
mM) at pH 6.8;
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Figure S4. Structures of (S..0) bonded-species of Ac-MeCys and Ac-Met
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