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Abstract

The main purpose of this project was the mechanistic study of the aerobic oxidation of short
peptides with relevance to hair protein damage. It is well-established that oxidation of biological
matter leads to formation of intermediate hydroperoxides. It was hypothesised that accumulation
and subsequent decomposition of hydroperoxides would lead to enhanced protein damage. This
theory was tested in short peptides that were used as protein mimics. In Chapter 2 it was
demonstrated that the combined damage of two insults (UV and heat) is greater than the sum of
the two, thus confirming that the two insults act in synergy. Evidence for the role of intermediate

hydroperoxides in the process were collected.

In Chapter 3 the antioxidant effect of four catechol-based antioxidants derived from natural
extracts was described. Protein damage in hair is known to occur via radical reactions. Antioxidants
derived from natural sources have received attention in various industries as they have been shown
to retard the oxidation of organic compounds. It was demonstrated that all four antioxidants offer
significant protection against the HO®-mediated oxidation of two protected amino acids. By
detecting degradation products formed on the antioxidants, reaction pathways were proposed to

corroborate their antioxidant mechanism.

Radical intermediates formed during protein oxidation are challenging to detect with the current
detection methods, as their steady state concentration is usually too low. Recently, a new method
for trapping and detecting radical intermediates was developed in our group, and this method was
applied with success to many different areas of chemistry (e.g., atmospheric, synthetic). In Chapter
4, the scope of application of this method was further expanded. A great number of biological
intermediate radicals (both C- and O-centred) generated via different oxidants, were successfully
characterised. The exact identify of these radicals was further elucidated by well-established

isotope-exchange experiments.
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Chapter 1: Introduction

1.1 The Haircare and Cosmetics Market

The haircare market is a global industry worth an estimated of 87.9 billion U.S. dollars in 2012. It
includes products like shampoos, conditioners, hair dyes, hair oils and sprays, and more recently,
products for personal grooming. It is a well networked market and is segmented by various
distribution channels that include, but are not limited to supermarkets, hair salons, drug stores and
online retail stores, representing a burgeoning compound annual growth rate (CAGR) of 4.7%

between 2013 and 2017.2

All mammalian hairs are structurally similar to wool,® and the earliest investigations into the photo-
induced damage to wool can be traced back to the 1950’s.** The drive behind these studies was to
understand and prevent the discolouration (photo-yellowing) of white wool.*® Indeed, at the time,
it was already evident that light accelerates the yellow discolouration of wool, but it was unclear

how it was affecting the internal structure of wool.5”

Since wool and hair are similar, it is not surprising that exposure of human hair to sunlight could
also have harmful effects. Today the deleterious effect of solar radiation on hair is well-documented
in the literature, and it is widely accepted to lead to tensile strength loss, discolouration, split ends,

loss of lustre and embrittlement.?2

Humans, and by natural extension, human hair are exposed daily to sunlight, and this exposure has
both beneficial and harmful effects.’® The elucidation of the processes resulting in hair damage is,
of course, of central interest to the haircare industry. Understanding the mechanisms that lead to
hair photo-damage, can help develop new, effective technologies and methodologies, that can be

incorporated into hair care products in order to reduce or prevent this damage.

In this Chapter the structure and chemical composition of hair will briefly be described, before
moving to explore the most important oxidants that are capable of inducing damage to hair. These
oxidants are capable of damaging the proteins found in hair both directly and indirectly (from
secondary oxidants arising from their reactions). The main body of this Chapter will discuss in-depth
the chemistry of these oxidants, and how they react with the amino acids found most frequently in
hair. A particular emphasis is given on the formation, stability, reactivity, and detection of
hydroperoxides (ROOH) which have been identified as the main intermediate products of the

aerobic protein oxidation.
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1.2 Chemical Composition of Hair

Human hair is a bio-synthesised material with complex internal structure and is primarily composed
of a protein known as keratin.’*1® The approximate composition of a dry human hair is given in

Table 1.

Table 1. Overall chemical composition of dry human hair. Data obtained from reference 16.

Component Content in % weight
Proteins 95
Lipids 4
Sugars 1
Trace metals, ash, and pigments <1

Table 1 shows that the major non-water component of hair is proteins (ca. 95%). Lipids are mainly
present in the cell membrane complexes and separate the remnants of cells in the hair from each
other. Different metals are present in hair including copper and iron whose origin in hair is uncertain
and likely includes both endogenous (decomposed enzymes) and exogenous (water supply, hair
treatment products) sources.'” Zinc is present at relatively high levels (up to 200 ppm) and is a result

of enzymatic processes in the follicle.’®

A key difference between white hair and black hair is the presence of melanin. Melanin is a
particulate pigment, that can exist in as much as 1% by weight. The amount of melanin present in
white hair is typically 28 + 1 ng / mg*® and can be as high as 7200 * 1 ng / mg in black hair.’® Melanin
is divided into two different types (eumelanin and pheomelanin; Figure 1), and the ratio between
the two determines the hair colour with eumelanin being present at low concentrations and often

absent in white hair.'8
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Figure 1. Proposed structures of A) eumelanin, and B) pheomelanin.

While melanin is omnipresent in living organismes, it is a highly complex pigment and despite the
extensive focus it has received over the years, our understanding of its chemistry and its role is
limited.? It is, however, accepted that eumelanin acts as a highly efficient UV filter and protects
dark brown/black hair from sunlight, while pheomelanin (present in red hair) offer significantly
lower protection.?’ It is, therefore, sensible that hair of different colour will respond differently to
sunlight. Since the intended purpose of this thesis is to explore the mechanisms of oxidative
damage to hair proteins, the presence and effect of melanin will not be further considered, as this

would alter the overall reactivity significantly.

27



1.3 Structure and Properties of Keratin

Rogers in 2004 described the terms keratin and keratin-associated proteins (KAP) to refer to the
intermediate filament proteins of the fibre.2! Keratin proteins have a high sulfur content that
distinguishes them from other proteins and are typically, durable, insoluble, and unreactive to the

natural environment.?

1.3.1 Classification of Keratins

Keratins are categorised in two main groups; the a- helices and 8-sheets keratins and are the two
major internal supportive structures of the proteins.?®* a-Keratin is found in mammals and is the
primary constituent of wool, hair and nails while 8-keratin is found in reptilian tissues such as
feathers and claws.?* In addition, keratins can be classified based on the amount of sulfur cross links
(cystine content).” Keratins with lower amount of sulfur are classified as “soft” keratins and are
usually weakly consolidated while keratins with higher amount of sulfur are classified as “hard”

keratins, have a more coherent structure and can be found in hair and nails.

1.3.2 Molecular Structure of a-Keratins

The helix conformation of a-keratin as was originally proposed by Pauling and Corey in 1951 is
shown in Figure 1.2? Stabilisation of the helical structure due to formation of hydrogen bonds is
highlighted (red circle) in Figure 2a, while Figure 1b shows the keratin formation process. Two
individual a-helix chains spiral together to form a coiled coil, the dimer.? To achieve this, the two
isolated chains are forming disulfide cross links. In turn, the dimers coil together via disulfide bonds
to form a tetramer known as protofilament.?’ Two protofilaments associate together into a

protofibril and finally four protofibrils combine together to form an intermediate filament.
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Figure 2. Intermediate filament structure of a-keratin. a) ball-and-stick model of the polypeptide chain, and a-helix
showing the location of the hydrogen bonds (red circle) and the 0.51 nm pitch of the helix. b) schematic drawing of the
intermediate filament formation: a-helix chains twist to form the dimers, which assemble to form the protofilament.

Four protofilamets organise into the intermediate filament. Figure adapted from reference 22. Permission to use the
figure was requested and granted.
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Hair proteins are potentially major targets for photo-oxidation due to their abundance and their
high exposure to solar radiation.?® Photo-induced damage to hair proteins can occur via two major
pathways; that are energy transfer and one-electron processes.?>3° Direct absorption of UVB (and
to a lesser extent UVA) radiation by particular amino acid residues in hair keratins (e.g., tryptophan
(Trp), tyrosine (Tyr), phenylalanine (Phe), cysteine (Cys) and disulfide bonds (cystine)) results in the
formation of electronically-excited states and photo-ionisation reactions. As such, damage induced
to hair as a result of sunlight absorption, involves both free radical chain reactions and, energy

transfer from the excited states to molecular oxygen yielding singlet oxygen (*0,).?®

The extent of the damage depends on the amino acid residues and chromophores present in hair,
that are capable of absorbing the incident solar radiation. Therefore, it is instructive to consider the

individual amino acid content in human hair.

1.4 Amino Acid Composition of Keratins in Hair

The % composition of the main amino acids of human hair is given in Table 2. Typically, hair keratins
are comprised of 18 amino acids, however, the exact amino acid concentration and amino acid
sequences can be markedly different; both among different individuals but also within the cortex

and the cuticle of the same person.3!

Table 2. Amino acid composition of human head hair. Data obtained from reference 15.

Amino acid Content in residue %
Cystine 16.73
Glutamic acid 12.95
Serine 11.52
Threonine 7.45
Proline 6.80
Leucine 6.49
Glycine 6.11
Tyrosine 2.14
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Of particular note is the high amount of cystine, which amounts for nearly 17% in whole hair but
can be as high as 37% in some of hair subcomponents.3? The variation between cysteine 1.1 and
cystine 1.2 (formation of a disulfide bond between two molecules of cysteine; Figure 3) is a topic of

interest that has been investigated as early as the 1940.33

OH
NH,
@) “H
O
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HS OH é
NH,
H, @)
H,N
?" OH
L-Cysteine L-Cystine
1.1 1.2

Figure 3. Chemical structures and difference between cysteine and cystine.

It is noteworthy, that Cys is only present in small traces with the majority being present as cystine.
The amount of cystine is important in the chemistry of hair as it is primarily responsible for the

structural resilience and the mechanistic properties of hair.®

Of all the naturally occurring amino acids that can be found in proteins (including hair keratins),
tryptophan (Trp) is the strongest near-UV chromophore exhibiting the highest molar extinction
coefficient (€) and the highest absorption wavelengths (maxima at 280 and 290 nm with a
corresponding € of 5500 and 4500 M s respectively).3* In reality however, the high and efficient

absorption of Trp is attenuated by its low abundance in proteins (<1% in hair keratins).?®
Two of the amino acids reported in Table 2 have significant absorption in the near UV-region of the

spectrum, that are, cystine and Tyr.3%37 As such, their photochemistry is of considerable importance

when studying the photo-induced hair damage and will be explored further.
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1.5 Cystine photochemistry

The absorption maxima and extinction coefficients (€) for both acidic and alkaline solutions of
cystine have been reported in the literature, and little dependence on the pH of the solutions was
found.® Indeed, in both low and high pH no maximum is observed in the UV absorption spectrum.
At 290 and 300 nm, € values are approximately 40 and 25 M cm?, respectively.?” The relatively
high absorption wavelengths have been assigned to a forbidden n* - o* transition.3” However, it is
reported that absorption spectra of disulfides are subject to structural differences, and absorption

maxima and/or € values, can in theory, deviate for those reported for free cystine.?’

The low € values of cystine when compared to other amino acids (mainly Tyr; vide infra), is
compensated by the high abundance of cystine in hair keratins (Table 2). Therefore, photoexcitation

of cystine, may be qualitatively and quantitatively more important, even though less efficient.
Direct photoexcitation of cystine leads to a singlet state that undergoes rapid homolytic cleavage,

to afford mainly two transient thiyl radicals (RS®) that recombine to form the initial disulfide with a

k>10°M?s?(Scheme 1).3940

Scheme 1. Photolysis of the (-S-S-) bond via direct absorption of light. The homolysis of the disulfide bond yields two
transient thiyl radicals that readily recombine.

However, there is still some debate regarding the identities of the resulting radicals (Scheme 2).%’

R

/ .

s-s _hv _ 5Rr-s
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s-s —M . R+RrR s

Scheme 2. Photolysis of the disulfide bond. There is evidence for the formation of both a) two thiyl radical as a result of
the (-S-S-) cleavage and b) carbon-centred and perthiyl radicals as a result of (-R-S-) bond cleavage.
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There is evidence for the formation of both thiyl and perthiyl (RSS®) radicals, as a result of S-S or R-
S bond cleavage respectively, with the former being the major pathway. Disproportionation of 2
RS® to yield a free thiol and a thioaldehyde (Scheme 3) occurs and has been reported to be a
significant pathway in both Ar- and O,- saturated solutions.*

2 RS — RS+ R=s

Scheme 3. Disproportionation reaction of two thiyl radicals leading to a stable thiol and thioaldehyde.

The ensuing chemistry of RS® (in addition to radical-radical recombination and disproportionation)

is complex and will be briefly discussed now.

1.5.1 Reactivity of thiyl radicals
Another important reaction pathway for a cysteine thiyl radical 1.3 (CysS®) generated in proteins,
and in a low O, environment, is hydrogen atom abstraction (HAA) from a nearby available *C-H

bond 1.4 (Scheme 4).

(0] 0]
0O R, 0 R
,S/\HkN}" H HS/\HJ\N}‘ H
H + N ?)x‘ —_— H + N . ?f‘
@) NH H (0] NH H
R T R

1.3 14 1.5 1.6

Scheme 4. Hydrogen atom abstraction from the a-carbon of a peptide by a thiyl radical, yielding a relatively stable
carbon-centred radical and a thiol.

This generates a new carbon-centred radical on the protein 1.6 and a free thiol 1.5. The absolute
rate constants for the HAA reaction by CysS® from different amino acids in deoxygenated solutions
were determined by Schéneich and co-workers.*> The experiments revealed the propensity of the
CysS® to abstract a H-atom from the *C-H of amino acids with a k ~ 10* M s}, while the reverse
reaction (repair of the carbon-centred radical) is practically negligible owing to the disparity of the
bond dissociation enthalpy (BDE) between the S-H and the *C-H. Indeed, the BDE for the *C-H of
alanine has been estimated to be ~ 83.5 kcal mol™,*® while the BDE for the S-H of Cys is ~ 89.1 kcal
mol?(both calculated for small peptides in a fully planar conformation).* The lower BDE value for
the “C-H is readily explained by the fact that the resulting a-amino radical is further stabilised by

electron delocalisation onto the amide and carbonyl functions (see Section 1.7.4.1).%

33



In 2008 Schoneich and co-workers further elucidated the HAA reaction by CysS®, by investigating
the intramolecular hydrogen atom transfer from the cysteine thiyl radical and glycine/alanine in

model peptides 1.7 (Scheme 5).%

Scheme 5. Intramolecular hydrogen atom abstraction by a cysteine radical, generating a new carbon-centred radical on
the neighbouring alanine residue.

This work revealed that for several glycine and alanine model peptides (up to 6 Gly/Ala amino acid
sequence) the forward reaction proceeds with a k~ 10° M s with the reverse reaction taking place
with k ~ 10® M s, This outcome was inconsistent with the intermolecular HAA reaction previously
determined, and with the BDE of the cysteine S-H and the “C-H of amino acids (vide supra). Based
on experimental results, it was proposed that both glycine and alanine, when incorporated into
long peptides, assume a different conformation, that is not fully planar and increases the BDE of

the ®C-H to at least > 88.3 kcal mol™.%®

A second major reaction pathway that needs to be considered is reaction of a thiyl radical 1.9 with

molecular oxygen yielding a thiyl peroxyl radical 1.10 (Scheme 6).

Scheme 6. Reaction of a cysteine thiyl radical with molecular oxygen generating a thiyl peroxyl radical. The reverse
reaction is reasonably efficiently re-generating the thiyl radical.
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This reaction is noteworthy as i) O is usually abundantly present in biological environments and in
the hair, and ii) the forward reaction is near the diffusion limit (k ~ 10° M? s1).*” However, the
reverse reaction is reasonably fast (k ~ 10° M s?), and as such, not many products are expected
from this reaction pathway. Theoretical calculations predict that even in systems where O,
availability is sufficiently high, more than 70% of the initial CysS® are expected to convert to carbon-
centred radicals vig intra- or inter-molecular hydrogen transfer (Scheme 5).*% This is because once
formed carbon-centred radicals, rapidly convert to peroxyl radicals (ROO*®). Indeed, reaction of most
carbon-centred radicals with O, is diffusion controlled and irreversible (see Section 1.8.1).*
Therefore, thiyl radicals can serve as precursors of protein oxidation, by transferring the radical to

a different site in the protein.

1.6 Tyrosine photochemistry

Similarly to Trp and cystine, the UV absorption spectra of Tyr are well-documented in the literature,
including the absorption maxima and the associated € values. Aqueous solutions of free Tyr (at pH
6) exhibit a near-UV region maximum at 270 nm, with a shoulder peak at 280 nm (g€ = 1000 and 800
M s respectively).’° This absorption band is assigned to a m — rt* transition. It has been reported
that the ionisation of the phenolic hydroxyl group has a large effect on the efficiency of photon
absorption with the phenolate anion of Tyr exhibiting a significantly higher € of 2100 Ms? at 280

nm.3®

Direct absorption of light by Tyr generates the first singlet excited state, which is unstable and
undergoes a rapid intersystem crossing to yield the more stable first triplet excited state (3Tyr).>!
Energy transfer from the singlet and triplet excited state of Tyr to Trp, occurs readily with up to 69%
efficiency, generating the corresponding Trp excited state.>? Due to this high-yielding process, and
the higher molecular absorption coefficients that Trp exhibits, Tyr photochemistry has generally
received less focus.*® However, hair keratins contain little to no Trp (vide supra). As such, in the
context of hair chemistry the alternative reaction pathways for the excited states of Tyr are more

significant.
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The 3Tyr undergoes rapid electron transfer with suitable electron acceptors (e.g., disulfides; present
in high abundance in hair keratins) (Scheme 7).2* The energy transfer results in the formation of a
disulfide radical anion (RSSR™*) and a tyrosine radical cation (Tyr**), that rapidly deprotonates to

yield a phenoxyl (also called tyrosyl) radical (1.11 Tyr®).>!

h . -
Tyr ———= 3Tyr + RSSR — Tyr ~ + RSSR

1.1

Scheme 7. Photoexcitation of Tyr yielding a highly stabilised tyrosyl (phenoxyl) radical via energy transfer of the first
triplet excited state.

Once formed, Tyr® can undergo a wide range of reactions. Due to delocalisation of the unpaired
electron in the aromatic ring, Tyr® is a long-lived radical that reacts slowly with molecular O, and a
rate constant of k ~ 103 Ms! has been estimated.>® On the contrary, dimerisation is favoured to
give di-tyrosine 1.12 via both C-O and C-C linkages, with the latter predominating, with a 2k ~ 5 x
108 M st (Scheme 8).%478
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Scheme 8. Radical-radical recombination of two highly stabilised tyrosyl radicals, producing a dimeric species
(dityrosine).
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Furthermore, HAA reactions from suitable *C-H (both intra- and inter-molecularly) can occur to
recover the parent Tyr moiety and transfer the radical along the protein (similarly to CysS*).:* A
more in-depth discussion for the overall reactivity Tyr* including reaction with Ois given in Section

1.7.

In addition, energy transfer from the first singlet state of Tyr to the ground state of oxygen (O,) can
take place re-generating Tyr, and producing singlet oxygen (*0,).>2 Singlet oxygen is widely-
accepted to be a damaging agent in biological systems as it is capable of reacting with various
biological targets, including DNA, RNA and proteins.>” Unlike energy transfer to Trp, this process is
inefficient (low quantum vyield).>> However, once formed, 0, reacts rapidly with amino acids,
including Tyr (k ~ 10’ M s1), thus making its generation a noteworthy reaction pathway.*® This

reaction is covered in Section 1.7.1, and will only be explored here briefly.

Reaction of Tyr with 'O, produces hydroperoxides (ROOH) in high yields.>” The Tyr-associated
hydroperoxides are converted to alcohols via homolysis of the -O-O- bond. Indeed, it has been
reported that amino acid, peptide, and protein hydroperoxides are unstable at elevated

temperatures, in presence of redox active metals (e.g., Cu*, Fe?*), UV light and reductants.>%%

Homolysis of the peroxide bond vyields reactive alkoxyl (RO*) and hydroxyl (HO®) radicals, both
capable of reacting with proteins with fast rate constants.®>® Thus, initial damage incurred to the
protein can be exacerbated by formation of hydroperoxides. The chemistry of hydroperoxides (i.e.,

generation, stability, and reactivity) is complex and will be discussed in-depth in Section 1.10.

It is evident, that even if the initial damage to the protein is photo-initiated by a chromophore,
other secondary oxidants, mainly reactive oxygen species (ROS) can be generated and react with
proteins. Therefore, the next Section is focused on the reactivity between such species and

proteins.
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1.7 Reactive Oxygen Species

Of all the ROS the ones that are most relevant to hair chemistry are singlet oxygen (*0,), superoxide

radical anion (O;"), ozone (0s3) and hydroxyl radicals (HO®).

1.7.1 Singlet oxygen

A possible pathway for the generation of 10, has already been covered, and it is generally thought
that it can be produced both in vivo (enzymatic processes) and in vitro (sunlight in presence of a
chromophore).?” Proteins are prime targets for 10, oxidation due to their high abundance and fast
rate of reaction with '0,.58% Detailed research in the reactivity of 0, with peptides containing
different amino acids, has shown that it preferentially reacts with tyrosine, tryptophan, cysteine,

histidine and methionine.

Initial reaction of Tyr with 0, gives rise to an unstable endoperoxide 1.14 that undergoes

spontaneous decomposition to give a hydroperoxide 1.15 at the C-1 position (Scheme 9).%%7°
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Scheme 9. Reaction of Tyr with singlet oxygen yielding an unstable endoperoxide, that upon ring opening is converted
either to a stable alcohol or undergoes intra-molecular nucleophilic addition.

In the case of free Tyr, nucleophilic addition of the a-amino group occurs, to yield the indolic
cyclised product 1.17. Decomposition of the peroxide 1.17 formed yields eventually an alcohol 1.18,
and this process is accelerated in presence of metal ions or UV light. When Tyr is incorporated in
peptides or proteins, the cyclisation is disfavoured, and Tyr-associated alcohol 1.16 is obtained.
However, other nucleophiles present in the system can attack leading to cross links between

proteins.®®
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1.7.2 Superoxide radical anion
The superoxide radical anion (0,*") can be generated by addition of one electron to the ground state
molecular oxygen (Scheme 10; Eq. 1).”* Superoxide radical anion co-exists in equilibrium with its

conjugate acid, hydroperoxyl radical (HO;") (Scheme 10; Eq. 2).72

02 + e_ 02._ (1)

HO, = O; +H' pK, = 4.8 )

Scheme 10. Generation and acid-base equilibrium for superoxide radical anion and its conjugate acid.

The 4.8 value for the pK, means that at physiological pH the equilibrium is dramatically shifted
towards the left, with the concentration of O,* being ~ 500 times more than the concentration of
HO,*.”® As such, the reaction of 0," with biological targets has attracted more attention than its
acidic counterpart. Despite being a radical, O, is relatively unreactive towards biological targets
with typical k values < 1 M*s.7* However, two molecules of 0,* dismutate readily to form H,0,,
which in turn, can be cleaved either photolytically or via Fenton-type chemistry yielding the

significantly more reactive HO" (vide infra) (scheme 11).7

_ +
202 +2H ——> H202+02

H,0, ﬂ, 2 HO®

M* M*1
H0, — N2 o HO' +OH

Scheme 11. Generation of H,O, from O°- and its reduction to generate transient HO".

On the contrary, the pH of hair is more acidic, with the reported pH for the scalp being 5.5 and the

hair shaft 3.67.76 At this pH the equilibrium is shifted towards the existence of HO,". Hydroperoxyl
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radical is more reactive than its conjugated base and reacts with organic molecules via HAA to

produce a carbon-centred radical and H,0; (Scheme 12).

HO, .
R-H ——>R +H,0,

Scheme 12. Hydrogen atom abstraction by HO,® from organic molecules to generate a carbon-centred radical and H0,.

The rate constants for the HAA reaction of HO;® with aqueous solutions of free amino acids at low
pH have been critically reviewed in the literature, and typical values of k ~ 10> M! s have been

determined.”

1.7.3 Ozone

One important ROS for the hair chemistry is Oz (a greenhouse gas) as it is one of the most important
atmospheric pollutants, can be present at high concentrations both indoors and outdoors,””’® and
has been reported to have a negative effect on the human body.” Ozone can be generated by
various nitrogen oxides (NOy) and volatile organic compounds (VOCs) that are released in the
atmosphere (with the aid of solar radiation), or by the reaction of 0, with 0,.2° Unlike HO* which
is a short-lived and non-selective oxidant (vide infra), Osis very selective and reacts with organic

molecules via well-defined mechanisms involving aromatic compounds and double bonds.®!

The kinetics for the Os-mediated oxidation of aqueous solutions of free amino acids have been
determined experimentally and range from second order rate constants of ko3 ~ 10° M s (for
aliphatic amino acids) to kos ~ 106 M s (for aromatic amino acids).®? The highest rate constants
were obtained for Phe, Tyr, Cys and Trp. Ozonolysis of Tyr leads to the incorporation of 1 or 3 O
atoms to the amino acid, and two possible reaction pathways have been proposed, that are,

hydroxylation and bond cleavage (Scheme 13).8
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Scheme 13. Reaction of O3 with Tyr resulting in bond cleavage and modification of Tyr.

The proposed products shown in Scheme 13 have been suggested based on the mechanism of O3
with phenols,® and were further confirmed by MS analysis.®8> Hydroxylation of Tyr leads to the
formation of catechols 1.20 and hydroquinones (depending on the positional hydroxylation in
respect to the phenol of Tyr). However, these molecules have been only detected to low abundance
as they are reactive towards O3 leading to a similar bond cleavage and the observed incorporation

of 30 on Tyr 1.19.
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1.7.4 Hydroxyl radical

Hydroxyl radical is a salient biological oxidant, and has the highest one-electron reduction potential
of all the species that can be generated by living organisms.2*%” Effectively, this means that it is
capable of oxidising all of the reduced species that are listed below it in the hierarchy of the free
radical electron transfer reactions.®”# The most probable source for HO® in the hair environment

is Fenton-type chemistry of transition metals with residual H,0; (vide supra).

Hydroxyl radicals are capable of removing a hydrogen or an electron from all biological targets in
their surrounding loci with near diffusion-controlled rate constants (typical k ~ 10® — 10° Ms -
1).6789 Dye to the high rate constants, and the high availability of targets, HO" are short-lived, show
little selectivity, and diffuse near the site of generation.>>® Two main reaction pathways exist for
the reaction between HO® and amino acids; that are HAA and addition to aromatic rings.9t3
Although, more recently the possibility of HO® to react with aromatic compounds via electron

transfer has been established.®® In any case, the immediate products are transient radicals, that

undergo rapid subsequent reactions, and will be discussed in detail in the next Sections.

1.7.4.1 Hydrogen atom abstraction
Most of the amino acids that are found in proteins react via HAA with HO® yielding a carbon-centred
radical on the protein with typical second order rate constants k ~ 108 — 10° M?'s ! in aqueous

solutions and physiological pH (Scheme 14).8%%

0O Ry . O Ry
N HO ¢ N
/\HLH)W . MH)W y
R4 o} R4 o}

Scheme 14. Hydrogen atom abstraction by HO*® from the a-carbon of the peptide generating a carbon-centred radical on
the peptide.

The controlling factors for the HO® positional attack are mainly i) the BDE of the C-H bond, ii) the
steric hindrance of the C-H bond and iii) the electronic properties of the substituents in the attacked
carbon, that can further stabilise the resulting radical.®® Initial abstraction of hydrogen from 1.21
can occur in two positions, that are the *C-H (backbone) and the PC-H (side-chain), leading to

radicals 1.22 or 1.23, respectively (Scheme 15).
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Scheme 15. Reaction mechanism for the two possible positions that hydroxyl radicals can abstract a proton from the
amino acid (*C-H vs 8C-H).

The HAA is well-understood for free amino acids, and it is expected to take place primarily on the
2C-H of the backbone, as the resulting tertiary radical is further stabilised due to delocalisation of

the unpaired electron in the nearby amide and carbonyl functionalities (Figure 4).45:59.6597-99

O H o o H 0 H
[
H H H H

Figure 4. Stabilisation of the a-carbon radical on the neighbouring functionalities.

This stabilisation of the intermediate radical, that requires the presence of both an electron
withdrawing (or captor) group and an electron donating (or dative) group (carbonyl and amino in
this case, respectively), is termed the captodative effect.!® Advanced theoretical studies have
shown that for the majority of the free amino acids (Scheme 15; R=H), hydrogen atom abstraction
from the *C-H is considerably more favourable.'®! This result is explained by the fact that HAA from
the PC-H would generate an intermediate radical that is further away from the captor and dative
groups, and thus, the stabilisation effect is reduced. Interestingly, in the case of amino acids with
aromatic side chains (i.e., Phe, Tyr, His), abstraction from the PC-H is predicted to effectively
compete with the °C-H (Scheme 15; R=Ar).1®! Indeed, it is proposed that aromatic side chains
partially delocalise the unpaired electron, thus enhancing the stability of the intermediate radical.
Finally, the HO*-mediated HAA from the “C-H shows negligible dependence on the conformation of

the amino acid (a-helix vs B-sheet).1%!
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In more realistic scenarios (i.e., polypeptides and proteins), the magnitude of this stabilization
depends on the protein and peptide structure due to steric and electronic interactions.%®10%103
Statistical factors can further influence the initial positional attack of the HO®, and in long peptides
with high aliphatic side chains and sterically bulky substituents, damage is skewed along the side

chain, and product prediction becomes cumbersome, 104105

1.7.4.2 Addition to aromatic ring

The reaction of HO®* with aromatic-containing amino acids (i.e., Phe, Tyr, Trp), is of particular
importance as they are present in various proteins, and it is now well-documented in the
literature.19110 Reaction between HO® and Trp or Phe can be neglected since only traces of the two
amino acids can be found in hair keratins. On the contrary, reaction with Tyr is pertinent to hair

chemistry and attention should be drawn to it.

By 1970 the products of the reaction of HO® with Tyr in aqueous solutions and various pH were
already established, and phenoxyl radical had been identified as the major intermediate product.*!
However, the exact mechanism that gives rise to the phenoxyl radical remained unclear until 1984.
Getoff and co-workers, employed pulse radiolysis and computational tools, to investigate in-depth
the mechanism of the HO-initiated oxidation of Tyr, and determine the kinetics of build-up and

disappearance of the transient species.'?

Addition of HO* to aromatic rings is typically faster than HAA (k ~ 10° Ms %;). For Tyr, formation
of a phenoxyl radical, has been identified as the thermodynamically favoured product, however, it
is only formed to a very small extent directly via HAA from the hydroxyl group (~ 5%) (Scheme
16A).112113 Indeed, reaction of HO® with Tyr results almost invariably in addition of the HO" to the
ortho- and meta-position of the aromatic ring, that yields a transient cyclohexadienyl adduct 1.24

(Scheme 16B).105:114
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Scheme 16. Different pathways for the reaction of HO *with Tyr. A) Direct HAA from the phenolic O-H, generating a
phenoxyl radical. B) Direct addition to the aromatic ring of Tyr generating an unstable cyclohexadienyl radical. Two
cyclohexadienyl radicals can decay to produce non-radical products or can eliminate H,0 to produce a phenoxyl radical.

By monitoring the UV spectroscopic properties of the transient adducts, the authors were able to
estimate rate constants for both the formation and the decay of these species. Interestingly, it was
shown that HO*® addition to the ortho-position of Tyr proceeds with a near diffusion-controlled rate
constant of k ~ 7 x 10° M s, while the meta-adduct is formed with a k ~ 5 x 10° M s%. On the
contrary, the phenoxyl radical via HAA is formed with a k ~ 5 x 108 M s, The ortho-adduct
undergoes spontaneous bimolecular dimerisation or disproportionation reactions with a 2k ~ 3 x
108 M1 st leading to non-radical products, and dehydration with a k ~ 2 x 10* s* to afford the more
stable phenoxyl radical 1.25. Therefore, even if initial HAA to yield a phenoxyl radical 1.25 accounts
for only ~ 5% of the total HO® + Tyr reactivity, its formation as a major product can be justified by
the decay of the transient ortho-cyclohexadienyl adduct 1.24. Phenoxyl radicals can follow three

different reaction pathways that are in competition between them (Scheme 17).
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Scheme 17. Possible pathways for phenoxyl radical. Two phenoxyl radicals can participate in radical-radical dimerisation

reactions. Alternatively, reaction with another molecule of HO* or O, is possible to eventually afford stable

dihydroxyphenylalanine derivatives.
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The first path (dimerisation) has already been covered in Section 1.6 and involves linkages by both
C-C and C-O bond formation. The unpaired electron is delocalised in the aromatic ring 1.26. In
systems where there is a high flux of HO®, a second attack can occur, quenching the tyrosyl radical
and via keto-enol tautomerization, afford a stable dihydroxyphenylalanine 1.28 (DOPA).
Dihydroxyphenylalanine has been identified as the main product of the aerobic HO*-mediated
oxidation of Tyr, and it is utilised as marker of Tyr oxidation.''? Although the phenoxyl radical is
stabilised and long-lived, an irreversible reaction with dissolved O, can take place affording an
unstable peroxyl radical 1.29. The peroxyl radical undergoes H,0O-assisted hydroperoxyl radical
(HOz") elimination with a k ~ 10° s!, and ultimately produces DOPA 1.28 via keto-enol

tautomerisation.t311>

It is well-established that for the HO®-induced oxidation of Tyr (or of Tyr-containing peptides and
proteins) in aerated solutions, the only products generated to a noticeable degree is DOPA and
dimeric species.’?”118117 Reaction of HO® with Phe is similar as with Tyr, and predominantly affords
a hydroxylated product on the benzene ring of Phe (the mechanism of HO* addition to Phe will be

discussed in more detail in Chapter 2).

1.7.4.3 Electron transfer

Certain radicals, (e.g., sulfate radical anion (SO,*)), have a documented propensity to react with
aromatic compounds via single electron transfer mechanism,.!#1%9 Indeed, SO, is well-known to
oxidise aromatic compounds to the corresponding radical cation, with typical second order rate
constants of ker~ 108 - 10° M s1.120 More recent studies have shown that HO® are capable of
participating in the same chemistry with aromatic compounds (including tyrosine and
phenylalanine).®*!® In general, the electron transfer component of the HO* reactivity with aromatic
compounds depends on the ionisation potential of the substrate, and usually electron transfer and

addition occur simultaneously.®*

In the case of tyrosine, the electron transfer pathway leads to the formation of tyrosyl (phenoxyl)
radical (similar to the O, addition/ H,O-elimination pathway of Section 1.7.4.2). On the other hand,
the electron transfer component in the HO® reaction with phenylalanine 1.30 yields a transient

radical cation 1.31 (Scheme 18).
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Scheme 18. Possible electron transfer mechanism between phenylalanine and HO*, yielding a transient radical cation.
Depending on the pH of the reaction medium, two pathways have been proposed. At low pH an irreversible proton loss
takes place yielding a benzylic radical, while at high pH a second intramolecular electron transfer can take place,
followed by deprotonation, producing a carboxylate radical that spontaneously decays.

The phenylalanine-derived radical cation has been documented to follow two different pathways
that are pH-dependent.’?* At low pH where phenylalanine is present as the carboxylic acid,
irreversible proton loss can take place, to produce the benzylic radical 1.32 as shown in Scheme 17.
It is noted that the same benzylic radical can also be formed via direct HAA by HO® from the -CH, of

phenylalanine. Thus, the generation of the benzylic radical is not unique to the electron transfer

mechanism.
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At higher pH, that phenylalanine is present as the carboxylate anion, a rapid intramolecular electron
transfer (k~ 10%- 10° s!) can take place, followed by deprotonation. This process gives rise to a
carboxylate radical 1.33 which has been proposed to undergo spontaneous radical decarboxylation

releasing CO; and a carbon-centred radical 1.34.1%

The reactivity of HO® with amino acids and peptides results in the formation of various transient
radicals that have complex reactivity and can follow different reaction pathways. In the following
Section the chemistry and mechanisms of these biological radicals will be explored in-depth. A
particular emphasis is given to the formation of hydroperoxides (a mechanism known as

peroxidation), and their role in protein modification.

1.8 Reactivity of biological radicals

1.8.1 Reactions of peroxyl radicals

In aerobic environments, carbon-centred radicals react with diffusion-controlled rate constant with

molecular O; (k ~ 10° -10'° M s%) to yield peroxyl radicals (ROO*; Scheme 19).>°

Scheme 19. Reaction of carbon-centred radicals with O, to produce peroxyl radicals.

1.8.1.1 Radical-radical reactions
Peroxyl radicals can participate in many different reaction pathways. In general, radical-radical
termination reactions can occur between two peroxyl radicals. Two main reactions have been

identified in the literature (Scheme 20).

2 RCHOO® —> RC=0 +RCHOH+0, A
2RCHOO®* — RCHOOCHR + 0, B

Scheme 20. Possible radical-radical reactions of peroxyl radicals. A) Disproportionation reaction to produce stable
carbonyls, alcohols, and release O,. B) Radical-radical reaction to release O, and generate a new peroxide bond.
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For primary and secondary peroxyl radicals, disproportionation reaction (Scheme 19A) is a major
pathway yielding an alcohol and a ketone/aldehyde.’?? In 1970 Bennett and co-workers, studied
the reactions of many primary and secondary peroxyl radicals 1.35 in O,-saturated solutions, and a
rate constant of 2k ~ 10’ M! s was determined.'?? The proposed mechanism for this reaction is
believed to go via a tetroxide intermediate 1.36 that spontaneously decays to release O, and

produce the more stable alcohol and carbonyl (Scheme 21).%®

?r\i %
ZR;/O—> —>>:O+R1A/OH +02

H Ri Re H
Rz

1.35 1.36

Scheme 21. Proposed mechanism for the dismutation of peroxyl radicals to afford stable carbonyls and alcohols via an
unstable tetroxide intermediate.

On the contrary, disproportionation reactions are not possible for tertiary radicals. As such, radical-
radical termination reactions more likely occur via reaction shown in Scheme 19B that yields a new
peroxide and releases O,. In 1990 Bennet and co-workers further advanced their work on the
studies of peroxyl radicals. Using photolysis experiments and EPR analysis, a comprehensive kinetic
and mechanistic study was performed for the reactivity of t-butyl peroxyl radicals in aqueous
solutions.'? This investigation revealed that radical-radical reaction (Scheme 20B), is a much slower

process and proceeds with a rate constant of 2k ~ 103 M1 s,
In addition to unimolecular reactions, radical-radical reactions leading to radical products can also
occur. Indeed, two tertiary peroxyl radicals can combine to yield two alkoxyl radicals (RO*) and

release O,, via a tetroxide intermediate (Scheme 22).

2 R1 R2R300. — 2 R1 R2R3O° + 02

Scheme 22. Reaction between two peroxyl radical generating two reactive alkoxyl radicals and molecular O;.
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This reaction was determined to be faster by one order of the magnitude (2k ~ 10* M s?) compared
to reaction of Scheme 18B,'% indicating that for tertiary radicals, formation of RO" is noteworthy,

and their chemistry will be discussed in Section 1.9.

1.8.1.2 HO;" elimination and HAA
Apart from radical-radical reactions, two main reaction pathways exist for ROO". Tertiary ROO*, that
contain an a-heteroatom (e.g., a-amino radicals generated on peptides and proteins; 1.37),

undergo facile unimolecular O,*-elimination, to yield acyl imines 1.38 (Scheme 23).5912412

§
~N
1.37 1.38 O%ﬁf

1.40

Scheme 23. A major pathway for the unimolecular decay of tertiary peroxyl radicals. Elimination of HO,*, followed by
imine hydrolysis that results in the peptide bond cleavage. The process produces free amines and carbonyls.

The rate for the spontaneous decay of the peroxyl radical has been reported to be base-catalysed,
and O;"-elimination occurs with k ~ 10° s at alkaline pH for peroxyl radicals generated on
glycine.'?* Conversely, neutral and acidic pH reduce the rate of O,"-elimination (typical k ~ 10% s!
for many a-hydroxy peroxyl radicals).2?'%” Hydrolysis of the imine occurs readily to afford a free
amine 1.39 and a diketone 1.40.% The elimination of O,", may be of high quantitative significance,
as it results in cleavage of the peptide bond with concomitant release of a new radical that can

extend the initially inflicted damage.

ROO* participate in HAA reaction (either intra-molecularly or with nearby available C-H bonds) to

yield hydroperoxides (ROOH), with typical rate constant of k ~ 103 M s (Scheme 24).1%

R;00"+ RoH — > R,00H + Ry

Scheme 24. Hydrogen atom abstraction by peroxyl radicals from organic molecules generating hydroperoxides and
carbon-centred radicals.

52



The product distribution therefore is markedly dependent on the conditions. In systems where the
radical flux is high, radical-radical reactions become more important. Conversely, when the radical
flux remains low, and there is a high abundance of nearby C-H bonds (e.g., biological systems and
the hair environment), HAA to yield ROOH becomes the prevailing pathway. Hydroperoxides have
evoked high attention over the past 20 years, and they have been identified as the main
intermediaries of the aerobic protein oxidation.®%%%129 Section 1.10 is focused on the chemistry of

hydroperoxides.

1.9 Reactivity of alkoxyl radicals

Similarly to HO®* and ROQ°, alkoxyl radicals (RO*) exhibit rich chemistry that can enhance protein
damage and should be examined carefully. Alkoxyl radicals have been well-characterised, and their
reactivity has drawn considerable attention as they are the main intermediate product in the
photolysis and pyrolysis of organic peroxides.'® Two alkoxyl radicals can participate in a
disproportionation reaction to produce an alcohol and the corresponding carbonyl (Scheme 25),
with a nearly diffusion-controlled rate (k ~ 10 M s, determined for aqueous solutions of

methoxyl radical).'®!

H._0
2 MeO'—> MeOH + T
H

Scheme 25. Diffusion-controlled radical-radical reaction between two transient methoxy radicals to generate methanol
and formaldehyde.

A major and critical reaction pathway is rapid intra- or inter-molecular HAA reactions yielding stable
alcohols and new carbon-centred radicals in the substrate (k ~ 10® M s?), thus accelerating the

damage (Scheme 26).13!

ROH + R’

o) OH
h ® /
H-R —> R

Scheme 26. Examples of intra- and inter-molecular hydrogen transfer by alkoxyl radicals, generating carbon-centred
radicals.
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Hydrogen atom abstraction reaction can take place from ROOH (resulting in alcohols and ROO*),
however the concentration of the peroxides is usually low, and this pathway is neglected.? For
primary and secondary RO®, HAA is in competition with hydrogen shifts to yield the corresponding

a-hydroxyalkyl radicals with typical k ~ 10® — 10’ M s in neutral aqueous solutions.!32

Tertiary RO 1.41/1.42 have a documented propensity to undergo facile fragmentation reactions to
afford stable carbonyls and nascent carbon-centred radicals (k ~ 10” M s for t-BuO* in aqueous
solutions).’® Depending on the site of generation for the initial hydroperoxide (side chain vs

backbone), different fragmentation reactions can take place (Scheme 27).

R 0" (0]
Ri~ R Ri~ R . 0]
™N 3 - ”/lkﬂ/ °, R, —2>, further reactions
H o o)
1.41 1.43
R o) o
1 0)
RQ%OH _— }—R + \HJ\OH —_>, further reactions
HN_ R
R3
1.42 1.44 1.45

Scheme 27. Possible fragmentation reactions of alkoxyl radical resulting in bond cleavage on the peptide. The bond
cleavage results in the formation of carbonyls and carbon-centred radicals that participate in further reactions.

As such, a-amino alkoxyl radicals 1.41 fragment to yield amides 1.43 and new carbon-centred

radicals,'3*

while B-alkoxyl radicals 1.42 undergo scission reactions to yield carbonyls 1.44 and a-
amino radicals 1.45.1% In both cases, new carbon-centred radicals are released that are likely to

undergo rapid O, addition, and ultimately convert to hydroperoxides.

Fragmentation reactions are particularly important as i) they lead to protein modification and ii)
they release new radicals. It is evident that RO® generated as a result of ROOH decomposition can
further propagate the protein damage. Indeed, in 1993 Stocker and co-workers attempted a
guantitative examination of initial radicals formed on free amino acids and concomitant amino acid
loss.2* It was highlighted for the first time that the total amino acid loss exceeded the number of
radicals formed, thus proving that chain reactions (propagation) take place to deliver higher

damage to the biological substrate.
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1.10 Chemistry of protein hydroperoxides

The first report of hydroperoxides formed on proteins can be traced as back as 1942 (for a historic
overview see reference 58).°>%° Only sporadic reports appeared until the 1990’s, when the first
systematic studies emerged in the scene of protein oxidation by ROS. Hydroperoxides are organic
compounds with a generic formula of ROOH that are characterised by a labile -O-O- bond with a

typical BDE ~ 45 kcal mol? (e.g., 45.3 kcal mol for t-BuOOH).136:137

Despite recognition of hydroperoxides as the main intermediates of the aerobic protein oxidation,
their true meaning was not appreciated until recent years. The reason for this is mainly associated
with their instability under endogenous and exogenous catalysts (e.g., elevated temperatures,
metal ions), that facilitate their rapid decay to give a range of different products, therefore making

their detection (or product identification), challenging.

1.10.1 Hydroperoxide formation

Formation of hydroperoxides on free amino acids, peptides and proteins are dependent on the
conditions (e.g., sufficient availability of O,, availability of nearby C-H bonds). Multiple research
groups around the world have studied the HO-induced formation of hydroperoxides on free amino
acids, and their findings demonstrate that high concentrations of hydroperoxides can be

138-142 |n 1993 Gebicki and co-workers investigated the HO®-derived evolution of

achieved.
hydroperoxides for all free amino acids.'* The authors were able to illustrate that the peroxidation
efficiency increases in line with the number of aliphatic C-H bonds. The highest peroxide yields were
obtained for valine, leucine, proline, and lysine, while aromatic and sulfur containing amino acids
were less susceptible to peroxidation. This is readily rationalised for aromatic amino acids as HO®
react via addition rather than HAA. For the sulfur-containing amino acids HAA takes place

preferentially in the sulfur centre, and formation of hydroperoxides is less favoured (as O; addition

is readily reversed to recover the thiyl radical; see Section 1.5.1).

For short peptides a similar pattern has been observed, that is, peptides with high aliphatic content
appear to be more susceptible to peroxidation. In 1996 Davies and co-workers exposed Ala and
some related short peptides to y-irradiation and the results showed that the total hydroperoxide
content increased in line with the increase of the aliphatic C-H bonds.’*® More recent studies from
the same group further corroborate that short peptides follow the same pattern, i.e., short Val
peptides gave considerably higher peroxide yields compared to Ala peptides, and in turn, Ala

64,66

peptides produced higher yields compared to Gly peptides.
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1.10.2 Hydroperoxide quantification and detection

As hydroperoxides are reactive and unstable intermediates, direct evidence for their existence
has been elusive, and their quantification problematic. Two main assays have been developed for
their indirect measurement: each one possessing its own advantages as well as limitations and

drawbacks.

The first and most reliable method developed is the iodometric assay.}*® In this method the
hydroperoxide under examination reacts with iodide under acidic conditions and generates
triiodide (I3") which is then measured spectroscopically at 358 nm. The major advantage of this
method is that it is a quantitative reaction with a known 1:1 stoichiometry between the organic
hydroperoxide and the moles of iodide. However, iodide can be oxidised by H,0, that is often
present in the system. To avoid this, solutions are treated (before the assay) with catalase, an
enzyme that has been shown to selectively decompose H,0, and is unreactive to organic
peroxides.'%14* Even if catalase is used to remove H,0,, the major drawback of the technique is
that it must be carried out under strictly anaerobic conditions due to the oxygen sensitivity of

iodine.

In order to overcome the oxygen sensitivity of the iodometric assay, a new method has been
developed more recently. The new technique is called the Ferrous Oxidation - Xylenol Orange

(henceforth to be abbreviated as FOX) and it was first reported in 1994 by Wolff.14>-148

This method utilizes the hydroperoxide-mediated oxidation of Fe(ll) to Fe(lll) that binds strongly to
xylenol orange (XO), with spectrophotometric quantification of the latter at 560 nm (Figure 5). As
Fe(ll) can react with H,0, in the same way as with organic peroxides, solutions are again treated
with catalase prior to the analysis. The FOX assay has the advantage that shows minimal sensitivity
to 0,. However, the organic hydroperoxides react in an unknown stoichiometry with Fe(ll),

depending on the system under study.

strong complexation —— quantification spectroscopically

Fe2* Fe3*
[ ] i
ROOH ;4» RO + HO

Figure 5. Basic principle of the FOX-assay. Oxidation of Fe?* by the hydroperoxide, yields Fe3* that binds to xylenol
orange, and the resulting complex is quantified spectroscopically.
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Due to the unknown stoichiometry of the reaction, the assay is usually used as a semi-quantitative
method and the peroxide levels are reported as H,0, equivalents rather than actual ROOH
concentrations.?* A H,0; solution is used to construct a calibration standard curve using various

concentrations of H,0,.14°

Hydroperoxides can be conveniently detected by MS, as they yield distinct [M + 32]* peaks.'>%51 |n
practice however, their MS detection is not trivial. The high temperatures required for the electron
spray ionisation (ESI) may induce thermal decay of peroxides thus suppressing their detection.
Nonetheless, MS has been reported to be the most reliable analytical technique in our toolbox for
their detection.’® Furthermore, MS coupled to other analytical techniques can be valuable in
gaining a deeper understanding of the peroxides formed. Liquid chromatography — mass
spectrometry (LC-MS) is a powerful tool that enables separation of hydroperoxides with the same
mono-isotopic mass. Tandem MS (MS/MS) can provide further information about the identity of

the peroxides by fragmenting the molecules.5466:153154

1.10.3 Hydroperoxide reactivity
Detection and structural identification of hydroperoxides is challenging due to their decay during
analysis and/or sample handling. Hydroperoxides are generally considered moderately stable at RT

and in the dark / absence of reducing agents or transition metal ions.®”®8

The effect of temperature on peroxide decay has been investigated in detail, and it has been shown
that at RT and in the dark, protein hydroperoxides exhibit half-lives of days or weeks, and alteration
of the temperature further enhances or decreases their lifetime.*%%! |n the 2000’s Davies and co-
workers, investigated the kinetics of thermal decay for both Tyr- and Trp-derived hydroperoxides,
generated via reaction with 10,.58%° |t was demonstrated that at 37 °C within 24 h, ca. 80% of the
initial peroxide content had been lost, while when incubated at 4 °C for the same duration

hydroperoxides remained intact.

Ultraviolet irradiation can induce homolysis of the peroxide bond (Scheme 28A). For instance, t-
BuOOH has been reported to absorb UV light over the wavelength of 210-300 nm with a calculated
quantum vyield of 1 at 248 nm.> In addition, peroxides undergo rapid one-electron reduction in

presence of transition metal ions (Fenton-type chemistry; Scheme 28B),140:142156
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ROOH — 2" Ro® +HO A

Mn Mn+1

ROOH ;Z» RO + OH B

Scheme 28. Possible H,0, decomposition conditions. A) Strong irradiation can induce homolytic cleavage of the peroxide
bond, B) Reductive decomposition of the peroxide bond induced by transition metal ions.

These processes generate reactive RO* and HO® radicals (or hydroxyl anions). These radicals are
capable of extending the initial damage to the proteins. The chemistry of both HO® and RO" in

relation to amino acids and peptides has been explored in detail.

1.11 Project outline and aims

Proteins in biological systems are susceptible to oxidation by ROS that can result in major
alterations including modification, fragmentation, cross-links and more.””1%135 The reaction
mechanisms for these processes are complex and have been discussed in this Chapter (though the
list is unlikely to be exhaustive). Similar chemical reactions are likely responsible for the hair
damage.>5-161 Despite the fact that hair cosmetic products are widely available and used
worldwide, scientific literature and research is scarce.'® Understanding the chemistry and the
interactions behind hair damage is critical, as this can enable the development of new formulations
that can be incorporated in hair cosmetics products (e.g., shampoos, conditioners), and the
development of new treatments to reduce the damage. It was discussed that hydroperoxides have
been identified as the major intermediate product of protein oxidation. However, there are not
many convincing literature data on their effect on protein damage. Our primary aim is to evaluate
the effect of hydroperoxides on protein degradation, and whether increased protein damage is

associated with accumulation of hydroperoxides.

As hair is a very complex material, it is necessary to develop a simplified model system. The first
Chapter explores the HO®*-mediated aerobic oxidation of short model peptides that are used as
protein mimics. A particular emphasis is given in the detection and chemistry of hydroperoxides.
We attempt to see if peptide-derived hydroperoxides, can act as prooxidants to trigger enhanced
damage to the peptides. Important considerations for the model system were the ability to identify
the formation of hydroperoxides, and to monitor the degradation of peptides. Upon confirming the
prooxidant effect of hydroperoxides on the peptide decomposition, we attempt to link our findings

with experiments in real human hair.
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In living organisms, the harmful effects of ROS are attenuated, at least to an extent, by defensive
mechanisms within cells and organisms.>® Such defensive systems include radical scavengers (e.g.
ascorbic acid), enzymes that have the ability to remove oxidants directly (e.g. superoxide dismutase
for the 0,*) and more.>® Hair is an example of dead biological tissue, and so is prone to damage
that cannot be repaired. As such, researching ways to prevent or reduce hair damage is of great
importance to the cosmetic industry. The second Chapter focuses on the chemistry of polyphenolic
compounds, and their antioxidant capacity on peptide oxidation. Polyphenolic compounds
(flavonoids) have been utilised as antioxidants for many years in various industries (e.g., food,
pharmaceutical), owing to their ability to break the propagation steps of autoxidation
processes.”>163164 polyphenolic compounds derived from natural extracts, have been recently
investigated as potential antioxidants for hair cosmetics products. The second Chapter investigates
the HO'-mediated aerobic oxidation of N-acetylated amino acids in the absence and presence of
four catechol-based compounds as potential antioxidants. We monitor the decomposition of the
starting amino acids by analytical techniques, and we identify oxidation products formed on the
antioxidants. The aim of this Chapter is to explore whether the oxidation of amino acids is reduced

in the presence of antioxidants, and to propose mechanistic pathways for their antioxidant activity.

As protein oxidation is governed by radical chain reactions, product identification is challenging.
The final Chapter aims to elucidate the reaction mechanisms by detection of intermediate radicals
in the aerobic oxidation of short N-acetylated peptides. Recently, a new method for trapping and
characterising short-lived radical intermediates has been developed in our group.!®>7'%” The
trapping results in the conversion of the radical intermediate to a stable non-radical product which
can be analysed by MS and LC-MS. The method is used to capture and detect transient radicals
formed during the aerobic oxidation of biological targets and is explained in detail in the third

Chapter.
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Chapter 2: Ultraviolet light and heat synergism hypothesis

2.1 Introduction

In biological systems, proteins are prime targets for damage by a wide range of different oxidants
(both one- and two-electron), due to their high abundance and fast rate constants.%® The ensuing
reactivity and the formation of oxidation products is complex and depends on the oxidant.!®®
Despite the highly variable resulting damage to the biological targets, under typical availability of
0,, hydroperoxides (ROOH) are usually the main intermediate product.>® The mechanisms for the
generation of amino acid-, peptide- and protein-hydroperoxides are reasonably well-understood
(some of them have been covered in the Introduction), and many studies have been published in

the field over the past 20 years,®1/138141,165,170

Despite the high protein content of the hair fibre (90 — 95% by dry weight),*’* literature data on the
generation of keratin hydroperoxides is scarce. By comparison, the % of lipids on human hair is
considerably lower (1 — 9% by dry weight)’%. Nonetheless, most of the attention has been drawn
to the formation of lipid peroxides, and the development of methods to control and reduce their
damaging effect on hair.28157.172-174 The reason for this is likely two-fold; i) lipids can be easily
extracted from hair, thus making it easier to study them, and ii) lipid peroxidation is a more efficient
process compared to protein peroxidation. Since human hair is exposed to sunlight on a daily basis,
it is reasonable to postulate that apart from photogeneration of lipid peroxides, keratin peroxides

are also formed.

However, human hair is often exposed to different oxidation sources, for instance sunlight exposure
followed by flat ironing, and hydroperoxides can be formed and degraded during both. In these
cases, hydroperoxides accumulated during the first insult (e.g., photochemical exposure) could be
hypothesized to lead to enhanced keratin degradation during the second insult (e.g., thermal

treatment), resulting in the synergistic action of light and heat (Scheme 29).

V direct degradation

Y,
U
(o)
n

Protein

hvor A enhanced
ROOH degradation

Scheme 29. Oxidation of proteins leads to relatively long-lived hydroperoxides. Elevated temperatures break the
peroxide bond (-0-0-) yielding reactive short-lived alkoxyl and hydroxyl radicals.

60



Formation and accumulation of hydroperoxides in photochemical and thermal autoxidation
processes (e.g., in environmental degradation) is well documented, with this leading to additional
damage and an autocatalytic behaviour.}”>"”7 There is some anecdotal evidence to support this
hypothesis, e.g., P&G noticed higher level of hair damage in customers who use both chemical (e.g.,
bleaching/colouring) and thermal (e.g., flat iron) treatments than would be expected from a simple
combination of the two. We propose that the reason for the observed enhanced degradation is the
generation of transient alkoxyl radicals (RO*) and HO® (from the decomposition of hydroperoxides)

that are capable of reacting with fast rate constants with the initial protein.

2.2 Kinetic modelling

2.2.1 Kinetic modelling - introduction

Most of the reaction mechanisms leading to protein degradation have been discussed in the
introduction. Acquiring experimental data to determine protein damage, and deciphering the role
of hydroperoxides in the process are not trivial. Indeed, assessing protein damage is challenging as
most of the techniques used offer only qualitative or semi-quantitative (and therefore direct
comparison between different studies is not an option) results.*® Moreover, detection and
guantification of protein peroxides is, on its own, a complicated and challenging task and only semi-

guantitative data can be obtained (see Introduction Section 1.10).

For this reason, we believe the construction of a theoretical kinetic model can be a useful tool to
obtain an insight into protein oxidation. Kinetic models have been used recently in chemistry to
model complex processes where experimental quantitative or qualitative data are not readily
available.'78182 Kinetic modelling in chemistry is a discipline that describes the progress of
reactions, from simple molecules to complex reaction networks.’®!8 Our main aim was to build a
simplistic yet reliable prediction tool that would allow us to test the extent and boundaries of the

synergism hypothesis.
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2.2.2 Kinetic modelling - design

The design of a kinetic model is not trivial. First, all reactions that take place in the system need to
be considered. Furthermore, designing kinetic models that are governed by chain reactions are hard
to model, as small differences in rate constants can give significant errors in the results. Choosing
appropriate rate constants is further confounded by the reaction medium. For instance, it has been
reported that the rate of HAA reaction is solvent-dependet.’® Indeed, it is well-established that
HAA reactions are significantly slower in polar solvents compared to non-polar hydrocarbon
solvents.’® In view of this, it was advised to use reaction rate constants in the same solvent for
every reaction incorporated in the model. It was decided to assume reactions in aqueous solutions,
as protein oxidation in biological systems is delineated, and most reaction rate constants have been

previously critically evaluated.

To test the scope and feasibility of the proposed synergism, a kinetic model of protein autoxidation
based on Scheme 30 with some additional reactions (can be found in the Experimental Chapter)

was constructed.

hv « O . y 5
Pr —> Pr'—2» pr00 R PrOOH —4 ~ PrO" + HO
slow , v. fast Kaps = 105 M1 57" slow
T slow | fast |
o enhanced
autoxidation autoxidation

Scheme 30. Fate of initial carbon-centred radical generated on hair proteins in high abundance of O; to yield unstable
peroxyl radicals (PrOO*), ultimately leading to the formation of transient alkoxyl (PrO°) and hydroxyl radicals.

Scheme 29 shows a simplified depiction of the preliminary protein oxidation, aimed to highlight the
formation, decay and role of hydroperoxides in the synergism hypothesis. Protein (Pr) oxidation
starts with the formation of a carbon-centred radicals that react with O, to yield peroxyl radicals
(PrO0°).*? In biological systems, where availability of nearby C-H bonds is high, the majority of
PrOO° participate in HAA to yield hydroperoxides (PrOOH; typical kas = 10> M s1).228 Some
hydroperoxides decompose resulting in an autocatalytic behaviour, but a significant amount
accumulates in the system. Subsequent elevated temperatures and sunlight can induce rapid
homolytic decay to hydroperoxides yielding alkoxyl radicals (PrO®) and HO®. These radicals are
capable of further reacting with the starting protein or a different protein present in the system,

thus extending the initially photo- or thermally-inflicted damage to the protein.
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Due to lack of reliable kinetic data on protein hydroperoxide decomposition in the literature, a rate
constant for the decay of hydroperoxides formed in aqueous solutions of N-Ac-Gly-Gly-OH (5 mM)
upon exposure to a lamp that simulates sunlight, was experimentally determined(see Section

2.5.3), and this rate constant (10 s!) was used in the model (discussed in detail in Section 2.5.3).

2.2.3 Kinetic modelling - results

The model was used to estimate accumulation of hydroperoxides in a protein upon exposure to UV
light. Initially, the rate of photoinitiation was adjusted to achieve ca. 10% decomposition of the
protein (at 1 mM concentration) over a 30 min simulation period (Figure 6A; left Y axis). The rate
constants used in this model were all literature values for reactions in aqueous solutions. The

results show continuous growth of hydroperoxides (PrOOH) (Figure 6A; right Y axis).
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Figure 6. Kinetic model output. A) Hair protein decomposition and protein peroxides evolution. The concentration of the

parent protein was set at 1 mM, and the initiation was adjusted to achieve a 10% decomposition of the starting protein

after 30 min of sunlight exposure. B) Evaluation of the synergistic action using 3.7 uM as initial concentration of protein
hydroperoxides.

The concentration of hydroperoxides would plateau and then decay at much longer exposure times.
The outcome of this simulation is in a reasonable agreement with our experimental data on HO"-

mediated decomposition of 3 model substrates (vide infra).
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In order to test the synergistic action hypothesis, further kinetic modelling runs were performed.
Specifically, the system without and with accumulated hydroperoxides (at the end of simulation in
Figure 6A) was exposed to elevated temperature (100 °C) for 5 min (Figure 6B). The results in Figure
6B show enhanced thermal degradation of protein which was pre-exposed to UV light (ca. 20% vs
7% of the initial protein has been degraded), thus suggesting the hypothesis of the synergism of UV

and thermal treatments.

The effect was also tested at a much slower initiation rate (ca. 2% protein degradation after 8 h
light exposure; Figure 7) that would be much closer to a real-life scenario. The reaction rates of

other photochemical steps were reduced accordingly.
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Figure 7. Kinetic model output. A) A prediction of a more realistic scenario where 8 h of sunlight exposure led to 2%
protein decomposition. Second axis shows the protein peroxides evolution. The concentration of the parent protein was
again set at 1 mM. B) Evaluation of the synergistic action using 1 uM as initial concentration of protein hydroperoxides.

The model predicted a considerably slower accumulation of hydroperoxides with nearly 1 uM at
the end of the 8 h simulation (Figure 7A; right Y axis). Importantly, the sample pre-exposed to UV
light also showed enhanced degradation (ca. 12%) compared to the untreated control (ca. 6%)

(Figure 7B).

It is worth noting that the effect is strongest at the beginning of the protein degradation (within the
first 3.5 min). After this time, the two systems appear to follow a similar rate of protein decay. This
can be easily explained by the fact that hydroperoxides are formed in any autoxidation, and so, as
the thermal degradation in Figure 6B is progressing, the amount of hydroperoxides formed reaches
similar level to the sample which was pre-treated with UV, and the two samples would then

degrade at similar rates.
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It is important to state that a critical assumption was made for this model. While the major reaction
pathways are probably those incorporated in the model; the reaction rate constants will be
significantly slower in hair, compared to aqueous solutions. The restricted environment in hair was
considered, however, rate constants for these reactions in the solid phase are not known.
Importantly, when certain reaction rate constants were varied (e.g., the initiation rate, the
reactions of PrOO°®) the general trends of the model remained the same. So, even though absolute

rate constants are different, it is likely that the general behaviour will be similar.

2.3 Choice of model system

Hair fibre is comprised primarily of keratin proteins that can undergo multiple chemical changes.
Chromophores present in hair are capable of absorbing sunlight which leads to a series of different
reactions. Moreover, keratin proteins are susceptible to oxidation by a range of oxidants that can
be generated in the hair environment. As such, investigating keratin photochemistry or the
reactivity of keratin proteins with one-electron oxidants is not trivial. Similarly, generation and
detection of organic peroxides formed on hair keratins is not straightforward. In order to test the
synergism hypothesis and assess the role of hydroperoxides in it, hydroperoxides have to be
detected and quantified reliably. To enable a thorough investigation of the synergism postulate and
to acquire experimental evidence for the role of hydroperoxides in the process, a simplified model

system is required.

The mechanisms giving rise to hydroperoxides in biological systems have already been discussed in
Section 1.10.1, and the same mechanisms should occur in the hair fibre. Considering the rich
literature data on the formation of hydroperoxides in aqueous solutions of individual amino acids
or short peptides, attention was turned to similar systems. Since keratin proteins are the major
component of dry hair, we believe that short peptides can be used as reliable protein mimics. Initial

work was carried out using N-Ac-Gly-Gly-OH 2.1 (Figure 8).

N
H/\é( OH

21

Figure 8. Chemical structure of N-Ac-Gly-Gly-OH, the peptide that was chosen for preliminary studies.
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The peptide shown in Figure 8 was chosen for our studies as it is comprised of the simplest amino
acid (glycine) that contains no side chain. As such, the reactivity will be limited to the backbone of
the peptide and identification of hydroperoxides and/or oxidation products should be less
complicated. In 1993 Gebicki and co-workers exposed aqueous solutions of free amino acids (20
mM) to HO® to measure their ability to form hydroperoxides, and their work revealed that glycine
is one of the least efficient amino acids for peroxidation (see also Section 1.10.1).'*! The outcome
was rationalised by the lack of available C-H from where HAA by HO® can take place. Indeed, free
glycine contains only one secondary carbon centre, and therefore, peroxidation is not expected to
occur readily. Nonetheless, we believe that N-Ac-Gly-Gly-OH can be used as a suitable starting point
for our studies. We decided to use an N-protected dipeptide to reduce formation of RNH,* and the
following reactions. The acetyl group was chosen as a protection group for the free amine, as it

resembles the peptide bond that occurs in peptides and proteins.

2.4 Photogeneration of HO®

Following the decision over the model system, attention was turned to the generation of
hydroperoxides. As discussed in the Introduction Section 1.10 hydroperoxides are the main
intermediates in the reaction of free amino acids, peptides, and proteins with many reactive
oxidants (e.g., HO®, 'O, etc.). There is rich literature research on the reaction of HO* with amino
acids, peptides, and proteins in aerobic solutions, indicating formation of a range of different
products, including hydroperoxides, carbonyls, alcohols and molecular fragments,99298106.186 Aq
such, it was opted to use HO® as an oxidant for the generation of hydroperoxides with N-Ac-Gly-

Gly-OH.

Some of the possible ways for the formation of HO® have been covered in Introduction Section 1.7.
We believe that photolysis of aqueous H,0; is a well-established and “clean” method for the
generation of HO". This is usually achieved by employing a light source with strong emission
between 230-255 nm; wavelengths where H,0, has a relatively high molecular absorption
coefficient (€).28” Most commonly, low pressure-Hg lamps have been used, that emit light at 253.7
nm where H,0, has an € = 18.6 M! cm™. Photolysis of H,0, is a wavelength-depended, relatively
efficient process (quantum yield of 0.5 mol Ein) that results in the formation of two highly reactive

HO* (Scheme 31; Eq. 1).18%188
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Equation Reaction k(M1s?) Reference

#

1 Haoy — M oot ©=05molEint

2 2 HO' H20, 5y 10° 8

3 R-H + HO' ————> R +H,0 108 - 101 o

4 . /O' diffusion controlled 74
R'+0, — R-O

5 o OH 10 128

R-O0 + R-H ——— R-0 + R

Scheme 31. Production of HO® utilising the UV/H,0, system and subsequent main reaction pathways for the irradiated-
generated HO", ultimately yielding hydroperoxides (ROOH).

Two main reaction pathways exist for the photolytically generated HO®; that are, diffusion-
controlled recombination inside the cage to reform H,0, (Scheme 31; Eqg. 2) or reaction with an
organic molecule to yield a carbon-centred radical (R*) and H,O (Scheme 31; Eq. 3). The newly
formed R° reacts with O, to afford peroxyl radicals (ROO*®), that are converted to hydroperoxides
(ROOH) in presence of nearby C-H bonds (Scheme 31; Eq. 4 and 5 respectively). Alternatively, ROO*
can participate in radical-radical termination reactions to afford non-radical products. Scheme 31
is a simplified representation of the reactions taking place to highlight the HO*-mediated formation
of ROOH in aqueous solutions. In actuality, HO® are involved in many more reactions, including

reaction with H,0, (reactions can be found in the Appendix).

2.5 N-Ac-Gly-Gly-OH

2.5.1 FOX-assay quantification of N-Ac-Gly-Gly-OH-derived hydroperoxides

Upon establishing the model system and the HO®-generation method, experiments to form and
detect hydroperoxides were carried out. After optimisation of reaction conditions (i.e., peptide and
H.0, concentration and irradiation time), an appreciable concentration of hydroperoxides was
obtained when aqueous solutions of N-Ac-Gly-Gly-OH (5 mM) were exposed to UV light for 60 min
in the presence of H,0, (100 mM). To minimize artefactual oxidation of the peptide, all aqueous
solutions were prepared using high-purity water (Milli-Q), as it contains virtually no transition
metals that can catalyse oxidation (e.g., Fenton chemistry).* It was considered that peptides could
be photoexcited by absorbing UV radiation. To test this, aqueous solutions of the peptide was

exposed to the same UV light, and its decomposition was monitored by UV-Vis spectroscopy. This
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resulted in no loss of the peptide (data not shown). The formation of hydroperoxides was

determined by the FOX-assay (Figure 9).

20—- {
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Figure 9. Quantification of the total HO*-mediated hydroperoxide content on aq. solutions of N-Ac-Gly-Gly-OH (5 mM) in
presence of aq. H,0, (100 mM) upon exposure to UV light for 60 min. Aliquots were taken at the indicated timestamps
and were frozen immediately until analysis Results are the mean * SE of three independent experiments, analysed the

same day with the FOX-assay.

Aliquots were taken prior to irradiation and then every 15 min until the end of the exposure. Upon
collecting, all aliquots were treated with catalase (3150 U mL; aq. solution), an enzyme that has
been shown to selectively decompose H,0 but is unreactive towards organic peroxides (more
information can be found in the Experimental Chapter).1°* Figure 9 demonstrates an accumulation

of hydroperoxides in-line with irradiation time (triplicate experiments).

The evolution is faster in the first 15 min (ca. 15 uM), and the rate of formation appears to be
reduced thereafter, with ca. 25 pM at the end of the irradiation. This outcome is not surprising. It
has been discussed in Introduction Section 1.10.3 that hydroperoxides are unstable under strong
UV light, and homolytic decay, to yield RO* and HO® takes place. Therefore, after an initial period
of evolution, hydroperoxides are formed and decomposed simultaneously, thus the total peroxide
content increases at a slower rate. To confirm that hydroperoxides measured in Figure 9 are HO"-
derived and are formed on N-Ac-Gly-Gly-OH, control experiments were run firstly in the absence of
H,0,, and secondly in the absence of N-Ac-Gly-Gly-OH. Both experiments resulted in no formation

of hydroperoxides (data not shown).
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2.5.2 LC-MS Identification of N-Ac-Gly-Gly-OH-derived hydroperoxides

While Figure 8 suggests the formation of hydroperoxides on N-Ac-Gly-Gly-OH, no information about
the chemical composition of the peroxides can be obtained from the FOX assay which only detects
the total ROOH content. In order to acquire evidence for the formation of specific N-Ac-Gly-Gly-OH-
associated hydroperoxides, reactions were analysed by direct-injection mass spectrometry (DI-MS)
and liquid chromatography mass spectrometry (LC-MS). Since N-Ac-Gly-Gly-OH is a simple
dipeptide with no side chain, hydroperoxides 2.2 are expected to form on the backbone (Scheme

32).

21 2.2 or here

[M + Na]*: 229.0431
(or other positions)

Scheme 32. Aerobic HO*-induced oxidation of N-Ac-Gly-Gly-OH ultimately generating hydroperoxides, via initial HAA
reaction.

The structure of the hydroperoxide shown in Scheme 32 is representative and peroxidation could
occur at other positions as shown in the scheme. Analysis by DI-MS returned no results (we found
that N-Ac-Gly-Gly-OH generally ionises very poorly in DI-MS). LC-MS chromatograms were scanned
for the potential hydroperoxides shown in Scheme 31, and the extracted ion chromatogram (EIC)

is presented in Figure 10.
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Figure 10. Extracted ion chromatogram (EIC) of 229.0425 (potential N-Ac-Gly-Gly-OH-derived hydroperoxide).
Hydroperoxides were generated by exposure of aqueous solutions of N-Ac-Gly-Gly-OH (5 mM) to UV light in presence of
aqueous H,0, (100 mM). Aliquots were diluted and analysed by LC-MS.

The EIC of the LC-MS analysis shows evidence for the formation of a hydroperoxide formed on N-
Ac-Gly-Gly-OH (highlighted in red as the sodiated ion). It is noted that in all cases were MS was used
for the detection of degradation products or trapped radicals (Chapter 4), the acquired m/z was in
excellent agreement with the calculated m/z (error was < 0.0010 m/z; more information under the

Experimental Chapter)

Control reactions, that were incubated in the dark, showed no evidence for formation of
hydroperoxide thus confirming that the peak eluting at 4.5 min is due to HO® oxidation (data can
be found in the Appendix). The emergence of only one peak, suggests that peroxidation selectively
occurs in one of the three available positions of N-Ac-Gly-Gly-OH, although it is possible that
peroxidation takes place at different carbons, but the abundance of the molecules is too low to
detect, or the peaks could not be separated in the LC. It is important to note that the compound
responsible for the peak with an m/z of 229.0425 could be a dihydroxy derivative (diol) formed on
N-Ac-Gly-Gly-OH (Scheme 33), as a result of second oxidation by a HO®. No data were obtained to
distinguish between N-Ac-Gly-Gly-OH-derived hydroperoxides or diols, however hydroperoxide

assignment would be consistent with the fact that the FOX-assay detected hydroperoxides.
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Identical m/z with the hydroperoxide

Scheme 33. Formation of a dihydroxy derivative as a result of a 2nd HAA by HO". The dihydroxy derivative shares
identical m/z with potential hydroperoxides.

It was discussed in the introduction how exogenous catalysts (e.g., strong irradiation, high
temperatures and more) can induce reductive homolysis on the peroxide bond. Our main goal is to
evaluate the hydroperoxide role in peptide degradation with an emphasis on their relevance to hair
damage. Therefore, it was decided to test the hydroperoxide decay under exogenous conditions
that keratin hydroperoxides could be exposed to. The next two Sections are focused on the decay
of N-Ac-Gly-Gly-OH hydroperoxides under sunlight (Section 2.5.3), and elevated temperatures
(Section 2.5.4).

2.5.3 Sunlight-induced decay of N-Ac-Gly-Gly-OH-derived hydroperoxides

Hydroperoxides formed on hair keratins will be likely exposed to sunlight. Since it is well-established
that solar radiation leads to significant damage to hair in various forms, it is reasonable to
investigate the effect of sunlight on hydroperoxides, as their photo-induced decay can accelerate
keratin damage via mechanisms outlined in Scheme 30. The sunlight-induced decay of N-Ac-Gly-
Gly-OH hydroperoxides was investigated by employing a lamp that simulates sunlight. The
irradiance of the sunlight simulated lamp was 100 W cm™, and the output spectrum was AM1.5G
which refers to the standard spectrum of the solar output at Earth’s surface. The output is from 290

to 1250 nm, with a maximum at 500 nm.

Initially, hydroperoxides were generated in aqueous solutions of N-Ac-Gly-Gly-OH (5 mM) as in
Section 2.4. At the end of the irradiation, solutions were treated with catalase (3150 U mL%; aq.
solution) to destroy any leftover H,0,. Aliquots were taken and frozen immediately to determine
the total peroxide content at the end of the UV exposure. The remainder of the solutions, after
degradation of H,0,, were exposed to a lamp that simulates sunlight for 2 h with aliquots taken

every 30 min (Figure 11).
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Figure 11. Sunlight-induced decay of HO*-mediated peroxides. Hydroperoxides were generated on N-Ac-Gly-Gly-OH (5
mM agq. solutions) in presence of 100 mM aq. H,0,. Data are the results of a single experiment analysed by the FOX-
assay.

Figure 11 suggests a minor loss of peroxides upon exposure to sunlight. At the end of the exposure
ca. 9% of the initial peroxide has been decomposed. The kinetics of amino acid-, peptide- and
protein-hydroperoxides decay upon exposure to visible light or sunlight are generally less
researched, and therefore it is hard to compare our experimental findings with previous literature.
Nonetheless, some research has been carried out on the visible-light induced decay of amino acid-
derived hydroperoxide.®®**® In 2002 Davies and co-workers studied the photochemical stability of
Tyr-derived hydroperoxides, and their results showed that visible light (250 W lamp, with a cut-off
filter at 345 nm) has a small, but noticeable effect on the peroxide concentration.® More
specifically, within 2 h of exposure to visible light ca. 15% of the initial peroxide content was lost,

indicating that visible-light hydroperoxide decay is indeed a slow process.

The sunlight-induced decay of peroxides, albeit slow, is important for the hair chemistry, since in
many real-life scenarios our hair is exposed to sunlight for long periods of time. The peroxide decay
shown in Figure 6, appears to follow pseudo-first order kinetics, with an estimated kgecay ~ 107 s
(the fitting of the data to first order kinetics can be found in the Appendix). However, it is reported
that the kinetics of peptide- and protein-derived hydroperoxide decay are much more complex, and
do not follow first or second order kinetics.?® This is likely a result of multiple competing reactions

in the system. For instance, photolysis of hydroperoxides yields new transient radicals (Scheme 34;

Eqg. 6).
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R-d > R-0" + HO Eq. 6

R—dOH R-O' or HO', R—O/O. + ROH or H,0 Eq.7
ropy _RZOTor HO'_ o* . ron or H,0 Eq. 8
- Oz /R-H R_O/OH -

Scheme 34. Initial photolysis of organic peroxides yielding transient radicals, and their ensuing reactivity that can either
react with hydroperoxides or react with starting substrate to generate more hydroperoxides.

The RO* and HO® can participate in HAA reactions with hydroperoxides to yield ROO*® (Scheme 34;
Eq. 7). However, considering that usually the concentration of RH exceeds the concentration of
ROOH in the system, this reaction can be discounted. A more likely pathway for the newly
generated RO* and HO® is HAA from the starting substrate RH (Scheme 34; Eq. 8) to produce R®,
that can be quickly converted to ROOH (Scheme 34; Eq. 9). Reactions 6-9 portray a simplistic view
of competing reactions that can affect the concentrations of ROOH in the system when considering
simple peptide-derived hydroperoxides. When dealing with protein-derived hydroperoxides, more

competing reactions can take place, thus making the decay kinetics more complex.

2.5.4 Thermal decay of N-Ac-Gly-Gly-OH-derived hydroperoxides

Apart from exposure to sunlight, human hair is frequently exposed to elevated temperatures (e.g.,
flat-ironing of hair etc.). As such, it is instructive to consider the thermal decay of hydroperoxides,
as their homolysis can extent hair keratin damage. The thermolysis of amino acid-, peptide-, and
protein-hydroperoxides has been measured by different research groups at various temperatures,
ranging from -20 to 37 °C. 386150153 ‘However, hair is exposed to considerably higher temperatures
than that (for example temperature for blow-drying hair is ~ 60 °C, while for flat-ironing hair is over
200 °C). Considering this, it was decided to test the kinetics of thermal decay of N-Ac-Gly-Gly-OH-

derived hydroperoxides, in various temperatures.
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To examine the effect of temperature, aqueous solutions of N-Ac-Gly-Gly-OH (5 mM) were again
exposed to UV light to generate hydroperoxides, after which, solutions were treated with catalase
(3150 U mL%; ag. solution). At the end of the exposure, aliquots were taken and frozen immediately
to determine the total peroxide content. The remainder of the solutions, after H,0, decomposition,

were incubated at various temperatures for 2 h with aliquots taken at the indicated timestamps

(Figure 12).

‘ RT ® 61°C A 82°Cw 100 "Cem Fitted Y of 100 °C  Fitted Y of RT== Fitted Y of 61 *Cem Fitted Y of 82 °C

100 ~

% Peroxide loss

0 : T r T T T T T - T ! T
0 20 40 60 80 100 120

Heating time / min

Figure 12. Thermal decay of photogenerated hydroperoxides formed on N-Ac-Gly-Gly-OH (5 mM; aq. solutions) upon
exposure to UV light in presence of H,0, (100 mM). Solutions were incubated at various temperatures, and aliquots
were taken at the indicated timestamps. Results are the mean + SE of three independent experiments analysed in the
same day by the FOX-assay. First order kinetics were fitted in all cases.

Figure 12 demonstrates that elevated temperatures induce rapid decay to hydroperoxides.
Incubation at RT resulted in nearly no loss, while the rate of decay increased at higher
temperatures, consistent with thermal breakdown. Interestingly, the rate of decay appears to
follow first order kinetics in all cases, with calculated decomposition rate constants of ke; ~ 10*s
1 keo ~ 2x10%s?, and k1o ~ 1032, It is noted that the hydroperoxide decay at 100 °C is very rapid
(nearly 100 times faster than in 82°C), and this might be due to experimental error (this was not

investigated further).
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The kinetics of hydroperoxide thermolysis are quite interesting and important for the hair
chemistry. As we have stated in the kinetic modelling design Section, it is usual for our hair to
alternate between exposure to sunlight and elevated temperatures. In both scenarios, it is likely
that hydroperoxides are formed and decomposed simultaneously. Consequently, keratin-
associated hydroperoxides that have been pre-accumulated during exposure to sunlight, will be
rapidly decomposed if a heat-source is applied to hair. Depending on the heat-source applied, this
temperature can be as high as 230 °C (flat-ironing). Such temperature will probably induce rapid
decay of peroxides irrespective of the duration of the heat (flat ironing is usually applied for
seconds, not minutes). Indeed, hydroperoxides will be thermally decomposed to RO* and HO*
radicals, with an ensuing reactivity similarly to Scheme 30. Therefore, pre-accumulated

hydroperoxides can act as prooxidants to deliver extended damage to the hair fibre.

2.6 New model system

The reasoning for choosing N-Ac-Gly-Gly-OH was to ensure relatively simple reactivity (by avoiding
side chains), so we could develop the appropriate methods and assays to quantify and identify
hydroperoxides. However, glycine peroxidation is an inefficient process as was demonstrated by
Gebicki and co-workers.!*! Indeed, in order to produce hydroperoxides at a level shown in Figure 8,
highly concentrated solutions of N-Ac-Gly-Gly-OH (5 mM) had to be employed, as when reactions
were run in more dilute solutions (1 mM), no appreciable concentration of hydroperoxides could
be detected (data not shown). To investigate the synergism hypothesis in a system pertaining to
the hair care industry, three N-acetylated dipeptides/amino acids were chosen as model substrates

(Figure 13).

N¢L on % $ ﬁiOH

HN Yo
N-Ac-Gly-Tyr-OH N-Ac-Ala-Phe-OH N-Ac-Ala-OH

2.4 2.5 2.6

Figure 13. Chemical structures of the three biological substrates used in this work.
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The constituent amino acids (Tyr, Gly, Ala, Phe) form low to moderate amount of hydroperoxides
on reaction with HO® radicals, and they are all found in hair keratins. Tyrosine is one of the main
chromophores responsible for photodamage of hair (see introduction for more information).
Alanine and Gly were chosen to probe different types of HO® reactivity: aromatic amino acids (e.g.,
Tyr, Phe) predominantly react by direct addition of the HO® to the ring (and peroxidation is less
efficient), whereas Ala and Gly react via HAA that primarily leads to formation of hydroperoxides.
A combination of analytical techniques to assess the parent peptide decomposition and detect and
qguantify hydroperoxides accumulated during photochemically-triggered oxidation of the model

substrates by the HO® radical were utilised.

2.6.1 FOX-assay quantification of HO*-mediated hydroperoxides

The same method that was used for N-Ac-Gly-Gly-OH was employed again, however more dilute
solutions of peptides were now exposed to UV light. The reason for this is that Ala, Tyr, and Phe are
all more efficient amino acids for peroxidation reactions, and therefore, highly concentrated
solutions (and prolonged irradiation times) were not necessary. Hydroperoxides were generated by
exposing aqueous solutions of the three substrates (1 mM) to UV light in presence of H,0, (100
mM) for 2 min. Reactions were run in a 100-fold excess of H,0, in order to reduce the likelihood of

direct absorption of UV light by the protected peptides or their hydroperoxides.

Unless otherwise stated, all reactions were carried out in unbuffered solutions. Therefore, prior to
any analysis and interpretation of data, the pH of the reactions needs to be considered, as this can
significantly alter the stability of the intermediate radicals (vide infra). The first pKa value (carboxy
group) for all the amino acids is similar, and for the three amino acids used here the calculated
values are 2.20, 1.83, and 2.34 for Tyr, Phe, and Ala, respectively. Considering the concentration of
the starting substrates in our reactions (all 1 mM), then the pH of the reactions can be easily
calculated, and it was found to be ~ 3. Effectively, this means that in every reaction the % of
protonated and deprotonated dipeptide is different. Indeed, further calculations, show that in our
reactions the three substrates are mostly present in their anionic form (% of presence as the

carboxylate anion: N-Ac-Gly-Tyr-OH ~ 86%, N-Ac-Ala-Phe-OH is 94%, and N-Ac-Ala-OH is 82%).

It is important to highlight that the high degree of deprotonation of the substrates will likely affect
the formation of intermediate radicals. Indeed, as it has been discussed in the introduction, the
most probable positional attack for the HO*-mediated HAA is the “C-H, as the resulting radical is

stabilised by the captodative effect (see Section 1.7.4.1). However, this stabilising effect will be
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highly reduced since the majority of the substrates are present as the carboxylate anions
(significantly weaker EWG). Therefore, the initial HAA reaction by HO"® can likely take place in other
positions of the three substrates (e.g., the benzylic position for N-Ac-Gly-Tyr-OH, and N-Ac-Ala-Phe-

OH, as the aromatic rings will stabilise the intermediate radical).

Aliquots were collected at the indicated timestamps and were analysed by the FOX-assay for the

total peroxide content (Figure 14).
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Figure 14. Quantification of the total HO*-mediated hydroperoxide content on aq. solutions of the three substrates (all 1

mM) in presence of aq. H,0, (100 mM) upon exposure to UV light. Aliquots were taken at the indicated timestamps and

were frozen immediately until analysis. Results are the mean + SE of three independent experiments, analysed the same
day by the FOX-assay.

Figure 14 illustrates that photolysis of the three substrates resulted in formation of hydroperoxides
as determined by the FOX-assay. The total peroxide content increased with irradiation time. In the
case of N-Ac-Ala-Phe-OH the highest peroxide yields were detected, with ca. 15 uM after 2 min of
UV exposure. On the contrary, N-Ac-Gly-Tyr-OH and N-Ac-Ala-OH provided intermediate yields of

ca. 7 uM of hydroperoxides in both cases.
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The higher peroxide yields detected for N-Ac-Ala-Phe-OH over N-Ac-Gly-Tyr-OH are consistent with
literature reports where it was demonstrated that HO®*-induced peroxidation of Phe is slightly more
efficient than Tyr. ¥ Furthermore, Ala contains a secondary C-H, which is inherently more reactive
than the primary C-H position of Gly. Thus, the higher detected peroxide levels, can be attributed

to the more reactive C-H positions from where HO®*-HAA can occur.

2.7 Ultraviolet light-induced decay of peroxides

In Section 2.5 hydroperoxides formed on N-Ac-Gly-Gly-OH were quantified, and their decay under
sunlight and elevated temperatures was studied. However, strong UV radiation is also capable of
inducing homolytic decay to hydroperoxides. Indeed, in 1998 Griffiths and co-workers exposed
aqueous solutions of various amino acids (including tyrosine) to y-radiation and reported that high
doses resulted in a plateau of the hydroperoxide formation.!* The observation was rationalised by
progressive degradation of the intermediate hydroperoxides that occurs in a similar rate to their
formation (therefore resulting in a net zero outcome). It is possible that the UV source we have
used for the H,O, photolysis, apart from generation of hydroperoxides, causes concomitant

degradation.

In order to test the UV-induced decay of hydroperoxides, aqueous solutions (1 mM) of all three
substrates were irradiated in presence of H,0, (100 mM). At the end of the exposure (2 min) the
solutions were treated with catalase (3150 U mL%; aqg. solution) to destroy the H,0, excess. After
this, aliquots were taken to determine the total peroxide content at the end of the irradiation. The
remainder of the solutions were re-submitted to the same experimental conditions for another 2
min, with aliquots taken every 30 s. The total peroxide content was determined by the FOX-assay,

and the results (depicted as the % of the total peroxide content lost) can be seen in Figure 15.
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Figure 15. UV-induced decay of hydroperoxides generated on the three substrates (1 mM; aq. solutions) upon exposure

to UV light in presence of H,0, (100 mM). Solutions were liberated from H,0, and re-submitted to UV light, and aliquots

were taken at the indicated timestamps, and were frozen immediately until the day of analysis. Results are the mean *
SE of three independent experiments analysed the same day by the FOX-assay.

The results suggest that hydroperoxides formed on the parent substrates are reasonably stable
under irradiation, with only a very small loss at the end of the 2 min exposure. This is consistent
with the continuous increase of hydroperoxide content in Figure 14, as significant hydroperoxide
degradation would have led to its plateauing. It is noteworthy that the concentration of the
unreacted starting substrates remains intact upon exposure to UV light (see Section 2.9.1).
Therefore, the possibility of light being absorbed by the starting substrates and not hydroperoxides

can be discounted.
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2.8 MS Identification of hydroperoxides

In Section 2.4 it was shown how LC-MS was used to detect potential hydroperoxides formed on N-
Ac-Gly-Gly-OH. Similarly, DI-MS and LC-MS were utilised to detect potential hydroperoxides for all
three substrates. Firstly, DI-MS analyses were scanned for the detection of potential

hydroperoxides on N-Ac-Ala-OH.

2.8.1 N-Ac-Ala-OH

2.8.1.1 Peroxidation mechanism
Reaction of N-Ac-Ala-OH with HO® produces a transient carbon-centred radical 2.7, that after
reaction with O, and a HAA by nearby available C-H produces N-Ac-Ala-OH-derived hydroperoxides

2.8 (Scheme 35; hydroperoxide is shown as the sodiated adduct).

2.6 2.7 2.8

[M + NaJ*: 186.0373

(or other positions)

Scheme 35. Generation of N-Ac-Ala-OH-derived hydroperoxides via initial HAA reaction, followed by O, addition and
HAA. Scheme shows only one possible hydroperoxide, and peroxidation could occur in other available positions.

2.8.1.2 DI-MS Ildentification of N-Ac-Ala-OH-derived hydroperoxides
The hydroperoxide structure of Scheme 35 is one possibility, and peroxidation can occur in other
available positions of the molecule. Figure 16 shows a DI-MS analysis, highlighting (in red) a peak

corresponding to a potential N-Ac-Ala-OH-derived hydroperoxide.
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Figure 16. DI-MS spectra of the HO*-induced oxidation of N-Ac-Ala-OH. Highlighted in red is the acquired [M + Na]* of
potential N-Ac-Ala-OH-derived hydroperoxide. Hydroperoxides were generated by exposure of aqueous solutions of N-
Ac-Ala-OH (1 mM) to UV light in presence of aqueous H,0; (100 mM).

The peak is not present in the non-irradiated solutions (MS data in Appendix), thus proving that the
compound with the 186.0365 m/z is a product of the HO'-oxidation of the parent substrate.
However, assigning the observed m/z to a hydroperoxide is not trivial. Indeed, in these reactions it
is possible for different molecules to share the same mono-isotopic mass with others. For instance,

a potential hydroperoxide 2.8 will have an identical m/z with a potential diol 2.9 (Figure 17).

Dona . ®oNa
HO/O)HJ\OH % OH
HN._O HN. 0
T o

238 29
potential hydroperoxide potential diol

[M + Na]*: 186.0373

Figure 17. Chemical structures and [M + Na]* of potential N-Ac-Ala-OH-derived hydroperoxides and diols. Only one
possible isomer is depicted in the Figure.

Traditional mass spectrometry cannot differentiate between these two products. Liquid
chromatography coupled to MS could potentially separate different isomers with the same m/z,

but still, no information can be gained on whether the products are doubly hydroxylated or
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hydroperoxides. Therefore, acquiring conclusive data for the formation of specific hydroperoxides

is complicated.

2.8.1.3 Deuterium exchange studies

In order to distinguish between the two products shown in Figure 16, isotope exchange
experiments were carried out (more information in the Experimental Chapter), as the two
compounds possess a different number of exchangeable protons (3 and 4 for hydroperoxides and
diols respectively). Therefore, irradiations were repeated in D,0 (instead of H,0; all other reaction
parameters were maintained the same), and were analysed again by DI-MS. If all of the labile
protons are exchanged with deuterons, then the two products 2.10 and 2.11 should now have a

different m/z (Figure 18A).
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Figure 18. A) Chemical structures and the [M + Na]* of the two fully deuterated products. B) A representative MS
spectrum of the HO*-induced oxidation of N-Ac-Ala-OH. Reactions were run in D,0 (more details under the Experimental
Chapter). Highlighted in red is the [M + Na]* corresponding to potential hydroperoxides (i.e., 3 D shift in the m/z) and
highlighted in purple is the [M + Na]* corresponding to potential dihydroxylated species (i.e., 4 D shift in the m/z).
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Analysis of the DI-MS spectra revealed that both a hydroperoxide (Figure 18B; highlighted in red),
and a diol (Figure 18B; highlighted in purple) are generated during the irradiations. The peaks are
not present in the non-deuterated (but irradiated) solutions (data in Appendix). Furthermore, no
m/z corresponding to 0, 1 or 2 D exchange could be detected, indicating that the products are fully
deuterated. It is highlighted that the MS instrument used for these studies offers high resolution
analysis, and differentiation of compounds with very close [M + H]*. As such, the [M + Na]* (Figure
18B; highlighted in purple) can confidently be assigned to the diol, and not the 3C satellite of the
hydroperoxide signal. Indeed, the 13C satellite of the hydroperoxide peak is predicted to have an [M
+ Na]* of 190.0600, which in this instrument is significantly different from the 190.0617 that we
have obtained. For clarity, a similar justification for the differentiation of peaks corresponding to
genuine products or 13C satellites is avoided in the remainder of the thesis. For every isotope-
exchange experiment, the same logic as here was followed throughout this thesis and the fully
deuterated species could be separated from the 13C satellite peaks (see also Experimental Chapter;
Section 5.5.2). In the event where a 3C satellite peak cannot be conclusively separated from a fully

deuterated peak, then this will be fully acknowledged and discussed appropriately.

In addition to hydroperoxides, the [M + Na]* of potential N-Ac-Ala-OH-derived alcohols was
detected in the MS of the oxidation mixture (MS data in the Appendix). The alcohol product is likely
produced via hydroperoxide decomposition, and its observation indirectly supports formation of
intermediate hydroperoxides. Although, alcohols can also be generated via the dismutation of two
peroxyl radicals (Russel mechanism),%® the latter mechanism is only applicable to primary or

secondary peroxyl radicals (and not peroxyl radicals formed on the a-carbon of N-Ac-Ala-OH).

2.8.2 N-Ac-Gly-Tyr-OH

2.8.2.1 Peroxidation mechanism

The HO® reaction with N-Ac-Gly-Tyr-OH differs significantly compared to N-Ac-Ala-OH and involves
predominantly addition to the aromatic ring to produce DOPA (see Introduction; Section 1.7.4). The
photogenerated hydroperoxides on N-Ac-Gly-Tyr-OH (as confirmed by the FOX-assay; Figure 14) is
more likely a result of the HAA reaction by HO® from either the backbone of the peptide or the —
CH, of the tyrosine side chain (Scheme 36; peroxidation mechanism is shown via initial HAA from

the benzylic position of Tyr).
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Scheme 36. Proposed peroxidation mechanism involving a HAA reaction by HO* from the backbone of N-Ac-Gly-Tyr-OH
yielding hydroperoxides.

The HAA reaction of HO® with Ala and Gly occurs with a similar rate (k ~ 10’ Mts?) and is at least 2
orders of magnitude slower compared to addition to the aromatic ring of Tyr and Phe. **! Thus the
HO*-mediated peroxidation of N-Ac-Gly-Tyr-OH is less favoured compared to formation of DOPA

(which has been established as the major HO -induced oxidation product of Tyr),107.116.117
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2.8.2.2 DI-MS Identification of N-Ac-Gly-Tyr-OH-derived hydroperoxides
The hydroperoxide structure of Scheme 36 is one possible isomer, and peroxidation can occur in
other available positions of the molecule. Figure 19 shows a DI-MS analysis, highlighting (in red) a

peak corresponding to a potential N-Ac-Gly-Tyr-OH-derived hydroperoxide.
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Figure 19. DI-MS spectra of the HO*-induced oxidation of N-Ac-Gly-Tyr-OH. Highlighted in red is the acquired [M + Na]*
of potential N-Ac-Gly-Tyr-OH-derived hydroperoxide. Hydroperoxides were generated by exposure of aqueous solutions
of N-Ac-Gly-Tyr-OH (1 mM) to UV light in presence of aqueous H,0, (100 mM).

Figure 19 demonstrates that the m/z corresponding to a potential hydroperoxide is present, with
the peak being completely absent when non-irradiated samples were analysed (MS data can be
found in the Appendix). Similarly to the case of N-Ac-Ala-OH, hydroperoxides 2.14 and dihydroxy
products 2.15 will have the same m/z (Figure 20). Considering the documented tendency of HO® to
undergo addition to the aromatic ring of Tyr,%111114 generation of dihydroxy products is likely to

occur.
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Figure 20. Chemical structure and [M + Na]* of potential hydroperoxides and diols on N-Ac-Gly-Tyr-OH. Only one
potential hydroperoxide is depicted in the Figure.

2.8.2.3 Deuterium exchange studies

In order to get a better understanding of the oxidation mechanism and confirm the formation of
hydroperoxides, reactions were repeated in D,0 (instead of H,0) while all other reaction conditions
remained the same. As the two products have a different number of exchangeable protons (5 and

6 respectively), differentiation in MS should now be possible.

After analysis by DI-MS it was revealed that no m/z associated with a possible 0, 1, 2, 3 and 4 D
shifts was detected in the MS spectra. However, the m/z corresponding to 5 (potential
hydroperoxides; highlighted in red) and 6 (potential double hydroxy adduct; highlighted in purple)

D shifts were evident (Figure 21).
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Figure 21. DI-MS spectrum of the HO*-induced oxidation of N-Ac-Gly-Tyr-OH. Reactions were run in D,0 (more details
under the Experimental Chapter). Highlighted in red is the [M + Na]* corresponding to a hydroperoxide (i.e., 5 D shift in
the m/z) and highlighted in purple is the [M + Na]* corresponding to a dihydroxylated species (i.e., 6 D shift in the m/z).

These data strongly suggest both hydroperoxide and diol formation for N-Ac-Gly-Tyr-OH. The two
peaks highlighted in Figure 21 were not present when irradiations were carried out in H,O instead

of D,0 (MS data can be found in the Appendix).

2.8.3 N-Ac-Ala-Phe-OH

2.8.3.1 Peroxidation mechanism

N-Ac- Ala- Phe-OH is expected to react with HO® in a similar way to N-Ac-Gly-Tyr-OH. The reactivity
of Phe with HO® has been investigated carefully and in-depth by Solar in 1985, and it results
principally in addition of HO® to the benzene ring of Phe.!® Based on literature experimental and
theoretical data, formation of Phe-derived hydroperoxides via addition of the HO® to the benzene

ring can be discounted.

Hydroperoxides 2.18 are more likely generated via HAA from the side chain N-Ac-Ala-Phe-OH
(benzylic position; Scheme 37). Indeed, Solar experimentally confirmed that a small amount of the
initial HO® concentration (~ 6%) reacts with the alanine moiety of phenylalanine via a HAA reaction
with a k ~ 10° Ms? to yield a carbon-centred radical 2.16 that similarly to N-Ac-Gly-Tyr-OH can be

converted to a hydroperoxide.
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Scheme 37. The HAA component of the reaction of HO*® with Phe, resulting in formation of hydroperoxides. Scheme 36

shows only one possible hydroperoxide, and peroxidation can occur in different positions.

88



2.8.3.2 DI-MS Identification of N-Ac-Ala-Phe-OH-derived hydroperoxides
The hydroperoxide shown in Scheme 37 is just one possible isomer, and equally, peroxidation can
occur in other available positions. Next, DI-MS and LC-MS analyses of irradiated N-Ac-Ala-Phe-OH

solutions were investigated for the detection of potential hydroperoxides (Figure 22).
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Figure 22. Representative MS spectra of the HO*-induced oxidation of N-Ac-Ala-Phe-OH. Highlighted in red is the found
[M + Naj+ of potential N-Ac-Gly-Tyr-derived hydroperoxides. Hydroperoxides were generated by exposure of aqueous
solutions of N-Ac-Ala-Phe-OH (1 mM) to UV light in presence of aqueous H,0; (100 mM).

The [M + Na]* of potential N-Ac-Ala-Phe-OH-derived hydroperoxides was present in the DI-MS
spectrum (Figure 22; highlighted in red), with the peak being absent in the non-irradiated samples
(data can be found in the Appendix). However, as HO® have the propensity to undergo addition to
aromatic rings, the formation of doubly hydroxylated products has a high probability in the case of

N-Ac-Ala-Phe-OH too.
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2.8.3.3 Deuterium exchange experiments
In an attempt to distinguish between doubly hydroxylated and hydroperoxides formed on N-Ac-
Ala-Phe-OH, irradiated solutions were diluted x 100 times in D,0, as the two compounds possess a

different number of exchangeable protons (Figure 23).
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Figure 23. Chemical structure and the [M + Na]* of potential N-Ac-Ala-Phe-OH-derived hydroperoxides and
dihydroxylated products where all labile protons have been exchanged with deuteriums.

Therefore, the MS data were scanned for the mono-isotopic masses correspondingto 0, 1, 2, 3, 4
and 5 D shifts. Pleasingly, the signal for the 4 and 5 D shift this time was present (Figure 23), while

no peaks corresponding to 0-3 D shifts was observed.
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Figure 24. A representative MS spectrum of the HO*-induced oxidation of N-Ac-Ala-Phe-OH. Aliquots were diluted x 100
in D,0 (more details under the Experimental Chapter). Highlighted in red is the [M + Na]+ corresponding to potential
hydroperoxides (i.e., 4 D shift in the m/z) and highlighted in purple is the [M + Na]* corresponding to potential
dihydroxylated species (i.e., 5 D shift in the m/z).
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Deuterium experiments revealed that the reaction mixtures contain both doubly hydroxylated and
hydroperoxides formed on N-Ac-Ala-Phe-OH (the peaks were absent when solutions were not
diluted in DO — MS data in Appendix). It is noteworthy that no m/z associated with possible 0, 1, 2
and 3 D shift was detected. The D,0 experiments strongly suggest the formation of specific N-Ac-

Ala-Phe-OH-derived hydroperoxides.

2.9 Substrate oxidation

Exposure of aqueous H,0; to UV light in the presence of the three substrates was shown to lead to
the formation of organic peroxides that are stable at RT and in the dark. Furthermore, it was verified
experimentally, that the rate of thermal peroxide decay was increased at higher temperatures, and
the decay was most rapid at 100 °C, while decay under sunlight was slower. We were able to identify
potential hydroperoxides associated with all three substrates, and their formation was further

reinforced by isotope exchange experiments.

However, the goal of this project was to evaluate whether two insults act in synergy to deliver
higher peptide damage, to confirm our kinetic modelling results of Section 2.2.3. To achieve this, a
method needs to be developed that would allow an accurate determination of the peptide
concentration, prior and after the application of each insult (UV light and heat). More importantly,

experimental data that elucidate the role of peroxides in this process need to be acquired.

For the purpose of the synergism postulate, quantification of oxidation products is not necessary,
but accurate quantification of the parent substrates is required. To address that, careful LC-MS
guantification can be used. Liquid chromatography coupled to mass spectrometry offers the
advantage of separation between different peaks. As such, if the compound of interest is separated
from other compounds, then its ionisation will not be affected by other competing molecules in the

system.

Calibration curves using standard solutions for all substrates were built. In all cases, the parent
substrates eluted cleanly, and the calibration curves showed an excellent correlation between
concentration and peak intensity (R? > 0.997 for all cases; all calibration curves can be found in the
Appendix). For N-Ac-Gly-Tyr-OH and N-Ac-Ala-Phe-OH the UV chromatogram was used (the
detector was set at 280 and 260 nm respectively), and the calibration curves were constructed
based on the integration of the peak area of the peak for each standard solution. For N-Ac-Ala-OH,

the total ion count of the extracted ion chromatogram was used (this was done as N-Ac-Ala-OH only
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exhibits significant light absorption at very low wavelengths, and therefore not a clean UV detection
could be achieved) . More details, including the calibration curves and how the daily- and the
weekly- variation of them was assessed, can be found in the Experimental Chapter. The
guantification assumed constant ionisation efficiency in ESI-MS. While this is not normally a safe
assumption, at low conversions the composition of the reaction mixtures is almost constant, and

big changes in ionisation efficiency over reaction time would not be expected.

2.9.1 Hydroxyl radical mediated decomposition

To assess the extent of the HO®-induced oxidation of the substrates, aqueous solutions (1 mM) were
exposed to UV light in presence of H,0, (100 mM) for 2 min with aliquots taken prior to the
exposure and then every 30 s until the end of the irradiation. All aliquots were analysed by LC-MS

to determine the parent substrate loss (Figure 25).
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Figure 25. Decomposition of the three substrates upon exposure of aq. solutions (all 1 mM) to UV light for 2 min in
presence of aq. H,0, (100 mM). Aliquots were taken at the indicated timestamps, and were frozen immediately until
analysis by LC-MS. The extent of decomposition was calculated by integration of the peak area of the LC-MS peak
corresponding to the starting peptide (the TIC of the EIC for N-Ac-Ala-OH). Reactions were carried out in triplicate (6
times for N-Ac-Ala-OH) and the results are the mean + SE of the experiments.

Figure 25 demonstrates that reaction of substrates with HO® resulted in their partial degradation.
To ensure reproducibility and reliability of the experimental setup and the quantification method,
reactions of N-Ac-Gly-Tyr-OH and N-Ac-Ala-Phe-OH were carried out in triplicate, while reactions of
N-Ac-Ala-OH were carried out 6 times, as quantification using the total ion count (TIC) showed

higher variations.
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It is evident that N-Ac-Gly-Tyr-OH is more resistant to the HO-induced oxidation with a nearly 100
UM loss of the parent substrate at the end of the irradiation. In contrast, exposure of N-Ac-Ala-Phe-
OH and N-Ac-Ala-OH to HO® resulted in ca. 200 uM decomposition. The reason for this could be

related to the reactivity of HO® with the respective substrates.

Reaction of HO* with Tyr affords the thermodynamically stable phenoxyl radical (see Introduction
Section 1.7.4). Phenoxyl radicals have been proposed to react slowly with O, with a rate constant
of k<103 M s estimated for tyrosyl phenoxyl radicals.? As such, tyrosyl radicals are unlikely to
propagate peptide damage (as the formation of peroxyl radicals is a very minor pathway). When
solutions of the substrates were exposed to UV light in the absence of H,O,, no appreciable
decomposition was detected (data not shown), thus confirming that the observed substrate loss is

indeed HO®-induced.

2.9.2 Thermal decomposition

To evaluate the proposed synergistic action, a second insult (heat treatment) was applied to the
solutions. Since the two insults applied here are used to provide evidence for a proof of concept,
the exact temperature of the heat treatment becomes less important. In Section 2.5.4 we have
shown the kinetics of thermal decay for the N-Ac-Gly-Gly-OH-derived hydroperoxides. The
temperature and the duration of the treatment were chosen to afford ca. 50% decomposition of

the photo-generated peroxides (i.e., incubation at 82 °C for 30 min),
Prior to investigating the effect of temperature on partially-oxidised substrates, control

experiments where solutions of the starting substrates were incubated at 82 °C (without pre-

exposure to UV light) in the absence of H,0, were carried out (Figure 26).
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Figure 26. Substrate loss for the parent substrates upon incubation at 82 °C for 30 min. The substrate loss was
determined by LC-MS analysis. Graph highlights the loss in the concentration and data are expressed as the means + SE
of 3 independent experiments (6 for N-Ac-Ala-OH).

The three substrates appear to be thermally stable at 82 °C with only a small loss (< 20 uM) of their
initial concentration after 30 min of incubation. Next, our focus was turned to the investigation of

the synergy between UV light and heat treatment.

2.9.4. Investigation of the synergistic action

Incubation of isolated substrates at 82 °C resulted in less than 2% loss of their starting
concentration. This outcome means that if substrates that have been previously exposed to UV light
and are incubated at 82 °C, show a peptide loss that is higher than the sum of the individual
treatments (Figure 25 and 26), then the two insults act in synergy. To investigate that, oxidised
substrate solutions were incubated at 82 °C for 30 min. Solutions were analysed by LC-MS to
determine the concentration of the parent substrate at the end of the UV exposure and at the end

of the heat treatment (Figure 27).
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Figure 27. Comparison between the parent substrate concentration at the end of the UV irradiation and the end of the
thermal treatment. Graph highlights the loss in the concentration on incubation of irradiated parent substrates at 82 °C
for 30 min. Data are expressed as the means * SE of 3 separate experiments (6 for N-Ac-Ala-OH) analysed by LC-MS.

Figure 27 illustrates that thermal treatment resulted in further damage to the light-exposed
substrates, thus providing strong evidence for our proposed hypothesis. More specifically, N-Ac-
Gly-Tyr-OH and N-Ac-Ala-OH suffer a similar extended damage of ca. 60 uM, while the
concentration of N-Ac-Ala-Phe-OH is reduced by ca. 120 uM at the end of the heat treatment. The
decomposition occurring upon heat-treatment, is consistent with thermal breakdown of species
generated during the UV exposure (such as hydroperoxides). The thermal stability of the peptide at
82 °C (Figure 26), suggests that exposure to UV light leads to the formation of semi-stable species

that upon heating decay and facilitate modifications to the parent peptide.

Data reported on Figures 25-27 corroborate that the two insults act in synergy and exacerbate the
initially inflicted (UV light) damage to the parent substrates. However, the role of hydroperoxides
in the process remains unclear. To obtain more information about the concentration of the photo-
generated hydroperoxides at the end of the UV exposure and at the end of the heat treatment,

solutions were analysed by the FOX-assay (Figure 28).
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Figure 28. Comparison between hydroperoxides at the end of the UV irradiation and the end of the thermal treatment.

Graph highlights the loss in the hydroperoxide concentration on incubation of irradiated parent substrates at 82 °C for

30 min. Results are the mean + SE of three (six for N-Ac-Ala-OH) separated experiments analysed by the FOX-assay the
same day.

As predicted, incubation at 82 °C resulted in a substantial peroxide decomposition. Specifically, N-
Ac-Ala-Phe-OH-derived hydroperoxides suffered a loss greater than 60%, while N-Ac-Gly-Tyr-OH-
and N-Ac-Ala-OH-derived hydroperoxides were decomposed with a ca. 50% loss of the initial total
hydroperoxide content. The greater peroxide decomposition of N-Ac-Ala-Phe-OH might provide an
explanation for the higher substrate loss (Figure 25). Indeed, a rough approximation of the data
shown in Figure 22 and 23 shows that a loss of 1 uM of peroxide results in 18 uM loss of the parent
substrates (this is if peroxide decay is the only reason for the observed synergism). This result is
consistent with homolysis of the peroxide bond to yield transient RO* and HO®, that initiate chain

radical reactions to accentuate the substrate decomposition.

2.10 Sodium borohydride reduction of hydroperoxides

In order to further confirm the role of accumulated hydroperoxides in the extended peptide
damage, we sought to selectively destroy the hydroperoxides via a non-radical pathway. Control
experiments where solutions of the parent substrates were incubated at 82 °C without prior
exposure to UV light proved that only a small peptide degradation occurs (< 2%) at this
temperature. Therefore, if all the HO -formed hydroperoxides were destroyed via non-radical
pathways, then thermal treatment of the irradiated solutions should result in only marginal

decomposition of the parent substrates.
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This can be done by a number of reducing agents.*® In particular, NaBH; decomposes
hydroperoxides to the corresponding alcohols via a non-radical pathway under mild conditions
(e.g., 1 hiincubation at room temperature). Many studies have utilised NaBH, to reduce protein and
peptide hydroperoxides to alcohols in order to indirectly quantify the hydroperoxides.>®%1*° Based
on literature precedent, we considered NaBH, to be a suitable reductant for our work. The total
hydroperoxide content (post-UV exposure) could be reduced to alcohols without generating any
reactive radical species. If this was successful, then thermal treatment of the substrates should,
similarly to controls, result in no appreciable decomposition of the starting substrates. The
advantage of NaBH; is that it is a mild reducing agent which can only reduce hydroperoxides and
carbonyls but should be unreactive towards any other functional groups in the system. Indeed,
potential carbonyls (oxidation products) can be reduced to the corresponding alcohols, but i) this
should not result in any further damage to the parent substrate, and ii) our quantification method
does not rely on the existence of oxidation products. Finally, at the end of the treatment any
remaining NaBH, can be cleanly converted to inert NaBO; by lowering the pH of the solution (before

re-adjusting the pH back to the initial value of the solutions).

In order to test the efficiency of the method, aqueous solutions of the starting substrates were
exposed to UV light as earlier. At the end of the irradiation, the solutions were treated with catalase
(as per the Experimental Chapter) to remove any leftover H,0,. After 15 min, aliquots were taken,
diluted and frozen in liquid N,. These aliquots were analysed both by the FOX-assay and LC-MS, in
order to determine the total hydroperoxide content and the starting substrate concentration. The
remainder of the solutions was treated with NaBH4 (1 mg per mL of solution) for 1 h to reduce any
UV-generated hydroperoxides to alcohols (more information under the Experimental Chapter). At
the end of the 1 h a few drops of aqueous HCl (2 M) were added to reduce the pH of the solution
(in order to convert any remaining NaBH, to NaBO,), before re-adjusting the pH to the initial value
with a few drops of aqueous NaOH (2 M). Following this, aliquots were taken, diluted and frozen in
liquid N until analysis. These aliquots were analysed by the FOX-assay, to evaluate whether NaBH,4

treatment results in the reduction of the total hydroperoxide content (Figure 29).
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Figure 29. Decomposition of HO*-mediated peroxides in the three substrates under study after UV exposure. Aliquots
were treated with NaBH4 (1 mg per mL of aliquot) and were incubated in the dark for 1 h (more details in the
experimental). Results are the mean + SE of three separated experiments analysed by the FOX-assay the same day.

Figure 29 reports the total hydroperoxide content before and after the NaBH; treatment. In
harmony with literature precedent, FOX-assay confirmed a nearly complete reduction of the
peroxide groups in all substrates. At this stage, the possibility that the acidic environment after
NaBH, treatment, would result in the decomposition of organic peroxides was considered. To
understand if the destruction of peroxides is due to NaBH, treatment or a result of the acidic pH, a
control experiment was conducted. The total peroxide content was assessed (FOX-assay) after
NaBH, treatment, but without lowering the pH, which resulted in the complete disappearance of
the total peroxide content. This revealed that any organic peroxides are destroyed during the NaBH,4

treatment and not when the pH of the solutions is lowered.

Encouraged by the effectiveness of NaBH, to decompose peroxides, the thermal stability of starting

substrates was then investigated.
After the NaBH,4 treatment, all solutions were subjected to heat-treatment as earlier (82 °C; 30 min).

At the end of the thermal treatment, aliquots were again collected, diluted and frozen in liquid N,

until analysis by LC-MS (Figure 30).
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Figure 30. Stability of the three starting substrates at 82 °C. Solutions were initially exposed to UV light for 2 min as
outlined in the Experimental Chapter. After the cessation of irradiation, samples were treated with NaBH4 (1 mg per mL
of solution) to reduce any photo-generated hydroperoxides to alcohols. Following that, samples were incubated at 82 °C

for 30 min. Results are the mean * SE of three separated experiments determined by LC-MS.

Figure 30 demonstrates that all three starting substrates remained intact upon thermal treatment.
The observed thermal stability of the peptides strongly reinforces our original hypothesis and
peptide degradation upon thermal treatment in Figure 27 is at least partially due to the

accumulation of hydroperoxides during the preceding UV exposure.

2.11 Evaluation of the synergistic action on human hair

Encouraged by our recent work and the evidence to support the synergism between two insults on
the model peptides, it was sought to investigate whether this effect could be detected on human
hair. As such, natural white hair samples (that contain little or no melanin) were exposed to UV light
for 20 and 40 h, before applying heat-treatment (more information under the Experimental

Chapter). Figure 31 shows the evolution of a known UV marker.
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Figure 31. Evolution of UV marker upon exposure of hair to UV light for 20 or 40 h and further heat-treatment. Results
are the mean #+ SE of 12 different experiments. The measurement of the UV marker correlates to UV protein damage and
total protein loss. Experiments of human hair, and analysis of the data was carried out by P&G (see Experimental
Chapter).

Protein degradation was assessed by monitoring a UV marker with m/z 1278.7 which originates
from the calcium-binding protein S100A3.%° Procter and Gamble have previously reported a linear
correlation between UV exposure of hair and generation of this marker.'®3 It is likely formed via
peptide bond cleavage which involves intermediate formation of a hydroperoxide.'* It is assumed
that some copper ions (which catalyse decomposition of hydroperoxides) can exchange with
calcium at S100A3 binding site, which explains selective cleavage of this fragment. The evolution of

the UV marker is thus associated with the oxidation of hair protein.

Interestingly, Figure 31 suggests that evolution of the UV marker upon 20 h of UV exposure followed
by heat-treatment (20 h UV + Heat) is greater than when the combined effect of the two insults
(Heat and 20 h UV). This result is consistent with our work on short model peptides and indicates
that exposure of hair to UV light generates thermally unstable hydroperoxides that decay at

elevated temperatures to yield transient radicals, which in turn accelerate protein damage.
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The effect at 40 h of UV exposure is less clear and the errors are higher. This is however not
surprising. Our kinetic model has shown a similar trend, where at longer irradiation timeframes the
prooxidant effect of hydroperoxides is attenuated. We believe that after an initial period
hydroperoxide accumulation, a steady state concentration is reached. The reason for this is that in
autoxidation processes hydroperoxides are formed and decomposed simultaneously. This is in good
agreement with our kinetic modelling results. Figure 5B demonstrates that after an initial period,
the decomposition rate of the protein is the same for the two simulations as the hydroperoxide
concentration remains the same. As such, it is likely that the total peroxide content at the end of

the 40 h exposure is similar to that at the end of the 20 h exposure.

2.12 Chapter 2: Conclusions

Exposure of N-Ac-Gly-Tyr-OH, N-Ac-Ala-Phe-OH, and N-Ac-Ala-OH to HO® in presence of O; resulted
in accumulation of hydroperoxides, and the total peroxide content was quantified by the FOX-assay.
Evidence for the identification of specific hydroperoxides was obtained for all three substrates by
DI-MS. Importantly, robust isotope exchange studies further supported our findings for the

detection of hydroperoxides.

Following accumulation of hydroperoxides, incubation of the three substrates at elevated
temperatures resulted in accelerated oxidative damage as confirmed by the quantification of their
concentration by LC-MS. Our experimental results demonstrate that the combined damage of the
two insults is greater than the sum of the two, thus confirming that the two insults act in synergy.
The extent of the accelerated peptide damage appears to increase in line with the hydroperoxide
formation/decay. Indeed, the highest thermal hydroperoxide loss was observed for N-Ac-Ala-Phe-
OH (ca. 6 uM), and this resulted in the highest parent substrate thermal loss (ca. 120 uM). In all
three cases, a 1 uM hydroperoxide loss during thermal treatment, resulted in ca. 18 uM thermal
substrate loss. These data suggest that exposure to UV light followed by thermal treatment of the
substrates extends the initial photo-induced decomposition. It is proposed that the reason for this

is hydroperoxide thermolysis which triggers radical chain reactions based on Scheme 38.

101



HAA from N-acetylated peptide
leads to further peptide degradation

0 0 o] W Heat Hof
uv 2 N ea .
H —) —— R’ j)J\OH — /NT)J\ + HO
_N -~ N R OH
R JJ\OH (HO) R .QJ\OH O.
OH 0.
N-Acetylated

peptide Peptide-derived hydroperoxides
Peptide oxidation

Scheme 38. Proposed mechanistic pathway to highlight the prooxidant effect of the hydroperoxides. Secondary free
radicals arising from their homolysis are capable of further reacting with the parent substrate thus extending the initially
inflicted damage.

The prooxidant effect of the hydroperoxides is further confirmed by NaBH, experiments, which
resulted in no further decomposition of the peptides. We believe this chemistry leading to
enhanced damage is relevant to oxidation of other dead biological tissue (where no self-repair
mechanisms are in place) including hair. Experimental data on human hair degradation are
consistent with the conclusion that UV light and heat-treatment act together in synergy to
accelerate damage on hair proteins. Our findings here can be used as an insight to develop new

technologies in order to reduce the hydroperoxide-mediated keratin damage.
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Chapter 3: Effect of catechol-based antioxidants on the HO®-
mediated oxidation of biological substrates

3.1 Introduction

Humans are constantly exposed to a large number and variety of biological and environmental
oxidants, such as reactive free radicals. These oxidants are known as ROS (e.g., HO®, 0,*, Os3; whose
reactivity with amino acids and peptides has been covered in the introduction). The propensity of
ROS to undergo rapid reactions with biomolecules, results in cell damage and initiates (or
accelerates) many chronic diseases, such as cardiovascular diseases, cancer, Parkinson’s disease,

194-197 Qver the past decades, there has been an upsurge of

different types of diabetes and more.
chronic diseases, which has been linked to inadequate diets, that is, diets insufficient in fruits and
vegetables.’® Indeed, today there are multiple studies that have reported the potential and

benefits of diets rich in fruit and vegetables to exert protection against such diseases.'%9-20°

The comprehensive research on the effect of fruits and vegetables led to the realisation that the
presence of specific active compounds inside fruits and vegetables is associated with a protective
effect against the diseases. These compounds are called antioxidants.'®*2% However, in living
organisms, the biological activity of the antioxidants appears to be complicated by other
mechanisms. Indeed, the potential of the antioxidants to negatively influence health is often
overlooked, and today there are multiple reports demonstrating that unnecessary antioxidant
supplementation has been linked with damage to biomolecules.'*®207-210 However, on dead tissue,
such as food, fabric and hair, the role of antioxidants is less confounded by such mechanisms.
Indeed, antioxidants (especially natural) have found great success as food preservatives, and have
been shown to increase the shelf-life of high-fat content food.?!*2!3 More recently, natural
antioxidants have attracted high attention in the textile industry.?'* There are now documented
examples where that treatment of fabric (cotton and wool) with natural antioxidants significantly
enhanced both the antibacterial and antioxidant properties of the fabric.?!> The next Sections will

discuss the role of antioxidants in autooxidation processes and their antioxidant mechanisms.
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3.2. Mechanism of autoxidation

Different definitions have been used to explain the activity of antioxidants.6>?16217 Generally,
antioxidants can be viewed as compounds (natural or synthetic) that are capable of preventing or
retarding an autoxidation process, that is, the radical chain reactions between organic molecules
and molecular oxygen.®® To reduce the damage on the organic compounds and delay the rate of
autoxidation, the use of antioxidants has evoked high attention, especially in the pharmacology and

food industry,213:218-221

3.3 Antioxidants in oxidation processes

Depending on their mode of action, antioxidants (AH) can be essentially divided into two categories,
preventive and chain-breaking.”® Preventive antioxidants are those that eliminate the initiating
oxidant, such as compounds that decompose H,0,, metal ion chelators, ROS scavengers and 10,
qguenchers, thereby converting these oxidants to stable molecules and reducing the initiation rate.
The second category (chain-breaking) involves antioxidants that act as free radical terminators
(mainly for peroxyl but also alkoxyl radicals), thus retarding the propagation steps (Scheme 39; Eq.

2).

0 R—H OH .
R-0 ———> R-O + R 103 M7 s (1)
o, OH
R-g AR, R-C  + A fast 2)
o'
A 0, A—O/ very slow (3)
A A, non-radical products very fast (4)

Scheme 39. An inhibited oxidation process. An antioxidant (AH) acts as a chain-breaking antioxidant by quenching
peroxyl radicals (mainly; equation 2) and other radicals, thus slowing down the propagation steps.

The actual oxidation process can be quite complex and reactions 1-4 (Scheme 39) as written are
not intended to convey the detailed mechanism, but rather highlight the inhibition of the peroxyl
radicals by the antioxidant. The main purpose of a chain-breaking antioxidant is to donate a
hydrogen atom to the peroxyl radical formed during the autoxidation and generate a ROOH and a
radical on the antioxidant (A°; Scheme 39; reaction 2). The power of a chain-breaking antioxidant is
dictated by three factors. Firstly, for an antioxidant to be efficient, it should react with propagating
radicals (ROO® and RO®) faster than polyunsaturated lipids and proteins do, as the latter reaction

generates C-centred radicals that undergo diffusion-controlled addition of O, (propagation).
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Secondly, radical-radical termination reactions between two A*® are desired since they lead to stable
non-radical products and break the propagation cycle. Finally, it is important that A® is unreactive

towards other common C-H bonds in the system (so that new C-centred radicals aren’t generated).

In principle, the competition between any two given reactions is controlled by two factors. Firstly,
the concentrations of the reactants, and secondly the activation energy of the reactions. However,
when AH are employed in autoxidation systems, their concentration is typically lower than that of
the RH, and therefore, if the rates of the HAA reactions 1 and 2 (Scheme 41) were similar, then the
former would predominate. As such, to discover (natural) or design (synthetic) antioxidants, the
focus was drawn to the rate of reaction 2, which, ideally should be higher than that of 1 (i.e., higher

than 10%-10° M s1).128

The rate of reactions 1 and 2 are determined by the thermochemistry of the reactions, that is the
BDE of the R-H and A-H, and the relative concentrations of R-H and A-H. Generally, the efficiency of
the antioxidant increases with decreasing A-H bond strength. Therefore, for a thermodynamically
favourable donation of hydrogen from an antioxidant to a ROO®, the BDE of the A-H must be below

that of the R-H.

The typical BDEs of the backbone C-H of simple amino acids have been calculated theoretically and
determined experimentally, and were found to be ~ 85 kcal mol™.22 For instance, for the C-H of
the backbone of Tyr a BDE of ~ 83.4 kcal mol™ was estimated, while for the C-H of the side chain
and the phenolic O-H the BDEs were determined to be ~ 88.2 and 93.1 kcal mol™ respectively
(Figure 32).

80.7
ON
88.2 H o/H
H 93.1
O H 83.4
M NH,
"R
O
Tyrosine BHT

Figure 32. Calculated BDEs for the phenolic O-H, the backbone, and the side chain C-H of Tyr, and the phenolic O-H of
BHT. Values are expressed in kcal mol2.
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For simple amino acids accessibility of the oxidant to the substrate is considered unrestricted, and
as such, HAA by a ROO® is expected to give rise to R* where the lowest C-H BDE is found (i.e., on the
a-carbon). On the contrary, for long peptides or proteins, HAA is more challenging to predict, and
it is accepted that damage is skewed to the remote side chains of the amino acid residue that are

less sterically hindered.104105

Therefore, for an effective antioxidant, the BDE of the A-H, must be lower than that of the *C-H of
the biomolecule, in this case tyrosine (i.e., < 83.4 kcal mol?). For example, 2,6-Di-tert-butyl-4-
methylphenol (BHT) is one of the most widely used synthetic antioxidants, and the BDE of the
phenolic O-H has been calculated experimentally and a value of 80.7 kcal mol (Figure 32) has been
determined.??*This value is considerably lower than the 83.4 kcal mol™? of the ®C-H of tyrosine, and
as such, BHT could potentially be an effective antioxidant at reducing the rate of tyrosine oxidation

(although BHT is not water soluble, and therefore delivery into biological systems is challenging).

3.4. Phenolic antioxidants

It was stated earlier that the beneficial effects of diets rich in vegetables and fruits were largely
attributed to the high polyphenolic content that can act as antioxidants. As such, it is not surprising
that investigation of various substituted phenols, catechols (benzene-1,2-diols), and hydroquinones
(benzene-1,4-diols; Figure 33) moieties, as potential antioxidants has received great attention over

the past 20 years 73,163,164,212,224-226

~OH | oM RN OH
| - |
=< R 0oH HO™ N

Substituted phenol Substituted catechol Substituted hydroquinone

Figure 33. Structures of the most common substituted phenolic antioxidants.
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The reported BDEs values for the O-H of unsubstituted phenols and catechols are ~ 87.6 and ~ 81.2
kcal mol? respectively, while the value for the unsubstituted hydroquinone lies in-between (~ 84.9
kcal mol?).2277230 These values show that catechol can be a potent antioxidant, as its O-H BDE is
considerably lower than that of the *C-H in amino acids, but phenols and hydroquinones are likely
to be less efficient. However, the introduction of substituents can exert strong steric and electronic
effects, thus altering the BDE of the O-H bond significantly. Indeed, electron donating substituents
in phenol, have been shown to significantly lower the BDE of the phenolic O-H (e.g., BDE value of
82.1 kcal mol? for 4-methoxyphenol 3.1 has been calculated; Figure 34),%3! while electron
withdrawing substituents increase the phenolic BDE (e.g., BDE value of 95.1 kcal mol? for 4-
hydroxybenzaldehyde 3.2 has been calculated; Figure 34).22 Similarly, sterically crowded
substituted phenols (e.g., BHT; Figure 32) have lower phenolic BDE thus enhancing their antioxidant

properties.

O\
O. H
H 95.1
/©/ 82.1 H
~
0]
0]
3.1 3.2

4-Methoxyphenol 4-Hydroxybenzaldehyde

Figure 34. Structure of 4-methoxyphenol and 4-hydroxybenzaldehyde, highlighting the phenolic O-H BDE.

Flavonoids are polyphenolic compounds encountered often in plants and vegetables (some
representative structures are given in Figure 35),2 that can act both as preventive (by intercepting
the initiation source), and chain-breaking antioxidants (by rapid donation of a hydrogen atom to

another propagating radical yielding relatively stable radicals).
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Kaempferol Catechin Chalconaringenin

Figure 35. The generic structure of flavonoids, and some examples of naturally occurring flavonoids. Flavonoids are
encountered in plants, fruits, or vegetables.

The former reaction depends on the initiation source, while the latter generates phenoxyl, and
semiquinone radicals on the antioxidants. These compounds are excellent antioxidants, as their
radical intermediates are stabilised due to resonance delocalisation in the aromatic ring, and O,
addition is an inefficient process.?* For instance, tyrosine phenoxyl radical reacts with molecular O,
with a rate constant that has been estimated to be < 10* M 15355113 For 1,4-semiquinone radicals
0, addition takes place with a k ~ 10° M s? followed by facile elimination of HO;* to afford a

235

quinone,*> while 1,2-semiquinone radicals are generally accepted to show little reactivity towards

0, (k << 105 Mt 1), 236

The low reactivity for 1,2-semiquinone radicals towards O, was attributed to the development of
an intramolecular hydrogen bond framework between the oxygen-centred radical and the
neighbouring O-H group of catechol, that further enhances the stability of the radical intermediate

(Figure 36).2%

Figure 36. Development of an intramolecular H-bond framework providing further stability to the 1,2-semiquinone
radical.
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The HAA reaction between ROO® (the main propagating species in an autoxidation process) and
simple phenols, catechols and hydroquinones in neutral aqueous solutions, has been extensively
researched in the past, and rate constants in the order of kK ~ 10° - 10°® M? s have been
experimentally measured.”>?3”-24° These values are at least two orders of magnitude higher
compared to the HAA reaction between ROO® and proteins or peptides. The subsequent chemistry
of phenoxyl radicals has been discussed in the Introduction. The focus of the next Section will be in

the chemistry of semiquinone radicals.

3.5 Reaction pathways of semiquinone radicals

Hydrogen atom abstraction reaction by ROO° from catechols and hydroquinones produces
semiquinone radicals. Since semiquinone radicals 3.6 are highly stabilised, they react slowly with
O, and are unreactive towards other C-H bonds in the system, they can accumulate in relatively

high concentrations and participate in bimolecular termination reactions (Scheme 40).

o)
o ©i OH o)
CC, == O - X
OH OH o)

3.6 3.7 3.8

Scheme 40. Bimolecular reaction between two stable 1,2-semiquinone radicals, producing a stable quinone and
regenerating the initial catechol.

It is widely accepted that for semiquinone radicals in neutral aqueous solutions, the most
favourable pathway is decay via a (reversible) disproportionation reaction to yield a stable quinone
3.8 and recover the starting substrate 3.7 (Scheme 42). Such bimolecular reactions proceed with
fast rate constants near the diffusion limit (2k ~ 10° M s1).23524%242 gelf_-dimerisation of
semiquinone radicals to form dimeric species is possible, although this reaction is reported to be a
minor pathway for these.?*® Another important reaction pathway for semiquinone radicals is a

radical-radical reaction with another ROO* (Scheme 41).
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Scheme 41. Reaction between a 1,2-semiquinone radical and a propagating peroxyl radical, yielding a stable quinone
and a hydroperoxide.

The reaction of Scheme 43 is accepted as major pathway for 1,2-semiquinone radical decay but is
less probable for 1,4-semiquinone radicals.?** For 1,2-semiquinone radicals, reaction with ROO* has
been proposed to proceed via a formal proton coupled electron transfer to give rise to a quinone

and a hydrocarbon-derived hydroperoxide.

Whether reaction of semiquinone radicals with O, proceeds via an electron transfer mechanism to
afford a hydroquinone and HO,",%*° or involves addition of O, to the aromatic ring, followed by facile
HO;'-elimination is unclear, with conflicting reports.?> More recent theoretical studies have
calculated that the activation energy for electron transfer from the semiquinone radical to O, is too
high for the reaction to occur. However, electron transfer from the corresponding semiquinone
radical anion to O; is thermodynamically favoured.?* Thus, electron transfer becomes prominent
at neutral to high pH where the semiquinone radical exists predominantly as the semiquinone
radical anion (pKa. ~ 4.4),% but is less favoured at low pH. Substituents can strongly influence the
electron density of the semiquinone radical, and thus dramatically change the autoxidation of
semiquinone radicals. Indeed, it has been experimentally confirmed that electron withdrawing
substituents in the parent hydroquinone result in more stable semiquinone radicals, that are less
reactive towards 0,.2*® Conversely, electron donating substituents produce more reactive

semiquinone radicals that react readily with O, to produce HO,".?*®

Catechols and hydroquinones are probably the most well-research antioxidants. However, natural
polyphenolic compounds usually contain other moieties in their rings that have the potential to act
as antioxidants. Two typical examples are resorcinol (benzene-1,3-diols), and pyrogallol (benzene-
1,2,3-triols; Figure 37) moieties.?* %! For instance kaempferol and catechin shown in Figure 35,
both contain a resorcinol moiety in their aromatic ring. The next Section will briefly discuss the use

of resorcinol and pyrogallol as antioxidants.
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Figure 37. Structures of some common substituted phenolic antioxidants.

3.6 Resorcinol and pyrogallol

The antioxidant activity of resorcinols and pyrogallols is similar to that of catechols and
hydroquinones. Indeed, there are documented examples where they act both as preventive and
chain-breaking antioxidants.?>>"2>* Both resorcinol and pyrogallol are potent antioxidants as the
resulting radicals are stabilised due to electron delocalisation in the aromatic ring (similarly to

phenols, catechols and hydroquinones).

The estimated phenolic O-H BDE for resorcinol (~ 86.7 kcal mol™),%> is in fact, very close to the
BDE value for the unsubstituted phenol (~ 87.6 kcal mol?; Section 3.4). Even though for both
resorcinol and hydroquinone there is no development of hydrogen bond framework to stabilise the
resulting radical (as in the case of catechol), the BDE of the O-H in resorcinol is considerably higher
compared to the O-H of hydroquinone (~ 84.9 kcal mol?; Section 3.4). The discrepancy in the
phenolic O-H BDEs between resorcinol and hydroquinone can be readily explained by the fact that

in hydroquinone the radical is further stabilised in the -OH group in the para-position.

On the contrary, the estimated BDE for the phenolic O-H of pyrogallol is significantly lower (~ 75.3
kcal mol™?).%° This is not surprising as pyrogallol is a highly conjugated system. It is noted that for
pyrogallol this BDE value refers to the O-H in the middle position of the ring. These values further
support that the position of the -OH groups in the aromatic ring is critical for the antioxidant
properties of polyphenols. The lower BDE for pyrogallols (compared to catechols) can be readily
explained by the development of a strong intramolecular hydrogen bond framework, where the O-

centred radical is stabilised by both neighbouring O-H (Figure 38).

Figure 38. Development of an intramolecular H-bond framework from two neighbouring O-H groups providing further
stability to the 1,2-semiquinone radical.
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Apart from acting as chain-breaking antioxidants by donation of a hydrogen, polyphenolic
antioxidants can act via scavenging the initiation radical. This reactivity depends on the oxidant.
Hydroxyl radical, is a powerful oxidant and one of the most common initiators of radical chain

reactions. The next Section will explore the reactivity of polyphenolic compounds with HO".

3.7 Reaction between polyphenols and hydroxyl radical
Hydroxyl radicals can be generated in various systems, including via the reduction of H,0, by redox
active metals present in hair. Hydroxyl radicals can undergo rapid addition to polyphenolic

compounds, generating transient cyclohexadienyl radicals 3.9 (Scheme 42).2¢

OH
o)
R
3.10
-H,0
OH OH
OH HO . OH
—_—
H
R R OH
3.9

cyclohexadienyl radical

0,
OH OHO/o'
OH -HO, OH
-
H
R OH R OH
3.12 3.1

hydroxylated product

Scheme 42. Reaction between a catechol and HO" yielding a transient cyclohexadienyl radical, that can either eliminate -
H,0 or add to O,. Subsequent HO,"* elimination affords a stable hydroxylated product.
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This reaction is near the diffusion-control (k ~ 10 M s for unsubstituted catechol).'® The
transient cyclohexadienyl adduct 3.9 can now follow two different pathways; that are facile H,O-
elimination (k ~ 10° s!) to generate a highly delocalised semiquinone radical 3.10,2’or near
diffusion-controlled O, addition (k ~ 10° M s1),113 followed by HO,*-elimination (k ~ 10° M1 s?) to
afford a stable hydroxylated product 3.12.1*% The same process can occur successively to generate
multi-hydroxylated products on the parent polyphenol.?*® In this way the antioxidant (and the
newly generated hydroxy derivatives) act as a preventive antioxidant, since it intercepts the

initiation radical (i.e., HO").

More recently, botanical extracts that have been traditionally employed for food protection, have
been used in the hair industry. There are now documented examples where botanical extracts offer
colour, protein and hair growth protection on human hair, and this protection is driven by their
high polyphenolic material.?*72! Botanical extracts are ideal candidates for antioxidants for two
reasons. Firstly, they have a rich polyphenolic content which is essential for an efficient antioxidant
(vide supra). Secondly, they are natural, and consumers show a preference for health and cosmetic
products that contain compounds derived directly from nature, as opposed to synthetic
antioxidants that create a negative perception in consumers. Some representative antioxidants that

are often encountered in botanical mixtures are given in Figure 39.
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HO (0] o OH
HO (NGRS OH
//O
“OH OH OH
O
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Epicatechin (EC) Epicagallocatechin gallate (EGCG)
OH OH
O~_OH OH
Xy
N O
HO
OH
Rosmarinic acid (RA) Carnosic acid (CA)

Figure 39. Chemical structures and abbreviations for the four catechol-based compounds investigated as potential
antioxidants in this work.
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The antioxidant mechanisms of these compounds are more often explored by their ability to inhibit
lipid peroxidation and quench ROO* that are generated by thermally unstable azocompounds (e.g.,
AAPH or AIBN).240.262-264 Hydrogen atom abstraction reaction from the thermally generated ROO" is
predicted to give rise to highly delocalised 1,2-semiquinone radicals (for all four antioxidants), that
in time convert to the corresponding quinones. Indeed, quinones have been identified as the main

degradation product of the ROO*-mediated oxidation of flavonoids,25°-2%°

although not as many
reported examples exist for the compounds of Figure 39. This is probably because reaction
pathways are further complicated by the system, and for instance, some studies have reported the
characterisation of adducts between semiquinone radicals and AIBN/AAPH-derived radicals.?6%270
Autoxidation of these compounds (Figure 39) is well-defined in the literature, and also leads to the
corresponding quinones,®7#1272 while quinone formation can also occur in presence of transition
metals (e.g., Cu?*).2% For EC and EGCG there is some evidence to support the formation of dimeric
species as a result of radical-radical reactions between two highly stabilised semiquinone

radicals.?”®

Reaction of these antioxidants with HO® is less explored, although it is predicted to follow similar
trends as reaction between HO® and catechols, as shown in Scheme 42. Nonetheless, it is well-

273 and some literature precedent exists

documented that flavonoids are powerful HO® scavengers,
to support that the aerobic HO*-induced oxidation of the four antioxidants leads to the formation
of hydroxylated products.?”?’4The ability of antioxidants to scavenge HO" is probably beneficial, as
it can lead to the generation of hydroxylated products (Scheme 44), that in turn act as antioxidants.
This is because the hydroxylated degradation products, can react with HO® or ROO"® to further

reduce the oxidation of biomolecules.
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3.8 Project outline and aims

In this Chapter we investigate the protective effect of four catechol-based compounds (Figure 39;
EC, EGCG, RA and CA) isolated from natural sources (tea and rosemary) on the aerobic HO"-
mediated peptide oxidation, with a particular interest on hair damage. It is well-documented that
both protein damage and colour fade in human hair are caused by radical based
chemistry.29157:159.275,276 Tg prevent or at least reduce the extent of this damage, one approach is to
guench the oxidants that are responsible for the initiation and the propagation of these processes.
As such, it is anticipated that these four catechol-based compounds can offer protection against
hair damage. Our ultimate objective is to determine the factors that affect the antioxidant

efficiency of these compounds.

One of our aims it to take advantage of the existing literature in this area and understand their
antioxidant mechanism. While mechanistic pathways, and product formation is well-understood
for generic polyphenols, research in these specific compounds (EC, EGCG, RA and CA) is
underexplored. A possible reason for this is that their antioxidant capacity is usually investigated by

2622642777284 and thus product analysis and

their ability to quench ROS in complex systems,
mechanism proposal are challenging. We aim to use advanced analytical techniques to detect the
formation of products, and experimentally confirm reaction pathways for their antioxidant

mechanism.

Next, we attempt to assess their antioxidant potency by monitoring the aerobic HO-induced
oxidation of two protected amino acids in their presence and absence. Procter and Gamble has
been studying these four compounds as potential antioxidants, and their antioxidant power has
been measured by well-established tests, principally the oxygen radical absorbance capacity (ORAC)
assay (Section 3.11.2).2852% Qur objective is to compare our experimental data against well-
established techniques and see if there is an agreement for their antioxidant power. Lastly, we
explore the protective effect of rosemary extracts (and not isolated compounds) in the aerobic HO"-
mediated oxidation of peptides. Procter and Gamble has supplied as with rosemary extracts that
contain a range of different compounds, but the main active compounds are either RA or CA. This
is key for the hair industry as P&G has previously shown reduced protein damage and colour loss in

the presence of these four antioxidants, and the rosemary extracts (unpublished data).
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3.9 Hydroxyl radical-induced oxidation

The aerobic HO-induced oxidation of N-Ac-Ala-OH in the presence of the four catechol-based
antioxidants (EC, EGCG, RA and CA) was examined. Hydroxyl radicals were generated via H,0;
photolysis (Scheme 43). Since our goal is to contextualise the protective effect of the four
compounds on hair proteins, N-Ac-Ala-OH is used a protein mimic (similarly to Chapter 2; more

details in Section 3.11).

Q antioxidant (0.1 eq.)
OH H;0, (100 eq.) Oxidation
HN\fO H,0, UV products
2 min
2,6
1 mM

Scheme 43. Experimental conditions for the investigation of the antioxidant mechanism of the four catechol-based
antioxidants.

It was decided to explore the antioxidant potency of the four compounds in a system that produces
both HO* and ROO". Hydroxyl radicals are generated directly from H,0, photolysis and can either
react with the antioxidant or abstract a hydrogen from N-Ac-Ala-OH to ultimately produce ROO".
Therefore, this system allows the study of both the preventive and chain-breaking properties of the
compounds based on the analysis of the degradation products. All of the reactions were carried out
in open air, to ensure formation of ROO"® takes place. The antioxidant equivalents used in our
reactions are relatively high (0.1 eq.). Usually, when antioxidants are used in oxidation systems
smaller concentrations are used (< 0.01 eq.). However, the antioxidants investigated here ionise
very poorly in the MS (see Section 3.11), and as such, high concentrations were required to obtain

consistent and reliable signals.

It should be noted that all four compounds here possess aromatic rings and are likely to absorb UV
light. The lamp used for the photolysis of H,0, in this work provides broad-band UV light. It is
therefore essential to know if the detection of degradation products is HO*-facilitated or due to
direct excitation of the antioxidants. To study this, aqueous solutions (0.1 mM) of the antioxidants
were exposed to UV light in the absence of the protected amino acids and H;0,, and their
degradation was assessed spectroscopically by UV-Vis. No decomposition of the four antioxidants,

and no degradation products were detected upon a 10 min irradiation (data not shown). In the next
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Sections advanced analytical techniques are used to characterise degradation products generated

from the antioxidants, and it is attempted to differentiate between HO®- and ROO*-induced paths.

3.10 Product analysis

Based on the reaction pathways proposed above for flavonoids, two main oxidation products are
predicted for the four antioxidants; that are, hydroxylation of the aromatic ring and generation of
a quinone (representative structures for the catechol-derived degradation products are given in

Figure 40).

OH

XN OH _ 0
» Ri—
R OH X0
hydroxylated quinone

Figure 40. Representative chemical structures for the formation of a hydroxylated product and a quinone in this work,
highlighting the formation of the new functional groups.

Irradiated reaction mixtures were initially analysed by DI-MS using positive ion mode. However,
investigation of DI-MS spectra for the [M + H]* and the [M + Na]* of potential hydroxylated products
or quinones returned no results. This is likely due to the poor ionisation efficiency of the molecules,
combined with the low abundance of the oxidation products in the reactions and the pre-injection
dilution of the samples (samples are diluted at least x 10 to avoid contamination of the instrument).
Indeed, it should be noted that the four antioxidants showed very poor ionisation efficiency, and
often very high concentrations (~ 0.1 mM) were required to detect even pure samples. Analysis
using negative ion mode was attempted as the compounds would be expected to ionise more

efficiently. However, negative ion mode produced inconsistent data, and was therefore, dismissed.

On the contrary LC-MS proved more efficient, possibly owing to the separation of the different
compounds (no competition for ionisation). Therefore, all reactions were analysed by LC-MS (more
information in the experimental Section). It is necessary to highlight that since the four antioxidants
used did not ionise efficiently, a comprehensive analysis of every possible mechanism and product
was not possible. Indeed, the LC-MS chromatograms prior to, and after irradiation, looked nearly
identical. As such, our analysis is limited to the products that based on the mechanisms of the

introduction and previous literature, are proposed to be formed in the highest abundance.
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Predictably, analysis of the LC-MS chromatograms revealed that hydroxylation of the aromatic ring
and quinone formation were evident in all four antioxidants (Figures 41; reported as the EIC [M +
H]*). It is noted that the same products (i.e., hydroxylation and quinone) can be formed via reactions
of HO® with the antioxidants (c.f., Schemes 42 and 44), and the initial formation of a peptide radical
might not be necessary. Differentiating between products formed as a result of direct oxidation of
the antioxidants from HO® or as a result N-Ac-Ala-OH-derived ROQ®, is not trivial since the same
products are expected. Nonetheless, the following control reactions were carried out. Firstly,
reactions were repeated as in Scheme 45, but without H,0,. Analysis of these reactions revealed
no oxidation products on the antioxidant or the peptide, thus proving that the formation of
products is HO®-facilitated. Secondly, reactions were repeated as in Scheme 45, however N-Ac-Ala-
OH was omitted. Interestingly, in this case hydroxylation of the antioxidants was again evident, but
no formation of quinone appeared to take place, further supporting that quinone generation is a
result of reactions between semiquinone radicals on the antioxidant and peroxyl radical on N-Ac-

Ala-OH. The next two Sections will discuss the product formation on the four antioxidants.
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Figure 41. EIC of the [M + H]* for A) EC-hydroxylation, B) EC-quinone), C) EGCG-hydroxylation, D) EGCG-quinone, E) RA-
hydroxylation, F) RA-quinone, G) CA-hydroxylation, and H) CA-quinone. Products were generated by exposure of
aqueous solutions of N-Ac-Ala-OH (1 mM) to UV light (open to air) in presence of aqueous solutions of the antioxidants

(1 mM) and H,0, (100 mM) for 2 min.
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3.10.1 Hydroxylation

It is noted that HO" addition to catechols is diffusion-controlled (k ~ 10° M s2),8 while HAA from
N-Ac-Ala-OH is 2 orders of magnitude slower (k ~ 108 M? s!), and therefore hydroxylation is
predicted to be more efficient than the formation of quinones.?® Nonetheless, such a conclusion
cannot be made based on the data here, as the assumption that different molecules ionise equally
should not be made. Hydroxylation of EC, EGCG and RA is expected to occur preferentially in the
positions that are activated by the -OH groups. As such, 4, 6 and 4 hydroxylated derivatives are
predicted for EC, EGCG and RA, respectively. While literature data on the hydroxylation of these
four flavonoids could not be found, previous studies that investigated the HO-induced oxidation
of various dihydroxy benzenes, observed selective hydroxylation patterns.?’* For EC (Figure 41A)
and RA (Figure 41E) 3 and 2 peaks with similar intensity are revealed indicating that hydroxylation
occurs at more than one sites of the aromatic rings. On the contrary, EGCG undergoes selective
hydroxylation to one position (Figure 41C). Based on our data here, it is unclear if another
hydroxylation occurs. The peak is relatively big and tailing (likely due to high concentration of the
sample/peak), and other peaks with the same [M + H]* could be hidden underneath, but it cannot
be confirmed. However, these conclusions assume that the isomeric products are well-separated
in the LC, which of course might be incorrect. Lastly, CA offers one position for hydroxylation, and

that is evident in Figure 39G (low background noise could not be avoided in the analysis).?’*

3.10.2 Quinone formation
Formation of a quinone, which is the result of the reaction between 1,2-semiquinone radical and
ROO* formed on N-Ac-Ala-OH, or of a disproportionation reaction between two 1,2-semiquinone

radicals was evident in all four cases.

3.10.2.1 Epicatechin

For EC the most reactive site from which the ROO* can abstract a hydrogen from is documented to
be the “B” ring (i.e., lowest phenolic O-H BDE; Figure 42).2828 Thjs is because the resulting 1,2-
semiquinone radical formed is stabilised by resonance distribution in the aromatic ring, as well as

an intramolecular H-bond framework (vide supra).?%2%°
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Figure 42. Chemical structure of EC denoting the two different aromatic groups as "A" and "B” and highlighting the BDEs
of every phenolic O-H. BDEs are given in kcal molL.

For EC the EIC of a potential quinone revealed two peaks (Figure 41B). This was not expected as
formation of a quinone can only occur on the “B” ring of EC. This finding suggests that a second
oxidation product, sharing the same [M + H]* as EC-quinone must exist in the system. Indeed, it is
documented in the literature that the EC-quinone rapidly interconverts to its tautomeric form

compound 3.13 (Figure 43).%°

OH
H : ( I
@) O\ o OH

“'OH
OH
[M + H]": 289.0707 [M + H]": 289.0707
3.13 EC - quinone

Figure 43. Chemical structures and [M + H]* for 3.13 and EC-quinone, highlighting their identical [M + H]J*.

Traditional DI-MS and LC-MS analysis could not differentiate between the two compounds. To gain
an insight into the structure of the products with an [M + H]* of 289.0707 isotope exchange
experiments were carried out. Specifically, if 3.13 and the EC-quinone are responsible for the two
peaks observed in the EIC of Figure 41B, then deuterium exchange experiments should enable their
differentiation, as they possess a different number of exchangeable protons, and upon full

deuteration the [M + D]* will be different (Figure 44).
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[M + D]*: 293.0958 [M + D]*: 294.1020

Figure 44. Chemical structures of the fully deuterated quinone and 3.13 highlighting their different [M + D]*. Since the
two compounds now have a different m/z, their separation by MS becomes possible.

Therefore, reactions were repeated as earlier but in D,O instead of H,O (all other reaction
parameters were maintained the same). Aliquots were then analysed by LC-MS using D,0 as the

mobile phase. Representative LC-MS chromatograms are shown in Figure 45.
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Figure 45. EIC of the [M + D]* for the completely deuterated A) EC-quinone and B) 3.13. Products were generated by
exposure of solutions of N-Ac-Ala-OH (1 mM) to UV light (open to air) in presence of solutions of the antioxidants (1 mM)
and H,0, (100 mM) for 2 min. All stock solutions were prepared in D,0 (instead of H,0), and reactions were run in D0.

Isotope-exchange and LC-MS analysis further corroborates that the second peak was due to the
tautomer of EC-quinone. Indeed, Figures 45A and 45B illustrate that the two previously
indiscernible peaks of Figure 41B, are due to two compounds with the same molecular formula, but

different number of labile -H.
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3.10.2.2 Epigallocatechin gallate
In the case of EGCG, ROO* are predicted to selectively abstract a hydrogen from the “B” or “C” site

of the molecule, and more specifically, from the phenolic O-H on the 4’-position (lowest BDE; Figure

46A).277

i
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//O //O
OH OH OH OH
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EGCG-quinone
(proposed structures)

Figure 46. A) Chemical structure of EGCG denoting the three different aromatic groups as "A", "B" and “C”, and
highlighting the BDEs of every phenolic O-H. BDEs are given in kcal mol1. B) Chemical structure of the two predicted
main EGCG-quinones.

The considerably lower BDE of the two phenolic O-H on the 4’-position of the “B” and “C” ring have
been attributed to an intramolecular hydrogen-bond framework that is developed between both
neighbouring O-H thus enhancing the stability of the 1,2-semiquinone radical. Based on the above
data, the formation of two quinones in similar amounts would be expected for EGCG (Figure 46B).
Our experimental data demonstrated that reactions where EGCG was used as the antioxidant
produced one EGCG-quinone in high abundance (Figure 41D), and the peak is tailing (similarly to
the hydroxylated derivative; Figure 41C). Therefore, it is likely that more than one quinones exist

but could not be separated in LC.
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3.10.2.3 Rosmarinic acid

Theoretical calculations on the oxidation of RA have determined that the two aromatic sites show
almost identical reactivity, and the four phenolic O-H have very similar BDEs (Figure 47A).%!
Therefore, hydrogen abstraction by ROO® should be indiscriminate, and the formation of two

quinones are expected (Figure 47B).
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Figure 47. A) Chemical structure of RA highlighting the BDEs of every phenolic O-H. BDEs are given in kcal mol-1. B)
Chemical structure of the two predicted main RA-quinones. As the phenolic O-H have similar BDEs, quinone formation is
predicted to be non-selective, and the two quinones of the Figure should form in equal amounts.

Oxidation of RA resulted in the formation of only one quinone (as opposed to the predicted two),
and even this was present in low abundance (Figure 41F; low 10° intensity) . Generally, RA ionised
very inefficiently in the MS (the hydroxylated products are also detected in low abundance; Figure
41E), therefore, it is possible that the second predicted quinone was formed but the concentration
was too low to allow detection. Equally, the potential quinones that can be formed (for both EGCG

and RA) are structurally very similar, and so separation in the LC might not be possible.
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3.10.2.4 Carnosic acid
Finally, the case of CA is more straightforward as there is only one available ring, and therefore,
only one quinone is predicted. Theoretical studies on the ROO*-scavenging capacity of CA have

revealed that the two phenolic O-H have similar BDEs (75.5 and 76.1 kcal mol?, Figure 48).2%2

Figure 48. Chemical structure of CA highlighting the BDEs of every phenolic O-H. BDEs are given in kcal mol-1.

Scanning of the LC-MS chromatograms for the HO'-mediated oxidation of CA returned some
interesting results (Figure 41H). Firstly, the EIC of the potential CA-quinone revealed two peaks of
similar intensities (both present in very high abundance; 10° intensity). At first, this is surprising as
CA can only form one quinone, indicating that another oxidation product with the same [M + H]" is
present in the oxidation mixture. Secondly, CA is the only antioxidant studied here that afforded
the quinone in higher relative abundance over the hydroxylated product. While no definitive
conclusions can be drawn, this might suggest that HO" react via HAA with either CA or N-Ac-Ala-OH

rather than addition with CA.

To understand what the second oxidation product is, we sought to find literature precedent on the
antioxidant mechanisms of CA. The antioxidant activity of various rosemary extracts (including RA
and CA) have been well-researched in the literature by various groups, both in terms of their
antioxidant potency, but also product analysis,266-268.280.281,283,292 |t js well-understood that quinone
(Figure 49) is one of the major degradation products of the ROO*-facilitated oxidation of CA.2
Moreover, there is an agreement that CA under aerobic conditions spontaneously converts to

carnosol (Figure 49).
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Exact Mass: 331.1904

[M + H]*: 331.1904

CA-quinone carnosol

Figure 49. Chemical structures and [M + H]* of the CA-quinone and the primary degradation product of CA, carnosol.

Figure 49 shows the CA-associated quinone and carnosol (both as protonated adducts). These two
products share identical mono-isotopic mass, and as such cannot be differentiated by MS. However,
similarly to the EC-quinone and 5, the two products differ in the number of exchangeable protons.
Upon complete deuteration the [M + D]* of the two compounds will now be different (Figure 50).

As such, reactions were repeated in D,0, and a representative EIC of the LC-MS chromatograms are

shown in Figure 51.

[M + D]*: 333.2029 [M + D]": 334.2092

CA-quinone carnosol

Figure 50. Chemical structure and the [M + D]J* of CA-quinone and carnosol where all labile protons have been
exchanged with deuteriums. The two proposed products can now be separated in MS.
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Figure 51. EIC of the [M + D]* for the fully deuterated A) CA-quinone and B) carnosol. Products were generated by
exposure of solutions of N-Ac-Ala-OH (1 mM) to UV light (open to air) in presence of solutions of the antioxidants (1 mM)
and H;0; (100 mM) for 2 min. All stock solutions were prepared in D;0 (instead of H,0), and reactions were run in D0.

Isotope exchange experiments verified that the second peak in Figure 41H was indeed due to the
formation of carnosol. The retention times for the fully deuterated CA-quinone and carnosol match
perfectly the two peaks detected in the non-deuterated sample (Figure 41H). Apart from formation
of quinones and hydroxylation of the compounds, overoxidised quinones (i.e., quinone + an -OH
group) were evident in all cases (all at lower intensities compared to the quinones; Figures can be

found in the Appendix), while dimerised species were not detected.

The relative intensities of the hydroxylated products and the quinones, may indicate that three of
the antioxidants (EC, EGCG and RA) act primarily by intercepting the initiation source (i.e.,
preventive antioxidants). For CA, the major antioxidant mechanistic pathway appears to be
scavenging of the propagation radicals (ROO*), therefore CA acts as a chain-breaking antioxidant.
Although MS is fundamentally not a quantitative technique and care should be taken when

interpreting experimental data.
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3.10.3 Peroxidation

It was discussed in the introduction of this Chapter that most of the research that has been carried
out on the antioxidant properties of these compounds has been on their ability to scavenge ROO*
radicals. However, in our system, we explore their antioxidant mechanisms in the presence of a
biological target, which can potentially affect their reactivity. For instance, if initial HAA by ROO*®
from the antioxidant takes place in the aliphatic C-H (and not the phenolic O-H), a C-centred radical

is generated (representative example given for EC; Scheme 44).

OH
ool ror
A\ OH ROO

OH

EC

EC-derived hydroperoxides

Scheme 44. Peroxidation mechanism of EC. Initial HAA from the benzylic C-H yields a carbon-centred radical that after O,
addition and HAA converts to a hydroperoxide.

Subsequent O, addition followed by another HAA from available C-H bonds (i.e., N-Ac-Ala-OH) in
close proximity yields antioxidant-derived hydroperoxides. It is noted that the possibility of EC and
EGCG to act as antioxidants by donating the benzylic C-H to AAPH-derived peroxyl radicals is
established in the literature.?’”?%° Scheme 46 shows hydroperoxide formation on the benzylic
position of EC, but this is suggestive, and peroxidation can occur in other aliphatic positions (for all
four antioxidants). Therefore, LC-MS chromatograms were this time scanned for the formation of

potential hydroperoxides on all four antioxidants (Figure 52).
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Figure 52. EIC of the [M + H]* of A) EC-hydroperoxide, B) EGCG-hydroperoxide, C) RA-hydroperoxide, and D) CA-
hydroperoxide. Hydroperoxides were generated by exposure of aqueous solutions of N-Ac-Ala-OH (1 mM) to UV light
(open to air) in presence of aqueous solutions of the antioxidants (1 mM) and H,0, (100 mM) for 2 min.

Figure 52 shows the EICs of the [M + H]* for potential hydroperoxides generated on EC (Figure 52A),
EGCG (Figure 52B), RA (Figure 52C) and CA (Figure 52D). It is evident that hydroperoxide formation
is more prominent on CA, followed by EC and EGCG and lastly by RA (though as it was stated earlier
RA suffers generally from poor ionisation). This is in good agreement with our previous MS data
(c.f. Figures 41A-H). Indeed, it was discussed earlier that CA may react mostly by scavenging ROO°,
thus generating C-centred radicals. Aliphatic C-centred radicals can be converted to hydroperoxides

based on the mechanism of Scheme 46.
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Another interesting point is that Figure 52A shows two peaks suggesting two different compounds
with the same m/z exist in the reaction. This could either be due to the formation of two different
hydroperoxides on EC, or the formation of dihydroxylated products. Indeed, as it was discussed in
detail in Chapter 2, identification of hydroperoxides in these systems is not trivial, as they share the

same m/z with doubly hydroxylated products (Figure 53; representative example given for EC).
OH
OH
H®O O O
2 O OH
HO OH

OH
EC-hydroperoxide EC-diol
(suggested structure) (suggested structure)
[M + H]*: 323.0761 [M + H]*: 323.0761

Figure 53. Chemical structure and the [M + H]* of the EC-hydroperoxide and EC-double hydroxylation where all labile
protons have been exchanged with deuteriums.

To elucidate whether peaks reported on Figure 52 are due to hydroperoxides or doubly
hydroxylated products, and to distinguish between them, two different experiments were carried
out. Firstly, irradiated solutions of the antioxidants were treated with NaBH, (see also Chapter 2).
In presence of NaBH,; any generated hydroperoxides should be decomposed via non-radical
pathways, while doubly hydroxylated products should remain intact. Secondly, reactions were
repeated in D,0 instead of H,O and were then analysed by LC-MS using DO as the mobile phase
(more information in the Experimental Chapter). Since hydroperoxides and doubly hydroxylated
products have a different number of labile -H, this should enable their differentiation by LC-MS. The
EICs of the [M + H]* of potential hydroperoxides for the four antioxidants, after NaBH, treatment

are given in Figure 54,
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Figure 54. EICs of the [M + H]* of A) EC-hydroperoxide, B) EGCG-hydroperoxide, C) RA-hydroperoxide, and D) CA-
hydroperoxide. Products were generated by exposure of aqueous solutions of N-Ac-Ala-OH (1 mM) to UV light (open to
air) in presence of aqueous solutions of the antioxidants (1 mM) and H,0, (100 mM) for 2 min. All EIC are after
irradiated solutions were treated with NaBH4 (1 mg per mL of solution; 1 h treatment).

The NaBH,4 experiments corroborate that for EC, EGCG and CA the aerobic HO*-mediated oxidation
leads to the formation of organic hydroperoxides. Our data illustrate that for EC, NaBH. resulted in
the disappearance of the first peak of Figure 54A (t = 16 min), while the second peak remained
intact (t =17 min). This is a strong indication that the peak eluting at 16 min is due to an EC-derived
hydroperoxide, while the peak eluting at 17 min is likely a result of a double-hydroxylation on EC.
For EGCG and CA (Figure 54B and 54D respectively), there is a complete disappearance of the peaks,
confirming that they are indeed due to hydroperoxide formation. Conversely, the peak eluting at
19.5 min in the RA samples remained intact (Figure 54C), showing that is probably due to dihydroxy

product and not a hydroperoxide.

To acquire more data to confirm the formation of hydroperoxides, reactions were now repeated in
D,0 and analysed by LC-MS using D,0 (instead of H,0) in the mobile phase. The EICs for the fully
deuterated hydroperoxides and dihydroxy products (for all four antioxidants) are given in Figure

55.
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Figure 55. EICs of the [M + D]* of A) EC-hydroperoxide, B) EC-dihydroxy, C) EGCG-hydroperoxide, D) EGCG-dihydroxy, E)
RA-hydroperoxide, F) RA-dihydroxy, G) CA-hydroperoxide, and H) CA-dihydroxy. Irradiations were carried out in D;0.
Products were generated by exposure of deuterated solutions of N-Ac-Ala-OH (1 mM) to UV light (open to air) in
presence of deuterated solutions of the antioxidants (1 mM) and H,0, (100 mM) for 2 min
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In all four cases, the D0 experiments confirmed the NaBH, treatment. Figure 55A and 55B show
the EICs of the [M + D]* for the fully deuterated EC-derived hydroperoxides and doubly hydroxylated
products. As predicted, the two compounds have a different number of exchangeable H, and can
now be separated by LC-MS. These data are in excellent agreement with the NaBH, experiments,
and further corroborate that the peak eluting at 16 min is due to hydroperoxides, while the peak
eluting at 17 min is due to doubly hydroxylated product. Furthermore, in agreement with the
NaBH,, EGCG and CA appear to only generate hydroperoxides and no dihydroxy products (Figures
55C-D and 55G-H respectively), while oxidation of RA results in the formation of dihydroxy products

but no hydroperoxides (Figure 55E and 55F).

Our analytical data here corroborate the formation of hydroperoxides in three of these
antioxidants. These findings were further reinforced by NaBH, and isotope exchange experiments.
It is important to note that formation of antioxidant-associated hydroperoxides, could lead to
higher damage to biomolecules. As stated in Chapter 1, hydroperoxides can undergo one-electron
reduction in presence of transition metals (Fenton-type reaction), releasing reactive free radicals
that can accelerate the damage to biomolecules. Finally, we note that when irradiations were
carried out in the presence of the antioxidants, no oxidation products on N-Ac-Ala-OH were
identified. This highlights the efficiency of the antioxidant at reducing the oxidation of the biological
target (although we have observed that N-Ac-Ala-OH does not ionise very efficiently in the MS, and

thus, at low decomposition, oxidation products are usually not detected) .
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3.11 Antioxidant capacity

Thus far, the antioxidant mechanisms of the four compounds were investigated, and degradation
products were successfully identified using LC-MS. One of the main objectives of this project, was
to explore the protective effect of these compounds against the oxidation of proteins. Even though
the antioxidant capacity of these compounds has been investigated in the past, it is not clear how
efficient they are at retarding (or preventing) the oxidation of biological targets. The ability to
protect biological matter from various oxidants (e.g., HO®, ROO") is of great importance to the
haircare and cosmetic market. If these compounds are proven to be effective at reducing oxidative
damage to proteins, then it can be sought to develop technologies to utilise this insight into
commercial products. The next Section is focused on the oxidation of two simple amino acids
induced by HO", firstly in the presence of the four catechol-based antioxidants, and then in the
presence of the rosemary extracts. We aim to monitor the degradation of the amino acids and

determine whether the presence of the antioxidants reduces the rate of decomposition.

3.11.1 Isolated compounds

Here we explore the aerobic HO-induced oxidation of two protected amino acids (Figure 56) in the
presence and absence of the antioxidants. However, unlike earlier, we now focus on the
degradation of the parent amino acids, rather than trying to characterise antioxidant-derived
degradation products. Irradiation conditions were optimised to achieve ca. 10% decomposition of

the biological targets in the absence of antioxidants (vide infra).

0 (0]
OH OH
HN \fo HN \fo
N-Ac-Ala-OH N-Ac-Phe-OH
2.6 3.14

Figure 56. Chemical structures and names of the two protected amino acids used for the measurement of the
antioxidant power of the four catechol-based compounds.
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The two protected amino acids were exposed to HO® for 2 min, and aliquots were taken prior to

the exposure and at the end. All other experimental conditions were maintained the same as our

previous studies (Scheme 45)

antioxidant (0.1 eq.)

2.6 or3.13 H,0, (100 eq.) > Decomposition

H,0, UV
1 mM 2 min

Scheme 45. Experimental conditions for the irradiations.

The concentration of the antioxidant was again set to 0.1 eq. This was done to allow a direct
comparison between the decomposition of the starting substrates, and the mechanistic pathways
of the antioxidant activity (based on our previous experimental findings). The concentration of the
two parent substrates was determined by LC-MS analysis (similarly to the Chapter 2). Figure 57A

and 57B report the % of substrate loss for the two protected amino acids.

B NoAOE ECH EGCGHE RAE CA H NoAOE ECH EGCGH RA@E CA

124 11 A 6 B

% Substrate loss
% Substrate loss

N-Ac-Ala-OH N-Ac-Phe-OH

Figure 57. The % decomposition of the two substrates upon exposure of aq. solutions (all 1 mM) to UV light (open to air)
for 2 min in presence of aq. H,0, (100 mM), and the antioxidant (0.1 mM). Aliquots were taken before, and at the end of
the irradiation, and were analysed by LC-MS. The extent of decomposition was calculated by integration of the peak
area of the LC-MS peak corresponding to the starting peptide (the TIC of the EIC for N-Ac-Ala-OH). Reactions were
carried out in triplicate and the results are the mean + SE of the experiments.
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The first bar in Figure 57A and 57B illustrates the % of parent substrate loss in the absence of an
antioxidant (triplicate experiments). Irradiation conditions were optimised to achieve a ca. 10%
decomposition for the parent substrates. The decomposition needs to be high enough to ensure
that the effect of the antioxidants is noticeable. However, if the substrate decomposition is too
high, this means that reactivity induced by secondary species can influence the overall chemistry.
As such, it would be complicated to correlate the protective effect of the antioxidants with the

identified oxidation products.

Two main conclusions can be drawn based on the data shown on Figure 57A and 57B. The first
conclusion from the two Figures is the % decomposition of the starting substrates, with N-Ac-Ala-
OH suffering a ca. 11% loss while N-Ac-Phe-OH almost half of that (ca. 6%). This outcome can be
readily explained from the reactivities of the two compounds with HO®. N-Ac-Ala-OH is expected to
react via HAA that ultimately leads to generation of peroxyl radicals that are known propagation
species (i.e., they accelerate the damage to the starting substrate). On the contrary, it is estimated
that the majority of the photogenerated HO® react via addition with N-Ac-Phe-OH, forming stable
hydroxylated products, and avoiding the formation of peroxyl radicals.’® Hydrogen atom
abstraction by HO® from N-Ac-Phe-OH to generate peroxyl radical and propagate the radical chain

reactions, takes place but to a smaller extent, thus explaining the smaller damage.

The second conclusion is that both amino acids suffered significantly less damage in the presence
of the antioxidants (triplicate experiments). More importantly, there is a good agreement in the
antioxidant activity of the compounds between the two graphs. In both cases, tea extracts (EC and
EGCG) appear to, overall, be more efficient antioxidants than the rosemary extracts (RA and CA).
Our work here demonstrates that in this system EGCG is the most potent antioxidant of the four,

followed closely by EC and RA and lastly C, although the difference in their activity is low.

The reason for the discrepancy in the antioxidant efficiency might be related to their reaction with
HO". Our experimental data indicate that EGCG, EC and RA intercept the initiation source (HO®
scavengers) and the propagation of the chain-reactions is smaller (preventive antioxidants). This is
consistent with our product analysis, where oxidation of EGCG, EC and RA afforded the
hydroxylated products in higher abundance. Conversely, CA acts as a chain-breaking antioxidant
(i.e., quenching the propagating radicals ROO®) thus showing lower antioxidant capacity. It is

important to clarify that the conclusion that preventive antioxidants outperform chain-breaking
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antioxidants can only be made for this system. In other systems where the flux of the propagating

ROO*® may be higher, chain-breaking antioxidants might prove to be more effective.

3.11.2 Comparison with literature redox assays

Our next goal was to see how the performance of the four antioxidants compares with previous
literature, and with well-established methods. The ORAC assay was first introduced in 1993, and
has since become one of the most reliable protocols for the measurement of the antioxidant
capacity of a compound.?®® The assay measures the ability of the antioxidant to donate a hydrogen
to a ROS (usually ROO®, generated by thermal decomposition of azocompounds such as AAPH;
Scheme 46), and the results are reported as ORAC units, where 1 ORAC unit equals the net

protection produced by 1 uM of Trolox (a water soluble analogue of vitamin E).

ROO’ ROOH

_OH . o

Ar Ar

Scheme 46. Basic principle of the ORAC assay. Reaction between an antioxidant and a transient radical. The antioxidant
donates a hydrogen to peroxyl (or other) radicals, generating a hydroperoxide and a stable antioxidant-derived radical.
A more facile hydrogen transfer equates a higher ORAC score, which in turns, equates a more potent antioxidant.

High ORAC score equates a more facile hydrogen donation, and the higher the ORAC score the more
efficient is the antioxidant (although antioxidants can also act via other mechanisms such as
electron transfer and metal chelators which are measured by other assays). Procter and Gamble
has already tested these four compounds with the ORAC assay, and their findings are reported in

Figure 58 (unpublished data).
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Figure 58. ORAC Score of the four antioxidants used in this work. Data were obtained (with permission) from P&G and
are the results of single experiments. Unpublished data.

Data on Figure 58 support the conclusion that EC is the most efficient antioxidant in the ORAC assay,
followed by RA, then EGCG and lastly CA. These data are in reasonable agreement with our findings
as EC outperforms RA which in turn, outperforms CA. The biggest discrepancy between the two
methods is seen for EC and EGCG. In our method EGCG proved to be the most efficient of the four
antioxidants, whereas in the ORAC assay EC scored 3 times higher. This is however not surprising,
as the methods measure different antioxidant mechanisms (ROO*-mediated HAA vs HO® addition
to the aromatic rings). More literature research further confirms that EC is more efficient
antioxidant than EGCG in the ORAC assay,?®>?%* however, there are documented examples where

results from ORAC assays do not agree with other HO"-scavenging assays.?’3

Our experimental findings on the HO°-induced oxidation of two protected amino acids,
demonstrate that oxidative damage is reduced significantly in the presence of the antioxidants.
However, consumer products usually contain extracts (not isolated compounds), and therefore, it
is instructive to study how extracts behave as antioxidants. Not surprisingly, research in this field is
rich, with multiple examples where botanical extracts have been categorised based on different

assays. 29529
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3.11.3 Rosemary extracts

Tea and rosemary extracts contain a large variety of compounds, and have been linked with skin,
scalp, and hair benefits from UV exposure.?®?9301 procter and Gamble has supplied us with 6
different rosemary extracts. Each extract contains a large variety of compounds, but the main active

compound is either RA or CA (in different concentrations).

Mechanistic investigation of the extracts is not trivial, as there are too many compounds, and
product analysis becomes challenging. Therefore, this study is limited to determining how the
rosemary extracts reduce the HO*-mediated oxidation of N-Ac-Ala-OH and N-Ac-Phe-OH. Aqueous
solutions of the two protected amino acids were exposed to UV light in the presence and absence
of the 6 rosemary extracts (experimental conditions identical to Scheme 47). Irradiations lasted for
2 min, and the % decomposition of the starting substrate at the end of the irradiation is given in

Figure 59.

[ No AOE 3% RAE 5% RAME 6% RAM 25% RAE 5% CAM 10% CA|
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N-Ac-Ala-OH N-Ac-Phe-OH

Figure 59. The % decomposition of the two substrates upon exposure of aq. solutions (all 1 mM) to UV light (open to air)
for 2 min in presence of aq. H,02 (100 mM), and the antioxidant. Aliquots were taken before, and at the end of the
irradiation, and were analysed by LC-MS. The extent of decomposition was calculated by integration of the peak area of
the LC-MS peak corresponding to the starting peptide (the TIC of the EIC for N-Ac-Ala-OH). Reactions were carried out in
triplicate and the results are the mean * SE of the experiments.

In good agreement with the isolated RA and CA, all 6 of the extracts exert a protective effect on the
aerobic oxidation of the two starting substrates (triplicate experiments). We note that the extracts
contain different concentrations of the two active compounds (RA and CA). In order to enable a
direct comparison between the isolated compounds and the extracts, it was ensured that in each

case the RA and CA content was the same as our previous reactions (Section 3.11.1).
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As expected, the decomposition of N-Ac-Ala-OH is higher than N-Ac-Phe-OH (vide supra). The
botanical extracts containing RA appear to be more efficient than the ones containing CA,
consistent with RA being a better antioxidant than CA as demonstrated for the two isolated
compounds in Section 3.11.1 (although the differences are small). It is important to reiterate that
while the main active compounds of these extracts is RA or CA, each extract contains a range of
different compounds that could act as antioxidants and reduce the oxidative damage of
biomolecules. Two representative flavonoids that were identified by LC-MS to be present in the

extracts in high abundance and have known antioxidant properties are presented in Figure 60.30%303

Quercetin Cirsimaritin

Figure 60. Chemical structures of quercetin and cirsimaritin. Both of these compounds have received attention for their
antioxidant properties and are found in the rosemary extracts used in this study.

Therefore, the results shown on Figure 59A and 59B might be due to varied concentrations of the
active compounds, or even different active compounds acting synergistically to enhance their
individual action. Indeed, there are documented examples where two antioxidants act together to
reduce the consumption of lipids or proteins.”® The knowledge we obtained here can be furthered
by P&G by performing more tests and assays in these extracts in order to determine whether they

can be useful on protein protection, and how they can be implemented in consumer products.
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3.12 Chapter 3: Conclusions

The beneficial effects of botanical extracts in simplified systems, have been well-researched in the
literature. Flavonoids show promising antioxidants properties. Here we were able to explore the
antioxidant potency of four catechol-based compounds found in tea and rosemary extracts, in a
model system that mimics the hair environment. The mechanisms of action were investigated by
studying the HO*-mediated oxidation of N-Ac-Ala-OH. In agreement with literature precedent, the
major predicted degradation products were, in all cases, a hydroxylated derivative, and a quinone.
Whether hydroxylation or formation of quinone prevails, was discussed and it was tentatively

linked to the antioxidant mode of action (preventive vs chain-breaking).

Furthermore, MS data suggest that peroxidation of EC, EGCG and CA occurs. A peroxidation
mechanism was proposed that proceeds via the HAA by either HO® or ROO* from the aliphatic
fragment of EC, EGCG and CA. Hydroperoxide formation was further reinforced by NaBH; and
isotope exchange experiments. To our knowledge, this is the first documented example of

hydroperoxide formation in these compounds.

The antioxidant capacity of the four antioxidants was determined by following the aerobic HO"-
induced oxidation of two protected amino acids by LC-MS. All antioxidants provided significant
reduction of the starting substrate decomposition, with EC and EGCG performing better than RA
and CA (and our data are in good agreement with previous literature studies). This outcome was
attributed to their respective reactivity with HO® (vide supra). It was also demonstrated that
rosemary extracts (as opposed to isolated compounds) are capable of significantly reducing the rate
of biological substrate degradation. This result was particularly important as it can be followed up
by more detailed analysis by P&G, to discover new extracts that can be implemented in products
to deliver higher consumer benefits. It was already discussed, and it is worth reiterating, that while
antioxidants show promising results in this system, in real-life scenarios (e.g., use in shampoos and
conditioners) it is complicated to predict their effect., and more research is required to draw

reliable conclusions.
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Chapter 4: Detection of biological radical intermediates by mass

spectrometry

4.1 Introduction

Protein oxidation, which was covered in detail in the previous Chapters, is governed by radical chain
reactions. This involves protein oxidation in biological systems,®°®13> put also in the hair
environment.>?%30% However, the characterisation of intermediate biological radicals remains
elusive for one main reason, that is their high reactivity. Due to their reactive nature, high steady
state concentrations are usually not possible, and therefore their detection becomes challenging.
In order to confirm their role in a system, often chemists have to rely on the end-products or by-
products of the reactions that are thought to be radical-derived.3® In turn, this helps them draw
sensible reaction pathways that involve radical chain reactions. Therefore, detection of free radicals
is important as it can provide valuable mechanistic and kinetic information on different chemical

systems.

In general, two main radical detection techniques have found significant success in the
characterisation of biological radicals; these are electron paramagnetic resonance (EPR)
spectroscopy (also known as electron spin resonance, ESR),3%3% and the spin-trapping method.3®
The next two Sections will briefly discuss the principles, advantages, and limitations of these two

techniques in the detection of biological radicals.

4.2 Main detection methods for biological radicals

4.2.1 Electron paramagnetic resonance

EPR is a powerful technique that allows direct detection of free radicals in complex systems. The
underlying principles of the technique have been covered in detail in a range of different textbooks
and reviews, 306397309310 Radjcals generated in biological systems are usually short-lived, and do not
accumulate to high concentrations. Since EPR has a relatively poor sensitivity in (LM) in the respect
to the steady-state concentration of biological radicals, not many species can be successfully
characterised by EPR. Thus, direct detection of biological radicals by EPR is only really possible for
long-lived radicals that can accumulate to high concentrations, such as tyrosyl radicals,

semiquinone radicals and such.3®
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One technique that has found considerable success in the detection of biological radical is the
detection using freeze quenching EPR.3!!In this method, reactions are frozen in liquid nitrogen, and
are analysed by EPR. The immediate freezing of the samples results in the slower decay of radicals,
thus multiple EPR spectra can be recorded to obtain information about the radicals in the system.
Indeed, the mechanisms of many enzymatic reactions, that involve the generation of radicals, have
been successfully elucidated by freeze-quenching EPR.3!! However, data obtained by this technique
can be limited in the sense that radicals should still have a reasonably high lifetime, and transient

intermediates might not survive the freeze-quenching process.

The detection of transient radicals by EPR, has become possible with the development of
continuous flow systems. In this technique solutions are mixed in the continuous flow system, and
radical species are generated continuously. This enables their detection by EPR at ambient
temperature. This method has been used for the detection of radicals generated in proteins.312313
Continuous flow EPR is a very costly technique, as often large volumes and high concentrations of

reagents are needed.

The most important disadvantage of EPR however remains. That is the low detection limit, that
usually prohibits the characterisation of radicals in real biological systems (as radical concentration
is low). To overcome this limitation, the chemical community has developed over the years other
techniques to allow detection of radicals in biological systems. The most popular and specific tool
for the detection of radicals in biological systems today, is the spin trapping method,3® and is

discussed in the following Section.
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4.2.2 Spin trapping

Spin trapping is an indirect detection method in which the reactive free radical (R*) is trapped via
an addition reaction (Scheme 48) and is converted to a more stable radical that is detectable by
EPR.3% |deally, the information gained from the new radical, should allow identification of the initial
radical. The most often used spin traps in biological systems are nitrone spin traps, and the initial

radical is converted to a long-lived nitroxide (Scheme 47).

R, R,
@R R,
le\ P R)<N’R3
R |

O o.
nitrone trap stable radical
(no EPR signal) (EPR signal)

Scheme 47. Reaction of a short-lived radical (R®) with a nitrone spin trap, forming longer-lived nitroxyl radical adduct.
The nitroxyl adduct is detectable by EPR spectroscopy. As the initial nitrone trap does not produce an EPR signal, very
high concentrations can be used.

Since the initial spin trap (nitrone trap) does not produce an EPR signal, very high concentrations
(mM — M) are usually used to ensure a sufficient number of radicals are captured (in order to
produce a strong EPR spectrum).3!* This is particularly important as it essentially overcomes the
sensitivity issues the EPR technique is facing. Spin trapping is probably the most popular method
for detection of radicals in biological systems and has been used with reasonable success for the
detection of radicals during the oxidation of aqueous solutions of peptides, proteins, and DNA in

both isolated but also complex systems, 132133139314

However, spin trapping has its limitations. Probably the most important issue with the spin trapping
technique is the unwanted side reactions. For instance, nucleophiles present in the system can
attack the double bond of the spin trap (the Forrester-Hepburn mechanism), producing a
hydroxylamine.3!® Subsequent one-electron oxidation of the hydroxylamine can produce the same

nitroxide as the initial radical reaction with the spin trap, therefore leading to false positive results.

In addition, EPR and spin trapping both suffer from one important drawback; that they offer limited
structural information for the initial radical.3® This is because information can only be gained about
the chemical environment in close proximity to the unpaired electron. As such, full characterisation
of unknown radical species with complex structures is dramatically more challenging. Continuous
research in the spin trapping method led to the discovery of a new method for radical trapping in

biological systems, called the immuno-spin trapping.3163
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Immuno-spin trapping combines the selectivity of the spin trapping with the sensitivity of the
analytical techniques (e.g., MS). It was observed that the biological radical nitroxide adduct
overtime converts to a a stable nitrone adduct, which can now detected as a stable molecule using

anti-bodies.313314

Since the discovery of the immuno-spin trapping there have been multiple documented examples
where the technique has been used to identify radicals generated in proteins, DNA, lipids, and other
macromolecules.?1%320 Today immuno-spin trapping has been described as the principal technique

to detect biological radicals.***

However, immuno-spin trapping faces its own challenges. The spin trap that is used has been
reported to react with other reactive species in the system (e.g., ONOOH), and this can significantly
affect the concentration of the spin trap, and by extension its ability to react with protein radicals.3?
Finally, while immuno-spin trapping has been used with reasonable success in the detection of
protein radicals in models and purified proteins, the detection of protein radicals in vivo remains a

challenge.316:319

A need exists for readily applicable methods of detecting and identifying low concentrations of free
radicals (below the EPR detection threshold), and for methods that are applicable to a wide range
of chemical reactions and can more effectively characterise heteroatom-centred radicals. A new
trapping technique designed to solve many of the existing issues of these techniques, was recently
developed within our group.'®>1%® The method has already been successfully applied to different
areas of chemistry (synthetic, biological, and atmospheric).?®” The next Section will briefly describe

the concept of the new technique, and preliminary results for trapping biological radicals.
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4.3 New concept of radical trapping

A new indirect approach for capturing and characterising short-lived radical intermediates was
developed in the past years in our group (Scheme 48).16>1% |n 3 way, this method builds upon the

spin trapping method.

R Ry

N Re \ N
~ \_’//Ao R R1)\(\ R + N
|
Rs Rs o,

TEMPO

Scheme 48. Reaction between a short-lived radical (R®) and an alkene-based radical trap containing TEMPO* as a leaving
group, forming a persistent radical and non-radical product. This non-radical product can then be characterised by
analytical techniques (e.g., NMR, MS) allowing R*® to be identified. R1, Rzand Rz can be functionalised to suit the radical
system being studied.

In this method a new class of alkene-based radical traps is used, possessing a good radical leaving
group (usually TEMPQ?®). This approach aims to utilise the unparalleled reactivity of most short-lived
radical intermediates with alkenes (typical kags ~ 10%— 107 M s1),322323 gimilarly to the addition of
radicals to nitrone spin traps.3%3% The radical leaving group is present in the allylic position, which
enables a rearrangement and is released as a persistent radical. The trapping results in the
generation of a stable non-radical product (containing the initial radical) that can be studied by
highly sensitive techniques such as DI-MS and LC-MS (similarly to the immuno-spin trapping
method). All alkene-based traps that were synthesised by previous PhD students working in the
Chechik group used TEMPOQ"* as their leaving group.'®>%%” The alkene trap 4.1 that was used for

trapping and detection of biological radicals in our work here is given in Figure 61.
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Figure 61. Molecular structure of the radical trap 4.1 used for the trapping and detection of biological radicals.
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The alkene trap 4.1 used was designed to suit reactions in aqueous media.!®® The trap was easily
accessed after a 3-step robust synthesis (reported yields > 70% for all individual steps), starting
from relatively cheap commercially available starting materials which enabled its large scale (> 2 g)
synthesis (more information under the Experimental Chapter). Furthermore, the amino group
(which upon reaction is present in the trapped adduct) ionises well in the positive ion mass
spectrometry and can offer high sensitivity even when trapped adducts are present in very low

concentrations.

4.4 Project outline and aims

In this work we attempt to use the new trapping method that was developed in the Chechik group
(Section 4.3) to characterise transient biological radicals. A previous PhD student (Peter Williams)
in the Chechik group employed radical trap 4.1 to study the oxidation of simple dipeptides for the
first time.®® His work was focused on the detection of radical intermediates formed during the HO"-

induced oxidation of aqueous solutions of N-Ac-Gly-Gly-OH and N-Boc-Gly-Gly-OH (Scheme 49).

H202 (10 eq)
FeSO, (1 eq.)
4.1 (0.1 eq)

(0]
H
R\NWN\)J\OH Trapped radicals + products
H o

R= acetyl or Boc group

M
H O \O. O .
carbon-centred radical peroxyl radical alkoxyl radical
(evidence of formation) (evidence of formation) (evidence of formation)

Scheme 49. Reaction conditions for the trapping and detection of HO*-derived radicals on simple dipeptides. Oxidation
products and trapped adducts were detected by MS. The structures that are shown are suggestive, and no further
elucidation of their structure was possible.

Hydroxyl radicals were generated via Fenton chemistry, and data were analysed by DI-MS. For both
dipeptides, the m/z corresponding to potential carbon-centred, peroxyl and alkoxyl radicals were
detected in the MS spectra.'®®%” Scheme 49 shows the initial radicals predicted to be formed
following a HAA by HO® from the “C-H of glycine. In addition, more trapped radicals were identified,

resulting from RO fragmentation on the parent substrate (Figure 62).
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‘ All three [M + H]* detected in MS

Figure 62. RO’ fragmentation gives rise to a transient C-centred radical. Subsequent O, addition produces a peroxy!
radical, and eventually an alkoxyl radical (via hydroperoxide decomposition). Evidence for the formation of all radicals
shown were obtained by MS. The structure that are shown are suggested, and the initial HAA could take place from a

different C-H.

This system was used as a simplified oxidation system to explore whether the trapping of biological
radicals with 4.1 is feasible, and the two dipeptides were used as protein mimics. The detection of
radicals that could only be formed following an initial HAA from the glycine *C-H, demonstrated
that biological radicals can indeed be trapped by this new method. However, Peter’s research focus
was to develop this methodology further, and investigate its scope of application in different
chemical systems. As such, the detection of biological radicals was not examined further. For
instance, some of the predicted radical adducts can have the same [M + H]* (e.g., a ROO® and a RO*

+ HO), and advanced techniques would be required to differentiate between the two species.

Our principal aim was to build on Peter’s work, and further explore this new approach of radical
trapping in peptide oxidation. Oxidation of peptides and proteins in biological systems can occur
via different mechanisms (e.g., HAA, ET) depending on the oxidant. By trapping and characterising
biological intermediate radicals, we believe we can obtain important mechanistic information, and
provide further evidence for literature proposed reaction pathways. One of our most important
goals was to differentiate trapped adduct with the same [M + H]*, but different chemical structures.

Three different oxidation systems were explored.

Our investigation begins with the well-established peroxynitrite-mediated oxidation of N-Ac-Gly-
Tyr-OH (Section 4.5). This system was used to test the sensitivity of our detection method in a
system where the generated radicals are only predicted to be present in very low steady state
concentrations (vide infra). Next, we studied the HO*-induced oxidation of three biological targets
(Section 4.6). Unlike previous work carried out by Peter Williams, here HO radicals were generated

via H,0; photolysis, in order to explore the metal-free HO*-mediated oxidation of peptides.
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Moreover, in Peter’s work the HO radicals participated exclusively in HAA reactions with the chosen
peptides (Scheme 50). Here, we employed biological targets to probe different reaction pathways
with HO radicals; i.e., hydrogen atom abstraction, addition, and electron transfer, that lead to the
generation of different intermediate radicals. Finally, we investigate the oxidation of peptides
facilitated by transient radicals arising from the decomposition of terpene-derived hydroperoxides
(Section 4.7). This system was chosen in order to investigate whether our new radical trapping

technique can be used to systems that are closer to real-life scenarios.

4.5. Peroxynitrite-induced oxidation

4.5.1 Peroxynitrite introduction

The reactivity of selected amino acids (e.g., tyrosine) with selected oxidants (e.g., 0,*, HO®) has
already been discussed (Chapter 1). One of the biologically relevant oxidants that was not
discussed, and is generated continuously in vivo is peroxynitrite (ONOO).32% Peroxynitrite is a weak
acid, and at physiological pH is in a rapid acid-base equilibrium with its conjugate acid (ONOOH; pK;
= 6.8).3%° Peroxynitrite is formed readily in vivo by the diffusion-controlled recombination of nitric

oxide (*"NO) and O," (Scheme 50).326

NO + O,) — > ONOO~

ONOO + H =—= ONOOH

Scheme 50. In vivo formation of peroxynitrite anion (ONOO-), and the acid-base equilibrium between ONOO- and its
conjugate acid (ONOOH,).

Peroxynitrous acid (ONOOH) is a powerful oxidising and nitrating agent capable of inducing damage
to biomolecules both directly, via two-electron oxidation reactions, and indirectly via one-electron

reactions of radicals ("NO, and HO"), arising from the homolysis of the -O-O- bond (Scheme 51).3%

ONOOH — "NO, + HO* —— protein damage

Scheme 51. Homolysis of the -O-O- bond in ONOOH, yielding transient radicals that are capable of reacting with
biomolecules to inflict protein damage.

149



Homolytic cleavage of the -O-O- bond is reported to be fast with a reported value of k =0.9 s at
37 °Cand pH 7.4.328 Of the total flux of the transients *NO, and HO®, ca. 70% recombines inside the
cage, whilst the remaining 30% escapes the cage and undergoes reactions with biomolecules.3?
Peroxynitrite-derived radicals react more readily with sulfur containing amino acids (cysteine and
methionine), and aromatic containing amino acids (tryptophan, tyrosine, phenylalanine and
histidine). The overall reactivity of ONOOH (including reactions with different amino acids) is

complicated and will not be discussed any further here (for a detailed description see ref 325).32

An important aspect of its activity is tyrosine nitration, which results in the alteration of protein
function.3** Reaction of ONOOH with tyrosine 4.2 is the most specific and well-understood oxidative

modification induced by ONOOH (Scheme 52).3%43%

4.2 4.3 4.4
3-Nitrotyrosine

Scheme 52. Free radical oxidation of tyrosine to 3-nitrotyrosine. Tyrosine can be oxidised to the tyrosyl radical by either
*NO; and HO*, and subsequent reaction with *NO; produces the stable non-radical product 3-nitrotyrosine.

Formation of the intermediate tyrosyl radical 4.3 can be either *NO;-assisted (formally an ET; k ~
10° M s%), 339 or HO*-assisted (via addition and subsequent H,O-elimination; see Section 1.7.4.2).
Radical-radical reaction between tyrosyl radical and *NO; is near the diffusion limit (k ~ 10° M s?)
and yields the stable 3-nitrotyrosine product 4.4.3%° In general, generation of 3-nitrotyrosine is a
fast, selective and high-yielding reaction, and its detection was used as a footprint for the ONOOH-
mediated nitration of tyrosine (although more recent studies have shown that it can also form via

ONOOH-independent pathways).3?

Perhaps unsurprisingly, other products that are formed to a noticeable extent during the ONOOH-
mediated oxidation of tyrosine are dimeric species (dityrosine) and hydroxylated species (DOPA),
both from the tyrosyl intermediate radical (see Introduction; Section 1.7.4.2). The dimerisation of
two tyrosyl radicals, and the radical-radical reaction of tyrosyl radical with HO® are both near the
diffusion limit.>*°¢ Lastly, due to the high stabilisation of the tyrosyl radical O, addition is supressed

even in aerobic systems.3* Based on the above data, the ONOOH-facilitated oxidation of tyrosine,
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initially produces a phenoxyl radical, that can follow three different pathways (all near the diffusion
controlled limit). Therefore, we believed that this system can be used as a proof-of-principle study
to demonstrate that our radical trap 4.1 can capture radical intermediates even when competing

reactions are near the diffusion limit.

4.5.2. Preliminary results and optimisation

Initial experiments were carried out using equimolar concentrations of the radical trap 4.1 and N-
Ac-Gly-Tyr-OH, while ONOOH was used at a 5-fold excess (Scheme 53). Peroxynitrite was
synthesised according to well-established literature protocols using isoamyl nitrite and H,0,, with
any residual H,0,removed by passing through a column containing MnO, (more details under the
Experimental Chapter).33! Stock solutions of ONOOH were stored frozen immediately after

synthesis, and used immediately after defrosting, with unused material discarded.

OH
ONOOH (5 eq)
o 41 (1eq) o .
H » oxidation products and trapped radicals
WNJJ\N OH P.B. 7.4 pH
H (100 mM)

0] 0]

N-Ac-Gly-Tyr-OH
24
10 uM

Scheme 53. Initial reaction conditions for the ONOOH-facilitated oxidation of N-Ac-Gly-Tyr-OH. A stock ONOOH solution
was thawed the day of the reaction and was used immediately. All reactions were frozen until analysis by LC-MS.

As the concentration of the starting substrate is low (i.e., uM), all reactions were analysed undiluted
by LC-MS. DI-MS could not be used in this work for two reasons. Firstly, reactions were run in
phosphate buffer, and injections of non-volatile buffers could lead to contamination of the MS
instrument. However, LC-MS analysis requires a very small amount to be injected (1 pL in this case),
and so the amount of phosphate buffer that is injected to the MS instrument is negligible. Secondly,
the radical trap 4.1 ionises very strongly in the MS, and high concentrations (> 1 uM) should be
avoided as they can lead to instrument contamination. This can be avoided in LC-MS by introducing
a “waste-segment” in the separation method that filters out the unreactive trap (more details under
the Experimental Chapter). This LC-MS feature proved to be valuable for our studies, as it enabled

high trap concentrations to be injected in order to collect experimental data (vide infra).
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Investigation of the chromatograms revealed that the major expected products of the reaction (i.e.,

nitrotyrosine 4.5 and DOPA 4.6) are present (Figure 63; shows the expected products and the LC-

MS chromatograms as the EIC).
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Figure 63. Chemical structures and representative extracted ion chromatograms (EIC) of the main oxidation products. A)
m/z of 326.0988 (nitration of N-Ac-Gly-Tyr-OH), and B) m/z 297.1087 (hydroxylation of N-Ac-Gly-Tyr-OH) acquired by MS
from the ONOOH-mediated oxidation of N-Ac-Gly-Tyr-OH. Chemical structures are shown as the protonated adducts.
Reactions were carried out in open air.

Figure 63 shows the EICs of the [M + H]* for the nitration (63A) and hydroxylation (63B) products.

While intensity in the MS does not necessarily equal higher abundance in the reaction, nitration is

expected to be the predominant oxidation product. This is because "NO; is generally a long-lived

radical that in this system primarily reacts with tyrosyl radicals to afford the nitrated product. On

the contrary, HOradicals are unstable and can participate in more reactions. As such, overtime *“NO;

are expected to accumulate in the system and outcompete HO".
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No dimeric species or trapped adducts were identified when reactions were run under these
conditions. The absence of trapped adducts is however not so surprising. As tyrosyl radicals react
with second order rate constants near the diffusion limit with *°NO,, and *NO, is a stable radical (vide
supra), it is likely that the majority of the generated tyrosyl radicals are converted to the
nitrotyrosine-adduct. Therefore, in order to successfully trap and detect trapped tyrosyl radicals,
the concentration of ONOOH must be reduced (to reduce the production of *NO,) and the
concentration of trap 4.1 must be increased (to outcompete *NO,). Taking this into account, the
relative ratios of N-Ac-Gly-Tyr-OH: ONOOH: 4.1 were varied in order to achieve optimised

experimental conditions that would allow the detection of a tyrosyl trapped radical.

After a series of experiments screening various ratios between the reactants, optimised results
were obtained when N-Ac-Gly-Tyr-OH: ONOOH: 4.1 were used in a 1:2:6 ratio. The initial
concentration of N-Ac-Gly-Tyr-OH was increased from 10 to 50 uM to get higher concentration of
oxidation products and trapped radicals, which in turn would allow an easier detection in the MS
analysis. Investigation of the LC-MS chromatograms revealed that again the major predicted
reaction products (i.e., nitration and hydroxylation) were evident (data not shown). Pleasingly,
changing the ratios between the reactants and increasing the concentration of the radical trap
resulted in the detection of a trapped tyrosyl radical 4.7 in relatively high abundance (107; Figure

64 shows the chemical structure of the trapped adduct and the EIC).
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Figure 64. Chemical structure and extracted ion chromatograms (EIC) for the m/z of 435.2244 acquired by LC-MS from
the ONOOH-mediated oxidation of N-Ac-Gly-Tyr-OH. Chemical structure is shown as a protonated adduct. It is noted
that the EIC could be due to a C-C bond formation between the tyrosyl radical and 4.1. Reactions were carried out in

open air.
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Figure 64 shows a potential structure for the trapped adduct. It is noted that reaction of the tyrosyl
radical with the 4.1 can occur either via the phenoxyl radical (leading to a C-O trapped adduct as
shown in Figure 64), or via the resonance form yielding C-C trapped adduct. Figure 64 reports the
EIC of a potential trapped tyrosyl radical, with the [M + H]*. Whether the trapped radical is a C-C or
a C-O adduct cannot be verified. However, as it was discussed in the previous Section, a by-product
of the trapping reaction is the release of TEMPO". As TEMPO" is a persistent radical, it can react
rapidly with C-centred radicals (e.g., k ~ 10° M? s for the reaction with t-Bu*),® but it does not
react with O-centred radicals. This side reaction can be used as an indication of whether the trapped
radicals detected are C-C or C-O bonds. For instance, if the same tyrosyl radical can be detected as
a TEMPO-adduct, then this would strongly support that it reacts as a C-centred radical. Conversely,
if no TEMPO-adduct can be detected, then this could suggest that the tyrosyl radical reacts as a
phenoxy radical. To that end, LC-MS chromatograms were scanned for the detection of the tyrosyl
radical as a TEMPO-adduct, but no evidence were obtained for the formation of this compound.
While this is not definitive proof, it does support the notion that reaction between tyrosyl radical

and radical trap 7 occurs via the phenoxyl radical.

4.5.3 Side reactions

It is important to address the possibility of reactions between the trap and the oxidising agents.
Indeed, HO® is a well-documented powerful and non-selective oxidising agent. As such, apart from
reaction with N-Ac-Gly-Tyr-OH, it can undergo facile addition to the radical trap. This reaction leads
to the formation of an HO-trapped adduct and shows that trap 4.1 can act as an HO®-scavenger.
When LC-MS chromatograms were scanned for the [M + H]* of the HO-trapped adduct the following
EIC was obtained (Figure 65A).

-
(o]

: S
5 A EIC a7 B Eic
~ +.,
‘_ x
508 >°
3 D 4
5 g
< 0.4 £3
(0]
= 52
° 0.2 °
3 21
< <
0 0
18 20 22 24 26 28 25 30 35
Retention time / min Retention time / min

Figure 65. Extracted ion chromatograms for potential non-radical products arising from the reaction of HO* with 4.1. A)
EIC for the m/z of 173.1290 (HO-trapped adduct), and B) EIC for the m/z of 327.2396 (trap dimer). Reactions were
carried out in open air.
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The [M + H]* of the trapped HO® was observed (Figure 65A), and actually was present at similar
absolute intensity as the hydroxylated product (107). However, the most dominating peak of this
reaction was an unidentified compound eluting at ca. 31 min with an [M + H]*: 327.2396, whose
EICis provided in Figure 65B. After careful examination it was realised that this is a consequence of
using high trap concentration. The species responsible for this peak is a HO*-mediated trap dimer

4.10, and the following structure and mechanism is tentatively proposed (Scheme 54).

410

[M + HJ*: 327.2391

Scheme 54. Proposed mechanism for the formation of the trap dimer with an [M + H]* of 327.2391, via allylic hydrogen
abstraction by HO* from the HO-trapped adduct.

Initial reaction of HO* with the trap yields compound 4.8 (confirmed by the EIC of Figure 65A). It
was then postulated that allylic HAA from 4.8, produces a transient allylic radical 4.9 that upon
further reaction with another molecule of trap 4.1, leads to 4.10 (the allylic radical was also
successfully detected as a TEMPO-adduct; data in Appendix). In order to further corroborate
whether the two EICs (Figures 65A and 65B) are a manifestation of the reaction between HO® and
the radical trap 4.1, two control reactions were carried out. Firstly, reactions were run in the
absence of 4.1, and secondly in the absence ONOOH (all other reaction conditions were maintained
the same). In both cases the signals were completely absent, thus verifying that the two products
are formed from the reaction between HO* and the radical trap 4.1. No adducts as a result of

reaction between the allylic radical 4.9 of Scheme 54 and O; could be detected.

155



Radical trap 4.1 was successfully used in the trapping and characterisation of a tyrosyl radical (the
only expected radical intermediate in the ONOOH-induced oxidation of N-Ac-Gly-Tyr-OH).
Importantly, despite the fast competing reactions, reaction conditions and detection methods were
optimised, and strong evidence for the formation of a tyrosyl-trapped adduct were obtained. Our
results here can be used as a proof-of-principle to study other less selective systems. Next our

attention was turned to other oxidation systems to further explore the scope of this method.

4.6 HO®-induced oxidation

In Chapter 2 we investigated the aerobic HO-induced peptide oxidation with a particular emphasis
on the formation of peptide-derived hydroperoxides. Hydroxyl radicals are the most powerful
oxidising agent, are unselective, and are omnipresent in both biological and atmospheric
systems. 333334 Therefore, it was decided to explore whether our radical trap 4.1 can be used to trap
biological radicals produced from photogenerated HO®. Moreover, work on the trapping of radical
intermediates generated on simple peptides by HO® (generated via Fenton chemistry) has already
been carried out in our group (see Section 4.4), and this would allow us to compare our
experimental results. Since a series of experiments was already carried out utilising the UV/H,0,
system in Chapter 2, the same reaction conditions were applied here with the addition of 10% of

radical trap 4.1 (Scheme 55).
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R/N\)J\OH ( ) Oxidation products and trapped radicals
H,0, UV
2 min
1 mM
N-Ac-peptide
N-Ac-peptide =

WN H HN\’//O

O O
N-Ac-Gly-Tyr-OH N-Ac-Ala-Phe-OH N-Ac-Ala-OH

OH o
] \HJ\
) OH OH
H% on ﬁ” 0
g

0]

24 2.5 2.6

Scheme 55. Experimental conditions for aerobic HO*-induced oxidation of three biological targets in presence of radical
trap 4.1. All oxidised solutions were frozen immediately after cessation of irradiation until analysis by either DI-MS or LC-
MS.

Unlike the ONOOH system where high concentrations of trap 4.1 were necessary to outcompete
the reaction of *"NO, with tyrosyl radicals, here low amounts of trap are preferred. The reason for
this is to allow some autoxidation to proceed. Moreover, using only 0.1 eq. of 4.1 has allowed
analysis of reactions by both DI-MS and LC-MS (and not only LC-MS as in the ONOOH studies). It is
acknowledged that the extremely high concentration of H,0; in respect to the starting substrates
is not representative of actual biological systems, however, as photolysis of H,0, is not that efficient
with the lamp we have used (vide infra), these conditions were used to ensure a substantial HO"-
induced oxidation of the substrates (ca. 10%) The H,0, degradation was quantified
spectroscopically and was found that under these experimental conditions only 1% of the total H,0,
is decomposed (data not shown). To confirm that any detected oxidation products were a result of
the hydroxyl radical-mediated oxidation, and not from the direct excitation of the starting
substrates, the following control experiment was conducted. Aqueous solutions of the starting
substrates (all 1 mM concentration) were exposed to the same UV light source in the absence of
H20,. This resulted in no appreciable degradation of the substrates, and no oxidation products /

trapped radicals could be identified (data not shown).
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The reactivity between HO® and the three N-acetyl protected substrates has been explored in
Chapter 2, but some product discussion will be held here as we are looking at more than just
hydroperoxide formation. Nonetheless, as most of the oxidation products are well-characterised in
the literature, the majority of this Section will focus on the trapping and detection of radical

intermediates formed in the three substrates upon exposure to HO".

4.6.1. N-Ac-Ala- OH

Exposure of N-Ac-Ala-OH to HO® resulted in a range of different degradation products that were
successfully characterised by DI-MS (i.e., alcohols, hydroperoxides as confirmed by D,0
experiments, dimeric species, and carbonyls from RO® fragmentation; all of the MS data can be
found in the Appendix). Reactivity of N-Ac-Ala-OH with HO® is well-defined (discussed in detail in
Chapter 2), and it involves a HAA mechanism that generates a C-centred radical on the protected
amino acid. The C-centred radical can add to dioxygen to afford the corresponding peroxyl radical.

In turn, peroxyl radicals yield alkoxyl radicals via intermediate formation of hydroperoxides.

4.6.1.1 Primary detected radicals

Based on these mechanisms three main radicals are predicted to be generated in this system, that
are; a C-centred (Figure 66A), a peroxyl (Figure 66B) and an alkoxyl radical (Figure 66C). Similarly to
the experiments in Chapter 2, these reactions here were also run in unbuffered solutions, and as
such, the % of the substrates in their anionic form is high (see section 2.6.1). Identification of peroxyl
and alkoxyl radicals is complicated by the presence of different isomeric species having identical [M
+ H]*. For instance, a peroxyl radical will have the same [M + H]* as an alkoxyl radical + OH group,
or a C-centred radical + 2 OH groups. As such, further experiments (e.g., isotope exchange
experiments) are required to conclusively assign the acquired m/z to specific chemical compounds
(vide infra). It is noted that N-Ac-Ala-OH ionised very poorly in LC-MS, and as such, all irradiated

solutions were analysed by DI-MS.
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Figure 66. Suggested chemical structures, [M + H]*, and DI-MS spectra for A) a trapped C-centred radical, B) a trapped
peroxyl radical, and C) a trapped alkoxyl radical. All radicals are generated via initial HAA by HO* from an available C-H
on N-Ac-Ala-OH. Reactions were carried out in open air.
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Before any discussion can be held, it is instructive to address the possibility of
reactions/fragmentations occurring during the DI-MS analysis. While reactions taking place in the
gas phase during Dl is certainly a possibility, and cannot be ruled out, the ionisation technique we
have used throughout our MS analysis (ESI), is generally viewed, and accepted as a “soft” ionisation

technique, that allows the detection of intact molecular ions.3*°

Interestingly, investigation of the DI-MS spectra revealed that all three supposed radicals are
detected as trapped molecules with our radical trap 4.1 (highlighted in red in Figures 66A, 66B, and
66C), and also as TEMPO-adducts (highlighted in purple in Figures 66A, 66B, and 66C). The detection
of a C-centred trapped radical is perhaps unexpected, as most carbon-centred radicals react with
electron-deficient alkenes with typical second order rate constants in the range of k ~ 10° - 10’ M~
1¢1,322\while O, addition is at least 100 times faster. Therefore, the existence of C-centred trapped
radicals likely indicate that reactions suffered from deoxygenation. Control reactions that were
carried out in N; revealed that no peaks that could be associated with trapped ROO* or oxygenated

products (e.g., hydroperoxides) could be identified (but C-centred radicals were evident).

The fact that the supposed ROO*® and RO* adducts are present as TEMPO adducts too, suggest that
(at least to an extent) the signals are due to C-centred radicals that have previously underwent one
or two hydroxylations. Therefore, while assigning the acquired m/z to C-centred trapped radicals is
straightforward, O-centred ones are more complicated to assign. To better understand whether
the acquired signals are due to C-centred or O-centred radicals, isotope exchange experiments
(similarly to our hydroperoxide work; see Chapter 2 and Experimental Chapter) were carried out.
This is because the supposed radicals have a different number of exchangeable protons. Indeed,
isotope exchange can allow the differentiation of ROO°®, RO* + OH, and R* + 2 OH, as well as RO*
and R* + OH. Therefore, irradiations were repeated, but aliquots were now diluted in D;0 instead
of H,0 before injection in the MS instrument. Peroxyl and alkoxyl trapped adducts can now be

differentiated by C-centred adducts as upon full deuteration the [M + D] is different (Figure 67).

160



! D
~D N (0] ]\ I
@N/\/ N’D ~D N O
| ®']‘/\( D
o} O\D ) (0]
N__O
O -
.D o D D \E
(0] o o
N__O
T o :

DN
(0]
peroxyl alkoxyl + OH C-centred + 2 OH
(suggested structure) (suggested structure) (suggested structure)
[M + D]*: 322.1911 [M + D]*: 323.1973 [M + DJ]": 324.2036
| o
~ND “® ]\
®
Lo NP
N
o (0] (0]
o 0
_.D
o D,N 0]
_N (0]

D \’7 o)

|

D

alkoxyl C-centred + OH

(suggested structure) (suggested structure)

[M + H]+: 306.1962 [M + H]*: 307.2024

1 o2 307.2017
3 S
© 323.1966 s (C* + HO trapped) B
,\\ 0.8 ~ 4 5
o 5
E (alkoxyl + HO < 306.1955
0.6
z Aa/dd““) 2 .| (akoxyl adduct)
G,, 3221904 S
£ k=
g (peroxyl adduct) % 0.5
° 0.2 ro)
2 2
< <, & ol G
3225 323 323.5 324 306 306.5 307 307.5
m/z m/z

Figure 67. Suggested chemical structures of potential trapped adducts (with identical m/z) that upon isotope-exchange
experiments now have a different m/z and can be differentiated by MS. Representative DI-MS spectrum of a reaction
that has been diluted in D,0 to allow separation of compounds with same m/z but different number of exchangeable

protons. The MS spectra shows the existence of A) trapped peroxyl (highlighted in red), and trapped alkoxyl (highlighted
in purple) radicals, while B) shows the existence of trapped alkoxyl (highlighted in red), and trapped C-centred radicals
(highlighted in purple). Reactions were carried out in open air.

161



Figure 67 shows a DI-MS spectrum of an irradiated solution of N-Ac-Ala-OH (diluted in D;0). Isotope
exchange experiments were successful and strong evidence for the existence of trapped O-centred
radicals were obtained. In Figure 67A, the acquired m/z of 322.1904 (highlighted in red) supports
the existence of a trapped peroxyl radical, while the m/z of 323.1966 (highlighted in purple)
supports the existence of a trapped alkoxyl radical. Our D,0O experiments here further corroborate
the generation of intermediate peroxyl and alkoxyl radicals in the aerobic HO®*-mediated oxidation
of N-Ac-Ala-OH. Figure 67B suggests that the acquired m/z of the potential alkoxyl radicals (Figure

66C), is due to both alkoxyl and C-centred radical adducts in the reaction mixture.

No signal for a potential C-centred radical that has been previously dihydroxylated could be
obtained in the D,0 analysis. This result is contradicting the data of Figure 66B, as the [M + H]* of
supposed peroxyl radical has been detected as a TEMPO-adduct indicating the presence of a C-
centred radical + 2 OH with the same m/z. This outcome can be explained by the relative abundance
of the species in the solutions. While trapped C-centred radicals + 2 OH with the same [M + H]* as
the trapped peroxyl radical might exist, their abundance could be very low, and therefore, when
fully deuterated cannot be detected (below the limit of MS detection). However, the peak
corresponding to the [M + H] * of the TEMPO-adduct of Figure 66B (highlighted in purple) is
reasonably strong, and upon full deuteration should be still detected. To confirm this hypothesis,
DI-MS spectra of the deuterated samples were scanned for the [M + D]* of the TEMPO-adduct of
potential dihydroxylated C-centred radicals. This signal was indeed present in the analysis (data not
shown), therefore confirming that three species are contributing to the [M + H]* of 318.1655 of
Figure 66B. Next our focus turned to secondary radicals, arising from further oxidation of the

degradation products.
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4.6.1.2 Secondary detected radicals
The main degradation product that was identified was an N-Ac-Ala-OH-derived carbonyl 4.12

(arising from tertiary RO® fragmentation 4.11; Scheme 56).
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Scheme 56. Formation of N-Ac-Ala-OH-derived carbonyls, as a result of an alkoxyl radical fragmentation. The alkoxyl!
radical is generated most likely via homolysis of an N-Ac-Ala-OH-derived hydroperoxide.

It was theorised that further HAA from the diacetamide 4.12 shown in Scheme 56 by HO® could
occur thus leading to new C-centred radicals (and consequently, peroxyl and alkoxyl radicals). The
structures and the corresponding EICs of the [M + H]* for the three potential trapped adducts are

given in Figure 68.
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Figure 68. Suggested chemical structures, [M + H]*, and DI-MS spectra for A) a trapped C-centred radical, B) a trapped
peroxyl radical, and C) a trapped alkoxyl radical. These radicals arise from HAA by HO* from the N-Ac-Ala-OH carbonyl of
Scheme 57. Reactions were carried out in open air.

Consistent with our prediction, the [M + H]* of all three predicted radicals were present in the DI-
MS spectrum (Figure 68; highlighted in red are the trapped adducts, while highlighted in purple are
the radicals trapped with TEMPQO®). All three supposed radicals are trapped with TEMPO® indicating
that the signal could be due to C-centred, and not O-centred radicals. Again, the acquired m/z of
potential peroxyl radicals (Figure 68B), can be due to ROO®, RO* + OH, or R* + 2 OH. Similarly, the
acquired m/z of potential alkoxyl radicals (Figure 68C) can be due to either RO*, or R *+ OH. To

further elucidate the exact identity of these species, DO analysis was carried again (Figure 69).
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Figure 69. Suggested chemical structures of potential trapped adducts (with identical m/z) that upon isotope-exchange
experiments now have a different m/z and can be differentiated by MS. Representative DI-MS spectrum of a reaction
that has been diluted in D,0 to allow separation of compounds with same m/z but different number of exchangeable

protons. The MS spectra shows the existence of A) trapped peroxyl (highlighted in red), trapped alkoxyl (highlighted in

purple), and C-centred (highlighted in teal) radicals, while B) shows the existence of trapped alkoxyl (highlighted in red),
and trapped C-centred radicals (highlighted in purple). Reactions were carried out in open air.
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Interestingly, our D,O experiments confirm that the signal for the [M + H]* of 288.1546 (Figure 68B),
is in fact, a contribution of three different species. Indeed, the [M + D]* for potential trapped peroxyl
radicals (Figure 69A; highlighted in red), alkoxyl radicals (Figure 69A; highlighted in purple), and C-
centred radicals (Figure 69A; highlighted in teal) were all present when reaction mixtures were
diluted in D,0. The abundance of the potential peroxyl radical adducts is lower than the
corresponding alkoxyl, and that could be attributed to the relative trapping rates (RO® are expected
to react faster with the radical trap 7). Similarly, Figure 69B confirms that the acquired m/z of
potential alkoxyl radicals (Figure 68C) is due to both alkoxyl radicals (Figure 69B; highlighted in red)
and C-centred radicals that have been previously hydroxylated (Figure 69B; highlighted in purple).
We note that the fragmentation mechanism of Scheme 57, also releases *CO;H and this was
detected as a trapped adduct providing further evidence for the mechanism (MS data in the

Appendix).

The fragmentation mechanism of Scheme 56 can also follow a different pathway and produce a N*

4.15 and a carbonyl 4.14 (Scheme 57).

. 0
(0] (o) .
\\)J\OH . 0 , HN_O
HN\fO OH \f
4.11 4.14 4.15

Scheme 57. Fragmentation of a tertiary N-Ac-Ala-OH-derived alkoxyl radical to generate a new carbonyl and an Ne
radical.

Subsequent HAA by HO® from the new carbonyl can yield transient C-centred, and O-centred
radicals (similarly to the case of the acetamide; Figure 68). Therefore, DI-MS spectra were scanned

for these trapped adducts (Figure 70).

165



5 244.1537
=
®© (C*-TEMPO-trapped) A
HN. 20 = 243.1333
o >;3 (C-trapped)
:‘é
OH ¢ 3
(0] £
Q
=,
C-centred 9
(suggested structure) 2

242.5 243 243.5 244 2445

[M + H]": 243.1339 m/z
O~_OH
. 3 B
o =
O\O e 25
,\O
| &°
>
0P N>R 215 274.1233
Q
H < ] (peroxyl trapped)
Q
peroxyl é 05
(suggested structure) g
—, Lo Katiaca il . APPSO § i
274.5 275 275.5 276
[M + H]*: 275.1238 m/z
| 8
/gHL 7 ¢

A~ O o

259.1281
(alkoxyl trapped)

MWMLMWMMMWMW

258.8 259 259.2 259.4 259.6
[M + HJ*: 259.1288 i

N W

alkoxyl
(suggested structure)

-

@]
o
I
Absolute intensity x 10°%/ a.u.

o

Figure 70. Potential chemical structures, [M + H]*, and DI-MS spectra for A) a trapped C-centred radical, B) a trapped
peroxyl radical, and C) a trapped alkoxyl radical. These radicals arise from HAA by HO* from the N-Ac-Ala-OH carbonyl of
Scheme 58. Reactions were carried out in open air.
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Our analytical data corroborate the formation of both C- and O-centred radical from this
mechanistic pathway. Figure 70A shows the m/z corresponding to possible C-centred trapped
adduct (highlighted in red), while the m/z of the predicted radical as a TEMPO-adduct is also present
(highlighted in purple). Moreover, Figure 70B and 70C demonstrate that both peroxyl and alkoxyl
trapped adducts are present in the irradiated mixtures (highlighted in red). No TEMPO-adducts
were detected for the potential peroxyl and alkoxyl radicals this time, indicating that the MS signals
are likely due to O-centred, and not C-centred radicals. Unfortunately, the peaks are too weak in

intensity to allow D,0 analysis, and therefore, the exact structures were not further elucidated.

It is noted that the identified trapped adducts of Figure 70, can also result from the HAA reaction

between the amidyl radical 4.15 and the carbonyl 4.14 inside the solvent cage (Scheme 58).

O .
HN.__O HN__O o
Os‘)J\OH * \f : \f ¥ OH

4.14 4.15 4.16 417

Scheme 58. Hydrogen atom abstraction reaction between an amidyl radical and a carbonyl, yielding an amide and a
new C-centred radical.

In fact, recent advanced theoretical studies have shown the propensity of amidyl radicals to
undergo HAA reactions, as the resulting closed-shell species (the amide; in this case 4.16) is further
stabilised due to the delocalisation of the nitrogen lone pair on the empty n*orbital of the carbonyl
moiety.>*® In the amidyl radical 4.14, this stabilisation effect is reduced as it is the unpaired electron

that is delocalised on the nearby carbonyl moiety.

Our experimental data here are consistent with previous work carried out in our group.!® Indeed,
when aqueous solutions of N-Ac-Gly-Gly-OH were oxidised by HO® (generated via Fenton-
chemistry; experimental conditions as outlined in Scheme 50), MS signals corresponding to the
same C- and O-centred trapped radicals (as in Figures 66, 68 and 70) were obtained, although their

exact identify was not further elucidated as in this case (D,0 experiments; Figures 67 and 69).

It is noted that when HO® were generated by the reductive cleavage of H,0,, more trapped radicals
were detected. These radicals were likely a result of decomposition of intermediate hydroperoxides
formed in N-Ac-Gly-Gly-OH. This is not unexpected as Fe?* is known do induce one-electron

reduction of hydroperoxides, thus generating more radical species in the system. Furthermore, the
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difference in the number of different radicals that were observed in the two systems (i.e., Fe?*/H,0,
vs UV/H,0,) could be attributed to the relative HO*-fluxes. While the extent of H,O, degradation
was not assessed in the Fe?*/ H,0,, the iron-catalysed decomposition of H,0, is a very fast and
efficient way of generating HO®, and thus the radical flux was likely high. Conversely, in our system

only 1% of the total H,0, is decomposed (H.0, concentration was determined spectroscopically).

Having demonstrated that exposure of N-Ac-Ala-OH to HO® leads to the generation of transient
radicals, it was sought to explore the oxidation of more complex peptides. The next Section will

focus on the aerobic HO*-induced oxidation of N-Ac-Ala-Phe-OH.

4.6.2. N-Ac-Ala-Phe-OH

The HO*-mediated oxidation of N-Ac-Ala-Phe-OH is more complicated compared to N-Ac-Ala-OH,
as HO’ can react via three different pathways; that are direct addition to the benzene ring, electron
transfer, and HAA. Degradation products from all three reaction mechanisms were identified by
MS, and these include hydroxylation and dihydroxylation of the benzene ring, peroxidation, dimeric
species, and carbonyls from tertiary alkoxyl radical fragmentation (all MS data can be found in the

Appendix).

Addition of HO" to the aromatic ring of N-Ac-Ala-Phe-OH is near the diffusion controlled limit and
gives rise to an unstable cyclohexadienyl radical. Diffusion controlled oxygen addition followed by
facile HO"-elimination produces a stable hydroxylated adduct.1%9337:338 Therefore, this mechanism
is not expected to yield transients that can be captured. On the contrary, both HAA and electron
transfer are predicted to afford radical species, and thus, these two mechanisms will be further
explored. Unlike N-Ac-Ala-OH, N-Ac-Ala-Phe-OH ionised very efficiently in the LC-MS, and so

oxidised solutions were analysed both by DI-MS and LC-MS.

4.6.2.1. Hydrogen atom abstraction

Hydrogen atom abstraction by HO® can take place (from different C-H positions of the molecule)
forming isomeric C-centred radicals, and consequently peroxyl and alkoxyl radicals (similarly to N-
Ac-Ala-OH). Nonetheless, based on the % of deprotonated N-Ac-Ala-Phe-OH, the most likely
position from which the HO® can abstract a hydrogen from remains the benzylic position. As such,
initially, MS data were scanned for these potential trapped adducts (Figure 71; structures shown

for potential HAA from the benzylic position of the molecule).
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Figure 71. Suggested chemical structures and DI-MS spectra for potential C-centred and alkoxyl radical adducts. A) DI-

MS spectrum of potential C-centred radical as a trapped adduct, and as TEMPO-adduct, B) DI-MS spectrum of potential
alkoxyl radical as a trapped adduct and as a TEMPO-adduct. Reactions were carried out in open air.
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Investigation of the MS spectra revealed that the m/z corresponding to potential C-centred and
alkoxyl radicals trapped were present (Figure 71A and 71B, respectively). Both supposed radicals
were also detected as TEMPO-adducts. Unfortunately, the m/z peak for the trapped alkoxyl radical
(Figure 71B; highlighted in red) is too weak to allow D,0 experiments, and therefore, the nature of
the trapped radical could not be further elucidated. No m/z corresponding to potential peroxyl
trapped radicals could be obtained. C-centred trapped radicals were also identified by LC-MS (but
no trapped alkoxyl adducts). Indeed, the EIC of 433.2445 (potential C-centred trapped radicals)
revealed 4 peaks, indicating that HAA by HO® from N-Ac-Ala-Phe-OH is non-selective and vyields
multiple C-centred radicals (LC-MS data can be found in the Appendix).

Similarly to N-Ac-Ala-OH, carbonyls resulting from alkoxyl radical fragmentation (Scheme 57) were
identified (albeit in lower relative abundance; MS data in the Appendix). However, no radicals
generated on N-Ac-Ala-Phe-OH-derived carbonyls could be detected, indicating that this is not a

major degradation pathway for N-Ac-Ala-Phe-OH.

4.6.2.2 Electron transfer

In Introduction (Section 1.7.4.3) it was discussed how electron transfer between HO® and
phenylalanine is a rapid process (k ~ 10° M s1),%* that yields a radical cation 4.18. Since N-Ac-Ala-
Phe-OH exists mostly as a carboxylate anion in the solution (see Section 2.6.1), a second
intramolecular electron transfer can take place, followed by a deprotonation affording a

thermodynamically unstable carboxylate radical 4.19 (Scheme 59).
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Scheme 59. Radical decarboxylation mechanisms, facilitated by an ET mechanism between HO* and N-Ac-Ala-Phe-OH.
The radical cation intermediate undergoes fast intramolecular ET to produce a highly unstable carboxylate anion.

Spontaneous radical decarboxylation releases CO, and leads to the formation of a transient C-

centred radical,*?3% which can either be trapped by 7 or react with O, to produce peroxyl and

alkoxyl radicals. Therefore, DI-MS spectra were investigated for the existence of these trapped

species (Figure 72).
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Figure 72. Suggested chemical structure for trapped radicals on N-Ac-Ala-Phe-OH arising from the radical

decarboxylation mechanism. A) DI-MS spectrum of the C-centred trapped adduct, B) DI-MS spectrum of the peroxy!

trapped adduct, and C) DI-MS spectrum of the alkoxyl trapped adduct. Reactions were carried out in open air.
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The [M + H]* of potential C-centred, peroxyl and alkoxyl radicals as trapped adducts were all
identified by DI-MS (Figure 72A, 72B and 72C respectively; highlighted in red). The m/z of the
TEMPO-adducts is also present in all cases (highlighted in purple). It is noted that the C-centred trap
adduct (Figure 72A; highlighted in red) was the most dominant peak of the MS spectra (both DI-MS
and LC-MS).

Further investigation of LC-MS chromatograms of the oxidised solutions for the [M + H]* of the
potential trapped peroxyl and alkoxyl radicals of Figure 72 revealed that multiple products with the
same m/z exist (LC-MS data in the Appendix). This is not unexpected as peroxyl radicals share the
same m/z with alkoxyl radicals + an OH group, or a C-centred radical + 2 OH groups (similarly to N-

Ac-Ala-OH). These data further corroborate that HO® reacts primarily via ET with N-Ac-Ala-Phe-OH.

To further elucidate the MS peaks of Figure 72B and 72C, D,0 analysis was carried. Indeed, different
trapped adducts with the same [M + H]* possess different number of exchangeable protons, and
upon full deuteration have a different [M + D]*. As such, peroxyl trapped radicals can now be

differentiated by alkoxyl + HO trapped radicals, and C-centred + 2 HO trapped radicals (Figure 73).
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Figure 73. Suggested chemical structures of three potential trapped adduct (with identical m/z) that upon isotope-
exchange experiments now have a different m/z and can be differentiated by MS. Representative DI-MS spectrum of a
reaction that has been diluted in D,0 to allow separation of compounds with same m/z but different number of
exchangeable protons. The MS spectra shows the existence of trapped peroxyl radical (highlighted in red), a trapped
alkoxyl radical (highlighted in purple), and a trapped C-adduct (highlighted in teal). Reactions were carried out in open
air.

Isotope exchange experiments were successful, and the previously indiscernible structures can now
be separated. Indeed, our DO data indicate that (at least) three different compounds contribute
to the initially acquired [M + H]* of 421.2434. The most dominating signal is attributed to a peroxyl
radical adduct (Figure 73; highlighted in red), followed by the alkoxyl (Figure 73; highlighted in
purple), and lastly the C-centred adduct (Figure 73; highlighted in teal). These data strongly support

the formation of both peroxyl and alkoxyl radicals in this system.
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Similarly to peroxyl radicals, the acquired [M + H]* of 405.2485 of Figure 72C (potential alkoxyl
radical adducts) could be due to a C-centred radical + an OH group, and can be differentiated by
deuterium exchange experiments, as the supposed compounds possess different number of labile

-H (Figure 74).
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Figure 74. Suggested chemical structures of two potential trapped adduct (with identical m/z) that upon isotope-
exchange experiments now have a different m/z and can be differentiated by MS. Representative DI-MS spectrum of a
reaction that has been diluted in D0 to allow separation of compounds with same m/z but different number of
exchangeable protons. The MS spectra shows the existence of trapped alkoxyl radical (highlighted in red), and a trapped
C-adduct (highlighted in purple). Reactions were carried out in open air.
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Predictably, D,O experiments confirmed the existence of both alkoxyl and C-centred radicals (that
have been previously hydroxylated) trapped with 7. The DI-MS data here indicate that the C-adduct
(Figure 74; highlighted in purple) is the most abundant species compared to the alkoxyl adduct
(Figure 74; highlighted in red). This is likely a result of the hydroxylation occurring at different
positions of N-Ac-Ala-Phe-OH (before decarboxylation takes place), thus leading to a range of
isomeric products (as confirmed by the multiple peaks for the EIC of the trapped alkoxyl radical of
Figure 73B in the LC-MS trace; data in the Appendix). The MS data coupled with well-established
isotope-exchange experiments strongly corroborate the characterisation of O-centred (both ROO*
and RO°) in the aerobic HO*-induced oxidation of N-Ac-Ala-Phe-OH. It is noted that degradation
products (i.e., alcohols and hydroperoxides; confirmed by D,O analysis) resulting from the radical

decarboxylation mechanism were also identified in the MS spectra (MS data in the Appendix).

The relative intensities of the degradation products and trapped adducts suggest that N-Ac-Ala-
Phe-OH reacts primary via addition and electron transfer with HO®, and to a lesser extent via HAA.
This could explain why trapped adducts from the HAA reaction were present in lower abundance
(and no trapped peroxyl radicals were detected). Generally, peroxyl radicals are relatively stable
radicals, and addition to alkenes is slow (e.g., t-BuOO" reacts with an estimated k ~ 0.1 M st with
methyl methacrylate, which has similar electronic properties to 4.1).3* Therefore, trapped adducts
are mostly detected when high concentrations of ROO® are present in the mixtures. This is probably

the case for the electron transfer mechanism.

Our analytical data suggest that the aerobic reaction between HO® and N-Ac-Ala-Phe-OH occurs via
three different mechanisms, that are; addition to the benzene ring, HAA and ET. Importantly, strong
evidence for the generation of intermediate radicals as a result of all three mechanisms were
obtained. The radical decarboxylation of N-Ac-Ala-Phe-OH initiated by HO® (ET mechanism) has
been proposed in the literature,'?! but to the best of our knowledge, this is the first reported

example of detected intermediate radicals arising from this mechanism by MS.
Having explored the reactivity between HO® and N-Ac-Ala-Phe-OH, it was decided to move to a

tyrosine-containing peptide to examine how the presence of a hydroxy group in the benzene ring

will affect the overall reaction mechanisms.
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4.6.3. N-Ac-Gly-Tyr-OH

Reaction between HO® and N-Ac-Gly-Tyr-OH proceed via the same three mechanisms as with N-Ac-
Ala-Phe-OH. Both addition and electron transfer afford a highly stabilised tyrosyl (phenoxyl) radical
(see Introduction; Section 1.7.4.2 and 1.7.4.3), while HAA from the aliphatic C-H yields a C-centred

radical. Therefore, in this system the first two mechanisms cannot be differentiated.

4.6.3.1 Addition / electron transfer
The stabilised phenoxyl radical can undergo addition reaction to the radical trap 4.1 and produce a
tyrosyl trapped adduct. Therefore, DI-MS analyses were scanned for the [M + H]* of a potential

trapped adduct (Figure 75).
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Figure 75. DI-MS spectrum showing the suspected tyrosyl radical as a trapped adduct (highlighted in red), and as a
TEMPO-adduct (highlighted in purple). The tyrosyl radical can be formed via addition of HO® to the aromatic ring of N-
Ac-Gly-Tyr-OH, via ET, or via HAA by HO* from the phenolic O-H. Reactions were carried out in open air.

Scanning of the MS spectrum revealed that a peak suggesting the formation of a tyrosyl radical
trapped is evident (Figure 75; highlighted in red). The m/z of 435.2230 was also detected by LC-MS
as a single peak (data in the Appendix). The same radical trapped with TEMPO® was also identified
in the DI-MS spectra (Figure 75; highlighted in purple). These data suggest that a C- and not an O-
centred radical is trapped in our reactions (as reaction of TEMPO*® with O-centred is less likely),
although it is possible that two different compounds contribute for the peak with the 435.2230 m/z.
If the peak is due to a C-centred radical, then this could either be a resonance structure of the
phenoxyl radical, or a C-centred radical generated via HAA on another part of the molecule (Figure

76; for the HAA mechanism see next Section).
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Figure 76. Possible C-centred radical structures that upon reaction with radical trap 4.1 would produce the DI-MS signal
of 435.2230 of Figure 75.

Unfortunately, due to time constraints a more in-depth investigation was not possible, and no
further data were acquired to further elucidate structure responsible for the acquired m/z of

435.2230.

4.6.3.2. Hydrogen atom abstraction

The hydrogen atom abstraction component of the reactivity between HO® and N-Ac-Gly-Tyr-OH can
be divided into two parts. Indeed, HAA can take place from the phenolic O-H yields a phenoxyl
radical (similarly to the addition/ET mechanism Section 4.6.3.1). Alternatively, HAA from the
aliphatic C-H of the molecule generates C-centred radicals (either on the backbone or the side chain
of the molecule, however considering the high % of deprotonation, the benzylic position would
appear as the most likely position; Figure 76), that in presence of O, can be converted to peroxyl
and alkoxyl radicals. Therefore, DI-MS were now investigated for peroxyl and alkoxyl trapped

radicals (Figure 77).
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Figure 77. Suggested chemical structure and representative DI-MS spectrum showing the suspected alkoxyl radical as a
trapped adduct with 4.1 (highlighted in red), and as a TEMPO-adduct (highlighted in purple). Reactions were carried out
in open air.

Our analysis showed that the m/z of potential alkoxyl radical trapped adducts is present (Figure 77;
highlighted in red), while the same is true for the TEMPO-adduct (Figure 77; highlighted in purple).
This result indicates that the m/z of 451.2182 is (at least to an extent) due to a C-centred radical.
This could be the case if the trapped radical is a C-centred radical that has been previously
hydroxylated (i.e., a DOPA-trapped radical). Again, due to time constraints this was not investigated

further, and the exact chemical structure could not be elucidated any further.

No trapped peroxyl radicals were detected. This was not surprising as the majority of the HO" reacts
with tyrosine via addition or electron transfer, and not HAA (see Introduction; Section 1.7.4).
Therefore, the steady state concentration of peroxyl radicals remains low, and other more favoured
reactions (e.g., HAA to form hydroperoxides) are taking place. Conversely, alkoxyl radical are much
more reactive, and typical second order rates constants for addition of t-BuO® to alkenes are in the
range of k ~ 10° - 10° M? s2.3*1 Finally, similarly to the cases of N-Ac-Ala-OH and N-Ac-Ala-Phe-OH,
a wide range of degradation products were detected (DI-MS and LC-MS data can be found in the

Appendix).
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4.7. HO*-mediated oxidation - conclusions

We were able to use the new concept of radical trapping, that was previously developed in the
Chechik group,®>71¢7 to characterise elusive O-centred radicals during the aerobic oxidation of
biological targets, thus providing strong validation of the literature proposed mechanistic
pathways. The radical trap 7 offers significant advantages for the trapping and characterisation of
biological intermediate radicals as it is easily accessible, water soluble, and ionises excellently in the
MS, thus making the detection of even low uM concentrations of trapped radicals possible. From
our work here it becomes clear that 7 is a good compound for the trapping of carbon- centred and
alkoxyl radicals but reacts less efficiently with peroxyl radicals. This is not unexpected as peroxyl
radicals are generally long-lived species that follow many reaction pathways (e.g., bimolecular
dismutation, HAA etc.), and show little reactivity towards electron-deficient alkenes (see Section

4.6.2.2).

Our experimental data are consistent with HO® reacting via different mechanisms with aliphatic and
aromatic amino acids. Specifically, for N-Ac-Ala-OH multiple radicals arising from initial HAA by HO®
were identified. The exact nature of these radicals was further elucidated by robust isotope
exchange experiments, and it was confirmed that both C- and O-centred radicals were successfully
trapped and characterised. Conversely, for N-Ac-Ala-Phe-OH and N-Ac-Gly-Tyr-OH radicals arising

mostly from addition / ET were detected.

For N-Ac-Ala-Phe-OH the major reaction pathway appears to be the ET mechanism leading to a
radical decarboxylation. The radical decarboxylation of phenylalanine is a well-established reaction
mechanism known to proceed via an ET mechanism in the presence of strong oxidants (e.g., SO4"’;
see Section 1.7.4.3),'% or by direct photolysis. Indeed, there are documented examples where
direct photolysis of agueous solutions of phenylalanine leads to the radical decarboxylation of the
compound, and the ensuing C-centred radical has been characterised by time-resolved
spectroscopy.339342343 However, the decarboxylation as a result of direct photolysis of N-Ac-Ala-
Phe-OH can be discounted in our work, as when aqueous solutions of N-Ac-Ala-Phe-OH were
irradiated in the absence of H,0; (all other experimental conditions were maintained the same), no
radicals or oxidation products were identified. To the best of our knowledge this is the first example
that the ensuing alkoxyl and peroxyl intermediate radicals, arising from the radical decarboxylation
of phenylalanine are characterised by MS. Furthermore, using well-established isotope-exchange

experiments both C- and O-centred radicals were conclusively identified.
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We acknowledge that the experimental conditions of this study do not emulate realistic biological
scenarios, and this is something that could be addressed in the future. In addition, lower
concentrations of H,0; (or HO®) could be used in order to resemble oxidation in living organisms
more closely. Finally, we have demonstrated that our new trapping concept can be used with
different oxidising agents. Indeed, we have shown that our radical trap 7 is capable of trapping
intermediate radicals generated during both the ONOOH- and HO'-mediated oxidation of
biomolecules. However, there are many other oxidants that are capable of reacting with biological
targets.”® It is well-established that hydroperoxides are the major intermediate compounds of
protein oxidation, and it was shown that they can accelerate peptide damage, by decomposing to

transient radicals.

Terpene hydroperoxides are common compounds in the atmosphere and are formed from terpene
emissions. Terpenes are common naturally occurring fragrance compounds that are widely used in
cosmetics, perfumes, and household products. Some terpenes have the documented propensity to
undergo autoxidation leading to allylic hydroperoxides, that in turn have been linked with skin
contact allergy.3* Recently, studies have proposed that allergic contact dermatitis is a radical
process mediated by allylic hydroperoxides, generated from the autoxidation of terpenes.3*3%The
final Section of this Chapter is focused on exploring terpene-derived hydroperoxides as initiators in

the peptide oxidation.
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4.8. Peptide oxidation by terpene-derived hydroperoxides

The process is believed to be initiated by a homolytic cleavage of the labile peroxide -O-O- bond
(BDE of ~ 45 kcal mol?)13%137 producing transients RO" and HO®, that are capable of reacting with
skin proteins. For instance, allylic hydroperoxide 4.21 (Scheme 60) has been identified as a major

autoxidation product of limonene 4.20 and has been reported to be a potent sensitiser.3**

autoxidation OH

4.20 4.1

Scheme 60. Oxidation of limonene 11 leading to an semi-stable allylic hydroperoxide 12.

Radical reactions initiated by the homolysis of terpene-derived hydroperoxides (including 4.21)
have been carried out recently, and intermediate radicals (both C- and O-centred) were
characterised by spin trapping and EPR spectroscopy.3*3* More recently, studies in this field were
further expanded by investigating the iron-catalysed reactivity of allylic hydroperoxides 4.21 in the
presence of protected amino acids and analysis by LC-MS.3* The authors were able to identify
adducts between the generated radicals and the biological target, thus demonstrating the potential
of these radical to bind to skin proteins and cause antigenic structures. In all cases radical
characterisation was achieved by either spin trapping or EPR spectroscopy. We believe that this
relatively underexplored field provides an interesting new system to test the applicability of our
radical traps and provide an alternative method of radical detection with a direct interest to the

personal care and cosmetics industry.
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4.8.1. Radical species from allylic hydroperoxides
Initial investigations on the allylic hydroperoxide 4.21 derived oxidation of protected amino acids
were focused on replicating previous literature,* but using different starting substrates (Scheme

61).

0 12 (0.09 mmol)
H
FeSO,4 (0.1 e
R/N\)J\OH 4 9 » Oxidation products and trapped adducts
H,O / MeCN
N2
2 eq
N-Ac-amino acid
N-Ac-amino acid =
OH OH
HN\fO HN\fO
N-Ac-Ala-OH N-Ac-Phe-OH
2.6 3.13

Scheme 61. Reaction conditions for the iron-catalysed decomposition of allylic hydroperoxide 12, and subsequent
reactivity of the protected amino acids. Aliquots were collected every 24 h and were analysed immediately by LC-MS

N-Ac-Ala-OH and N-Ac-Phe-OH were used as the biological targets in order to be able to directly
compare our previous experimental findings on the HO-induced oxidation, with our results here.
Allylic hydroperoxide 4.21 was isolated in a one-step synthesis from H,0, (50%) and (-)-carveol
according to literature experimental procedure in a 40% yield.*** Only limited spectroscopic data
for the allylic hydroperoxide 4.21 were obtained (*H-NMR) (more information, including the

assighment of the 'H-NMR in the experimental Chapter).34

Unlike our studies in the UV / H,0; system, an excess of the biological target was used here to better
resemble in vivo conditions. The amine group of the two amino acids was protected to mimic their
structure when incorporated in peptides and proteins, and to avoid side reactions initiated by the
N-terminus. FeSO, was used to cleave the labile -O-O- bond of 4.21, as the iron-catalysed cleavage

of the peroxide bond is well-established process that occurs in biological media, and therefore
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emulates better real-life scenarios. The reductive cleavage of 4.21 by Fe(ll) is likely to be a homolytic

process yielding a transient alkoxyl radical 4.22 (Scheme 62).

OH OH

4.24
Oy Fell) Fe(lll)
/\ e)
4.21 '
A
4.25

Scheme 62. Reactivity of hydroperoxide 12 with Fe?*, yielding initial O-centred radicals that in time can evolve into C-
centred radicals.

The transient alkoxyl 4.22 can evolve to a C-centred radical via two main unimolecular reaction
pathways. It can either undergo intramolecular HAA to generate an allylic (2.24) or a tertiary (4.25)
C-centred radical, or intramolecular addition to the double bond to generate an epoxide 4.25.
Alternatively, the alkoxyl radical 4.22 or any of the evolved C-centred radicals, can undergo radical-
based reaction with the protected amino acids to generate non-radical adducts. It is noted that
preliminary reactions were carried out under a N, atmosphere as the purpose of this study was to

identify the short-lived radicals, and reaction with O, was not desirable.

4.8.2 Preliminary data and mechanistic insights
The iron-catalysed decomposition of allylic hydroperoxide 4.21 under the experimental conditions

344 and thus, reactions were allowed to stir for 7

employed here is reported to be a slow process,
days with aliquots taken every 24 h. All reaction aliquots were analysed by DI-MS and LC-MS.
Unfortunately, DI-MS were unsuccessful in this system, as no hydroperoxide 4.21-derived products
could be detected due to the very poor ionisation of 4.21. Indeed, we note that both (-)-carveol
(the precursor of 4.21) and allylic hydroperoxide 4.21 ionised so inefficiently that high mM

concentrations (> 50 mM) were required to even detect the pure compounds. LC-MS proved to be

a more useful tool, and multiple hydroperoxide 4.21-derived products were identified.
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The reductive homolysis of hydroperoxide 4.21 yields an alkoxyl radical 4.22 that can evolve to
different C-centred radicals (Scheme 62). In the case of N-Ac-Ala-OH, any of these radicals can
abstract a hydrogen to generate C-centred radicals on the biological target. Since reactions were
carried out in deaerated solvent, these radicals can accumulate and undergo dimerisation reactions
or react further with the initiator. Selective scanning of LC-MS traces for the dimeric species of N-

Ac-Ala-OH produced the following EIC (Figure 78A).
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Figure 78. Representative EICs of LC-MS analysis, showing the formation of dimeric species on A) N-Ac-Ala-OH (24 h
aliquot), and B) N-Ac-Phe-OH (24 h aliquot). Aliquots were analysed by LC-MS immediately after collection.

Dimerisation of N-Ac-Ala-OH appears to take place to a noticeable degree, with the peak emerging
within the first 24 h of the reaction (Figure 78A). No m/z corresponding to potential non-radical
adducts between N-Ac-Ala-OH and 12-derived radicals could be identified. This likely is due to the
relative stability of intermediate radicals. Indeed, N-Ac-Ala-OH C-centred radicals are relatively
stable and are likely to be the most abundant radical in the system, thus dimerisation becomes

prominent.

Based on the same mechanistic pathway, a dimerisation of N-Ac-Phe-OH was predicted to occur,
and LC-MS chromatograms were investigated for the detection of the dimeric species (Figure 78B).
In agreement with our mechanistic postulate, the detection of N-Ac-Phe-OH-dimer was successful
(24 h). Furthermore, when N-Ac-Phe-OH was used as the biological substrate more non-radical
products could be characterised (this is likely due to the more efficient ionisation in the positive ion

MS of N-Ac-Phe-OH compared to N-Ac-Ala-OH).
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The LC-MS chromatograms showed peaks that were related to the formation of N-Ac-Phe-OH
adducts with 4.21-derived radicals. More specifically, in agreement with literature MS data, the [M
+ H]* corresponding to a stable adduct between N-Ac-Phe-OH and radical 4.22 (or 4.23 / 4.24) began
to emerge within 24 h of the reaction (Figure 79A).
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Figure 79. Suggested chemical structures and [M + H]* for the adduct between N-Ac-Phe-OH and radicals derived from
hydroperoxide 12. LC-MS traces show representative EICs for the m/z of 358.2005 at A) 24 h, and B) 72 h. Aliquots were
analysed by LC-MS immediately after collection.

The generation of an adduct between N-Ac-Phe-OH and radicals derived from the homolysis of
allylic hydroperoxide 4.21 is supported by the EIC chromatogram shown in Figure 79A and is
consistent with literature data.3** In fact, our analytical data suggest that two different adducts with
the same [M + H]* are generated within 24 h of the reaction in similar relative intensity (first eluting
at ~ 32 min and the second at ~ 34 min). This is not surprising, as reductive homolysis of

hydroperoxide 4.21 yields multiple structurally different transients with the same mass (Scheme
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62), and all of these radicals have the propensity to further react with N-Ac-Phe-OH. Unfortunately,
it was not possible to further elucidate the chemical structure and assign each peak of Figure 79A

to a specific adduct.

Interestingly, the compound responsible for the peak eluting at ~ 32 min continued to increase as
the reaction progressed until it reached a maximum abundance at 72 h (Figure 79B). We note that
at the same time, the compound responsible for the peak eluting at ~ 34 min plateaued (the peak
is still there in Figure 79B with similar intensity as in Figure 79A). These data strongly indicate that
while the two products appear to evolve at similar rates at the first stages of the reaction, this

quickly changes, and one becomes significantly more prominent than the other.

In agreement with literature precedent, further investigation of the LC-MS chromatograms
revealed another [M + H]* associated with N-Ac-Phe-OH. Specifically, it is reported that the epoxide
adduct 4.27 is prone to nucleophilic addition of H,0 to produce the diol 4.28 (Figure 80; EIC at 72 h

of reaction).
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Figure 80. Potential chemical structures and [M + H]* for the adduct between N-Ac-Phe-OH and radicals derived from
hydroperoxide 12. LC-MS traces show representative EICs for the m/z of 376.2111 at 72 h. Aliquots were analysed by LC-
MS immediately after collection.
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The [M + H]" of the potential diol 4.28 was indeed present (Figure 80; LC-MS chromatogram of the
reaction after 72 h). Interestingly, the acquired m/z of 376.2111 is not present at the first stages of
the reaction (24 h) but is increasing in abundance thereafter. If the proposed chemical structure
4.28 and the mechanism for its formation are indeed correct, then this could provide an explanation
as to why one of the peaks shown in Figure 79A is increasing over time and the other is plateauing.
Indeed, this would mean that the peak eluting at 34 min in Figure 79A is due to the epoxide adduct
4.27, and in time this converts to the diol adduct 4.28. None of these adducts were detected when
reactions were run in the absence of allylic hydroperoxide 4.28. Lastly, in harmony with literature
precedent no amino acid-derived oxidation products were detected under these experimental

conditions.

4.8.3 Radical trapping

Encouraged by the successful detection of the allylic hydroperoxide 4.21-derived adducts, we
sought to investigate the trapping efficiency of our radical trap 4.1 under the same experimental
conditions (Scheme 61). Therefore, reactions were repeated as earlier (i.e., 2 eq. of the biological
target 2.6 or 3.13, 1 eq. of allylic hydroperoxide 4.21 and 0.1 eq. of FeSQ,) with the addition of 0.1
eq. of trap 4.1 (more information in the Experimental Chapter; Section 5.4.10). LC-MS

chromatograms were now scanned for adducts of the initiator 4.21 with radical trap 4.1 (Figure 81).
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Figure 81. Suggested chemical structure and [M + H]* of a stable non-radical adduct between the radical trap 4.1 and
hydroperoxide 4.20-derived radicals. LC-MS trace shows the EIC of the m/z of 307.2372 at 72 h. Aliquots were analysed
by LC-MS immediately after collection.
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The EIC revealed that indeed an adduct associated with the radical trap 4.1 and the radicals derived
from hydroperoxide 4.21 is present in the reaction mixtures. The peak eluting at ~ 24 min was not
evident at the early stages of the reaction (24 h), but increased in abundance after 48 h, reaching
the maximum concentration (Figure 81) at 72 h. It is noted that the [M + H]* of 307.2380 can be
due to different compounds, as many of the hydroperoxide 4.21-derived radicals have identical
m/z. Unfortunately, no further elucidation of the exact chemical structure of this adduct is currently
available. The detection of adduct 4.29 further corroborates that the previously detected adducts

between the hydroperoxide 4.21-derived radicals and N-Ac-Phe-OH are due to radical reactions.

Interestingly, no trap-related adduct with the diol 4.28 was detected. This outcome indicates that
the acquired m/z of 376.2111 reported in Figure 80 is likely generated via a non-radical process,
thus validating the literature mechanism proposal. Additionally, the hydroperoxide 4.21-derived
radicals abstract a hydrogen from the biological targets and generate C-centred radicals. In the
absence of O, these radicals can accumulate to high concentrations and react with 4.1 to produce
stable non-radical products. Considering this pathway, LC-MS chromatograms were now analysed

for the characterisation of trapped C-centred adducts (Figure 82).
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Figure 82. Suggested chemical structures and [M + H]* of trapped C-centred radicals on N-Ac-Ala-OH and N-Ac-Phe-OH
with representative LC-MS EIC. Both EICs show the abundance at 72 h. Aliquots were analysed by LC-MS immediately
after collection.
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Consistently with our predictions, both trapped adducts associated with C-centred radicals on N-
Ac-Ala-OH (Figure 82A) and N-Ac-Phe-OH (Figure 82B) were collected in relatively high abundance.
Furthermore, in agreement with our previous results, the EIC of Figures 82A and 82B demonstrate
the presence of the compounds at later stages of the reaction (72 h), as no evidence for their

formation was obtained within the first 24 h (data not shown).

4.9 Chapter 4: Conclusions

A new approach for capturing and detecting short-lived radicals was developed previously in our

165-167 |n this work its scope of application was further examined in the trapping of biological

group.
radicals. The scope and sensitivity of the new trapping method was investigated in the well-
established ONOOH-mediated oxidation of a simple tyrosine-containing dipeptide, followed by the
aerobic HO®*-mediated oxidation of protected peptides. A wide range of peptide-derived radicals
were successfully trapped and characterised. For N-Ac-Ala-Phe-OH and N-Ac-Ala-OH we were able
to identify both C- and O-centred radicals. Using isotope exchange experiments we were able to

separate, and thus conclusively assign, trapped radicals with the same [M + H]* (e.g., ROO® from

RO + OH).

Our results here are consistent with previous work in our group. Indeed, radical trap 4.1 has shown
good efficiency at trapping C-centred and alkoxyl radicals, but not peroxyl radicals.%®%” Trapping
of peroxyl radicals with 4.1 is not as efficient, as these species react slowly with alkenes (see Section
4.6.2.2). The successful trapping and detection of peroxyl radicals, is thus depended on their steady
state concentration. High steady state concentrations should allow their detection, and this was
the case for N-Ac-Ala-Phe-OH and N-Ac-Ala-OH. On the contrary, reaction of HO radicals with N-Ac-
Gly-Tyr-OH forms more stable radicals that do not undergo dioxygen addition, and as such, the
steady state concentration of peroxyl radicals likely remains low. Nonetheless, both alkoxyl and
peroxyl radicals were successfully trapped, and their presence was further confirmed by isotope
exchange experiments. This is particularly important as biological O-centred radicals usually exist

in low concentrations and their detection is very challenging.>%1%4349

Lastly, we tested the feasibility of radical trap 4.1 to capture radicals generated from ROOH-
initiated reactions. In this case C-centred radicals generated on N-Ac-Ala-OH and N-Ac-Phe-OH were
successfully trapped with 4.1 and characterised by LC-MS. Moreover, we were able to detect

initiator-derived radicals, thus further confirming the literature proposed mechanistic pathways.
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Our results are in good agreement with previous literature work, where it was confirmed by EPR

that reaction of Fe?* with allylic hydroperoxide 4.21 generates both O- and C-centred radicals.3*

The trapping of radicals arising from the reductive cleavage of terpene hydroperoxides was the
closest system to realistic conditions that we have studied. Indeed, terpene hydroperoxides are
believed to be present in the skin, and therefore radical initiation by Fe?* (very common in vivo)
could trigger radical chain reactions.3#*3% Unfortunately, due to time constraints, this system was
not investigated further. In real systems, the generation of terpene hydroperoxides-derived radicals
is likely followed by O, addition. Therefore, we believe in order to better emulate real-life scenarios,

the effect of O, should be examined.
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Chapter 5: Experimental

5.1 General

Unless otherwise stated, all reagents and solvents were purchased from commercial sources and
used without further purification. A full list of chemicals used is provided in Section 5.2 Chemicals.
Anhydrous solvents were obtained from an Innovative Technology Inc. PureSolv® solvent

purification system.

Thin layer chromatography was carried out on Merck silica gel 60F254 pre-coated aluminium foil
sheets and were visualised by staining with basic aqueous potassium permanganate. Flash column
chromatography was carried out using slurry packed Fluka silica gel (SiO,), 35-70 pm, 60 A under a
light positive pressure, eluting with the specified solvent system. H and 3C nuclear magnetic
resonance (NMR) spectra were recorded in CDCls, DMSO-d®, D,O or MeOD-d* on a JEOL ECX400
spectrometer, operating at 400 MHz. Chemical shifts (6) are quoted in parts per million (ppm). The
residual solvent peaks were used as references in *H were §H 7.26 ppm, 2.50 ppm, 4.78 ppm and
3.31 ppm for CDCls, DMSO-d®, D,0 and MeOD-d*, respectively. Coupling constants (J) are reported
in Hertz (Hz) to the nearest 0.1 Hz. The multiplicity abbreviations used are: s singlet, d doublet, t
triplet, br broad, dd double doublet, dt double triplet, and m multiplet. Signal assignment was
achieved by analysis of DEPT, COSY, HMQC and HMBC experiments where required. Mass spectra
of synthesised compounds were recorded using positive or negative electrospray ionisation on a
Bruker compact QTOF MS (compact) mass spectrometer (£0.001 m/z precision, 30000 resolution).
Mass spectra of oxidation products and trapping reactions were recorded using positive
electrospray ionisation (Pos ESI) on a high resolution solariX XR FTMS (solariX) mass spectrometer
(+0.0001 m/z precision, >10” maximum resolution, mass accuracy 600 ppb (internal)), unless stated
otherwise. All experiments and aqueous solutions were prepared using high-purity Milli-Q Water,
or deuterium oxide (D,0) that was supplied by Merck. All other solvents used were of analytical
grade. For the hydroperoxide experiments, glassware was cleaned in concentrated nitric acid and
thoroughly rinsed with Milli-Q water. This procedure was found to be essential for the removal of

traces of iron.**®
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5.2 Chemicals

All chemicals in this list were used without further purification. 2,2,6,6-Tetramethylpiperidine 1-
oxyl (TEMPO®, 98%, Fluorochem), sodium sulfite (298%, Sigma-Aldrich), O-(benzotriazol-1-yl)-
N,N,N',N'-tetramethyluronium  hexafluorophosphate  (HBTU, 98%, Fluorochem), N,N-
diisopropylethylamine (DIPEA, 299%, Fluorochem), sodium iodide (>99%, Thermo Scientific),
methyl 2-(bromomethyl)acrylate (>97%, Fluorochem), ethylenediamine (99%, Fluorochem), acetic
anhydride (>99%, Acros Organics), acetic acid (>99%, Fluorochem), N,N-dimethylethylenediamine
(>298%, Fluorochem), pentetic acid (99%, Sigma-Aldrich), isoamyl nitrite (= 95%, Fluorochem),
hydrogen peroxide (30 wt.%, Fischer Chemical), hydrogen peroxide (50 wt.%, Fischer Chemical), (-
)-carveol (mixture of isomers, 97%, Fluorochem), glycyl-L-tyrosine (Gly-Tyr-OH, > 97%, Fluorochem),
L-alanine-L-phenylalanine (Ala-Phe-OH, > 97%, Fluorochem), N-acetyl-L-alanine (N-Ac-Ala-OH, 2
97%, Fluorochem), xylenol orange tetrasodium salt (XO, Merck), ammonium Fe(ll) sulfate (> 98%,
Merck), catalase from bovine liver (agueous solution; > 30,000 units per mg of protein) was supplied
by Sigma Aldrich, sulfuric acid (Fisher Scientific), nitric acid (Fisher Scientific). Water (LC-MS grade,
299.9%, Fischer Chemical), acetonitrile (LC-MS grade, 299.9%, Fischer Chemical), formic acid (LC-
MS grade, 299%, Fischer Chemical), formic acid-d, (95 wt.% in D20, 98% atom % D, Sigma-Aldrich)

were used for MS characterisation.
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5.3 Synthetic procedures

N-Ac-Gly-Gly-OH

Gly-Gly-OH (2.0 g, 15.14 mmol, 1.0 eq.) was dissolved in aqueous NaOH solution (2 M; 15.0 mL).
The solution was cooled at 0 °C and stirred. Then acetic anhydride (15.0 mL, 15.86 mmol, 1.1 eq.)
was added dropwise while stirring at 0 °C. Upon complete addition, the solution was acidified to pH
2 with aqueous 2.0 M HCI solution and extracted with EtOAc (3 x 25 mL). The organic layers were
combined, dried over MgSQ,, filtered and concentrated in vacuo to give the crude product as a
white powder (1.97 g). The pure title compound 2.1 was obtained as a white powder in a 67% yield

(1.77 g, 10.14 mmol) after recrystallisation from H,O/acetone.
'H NMR (400 MHz, D,0) 6 ppm: 3.96 (2 H, s, H-2), 3.91 (2 H, s, H-3), 2.03 (3 H, 5, H-1). Data are in

agreement with the literature.3*® HRMS (ESI): [M + H]* HRMS acquired 175.0714, calculated
175.0713, [M + Na]* HRMS found 197.0533, calculated 197.0533.
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N-Ac-Gly-Tyr-OH

24

Gly-Tyr-OH (2.0 g, 8.39 mmol, 1 eq.) was dissolved in agueous NaOH (2.0 N; 4.2 mL) and reaction
was cooled to 0 °C. After 5 min, acetic anhydride (0.9 mL, 9.24 mmol, 1.1 eq.) dissolved in a mixture
of THF (1.8 mL) and NaOH (4.0 N; 2.35 mL) was added dropwise over 45 min, while maintaining the
pH at 11. Upon complete addition the reaction was continued to be stirred at 0 °C for another 1 h.
After that, reaction was acidified with concentrated HCl to pH 1. The crude mixture was then
concentrated to in vacuo to half volume before filtering (vacuum filtration). The precipitate was
washed with ice-cold H,O (20 mL), to afford the pure title compound 2.4 as a white powder in a

77% vyield (1.8 g, 6.45 mmol).

INMR (400 MHz, DMSO-d®) & ppm: 8.09-7.95 (2 H, m, N-H), 7.04-6.92 (2 H, d, J 8.4 Hz, H-6), 6.70-
6.58 (2 H, d, J 8.4 Hz, H-5), 4.37-4.27 (1 H, m, H-3), 3.73-3.66 (1 H, dd, J 15.0, 6.0 Hz, H-2), 3.62-3.55
(1H,dd,J15.0,6.0 Hz, H-2) 2.93-2.86 (1 H, dd, J 14.0, 5.5 Hz, H-4), 2.80-2.70 (1 H, dd, / 14.0, 5.5 Hz,
H-4), 1.82 (3 H, s, H-1). Spectroscopic data are in agreement with the literature.®! HRMS (ESI): [M
- HI"HRMS acquired: 279.0993, calculated: 279.0986.
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N-Ac-Ala-Phe-OH

25

Ala-Phe-OH (2.0 g, 8.46 mmol, 1 eq.) was suspended in acetic acid (24.0 mL), and reaction was
heated to 40 °C and stirred. Upon complete dissolution, acetic anhydride (0.9 mL, 9.24 mmol, 1.1
eq.) was added dropwise over 10 min. Upon complete addition of acetic anhydride, reaction was
heated to 100 °C, and left stirring for 2 h. After this, reaction was concentrated in vacuo and a white
powder was obtained. The crude mixture was suspended in Et,0 (10 mL) and filtered. The
precipitate was washed with ice-cold H,O (20 mL) and Et,O (20 mL), to afford the purified title
compound 2.5 as a white powder in a 59% vield (1.4 g, 5.03 mmol).

INMR (400 MHz, MeOD-d*) & ppm: 7.30-7.15 (5 H, m, H-6, H-7, H-8), 4.70-4.60 (1 H, m, H-3), 4.40-
4.25 (1 H, m, H-4), 3.25-3.15 (1 H, m, H-5), 3.05-2.92 (1 H, m, H-5), 1.95-1.91 (3 H, m, H-1), 1.32-
1.10 (3 H, m, H-2). Spectroscopic data are in agreement with the literature.3** HRMS (ESI): [M + Na]*
HRMS acquired: 301.1157, calculated: 301.1159.
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5.1
Methyl-2-(TEMPOmethyl)-acrylate

Methyl 2-(bromomethyl)acrylate (2.0 g, 11.17 mmol, 1.0 eq.), (2,2,6,6-tetramethylpiperidin-1-
yhoxyl (TEMPO*®, 2.1 g, 13.44 mmol, 1.2 eq.), Nal (3.35 g, 22.35 mmol, 2.0 eq.), Na,S0s(4.24 g, 33.64
mmol, 3.0 eq.) were dissolved in MeCN (100 mL) and placed in a flame-dried two-neck round
bottom flask charged with a stirrer bar. This solution was sealed and purged thoroughly with N,
before being heated to 70 °C, and was stirred for 48 h. MeCN was then removed in vacuo. H,0 (100
mL) was added and was extracted with EtOAc (3 x 100 mL). The organic layers were dried with
MgS0., filtered and solvent removed in vacuo, yielding a crude orange oil (2.5 g). This was purified
using flash silica column chromatography (1:99 MeOH: CH,Cl,) yielding the pure title compound 5.1
as a yellow oil in a 94% yield (2.68 g, 10.49 mmol)

INMR (400 MHz, CDCl5) § ppm: 6.32-6.26 (1 H, br. s, H-5), 5.94-5.89 (1 H, br. s, H-5), 4.53-4.47 (2 H,
m, H-4), 3.76 (3 H, s, H-6), 1.65-1.45 (6 H, m, H-2, H-3), 1.18 (3 H, s, H-1), 1.12 (3 H, s, H-1).
Spectroscopic data are in agreement with the literature.’® HRMS (ESI): [M + H]* HRMS acquired:
256.1905, calculated: 256.1907.
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2-(TEMPOmethyl)-acrylic acid

2-([(2,2,6,6-Tetramethylpiperidin-1-yl)oxyllmethyl)acrylate 5.1 (2.50 g, 9.80 mmol, 1.0 eq.) was
dissolved in 1,4-dioxane (50 mL), and aqueous NaOH (1.0 M; 50 mL) was added, and the solution
was stirred for 24 h. The resultant solution was acidified (pH 5) with aqueous HCI (2.0 M), and the
crude mixture was extracted with EtOAc (3 x 50 mL). The organic layers were washed with brine (1
x 40 mL), dried with MgSO, filtered and solvent removed in vacuo, yielding a crude golden oil. This
was purified using flash silica column chromatography (0.1:4:96 acetic acid:MeOH:CH,Cl,) yielding
the pure title compound 5.2 as a yellow oil in 92% yield (2.18 g, 9.01 mmol).

INMR (400 MHz, CDCl5) 6 ppm: 6.41 (1 H, br. S., H-5), 5.98 (1 H, br. S., H-5), 4.53 (2 H, br. S., H-4),
1.68-1.28 (6 H, m, H-2, H-3), 1.19 (3 H, s, H-1), 1.15 (3 H, m, H-1). Spectroscopic data are in
agreement with the literature.’®” HRMS (ESI): [M + H]* HRMS acquired: 242.1752, calculated:
242.1751. [M + Na]*HRMS acquired: 264.1574, calculated: 264.1570.

198



N% )
N NH, HBTU, DIPEA 4
O;‘\’//

DMF, 24 h
+ . > 5 (@)
\ 56%
O /N\
HN\E
OH 7 N/S
I
8
5.2 4.1

22 (600 mg, 2.49 mmol, 1.0 eq.) was added to a flask, and it was dissolved in DMF (10.0 mL). To this
flask, HBTU (1.04 g, 2.74 mmol, 1.1 eq.), DIPEA (643 mg, 4.98 mmol, 2.0 eq.), and N,N-
dimethylethylenediamine (220 mg, 2.49 mmol, 1.0 eq.) were added, and reaction was left to stir
for 24 h. After this, the solvent was removed in vacuo. Saturated aqueous NaHCO; (10 mL) was
added, and the crude mixture was extracted with EtOAc (3 x 10 mL). The combined organic layers
were washed with brine (1 x 10 mL). The organic layer was dried with MgS04, filtered and solvent
removed in vacuo yielding the crude product. This was then purified using flash silica column
chromatography (2:4:96 NaOH:MeOH:CH,Cl,) yielding the pure title compound 4.1 in a 56% yield
(435 mg, 1.39 mmol)

INMR (400 MHz, CDCls) & ppm: 7.00 (1 H, br. s., N-H), 6.05 (1 H, dt, J 1.4, 1.1, H-5), 5.50 (1 H, dt,
1.4,0.6,H-5),49(1H,dd,/1.1,0.6 H-4),3.42 (2 H,t,/5.6,H-6),2.44 (2H,t,,/5.6 H-7),2.20 (6 H,
s, H-8), 1.65-1.40 (6 H, m, H-2, H-3), 1.18 (3 H, s, H-1), 1.10 (3 H, m, H-1). Spectroscopic data are in

agreement with the literature.®”
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(-)-carveol 2-hydroxyperoxylimonene

Hydrogen peroxide (50%, 7.1 mL) was added to a round-bottom flask charged with a stirrer bar,
and the flask was cooled at 0 °C. To this flask, a few drops of conc. H,SO, were added, and the
mixture allowed to stir for a few minutes. Then, (-)-carveol 5.3 (97%, 500 mg, 3.28 mmol, 1.0 eq.)
was added, and the mixture was allowed to stir for 48 h at 0°C. After 48 h, the reaction mixture was
allowed to warm to RT, before extracting with pentane (5 x 20 mL). The organic layers were
combined, dried over MgS04, filtered, and concentrated in vacuo to remove excess solvent. The
crude product was collected as a yellow oil and was purified by flash silica column chromatography
on a neutralised silica gel 4:1 pentane:Et,0) yielding the pure title compound 4.21 in a 41% yield

(227 mg, 1.35 mmol, mixture of diastereomers) as a colourless oil.

NMR (400 MHz, CDCl5) & ppm: 5.75-5.68 (1 H, m, H-3), 5.62-5.55 (1 H, m, H-3), 5.48-5.38 (1 H, m,
H-2), 5.28-5.20 (1 H, m, H-2), 4.76-4.66 (2 H, m, H-8), 2.35-2.25 (1 H, m, H-6), 2.24-2.14 (1 H, m, H-
5), 1.99-1.75 (3 H, m, H-4, H-5), 1.73-1.66 (6 H, m, H-1, H-7). To the best of our knowledge, this is
the correct 'H-NMR assignment of the molecule. Our spectroscopic data are slightly different from

the one reported in the literature 3%

200



5.4 Experimental protocols

5.4.1 General irradiation conditions

Agueous solutions of substrates (5 mM for N-Ac-Gly-Gly-OH, 1 mM for all others) were exposed to
UV light in the presence of aqueous H,0; (100 mM), using a Philips HPK 125 W high pressure Hg
lamp with a H0 filter (5 cm) which provides broad-band UV light.3323%3 The light output from this
HP lamp provides maximum energy at 365 nm with substantial radiation also at 435, 404, 313 and

253 nm.***All irradiations were carried out in H>O or D,0.

5.4.2 HO*-mediated generation and quantification of hydroperoxides

Hydroperoxides were generated by irradiation (5.4.1). The reactions were carried out in a quartz
Schlenk tube (50 mL final reaction volume; open to air). The glassware was placed 1 cm in front of
the UV lamp, and the irradiance at the sample location was 32 mW cm™. Aliquots (1 mL) were taken
before the UV exposure and then at the indicated timestamps. Aliquots were treated with catalase
(agueous solution, 10 pL; activity 3150 U mL?) immediately after cessation of irradiation to
decompose residual H,0,. After catalase treatment (15 minutes) the samples were diluted (5 mL
final volume), frozen in liquid N; and stored in the freezer. Aliquots containing the hydroperoxides
were thawed on the day of analysis and were analysed by the FOX-assay (5.5.1). For N-Ac-Ala-OH
(2.6), reactions were carried out 6 times (as opposed to triplicate for N-Ac-Gly-Gly-OH (2.1), N-Ac-
Gly-Tyr-OH (2.4) and N-Ac-Ala-Phe-OH (2.5)) to account for the higher errors in the weekly

variations of the calibration curve.

5.4.3 Sunlight-induced decay of N-Ac-Gly-Gly-OH-derived hydroperoxides

At the end of the irradiation (5.4.1), the remainder of the solution (45 mL) was treated with catalase
(10 pL; similarly to the hydroperoxide quantification Section 5.4.2). After 15 min, the H,O>-free
solutions were exposed to a lamp that simulates sunlight for 120 min. The irradiance at the sample
location was 100 W c¢cm™, and the output spectrum was AM1.5G which refers to the standard
spectrum of the solar output at Earth’s surface. The output is from 290 to 1250 nm, with a maximum
at 500 nm. Aliquots (1 mL) were taken at the indicated timestamps and treated as in 5.4.2 to

determine the total hydroperoxide content.
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5.4.4 UV-induced decay of hydroperoxides

At the end of the irradiation (5.4.1), the remainder of the solution (45 mL) was treated with catalase
(10 pL; similarly to the hydroperoxide quantification Section 5.4.2). After 15 min, the H,0,-free
solutions were exposed to the same UV lamp (5.4.1) for 2 min. Aliquots were taken at the indicated

timestamps and treated as in 5.4.2 to determine the total hydroperoxide content.

5.4.5 Thermal treatment of irradiated solutions

At the end of the irradiation (5.4.1), the remainder of the solution (45 mL) was treated with catalase
(10 pL; similarly to the hydroperoxide quantification Section 5.4.2). After 15 min, the H,0,-free
solutions were incubated at 61, 82 or 100 °C for 30 min. Aliquots were taken at the indicated
timestamps and were treated as in 5.4.2 to determine the total hydroperoxide content. In addition,
one aliquot (0.01 mL diluted to 1 mL for N-Ac-Gly-Tyr-OH (2.4) and N-Ac-Ala-Phe-OH (2.5), and 0.1
mL diluted to 1 mL for N-Ac-Ala-OH (2.6)) was analysed by LC-MS to determine the parent substrate

concentration (5.4.5).

5.4.6 HO*-mediated oxidation of 4 and 6 in the presence of antioxidants

The four catechol-based antioxidants were supplied as isolated compounds (powders) by P&G. In
addition, 6 rosemary extracts (powders or oils) were supplied as mixture of compounds by P&G.
For all antioxidants (both isolated and extracts), fresh stock solutions in MeOH:H,0 were prepared
the day of analysis. Irradiations were carried out according to general procedure 5.4.1. The
reactions were carried out in a quartz cuvette (3 mL final reaction volume; open to air). The
glassware was placed 10 cm in front of the UV lamp. Samples were exposed to UV light for 2 min

and were analysed (undiluted) by LC-MS (5.5.6) immediately after cessation of irradiation.

5.4.7 Sodium borohydride treatment

Photo-generated hydroperoxides were reduced by treatment with solid NaBH4 (1 mg per mL of
solution). Solutions were left to incubate in the dark for 1 h, before lowering the pH of the solutions
to 2 using aq. 1 M HCl, to neutralise the remaining NaBH4. The pH of the solutions was then restored
to 6 using ag. 1 M NaOH. The total hydroperoxide content was determined by FOX-assay and
showed complete disappearance of hydroperoxides. This procedure was followed both for the
reduction of hydroperoxides generated on the peptides (Chapter 2), and hydroperoxides generated

on the antioxidants (Chapter 3).
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5.4.8 ONOOH synthesis and reactions

5.4.8.1 Synthesis

ONOOH was synthesised according to a well-established protocol.®3! H,0, (30%, 5 mL) was diluted
in H,0 to 50 mL final volume, before cooling the solution at 0 °C. To this solution 5 N NaOH (9 mL),
and pentetic acid (5 mL, 0.05 M in 0.05 N NaOH) was added and the solution was stirred. The
solution was then further diluted in H,0 to 100 mL final volume. This solution was then mixed with
isoamyl nitrite (6.8 mL), and was stirred for 8 h at 0 °C. The reaction progress was monitored by
taking aliquots (1 mL) every 1 h, centrifuging to separate the aqueous from the organic layer,
diluting the aqueous phase x 1000 with 0.1 N NaOH, and measuring the ONOOH concentration
spectroscopically at 302 nm (€302 = 1670 M cm™). Upon maximum formation of ONOOH (7-8 h),
the mixture was extracted with CH,Cl, (6 x 50 mL), and the aqueous phase was collected. Pure
ONOOH was obtained upon purification with flash column chromatography filled with granular
MnO,. The column was washed with H,0 (first) and 0.5 N NaOH (second). The first 10 mL were

discarded (colourless solution), and then pure ONOOH was collected (yellow solution).

5.4.8.2 Reactions

Reactions were carried out at various concentrations of ONOOH (5 — 500 uM). ONOOH was allowed
to react with N-Ac-Gly-Tyr-OH (5 — 50 uM), in strongly buffered (0.1 M phosphate buffer pH 7.4)
solutions and in the presence of trap 4.1 (5 — 500 uM). All reagents were mixed, and allowed to

react for 30 min at RT. All reactions were analysed by LC-MS (5.5.7).

5.4.9 HO*-mediated oxidation of 2.4, 2.5 and 2.6 in the presence of radical trap 4.1.

Irradiations were carried out according to general procedure 5.4.1 and conditions as in 5.4.2.
Radical trap 4.1 (0.1 mM) was added to the reactions. Samples were frozen in liquid N» and stored
in the freezer immediately after cessation of irradiation. Samples were thawed the day of analysis.

Samples were analysed by DI-MS (5.5.2) and LC-MS (5.5.3)

5.4.10 Reaction of 2.6 and 3.13 with allylic hydroperoxide 4.20

Substrate 2.6 or 3.13 (2 eq.), allylic hydroperoxide 4.20 (1 eq.), and FeSO,4 heptahydrate (0.1 eq.)
were dissolved in a deoxygenated 1:1 mixture of H,O/MeCN so that final concentrations were (in a
5 mL reaction), 35.6, 17.8 and 1.78 (all in mM), respectively. Reactions were also run under the
same conditions, but with the addition of radical trap 4.1 (0.1 eq., 1.78 mM). The reactions were
rigorously stirred under N; at RT for 7 days (as per literature protocol),3** with aliquots taken every

24 h. Aliquots were diluted (x 10) and analysed immediately by LC-MS (5.5.8).
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5.5 Analysis protocols

5.5.1 FOX-assay

Hydroperoxides were quantified following a modified version of the FOX assay.®* A fresh solution
(assay solution) containing 4-5 mM ammonium Fe(ll) sulfate and 4 mM Xylenol orange in 0.5 M
H,SO, was prepared every day and passed through a 0.45 um syringe filter to remove any
undissolved matter. Ammonium Fe(ll) sulfate was dissolved directly in H,SO4 as aerobic Fe(ll)
oxidation is significantly slower under acidic pH. The assay solution was added to the desired
peroxide sample (0.25 mL of assay solution for 5 mL of peroxide solution). The samples were gently
mixed and incubated in the dark for 30 minutes. After that time the absorbance at 560 nm was
recorded. The data were analysed using the calibration standard curve and peroxides levels are
reported as H,0; equivalents. The calibration curve was constructed using H,0, standard solutions

according to a well-established literature protocol and can be found in Appendix.*

5.5.2 Direct injection MS analysis

Direct injection MS characterisation (DI-MS) was performed using a solariX XR FTMS mass
spectrometer in positive-ion mode ESI (m/z +0.001 precision, 30000 resolution, 1-50 Hz scan
speed). Mass spectra were recorded over an m/z range of m/z 100-1000, averaging multiple scans
(16). lon transfer time (ToF) was set to 0.6 ms. In general, ESI settings were as follows: drying gas
flow = 2.0 L min'}; nebulizer pressure: 2.0 bar; dry temperature: 180 °C, capillary voltage = 4500 V;
spray shield voltage = -500 V; skimmer voltage = 15 V. For standard MS (including D20 exchange),
other settings used were: injection speed = 2 uL min; ion accumulation time = 0.2 s; drying gas
temperature = 180 °C. The MS instrument was calibrated daily using a dilute solution of sodium
trifluoroacetate (NaTFA) in a 1:1 MeCN/H,O mixture in ESI. Samples were injected in the
spectrometer (2 uL mint) until stable signal was detected (typically within 5 min). A mass spectrum
was then recorded, and the spectrometer was reflushed with the 1:1 MeCN/H,0 mixture and the
procedure was repeated. Accepted random m/z error was < 0.0000 - 0.0010. For the isotope-
exchange experiments, the solariX XR FTMS mass spectrometer allowed a definitive separation and
detection between the fully deuterated products, and the 3C satellite peaks. In the event where

this was not possible, then this is fully acknowledged and discussed appropriately in the text.
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5.5.3 LC-MS Analysis - General

Separation of samples was performed by LC-MS using an Agilent 1200 liquid chromatography
machine equipped with a reverse phase 2.7 um Waters Correct T3 (150 x 3 mm) column and
coupled to a SolariX XR FTMS 9.4T mass spectrometer. Samples were separated at 25 °C with a flow
rate of 0.2 mL min by gradient elution, and 1 scan with a 0.2 s accumulation time. Elution solvents
were: A) 0.1% formic acid in H,O and B) 0.1% formic acid in MeCN. Gradient elution was different
based on the system (Sections 5.5.4 to 5.5.8). General ESI settings (unless otherwise stated) were
as follows: drying gas flow = 4.0 L min; nebulizer pressure: 4.0 bar; dry temperature: 240°C,

capillary voltage = 4500 V; spray shield voltage = -500 V; skimmer voltage = 15 V.

5.5.4 Separation and analysis of oxidised samples for Chapter 1
All oxidised solutions were analysed by DI-MS (5.5.2) and LC-MS (5.5.3) with gradient elution as

reported in Table 1.

Table 3. Gradient elution for LC-MS separation used in 6.5.4. Elution solvents consisted of A) 0.1% formic acid in H,0O and
B) 0.1% formic acid in MeCN.

Time / min %A % B
0 100 0
5 100 0
10 90 10
15 90 10
25 70 30
30 70 30
35 95 5
40 100 0
45 100 0
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5.5.5 Peptide calibration curves

Calibration curves for N-Ac-Gly-Tyr-OH (2.4), N-Ac-Ala-Phe-OH (2.5), N-Ac-Ala-OH (2.6) and N-Ac-
Phe-OH (3.13) were constructed by separating the parent peptides by LC-MS (5.5.3), with a gradient
elution (5.5.4). Liquid chromatography — mass spectrometry (LC-MS) calibration curves were
constructed by preparing the most concentrated sample of the substrates (0.1 mM for N-Ac-Gly-
Tyr-OH (2.4), N-Ac-Ala-Phe-OH (2.5) and N-Ac-Phe-OH (3.13), and 1 mM for N-Ac-Ala-OH (2.6)), and
then preparing serial dilutions (0.02 — 0.08 mM for N-Ac-Gly-Tyr-OH (2.4), N-Ac-Ala-Phe-OH (2.5),
and N-Ac-Phe-OH (3.13), and 0.2 — 0.8 mM for N-Ac-Ala-OH (2.6)). The method afforded excellent
calibration curves (R? > 0.997 in all cases). For N-Ac-Gly-Tyr-OH (2.4), N-Ac-Ala-Phe-OH (2.5) and N-
Ac-Phe-OH (3.13), the UV detector was used, and the calibration curves were constructed by
integrating the peak of the peptides. For N-Ac-Ala-OH (2.6), the total ion count (TIC) of the [M + H]*
extracted ion chromatogram (EIC) was used. All four calibration curves can be found in the
Appendix. Daily and weekly variations of the calibration curves were assessed by repeating LC-MS

injections with fresh solutions for all diluted samples.
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5.5.6 Separation and analysis of oxidised samples for Chapter 2

Oxidised solutions containing antioxidants were analysed and separated by LC-MS (5.5.3) with a
gradient elution. The gradient is given in Table 2. ESI settings were as follows: drying gas flow = 4.0
L min'}; nebulizer pressure: 2.0 bar; dry temperature: 240°C. For reactions run in D,0, the same
gradient was used, but elution solvents were A) 0.1% formic acid-d,in D,0, and B) 0.1% formic acid-

d2in MeCN.

Table 4. Gradient elution for LC-MS separation used in 6.5.6. Elution solvents consisted of A) 0.1% formic acid in H,0 and
B) 0.1% formic acid in MeCN.

Time / min %A %B
0 100 0
5 100 0
10 70 30
15 70 30
25 50 50

35 50 50
40 30 70
45 30 70
50 100 0
60 100 0

5.5.7 Separation and analysis of ONOOH- and HO*-induced oxidised samples for Chapter 3

Oxidised solutions containing the substrates and radical trap 4.1 were analysed by DI-MS (5.5.2)
and LC-MS (5.5.3) with gradient elution as reported in Section 5.5.4. When high 7 concentrations
were used (2 0.1 uM), a waste-segment was added in the separation method, that allowed excess

(unreactive) trap to be filtered out, and not injected in the MS instrument (contamination).
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5.5.8 Separation and analysis of hydroperoxide-induced oxidised samples for Chapter 3
Oxidised solutions were analysed by LC-MS (5.5.3) with a gradient elution. The gradient elution is
given in Table 3. When radical trap 4.1 was used a waste segment was added (5.5.7). ESI settings

were as follows: drying gas flow = 10.0 L min}; nebulizer pressure: 3.0 bar; dry temperature: 325°C.

Table 5. Gradient elution for LC-MS separation used in 6.5.8. Elution solvents consisted of A) 0.1% formic acid in H,0 and
B) 0.1% formic acid in MeCN.

Time / min %A %B
0 100 0
5 100 0
15 70 30
25 70 30
35 10 90
45 10 90
55 90 10
60 100 0

5.5.9 MS/MS studies

For MS/MS, He was used as the collision gas for collision-induced dissociation (CID) experiments to
generate fragments, with a normalized collision energy of 10 or 15%. Detected ions on MS analysis
with masses [M + 32 + H]* (potential hydroperoxides) and [M + 16 + H]* (potential alcohols) were

subjected to MS/MS and the resulting fragments ions were analysed.

5.5.10 Deuterium exchange studies

Irradiated solutions (1 mL) were diluted (x100) in D,0. Solutions were left in the dark for 1 h before
analysis by direct injection MS and LC-MS as indicated previously (Sections 5.5.2 and 5.5.3). A1 h
incubation in D,O was determined to be sufficient to exchange all labile H of the starting substrates
(reagent in excess) with D atoms. Alternatively, the reactions were performed in D,0 (instead of
Milli-Q H,0) to enable more concentrated solutions to be injected (while ensuring complete

exchange of all labile H). The isotope exchange protocol was followed as such in all three Chapters.

208



5.5.11 Hair source and treatment

Light blonde human hair for the testing was purchased from International Hair Importers &
Products, Glendale, NY. The treatment of human hair was carried out by Jennifer M. Marsh, and
Lijuan Li (Procter and Gamble). Tresses of hair (1.5 g, 15 cm) were either subjected to sunlight or
heat or a combination of both and then sampled for biomarker analysis (3 tresses per test, 3
samples of hair taken per tress). Sun exposure was simulated by irradiation with an Atlas Ci3000+
weather-o-meter (Atlas, Chicago, lllinois, US). An internal and outer quartz filter was used to
simulate broad-spectrum, outdoor daylight with a specific irradiance of 1.48 W/m? at 420 nm.
During the irradiation process, temperature, and relative humidity (RH) were kept constant at 35

°C and 80% RH, respectively. Heat application was via a flat-iron at 200°C, 5 cycles of 3 passes.

5.5.12 Biomarker Measurement

The biomarker measurement was done by Jennifer M. Marsh, and Lijuan Li (Procter and Gamble).
Samples (0.5 g) of hair from treated tresses were cut and placed into 50 mL tubes with 5 mL of
water added. Tubes with hair and water were mixed on a multi-tube vortex shaker for 60 min at
2500 rpm. Water portion was then transferred from the tubes by pipette into glass scintillation
vials. A 10 mg/mL solution of MALDI matrix (alpha-cyano-4-hydroxy cinnamic acid) was mixed with
the hair extract samples in a 1:1 volume ratio. A 1 pL of this solution was used to spot onto the
MALDI plate and MALDI MS spectra was acquired (1000 shots). Intensity of the UV damage marker

peptide at m/z 1278 was measured.
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6.2 Kinetic model

Reactions, reactions rate constants, activation energies and corresponding references used for the
design of the kinetic model. For the peroxide decomposition (reactions 9 and 10), rate constants
were determined experimentally in our lab using N-Ac-Gly-Gly-OH as a model peptide (Section 5.4.3

and 5.4.4)

Rate constant Activation energy Referenc

# Reaction (M1s"ors™) (kcal mol™) e
(1) Hair + sunlight ~—— In" 10-10 n/a n/a
(2) Pr+in — Pr + Inactive molecule 10 n/a n/a
3 Pr+0, ——> POO 10° 28 350
4)  ProO+Pr* — PrOOH +Pr* 10° 9 127
(5) Pro0" ——= Imine +HO; 102 9 127
(6) 2 Pro0O’ —— Non-radical products 2 x 104 8.8 127
(7) 2Pro0O — > ProOPr+ 0, 103 8.8 127
(8) 2Pr0O0° ——= 2Pr0 +0, 9x 103 8.8 127
(9) PrOOH ——> PrO +HO" 105 n/a n/a
(10)  PrOOPTr — > 2PrO° 10° n/a n/a
(11) PrO+Pr’ ——= PrOH+Pr’ 108 4.5 350
(12) PrO ——= Pr + Carbonyl 108 15.3 350
(13) PrO +PrOOH —= PrOH + ProO 108 45 350
(14) Pro0 —— "PrOH 108 45 350
(15) "PrOH + 0, —="0O0OProH?2 10° 28 350
(16) "OOPrOH2 —— Carbonyl + HOQ 102 9 127
17 2 PrO'—> Non-radical products 108 4.5 350
(18) Pr+HO" —= Pr +H,0 1010 15 88
(19) Pr+HO, — = Pr +H,0, 104 15 351
(20) 2HO — H,0, 1010 15 88
(21) 2HO; — H,0,+ 0, 9 x 108 477 352
(22) HO +HO, — = H,0+0, 1010 15 88
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6.3 N-Ac-Gly-Gly-OH-hydroperoxides decomposition

Fitting of the data to first order kinetics to determine the k of decomposition, A) Sunlight exposure

and B) incubation at 100 °C.

u In[Gly-GlyOOH] 505
0004 = Linear fit = In(Gly-Gly-OOH)
= Linear fit
4.5+
@-0.02 . A n
£ 4.0
= =
g < i
© -0.04 . 8 351
" g
8 . -
% ] .
S -0.06 - %
3] =25+
@
S Q
-0.08 4 y = (0.00043084) + (-0.000859513) * x n 2.0+ Y = (4.60276) + (0.10184) " x
Ad)R-Square 097206 1 54 |Adi- ReSuare 0.97767 =
Siope -6.59513E-4 £ 5.57107E-5 7 [ Siope -0.10184 4 0.00767
-0.10 T T T T T T T T T T T T T T
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Exposure time / min

6.4 Calibration curves

6.4.1 FOX-assay

Heating time / min

Net absorbance of solutions of H,0, (concentrations of 1 to 20 uM) in the standard FOX-assay.

Results are the mean % the standard error of three measurements (the error bars fall within the

data points).

109 w Fox assay calibration curve
Linear fit e
0.8 7
n’
£
=:
o 0.6
©
n
©
Q ,'.
S o044
Ko
=
I} j
g ‘/'/
< 0.2+ s
o
»
. y = {0.00901) + {0.0460004) * x
-
0.0 4 [ Adi. R-Square 0.9912
Slope 0.046 + 9.27313E-5
T T T T T
0 5 10 15 20
H,0O, equivalents / M
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6.4.2

Peptides standard curves

Calibration curves was constructed using LC-MS for all four substrates. For N-Ac-Gly-Tyr-OH (A), N-

Ac-Ala-Phe-OH (B), and N-Ac-Phe-OH (D) the UV detector was used for the quantification. For N-Ac-

Ala-OH (C) the total ion current (TIC) was used for the quantification.

Peak area/a.u.
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6.5 Control reactions MS data

6.5.1 Chapter 1

5
3 EIC 229.0425
M
o 4 (N-Ac-Gly-Gly-OH
= hydroperoxide)
X
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‘@
5
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2
o
o 1
[2)
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O L L
0 2 4 6 8

Retention time / min

Figure S1. EIC of 229.0425. Aqueous solutions H,0, (100 mM) and N-Ac-Gly-Gly-OH (5 mM) were incubated in the dark

for 60 min.
3 D
. ®
3 A ® 5 1= o, o ONa B
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x 2 HN__O 08 f s
>
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2 @
= 5
005 Fe]
2 3
< b " - i L <

0 .
1845 185 1855 186 1865 187 1875
m/'z

Figure S2. A) DI-MS spectra of aqueous solutions of H20, (100 mM) and N-Ac-Ala-OH (1 mM) incubated in the dark for 2
min. DI-MS spectra of aqueous solutions of H,0, (100 mM) and N-Ac-Ala-OH (1 mM) exposed to UV light for 2 min
(reaction run in D;0). Figures is zoomed in to show the m/z area where the expected N-Ac-Ala-OH-derived

hydroperoxides would be detected.
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Figure S3. A) DI-MS spectra of aqueous solutions of H,0, (100 mM) and N-Ac-Gly-Tyr-OH (1 mM) incubated in the dark

for 2 min. B) DI-MS spectra of aqueous solutions of H,0, (100 mM) and N-Ac-Gly-Tyr-OH (1 mM) exposed to UV light for

2 min (reaction run in D,0). Figures are zoomed in to show the m/z area where the expected N-Ac-Gly-Tyr-OH-derived

hydroperoxides would be detected.
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Figure S4. A) DI-MS spectra of aqueous solutions of H,0, (100 mM) and N-Ac-Ala-Phe-OH (1 mM) incubated in the dark

for 2 min. B) DI-MS spectra of aqueous solutions of H,0, (100 mM) and N-Ac-Ala-Phe-OH (1 mM) exposed to UV light for

2 min (reaction run in D,0). Figures are zoomed in to show the m/z area where the expected N-Ac-Ala-Phe-OH-derived

hydroperoxides would be detected.
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6.6 Trapped adducts MS data

6.6.1 Peroxynitrite project

o o o
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Figure S5. LC-MS analysis. EIC of 328.2595. The m/z corresponds to the allylic radical 9 (Scheme 56)trapped as a TEMPO-
adduct.

6.6.2 N-Ac-Ala-OH
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Figure S6. DI-MS Spectra. The fragmentation mechanism of Scheme 58 releases a *CO,H, which can rapidly add to

dioxygen. Highlighted in red is the m/z corresponding to the resulting peroxyl radical trapped with 4.1.
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6.6.3 N-Ac-Ala-Phe-OH
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Figure S7. LC-MS Analysis. EIC of 433.2444. The m/z corresponds to potential C-centred radicals generated on N-Ac-Ala-
Phe-OH trapped with 4.1. The radical is generated via HAA by HO* from N-Ac-Ala-Phe-OH.
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Figure S8. LC-MS Analysis. A) EIC of 421.2444. The m/z corresponds to potential peroxyl radicals generated on N-Ac-Ala-
Phe-OH trapped with 4.1. B) EIC of 405.2496. The m/z corresponds to potential alkoxyl radicals generated on N-Ac-Ala-
Phe-OH trapped with 7. The radicals are generated via the ET mechanism of Scheme 60, leading to the radical
decarboxylation of N-Ac-Ala-Phe-OH.

223



6.6.4 N-Ac-Gly-Tyr-OH
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Figure S9. LC-MS Analysis. EIC of 435.2244. The m/z corresponds to potential C- or O-centred radicals generated on N-
Ac-Gly-Tyr-OH trapped with 4.1. The radical is generated via HAA by HO* from N-Ac-Gly-Tyr-OH.

6.7 Degradation products MS data

6.7.1 Chapter 1 and 3

6.7.1.1 N-Ac-Ala-OH
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Figure S10. DI-MS spectra of irradiated samples of H,0, (aq. solution; 100 mM) in presence of N-Ac-Ala-OH (aq. solution;
1mM). A) The m/z of N-Ac-Ala-OH-derived alcohols is highlighted in red. B) The m/z of the dimeric species is
highlighted in red, and C) he m/z of carbonyls, resulting from fragmentation of tertiary alkoxyl radicals is highlighted in
red (mechanism is given in Scheme 58). The figures is zoomed in to show the m/z area where the expected products
would be detected.

224



6.7.1.2 N-Ac-Ala-Phe-OH
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Figure S11. MS data of irradiated samples of H20; (aq. solution; 100 mM) in presence of N-Ac-Ala-Phe-OH (aq. solution;
1 mM). A) DI-MS spectra. The m/z of potential N-Ac-Ala-Phe-OH-derived alcohols is highlighted in red. B) LC-MS Data.
EICof317.1108.
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Figure S12. MS data of irradiated samples of H20; (aq. solution; 100 mM) in presence of N-Ac-Ala-Phe-OH (aq. solution;
1 mM). A) DI-MS spectra. The m/z of N-Ac-Ala-Phe-OH-derived carbonyls (mechanism in Scheme 58) is highlighted in
red. B) LC-MS Data. EIC of 271.1053.
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Figure S13. MS data of irradiated samples of H20; (aq. solution; 100 mM) in presence of N-Ac-Ala-Phe-OH (aq. solution;
1 mM). A) DI-MS spectra. The m/z of potential N-Ac-Ala-Phe-OH-derived hydroperoxides, arising from the
fragmentation mechanism of Scheme 58 and subsequent O addition is highlighted in red. B) LC-MS Data. EIC of
289.1159. The two peaks in the LC-MS trace likely indicate that the signal is also due to an alcohol that has been

previously hydroxylated.
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Figure S14. MS spectra of irradiated samples of H,0; (aq. solution; 100 mM) in presence of N-Ac-Ala-Phe-OH (aq.

solution; 1 mM). A) DI-MS Spectra. The m/z of potential alcohols, resulting from the radical decarboxylation (Scheme

60) is highlighted in red. B) LC-MS Spectra. EIC of 273.1210. The two peaks in the LC-MS trace likely indicate that the

signal is also due to previous hydroxylation.

6.7.1.3 N-Ac-Gly-Tyr-OH
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Figure S15. MS data of irradiated samples of H,0 (aq. solution; 100 mM) in presence of N-Ac-Gly-Tyr-OH (aq. solution;

1 mM). A) DI-MS spectra. The m/z of potential N-Ac-Gly-Tyr-OH-derived alcohols is highlighted in red. B) LC-MS Data.

EIC of 319.0901
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Figure S16. MS data of irradiated samples of H,0; (aq. solution; 100 mM) in presence of N-Ac-Gly-Tyr-OH (aq. solution;
1 mM). A) DI-MS spectra. The m/z of potential N-Ac-Gly-Tyr-OH-derived quinones is highlighted in red. B) LC-MS Data.
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Figure S17. MS data of irradiated samples of H,0; (aq. solution; 100 mM) in presence of N-Ac-Gly-Tyr-OH (aq. solution;
1mM). A) DI-MS spectra. The m/z of potential N-Ac-Gly-Tyr-OH-dimer is highlighted in red. B) LC-MS Data. EIC of

581.1854
1
= 2
s | A _ £ B
~08 N-Ac-Gly-Tyr-OH + Hydroxylation ©
[=e] : ~
o [M + NaJ*: 597.1803 ©
<= 515
>< b o
5.0.6 X
= =
5 a1
£ 04 3
o E=)
= o
502 = 0.5
2 3
o]
< . el | < .
506 5965 597 597.5 598  598.5 22 24 26 28 30 32
m/z Retention time / min

Figure S18. MS data of irradiated samples of H,0; (aq. solution; 100 mM) in presence of N-Ac-Gly-Tyr-OH (aq. solution;
1mM). A) DI-MS spectra. The m/z of potential dimer between N-Ac-Gly-Tyr-OH and DOPA is highlighted in red. B) LC-
MS Data. EIC of 597.1803.
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Figure S19. MS data of irradiated samples of H,0; (aqg. solution; 100 mM) in presence of N-Ac-Gly-Tyr-OH (aq. solution; 1

mM). A) DI-MS spectra. The m/z of potential N-Ac-Gly-Tyr-OH-derived carbonyl from the fragmentation mechanism of

Scheme 58 is highlighted in red. B) LC-MS Data. EIC of 273.084
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Figure S20. LC-MS Data. EICs of the [M + H]* of potential overoxidised quinones. A) EIC of 305.0656 (EC-quinone

hydroxide), B) EIC of 473.0715 (EGCG-quinone hydroxide), EIC of 375.0711 (RA-quinone hydroxide), and D) EIC of

347.1853 (CA-quinone hydroxide). Figures shows one of the possible isomers.
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Abbreviations

Ac
Ala
AH
ag.
AAPH
AIBN
BDE
br
Bu
BHT
Boc
CA
CAGR
CID
Cys
DNA
DMF
DI-MS
DIPEA
DOPA
DMPO

EPR
ESR
ET
ESI
EC
EGCG
eq.
EIC
FOX
Gly
HAA

acetyl
alanine
antioxidant
aqueous
2,2'-Azobis(2-methylpropionamidine)
2,2'-Azobis(2-methylpropionitrile)
bond dissociation energy
broad
butyl
3,5-Di-tert-4-butylhydroxytoluene
tert-butyloxycarbonyl
carnosic acid
compound annual growth
collision-induced dissociation
cysteine
deoxyribonucleic acid
dimethylformamide
direct injection — mass spectrometry
N,N-diisopropylethylamine
3,4-dihydroxyphenylalanine
5,5-dimethyl-1-pyrroline N-oxide
doublet
electron paramagnetic resonance
electron spin resonance
electron transfer
electrospray ionisation
epicatechin
epigallocatechin gallate
equivalents
extracted ion chromatogram
ferrous oxidation - xylenol orange
glycine

Hydrogen atom transfer
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HBTU

ROS
RNA
RT

TIC
ToF
Trp
Tyr
TEMPO
uv
Val
Vis
VoC
X0

O-(benzotriazol-1-yl)-N,N,N’,N’-

tetramethyluronium hexafluorophosphate

initiation radical (kinetic model)
coupling constant

keratin-associated proteins

liquid chromatography — mass spectrometry

mass to charge ratio
mass spectrometry
tandem mass spectrometry
unfragmented molecule
nuclear magnetic resonance
oxygen radical absorbance capacity
parts per million
phenylalanine
phosphate buffer
Procter and Gamble
protein
rosmarinic acid
reactive oxygen species
ribonucleic acid
room temperature
Singlet (NMR)
tert
total ion current
time-of-flight
tryptophan
tyrosine
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl
ultraviolet
valine
visible
volatile organic compound

xylenol orange
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