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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 vesllablished that oxidation of biological
matter leads to formation of intermediatbydroperoxides. 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 mimitsChapter 2it was
demonstratel 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 synergyidence for the role of intermediate

hydroperoxides in the process were collected.

In Chapter 3 theantioxidant effect of four catechddased antioxidants derived from natural
extractswas describedProtein damage in hair is known to ocsigiradical reactions. Antioxidants
derived from natural sources have received attention in various industridsegdiave been shown
to retard the oxidation of organic compoundd.wasdemonstrated that all four antioxidants offer
significant protection against the Mnediated oxidation of two protected amino acids. By
detecting degradation products formed on thatixidants, reaction pathwaysere proposedo

corroborate their antioxidant mechanism.

Radical intermediates formed during protein oxidation are challenging to detect with the current
detection methods, as their steadyate concentration is usually tdow. 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, synthefibapter

4, the scope of applicationfahis methodwas further expanded A great number of biological
intermediate radicals (both-Gnd Ocentred) generatedia different oxidants were successfully
characterised The exact identify of these radicals was further elucidated by-asgdiblisted

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 ih12012.
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 suparkets, hair salons, drug stores and
online retail stores, representing a burgeoning compound annual growth rate (CAGR) of 4.7%
between 2013 and 2017.

All mammalian hairs are structurally similar to wéahd the earliest investigations into thépto-
induced damage to wool can ieNJ OS R 6 I O 1*° Theadrivié BeBindthese studiasdvas to
understand and prevent the discolouration (phegellowing) of white woof:® 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 wdbl.

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

loss of lustre and ebrittlement 812

Humans, and by natural extension, human hair are exposed daily to sunlight, and this exposure has
both beneficial and harmful effectd.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 photodamage, can help develop new, effective technologies and methodologies, that can be

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

In this Chapter the structure and chemical composition of hair will brieflydascribed before
moving to explore the most important oxidants that are capable of indudamgage to hair. These
oxidants are capable of damaging the proteins found in hair both directly and indirectly (from
secondary oxidants arising from the&actiong. The main body of thighapter will discuss klepth

the chemistry of these oxidants, ahdw they react with the amino acids found most frequently in
hair. A particular emphasis is given on the formation, stabiligactivity, and detection of
hydroperoxides (ROOH) which have been identified as the main intermediate products of the

aerobic potein oxidation.
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1.2 Chemical Composition of Hair

Human hair is a bisynthesised material with complex internal structure and is primarily composed
of a protein known as keratitf$!® The approximate composition of a dry human hair is given in

Table 1.

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

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

Table 1 shows that the majoon-water component of hair is proteinsg 95%). Lipids are mainly
present in the cell membrane complexes and sepatateremnants of cells in the hairom each

other. Different metals are present in hair including copper and iron whose origin iis liicertain

and likely includes both endogenous (decomposed enzymes) and exogenous (water supply, hair
treatment products) source¥.Zinc is present at relatively high levels (up to 200 ppm) and is a result

of enzymatic processes in the folliéfe.

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 / if@nd can be as high asG®+ 1 ng / mg in black haitMelanin

is divided into two different types (eumelanin and pheomelariigurel), and the ratio between

the two determines the hair colour with eumelanin being present at low concentrations and often

absent in white hait®
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Figurel. Proposed structures of A) eumelanin, and B) pheomelanin.

While melaninis omnipresent in living organisms,ista highly complex pigment antkspite the
extensive focus it haseceived over the yeargur understanding of its chemistgnd its roleis
limited.2°1t is, however, accepted that eumelanin acts ashayhly efficientUV filter and protects
dark brown/black hair fronsunlight while pheomelanin (present in red haojfer significantly
lower protection®lt 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 presea and effect of melanin will not be further considered, as this

would alter the overall reactivity significantly.
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1.3 Structure and Properties of Keratin

Rogers in 2004 described the terms keratin and kerasisociated proteins (KAP) tefer to the
intermediate filament proteins of the fibré. Keratin proteins have a high sulfur content that
distinguishes them from other proteins and are typically, duraissgluble,and unreactive to the

natural environmeng?

1.3.1 Classificatioof Keratins

Keratins are categorised in two main groups; thénelices and -sheets keratins and are the two

major internal supportive structures of the proteifs? -Keratin is found in mammals and is the
primary constituent of wool, hair and nailshile i -keratin is found in reptilian tissues such as
feathers and claw#!In addition, keratins can be classified based on the amount of sulfur cross links
(cystine contentPY SN GAya oAGK f26SNI FY2dzyd 27F ardzZ ¥ dz
dzadzl t & o6SI1fé& O2yaz2ftARFGISR gKAES (1SNIGAYya

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

1.3.2 Molecular Structure 6fKeratins

The helix conformation of -keratin as was originally proposed by Pauling and Corey in 1951 is
shown in Figure 132° Stabilisation of the helical structure due to formation of hydrogen bonds is
highlighted (red circle) in Figui@a, while Figure 1b shows the keratin formation processo Tw
individualn -helix chains spiral together to form a coiled coil, the dirf¥éfo achieve this, the two
isolated chains are forming disulfide cross links. In turn, the dimers coil togatdisulfide 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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Figure2. LY G SN SRA I (S T A-kekatif Say tiaHari-étitkbinOdel N J2 X 7 LIS LIG A R $ellOK | Ay =
showing the location of the hydrogen bonds (red circle) and the 0.51 nm pitch of the helix. b) schematic drawing of the
intermediate filamenff 2 NJY | (el yhxins twist to form the dimers, which assemble to formgtmtofilament.

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 phetaidation due to theirmbundance and their

high exposure to solar radiatidfi Photoinduced damage to hair proteins can oceiatwo major
pathways that are energy transfer and orsectron processe®-*°Direct absorption of UVB (and

to a lesser extent UVA) radiation pgrticular 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 electronicallyexcited states and phot@nisation reactions. As suattamage 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 oxy@e)¥{

The extent of the damage depends on the amino ae&idues and chromophores present in hair,
that are capable of absorbing the incident solar radiation. Therefore, it is instructive to cotisder

individual amino acid content in human hair

1.4 Amino Acid Composition of Keratins in Hair

The % compositioof 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 butwathin the cortex

and the cuticle of the same perséh.

Table2. 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

30



Of patrticular 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 subcomporiéiiise variation between cysteink1 and
cystinel.2 (formation of a disulfide bond between two molecules of cysteine; Figuiga topic of

interest that has been investigated as early as the 13840.

OH
NH,
@) “1tH
O
S
HS OH é
NH,
H, @)
H,N
?" OH
L-Cysteine L-Cystine
1.1 1.2

Figure3. 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 firiimarily responsible for the

structural resilience and the mechanistic properties of Bair.

Of all the naturally occurring amino acids that can be found in proteins (including hair keratins),
tryptophan (Trp) is the strongest neblV chromophore exhiting the highest molar extinction
O28FTFTAOASYl 650 YR (KS KAIKSAG 0a2NLIGAZ2Y
O2NNBaLRyRAYy3 ¢ 1&@sperivelyi’ Inlredli® hawpverntheadigh and efficient

absorption of Trp is attenuatl by its low abundance in proteins (<1% in hair keraghs).
Two of the amino acids reported in Table 2 have significant absorption in the neagidvi of the

spectrum, that are, cystine and T3/’ As such, their photochemistry is of considerable importance

when studying the photénduced hair damage and will be explored further.
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1.5 Cystine photochemistry

¢KS I 0&42NLIIA2Y YIFIEAYEF FYR SEGAYOUGAZ2Y tiods206 FFA
cystine have been reported in the literature, and little dependence on the pH of the solutions was
found 8 Indeed, in both low and high pH no maximum is observed in the UV absorption spectrum.
' won FYR onn yYZI s @da5d25c?, tedpdtivel I RI&KelW | § S |
high absorption wavelengths have been assigned to a forbidden rg (i NJ*yHaweved, igiy
reported that absorption spectra of disulfides are subject to structural differences, and absorption
maximal Y RK 2NJ ¢ @It dzSaz OFry Ay (GKS2NB¥ RSOAIGS -

CKS t2¢ s @FftdzSa 2F OeadAyS 6KSy ooeWikd NBR
compensated by the high abundance of cystine in hair keratins (Table 2). Tleepfotoexcitation

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 thiyladicals (R$that recombine to form the initial disulfide with a
k> 10 M1s?(Scheme 1394

Schemédl. Photolysis of the-§S) bond via direct absorption of light. The homolysis of ikalfide bond yields two
transient thiyl radicals that readily recombine.

However, there is still some debate regarding the identities of the resulting radicals (Sch&me 2).

R

/ .

s-s _hv _ 5Rr-s
R
R

L] /S\.

s-s —M . R+RrR s

Scheme?. Photolysis of the disulfide bond. There is evidence for the formation of both a) two thiyl radical as a result of
the (-SS) cleavage and b) carbesentred and perthiyl radicals as a result-68%) bondcleavage.
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There is evidence for the formation of both thiyl and perthiyl R&8icals, as a result ofSSor 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 8fuws and has been reported to be a
significant pathway in both Aand Q- saturated solutiong?!

2 RS — RS+ R=s

Scheme3. Disproportionation reaction of two thiyl radicals leading to a stable thiol anchttiényde.

The ensuing chemistry of ®# addition to radicatadical 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 radita& (CysS generated in proteins,
and in a low @environment, is hydrogen atom abstraction (HAA) from a nearby avail@hte
bond1.4(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

Schemet. Hydrogen atom abstraction froiin K &arton of a peptide by a thiyl radical, yielding a relatively stable
carboncentred radical and a thiol.

This generates a new carbaentred radical on the proteiti.6 and a free thioll.5. The absolute
rate constants for the HAA reaction by C¥s&mn different amino acids in deoxygenated solutions
were determined by Schoneich and-workers?? The experiments revealed the propensity of the
CysSto abstract a Fatom from the"GH of amino acids with B~ 10* M s, while the reverse
reaction ¢epair of the carborcentred radical) is practically negligilweing to the disparity of the
bond dissociation enthalpy (BDE) between the &nd the’GH. Indeed, the BDE for ti&H of
alanine has been estimated to be83.5 kcal mot,** while the BDE for the-8 of Cys is 89.1kcal
mol* (both calculated for small peptides in a fully planar conformatféihe lower BDE value for
the "GH is readily explained by the fact thatKk S NI amimolrakdigaHis farther stabilised by

electron delocalisation onto the amide and carbonyl functi¢see Section 1.7.4.1)
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In 2008 Schoéneich armb-workers further elucidated the HAA reaction by Cy&$ investigating
the intramolecular hydrogen atom transfer from the cysteine thiyl radexadl glycine/alanine in

model peptidesl.7 (Scheme 53°

O O
e o

Os_NH @) Os_NH @)
by by

R1 R'l

1.7 1.8

Schemeé. Intramolecular hydrogen atom abstraction by a cysteine radical, generating a new ezebtned 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 witk-a10° M1stwith the reverse reaction taking place

with k~ 10° M1s?. Ths outcome was inconsistent with thietermolecular HAA reaction previously
determined, and with the BDE of the cysteinél @nd the' GH of amino acidsv{de supri. 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"GH to at least > 88.Bcal mott.*6

A secondmajor reaction pathway that needs to be considered is reaatioa thiyl radicall.9 with

molecular oxygen yielding a thiyl peroxyl raditdl0(Scheme 6).

Schemes. Reaction of a cysteine tHiradical with molecular oxygen generating a thiyl peroxyl radical. The reverse
reaction is reasonably efficiently-generating the thiyl radical.
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This reaction is noteworthy as i} @ usuallyabundantly present in biological environments and in
the hair, and ii) the forward reaction is near the diffusion linkit<(10° M s1).#” However, the
reverse reaction is reasonably fakt~ 10° Ms?), and as such, not many products are expected
from this reaction pathway. Theoretical calculations predict tleaen in systems where O
availability is sufficiently high, more than 70% of the inligtSare expected to convert to carben
centred radicés viaintra- or inter-molecularhydrogen transfe{Scheme 5% This is because once
formed carbonrcentred radicals, rapidly convert to peroxyl radicals (RQ@deedreaction of most
carboncentred radicals with ©is diffusion controlled and irreversible (se&ection 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 syine, the UV absorption spectra of Tyr are vaelcumented in the literature,
AyOf dZRAY3I GKS F6&a2NLIiA2Yy YFEAYF FyR GKS Faaz
6) exhibit a neatJV region maximum at 270 nm, with a shoulder peak at 280snm[ mMnnn vy
M?lslrespectivelyf°¢ KA & FF0&a2NLJiA2y gty RINAY ZRERAAYE RL i 2
that the ionisation of the phenolic hydroxyl group has a large effect on the efficiency of photon
absorption with the phenolate anioof Tyr exhibiting a significantly higher 2 ¥ fishat 280 a

nm 36

Direct absorption of lighby Tyr generates the first singlet excited state, which is unstable and
undergoes a rapid intersystem crossing to yield the more stabletfipbet excited state {Tyr)>!
Energy transfer from theinglet and triplet excited state of Tyr to Trp, occurs readily with up to 69%
efficiency, generating the corresponding Trp excited staBue to this higkyielding process, and
the higher molecular aworption coefficients that Trp exhibits, Tyr photochemistry has generally
received less focu$However, hair keratins contain little to no Trgide suprgd. As such, in the
context of hair chemistry the alternative reaction pathways for éxeited states of Tyr are more

significant.
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The3Tyr undergoes rapid electron transfer with suitable electron acceptors (e.g., disulfides; present
in high abundance in hair keratins) (Schemé&The energy transfer results in the formation of a
disulfide radical anion (RSQRand a tyrosine radical cation (Py that rapidly deprotonates to

yield a phenoxyl (also called tyrosyl) radidal{ Tyr).5!

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

1.1

Schemé. Photoexcitation of Tyr yieldinghéghly stabilisedyrosyl (phenoxyl) radical via energy transfer of the first
triplet excited state.

Once formed, Tyrcan undergo a wide range of reactions. Due to delocalisation of the unpaired
electron in the aromat ring, Tyfis a longlived radical that reacts slowly with moleculas &d a

rate constant ok ~ 10° M*s' has been estimateé On the contrary, dimerisatiois favoured to

give dityrosine1l.12viaboth CO and &C linkages, with the latter predominating, with R25 x

10° M1 st (Scheme 8)y%°®

o}
i e
HN.
R X2 HO R4
HN HO

i g
o}

h
Ri Ra

1.11 1.12

Scheme. Radicakadical recombination of two highly stabilised tyrogdicals, producing a dimeric species
(dityrosine)
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Furthermore, HAA reactions from suitabl&H (bothintra- and inter-molecularly) can occur to
recover the parent Tyr moiety and transfer the radical along the protein (similarly t6)C3AS
more indepth discussion for the overall reactivity Tiyrcluding reaction with €ls given in Section

1.7.

In addition, energy transfer from the first singlet state of Tyr to the ground state of oxygeod®

take place regenerating Tyr, and producing siagloxygen Y0.).>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 proteitinlike energy transfer to Trp, this process is
inefficiert (low quantum yieldf? However,once formed,'O, reacts rapidly with amino acids,
including TyrK ~ 10° M s1), thus making its generation a noteworthy reaction pathw&yhis

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

Reaction of Tyr witHO, produces hydroperoxides (ROOH) in high yieldthe Tyrassociated
hydroperoxides are converted to alcohal& homolysis of theO-O- bond. Irdeed, it has been
reported that amino acid,peptide, and protein hydroperoxides are unstable at elevated

temperatures, in presence of redox active metals (e.gt, E&), UV light and reductanf§:®4

Homolysis of the peroxide bond yields reactivkoalyl (R® and hydroxyl (H® radicals, both
capable of reacting with proteins with fast rate constat#& 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 discussedapth inSection 1.10.

It is evident, thateven if the initial damage to the protein is pheiatiated by a chromophore,
other secondary oxidants, mainly reactive oxygen species (B@3)egenerated andeact with
proteins. Therefore, the nex&ection is focused on the reactivity between suche@ps and

proteins.
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1.7 Reactive Oxygen Species
Of all the ROS the ones that an@strelevant to hair chemistry are singlet oxygé®s, superoxide

radical anion (&), ozone (@ and hydroxyl radicals (O

1.7.1 Singlet oxygen

A possible pathway for the generation’@) has already been covered, and it is generally thought
that it can be produced botim vivo (enzymatic processes) aiilvitro (sunlight in presence of a
chromophore)®’ Proteins are prime targets fd0, oxidaion due to their high abundance and fast
rate of reaction with'0,.58%° Detailed research in the reactivity &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'O, gives rise to an unstable endoperoxidel4 that undergoes

spontaneos decomposition to give a hydroperoxitiel5at the G1 position (Scheme 9§.7°
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Schemd. Reaction of Tyr with singlet oxygen yielding an unstable endoperoxide, that upon ring openingriedonv
either to a stable alcohol or undergoes intrelecular nucleophilic addition.

Ly GKS OFasS 27F FNBS ¢ & NEinogdep fo®uds, M yidlditl® indoRcR A (
cyclised product.17. Decomposition of the peroxide17formed yields gentually an alcohdl.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, andabgociated alcohal.16is obtained.
However, other nucleophiles psent in the system can attack leading to cross links between

proteins®
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1.7.2 Superoxide radical anion
The superoxide radical anionfQ)can be generated by addition of one electron to the ground state
molecular oxygen (Scheme 10; Eq’*1$uperoxide radical anion @xists in equilibrium with its

conjugate acid, hydroperoxyl radical ((4QScheme 10; Eq. ).

02 + e_ 02._ (1)

HO, == O,  +H' pK, = 4.8 2)

Schemel0. Generation and acidase equilibrium for superoxide radi@nion and its conjugate acid.

The 4.8 value for the 3 means that at physiological pH the equilibrium is dramatically shifted
towards the left, with the concentration of @ being~ 500 times more than the concentration of
HO“"® As such, the redion of O with biological targets has attracted more attention than its
acidic counterpart. Despite being a radical® @ relatively unreactive towards biological targets
with typicalk values < 1 Ms™.”* However, two molecules of ®dismuiate readily to form HO;,
which in turn, can be cleaved either photolytically wia Fentonitype chemistry yielding the

significantly more reactive HQvide infrg (scheme 11}

_ +
202 +2H ——> H202+02

H,0, ﬂ, 2 HO®

M* M*1
H0, — N2 o HO' +OH

Schemell. Generation of kD, from G 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° At this pHthe equilibrium is shiftedowards the existence of H® Hydroperoxyl
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radical is more reactive than its conjugatbdse andreacts with organic moleculeda HAA to

produce a carboftentred radical anth,O, (Scheme 12).

HO, .
R-H ——>R +H,0,

Schemé 2. Hydrogen atom abstraction by BH@rom organic molecules to generate a carbmentred radical and ¥D,.

The rate constants for the HAA reaction of #@ith aqueous solutions of free amino acids at low
pH have been critically véiewed in the literature, and typical values lof 10° M st have been

determined™

1.7.3 Ozone

One important ROS for the hair chemistry i{&@greenhouse gas) as it is one of the most important
atmospheric pollutants, can be present at high concentrations both indoors and outdd8es)d

has been reported to have a negative effect on the human B&@zone can be generated by
various nitrogen oxides (N and volatile organic compounds (VOCSs) that are released in the
atmosphere (with the aid of solar radiation), or by the reaction@fwith O..2°Unlike HOwhich

is a shortlived and norselective oxidantvide infrg, Osis very glective and reacts with organic

moleculesvia well-defined mechanisms involving aromatic compounds and double b$nds.

The kinetics for the @mediated oxidation of aqueous solutions of free amino acids have been
determined experimentally and range frosecond order rate constants ks ~ 10° M s? (for
aliphatic amino acids) tkos~ 10° M st (for aromatic amino acid$f.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 (Scheh33&
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Schemel 3. Reaction of @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 O

with phenols®*and were further confirmed by MS analy&i$°> Hydroxylation of Tyr leads to the

formation of catecholsl.20 and hydroquinones (depending on the positional hydroxylation in

respect to the phenol of Tyr). However, these molecules lhaem only detected to low abundance

as they are reactive towardss@ading to a similar bond cleavage and the observed incorporation

of 30 on Ty#.19.
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1.7.4 Hydroxyl radical

Hydroxyl radical is a salient biological oxidant, and hasitigest oneelectron reduction potential

of all the species that can be generated by living organffi€&ffectively, 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 reactior#$ The most probable source for M the hair environment

is Fentortype chemistry of transition metals with residual® (videsuprg.

Hydroxyl radicals are capable of removing a hydrogen or an electron fidsioklgical targets in
their surroundingloci with near diffusioncontrolled rate constants (typic&l~ 10° ¢ 10*° Mts-

1) 878 Dye to thehighrate constants, and the high availability of targets “d@ shortlived, show
little selectivity, and dfuse near the site of generatioi¥:®® Two main reaction pathways exist for
the reaction betweenHCO® and amino acids; that are HAA and addition to aromatic rf4gs.
Although, more reently the possibility oHO”to react with aromatic compoundsia electron
transfer has been establishéfiln any case, the immediate products are transient radicals, that

undergo rapid subsequent reactions, and will be discussed in detail in thé&sidns.

1.7.4.1 Hydrogentam abstraction
Most of the amino acids that are found in proteins redaetHAA with H®yielding a carbostentred
radical on the protein with typical second order rate constants 10° ¢ 10° M*s 1 in aqueous

solutions and physiological pH (Scheme®4)

0O Ry . O Ry
N HO ¢ _N
/\HLH)W . /\#H)W .
R O Ry 0

Schemel4. Hydrogen atom abstraction by Mfom theh -carbon of the peptide generating a carboantred radical on
the peptide.

The controlling factors for the H@ositional attack are mainly i) the BDE of thél®ond, ii) the
steric hindrance of the-& bond and iii) the electronic properties of the substituents in the attacked
carbon, that can further stabilise the resulting radi®dhitial abstraction of idrogenfrom 1.21
can occur in two positions, that are tH&H (backbone) and theGH (sidechain) leading to

radicalsl.22or 1.23 respectivelySchemelb).
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Schemel5. Reaction mechanism fiire two possible positions that hydroxyl radicals can abstract a proton from the
amino acid (GH vs GH).

The HAA is welinderstood for free amino acids, and it is expected to take place primarily on the
"GH of the backbone, as the resulting tertiary radical is further stabilised due to delocalisation of

the unpaired electron in the nearby amide and carbduyictionalities Figure4).#5:59.659¢99

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

Figuredd® { G| 6 A f A &drboriradifal ¢h e rieigh®oufing functionalities.

This stabilisation of the intermediatradical, that requires the presence of bo#m electron
withdrawing (orcaptor) groupand an electron donating (odative) group (carbonyl and amino in
this case respectively, is termed the captodative effeé?® Advanced theoretical studies have
shown that for the majority of the free amino acigScheme 15; R=H)ydrogen atom abstraction
from the"GH is considerably more favouraldfé This result is explained by the fact that HAA from
the ' GH would generate an intermediate radical that isther away from the captor and dative
groups, and thus, the stabilisation effect is reduced. Interestingly, in the case of amino acids with
aromatic sidechains (i.e., Phe, Tyr, His), abstraction from ‘t&@dd is predicted to effectively
compete with the"GH (Scheme 15; R=A¥ Indeed, it is proposed that aromatic side chains
partially delocalise the unpaired electron, thus enhancing the stability of the intermediate radical.
Finally, the H®mediated HAA from the' GH shows negligible dependence on the conformation of
0KS I YA yK2S f IAGEheBH)EH hi
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In more realistic scenarios (i.e., polypeptides and proteins), the magnitude of this stabilization
depends on the protein and peptide structureiel to steric and electronic interactioff$192:103
Statisticalfactors can further influence the initial positional attack of the“Had in long peptides

with high aliphatic side chains and sterically bulky substituents, damage is skewed alongthe sid

chain, and product prediction becomes cumbersofife®

1.7.4.2 Addition to aromatic ring

The reaction ofHO? with aromaticcontaining amino acids (i.e., Phe, Tyr, Trp), is of particular
importance as they are present in variopsoteins, and it is now wetdocumented in the
literature 1°%119Reaction between H&nd Trpor Phecan be neglected since only tescof 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 Fi@ith Tyr in aqueous solutions and various pH were
already established, and phenoxyl radical had been identified as the major intermediate pt&duct.
However the exact mechanism that gives rise to the phenoxyl radical remained unclear until 1984.
Getoff and ceworkers, employed pulseadiolysis and computational tools, to investigatediepth

the mechanism of the H@nitiated oxidation of Tyr, and determine the kinetics of build and

disappearance of the transient speci@s.

Addition ofHC*to aromatic rings is typically fastéman HAAK ~ 10'°M1sL;). 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 directlia HAA from the hydroxyl group-(5%) (Scheme
16A) 112113|ndeed, eaction ofHO*with Tyr results almost invariably in addition of the #t@the

ortho- and meta-position of the aromatic ring, that yields a transient cyclohexadienyl adti@ét
(Schemel 6B).106:114
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Schemd6. Different pathways for the reaction of H®With Tyr. A) Direct HAA from the phenolitiOgenerating a
phenoxyl radical. B) Direct addition to the aromatic ring of Tyr generating anhlestgclohexadienyl radical. Two
cyclohexadienyl radicals can decay to producenagliicalproducts orcan eliminate kO to produce a phenoxyl radical.

By monitoring the UV spectroscopic properties of the transient adducts, the authors were able to
estimae rate constants for both the formation and the decay of these species. Interestingly, it was
shown that H®addition to theortho-position of Tyr proceeds with a near diffusioantrolled rate
constant ofk ~ 7 x 10° M s?, while themeta-adduct is formed with & ~ 5 x10° M1 s, On the
contrary, the phenoxyl radicalia HAA is formed with & ~ 5 x 10° M s'. Theortho-adduct
undergoes spontaneous bimolecular dimerisation or disproportionation reactions wikh~a32x

10® Mt stleading to nonrradical products, and dehydration withka- 2 x 13 s* to afford the more
stable phenoxyl radicdl.25. Therefore, even if initial HAA to yield a phenoxyl radicgdaccounts

for only~ 5% of the total H®&+ Tyr reactivity, its formationsaa major product can be justified by
the decay of the transienvrtho-cyclohexadienyl adduct.24. Phenoxyl radicals can follow three

different reaction pathways that are in competition between them (Schéme
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Schemeél7. Possible pathways for phenoxyl radical. Two phenoxyl radicals cacigee in radicatadical dimerisation
reactions. Alternatively, reaction with another molecule ofHIOD; is possible to eventually afford stable
dihydroxyphenylalanine derivatives.
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The first path (dimerisation) has already been covered in Sett®andinvolves linkages by both
GC and € bond formation. The unpaired electron is delocalised in the aromaticli2@ In
systems where there is a high flux of #1® second attack can occur, quenching the tyrosyl radical
and via keto-enol tautomerization, afford a stable dihydroxyphenylalaniné.28 (DOPA).
Dihydroxyphenylalanine has been identified as the main product of the aerobfand@ated
oxidation of Tyr, and it is utilised as marker of Tyr oxidatiéilthough the phenoxyl radical is
stabilised and londived, an irreversible reaction with dissolved €an take place affording an
unstable peroxyl radical.29. The peroxyl radical undergoesCHassisted hydroperoxyl radical
(HQY elimination with ak ~ 10° s!, and ultimately produces DOPAL.28 via ketoenol

tautomerisation311°

It is weltestablished that for the H@Gnduced oxidation of Tyr (or of Tgontaining peptides and
proteins) in aerated solutions, the only products generated to a noticeable degree is &MdPA
dimeric specie$?’11¢117Reaction of HOwith Phe is similar as with Tyr, and predominantly affords
a hydroxylated product on the benzene ring of Phe (the mechanism 8a#ftfition to Phe will be

discussed in more detail in Chapter 2).

1.7.4.3 Hctron transfer

Certain radicals, (e.g., sulfate radical anion.fpQhave a documented propensity to react with
aromatic compoundsia single electron transfer mechanisi®®Indeed,SQ is weltknown to
oxidise aromatic compounds to the corresponding radical cation, with typical second order rate
constants ofker~ 108 - 10° M s1.12More recent studies have shown thatO” are capable of
participating in the same chemistry with aratic compounds (including tyrosine and
phenylalaninef*!8In general, the electron transfer component of the #€xctivity with aromatic
compounds depends on the ionisation potential of the substrate, and usually electron transfer and

addition occur simultaneousf.

In the case of tyrosine, the electron transfer pathway leads to the formation of tyrosyl (phgnox
radical (similar to the @addition/ HLO-elimination pathway of Section 1.7.4.2). On the other hand,
the electron transfer component in thelO? reaction with phenylalanind..30yields a transient

radical catiorl.31(Schemel8).
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Schemd 8. Possible electron transfer mechanism between phenylalanine afid/iglding a transient radical cation.
Depending on the pH of the reaction medium, two pathways have been proposed. At low pH an irrgretsibli®ss
takes place yielding a benzylic radjoathile at high pH a second intramolecular electron transfer can take,place
followed by deprotonatiorproducinga carboxylate radical that spontaneously decays.

Thephenylalaninederived radical cation has been documented to follow two different pathways
that are pHdependent!?! At low pH where phenylalanine is present as the carboxylic acid,
irreversible proton loss can take place, to produce the benzylic rabli@ahs shown in Scheme 17.

It is noted that the same benzylic radical can also be formi@direct HAA by H&Grom 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 placefollowed by deprotonation. This procegsesrise toa
carboxylate radical.33which has been proposed timdergosportaneous radical decarboxylation

releasing C@and a carborcentred radicall.34.1%1

The reactivity of HOwith amino acids and peptides results in the formation of various transient
radicals that have compleeactivity andcan follow different reaction pathways. In the following
Section the chemistry and mechanisms of these biological radicals will be edpiledepth. 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 environmentisarbonrcentred radicals react with diffusiecontrolled rate constant with

molecular Q (k ~ 10°-10'° M s?) to yield peroxyl radicals (RQ®chemel 9).5°

H Ry ¢
Q N 02 O H
N
(o) H
O
Schemdl9. Reaction o€arboncentred radicals with £xo produce peroxyl radicals.

1.8.1.1 Radicahdical reactions

Peroxyl radicals can participate in many different reaction pathways. In general, naticzdl
termination reactions can occur between two peroxyl radicdlwo main reactions have been
identified in the literature (Schemz0).

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

Scheme&0. Possible radicahdical reactions of peroxyl radicals. A) Disproportionation reaction to prastabée
carbonyls, alcohols, and releasg B8) Radicatadical reaction to release,@nd 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 kee/aldehyde!?? In 1970 Bennett and eworkers, studied

the reactions of many primary and secondary peroxyl radic8Sin O-saturated solutions, and a

rate constant of R ~ 10’ M s was determined?? The proposed mechanism for this reaction is
believed to govia a tetroxide intermediatel.36 that spontaneously decays to release &hd

produce the more stable alcohol and carbonyl (Sched)&®

| m R2
2R;1/O—> —>>:O+R1A/OH +02

R
H 2 H
Rz

1.35 1.36

Scheme2l. 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 ocouareaction shown in Scheme 19B that yields a new
peroxide and releases0ln 1990 Bennet and emorkers further advanced their work on the
studies of peroxyl radicals. Using photolysis experiments and EPR analysis, a comprehensive kineti
and mechanistic study was performed for the reactivitytdfutyl peroxyl radicals in aqueous
solutions!?3This invstigation revealed that radicaihdical reaction (Schen29B), is a much slower

process and proceeds with a rate constankf- 10 M1 s,
In additionto unimolecular reactiongadicatradical reactions leading to radical products edso
occur. Ineed, two tertiary peroxyl radicals can combine to yield two alkoxyl radical9 @0

release Q, viaa tetroxide intermediate (Schen®).

2 R1 R2R300. — 2 R1 R2R30’ + 02

Scheme2. Reaction between two peroxyl radiggnerating two reactive alkoxyl radicals and molecular O
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This reaction was determined to be faster by one order of the magnitude 12* M1 st) compared
to reaction of Scheme 1883 indicating that for tertiary radicals, formation of R® naeworthy,

and their chemistry will be discussedSgction 1.9.

1.8.1.2 H@elimination and HAA
Apart from radicatadical reactions, two main reaction pathways exist for R@€rtiary RO®that
O2y il AKS G SNBN (i 2aminod rAdiedsgenerated on peptides and proteind.37),

undergo facile unimolecular®-elimination, to yield acyl iminek.38 (Scheme23) 59124125

§
~N
1.37 1.38 O%ﬁf

1.40

Scheme3. A major pathway for the unimolecular decéytertiary peroxyl radicals. Elimination of k{{Cfollowed 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 éediadysed,
and Q“-elimination occurs withk ~ 10° s? at alkaline pH for peroxyl radicals generated on
glycine'?* Conversely, neutral and acidic pH reduce the rate Sté€limination (typicak ~ 10? st
T 2 NJ Y-hygfaxy peroxyl radicals¥®12” Hydrolysis of the imine occurs readily to afford a free
aminel.39and a diketonel .404° The elimination of €, may be of high quantitative significance,
as it results in cleavage of the peptide bondhwitoncomitant release of a new radical that can

extend the initially inflicted damage.

ROQ participate inHAA reaction (eitheintra-molecularly or with nearby availableKCbonds) to

yield hydroperoxides (ROOH), with typical rate constakt-o10®* M st (Scheme24).128

R;00"+ RoH — > R,00H + Ry

Scheme24. Hydrogen atom abstraction by peroxyl radicals from organic molecules generating hydroperoxides and
carboncentred radicals.
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The product distribution thesfore is markedlglependenton the conditions. In systems where the
radical flux is high, radicghdical reactions become more important. Conversely, when the radical
flux remains low, and there is a high abundance of nearblylfonds (e.qg., biologicaystems 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 oxidatiéft212°Se¢ion 1.10 is focused on the chemistry of

hydroperoxides.

1.9 Reactivity of alkoxyl radicals

Similarly to H®and ROQ alkoxyl radicals (RPexhibit rich chemistry that can enhance protein
damage and should be examined carefullikoxyl radicals have been weharacterisedand their
reactivity has drawn considerable attention as they are the main intermediate product in the
photolysis and pyrolysis of organic peroxid&Two alkoxyl radicals can participate in a
disproportonation reaction to produce an alcohol and the corresponding carbonyl (ScBgme
with a nearly diffusiorcontrolled rate k ~ 10'°° M? s, determined for aqueous solutions of

methoxyl radical}*

H._0
2 MeO'—> MeOH + T
H

Scheme5. Diffusioncontrolled radicatadical reaction between two transient methoxy radicals to generate methanol
and formaldehyde.

A major and critical reaction pathway is rapitta- or inter-molecular HAA reactions yielding stable
alcohols and new carbecentred radicals in the substraté& € 10° M s?), thus accelerating the
damage (Schemz6).13!

ROH + R’

o) OH
h ® /
H-R —> R

Scheme26. Examples of intreand intermolecular hydrogen transfer alkoxyl radicals, generating carbaentred
radicals.
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Hydrogenatom abstraction reaction can take place from ROOH (resulting in alcohols ari, ROO
however the concentration of the peroxides is usudthy, and this pathway is neglectéd® For
primary and secondary RQHAA is in competition withydrogen shifts to yield the corresponding

h-hydroxyalkyl radicals with typick 10° ¢ 10’ M? st in neutral aqueous solution's?

Tertiary RO1.41/1.42have a documented propensity to undertacile fragmentation reactions to
afford stable carbonyls and nascent carbmantred radicalsk~ 10’ M s for t-BuC’in aqueous
solutions)!3* Depending on the site of generation for the initial hydroperoxide (sibain vs

backbone), different fragmentation reactions can take place (Sct&fne

R 0" 0]
R»]\ JR:; _>R1\ R3 . 02
N N + Ry —=>, further reactions
H o H o)
1.41 1.43
R o) o
1
RQ%OH _— }—R + \HJ\ OH —_>, further reactions
HN_
R3
1.42 1.44 1.45

Scheme?7. Possible fragmentation reaohs of alkoxyl radical resulting in bond cleavage on the peptide. The bond
cleavage results in the formation of carbonyls and carbemtred radicals that participate in further reactions.

I & & dadikE alkoxyl radicalg.41 fragment to yield amided.43 and new carborcentred
radicals!> g K A fal&oxyl radicald.42 undergo scission reactions to yield carboriy44l y R h
amino radicalsl.45% In both cases, new carberentred radicals are released that are likely to

undergo rapid @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“R@nerated as a result of ROOH decomposition can
further propagate the protein damage. Indeed, in 1993 Stocker andverkers attempted a
gquantitative examination of initial radicals formed on free amino acids and concomitant amino acid
loss% It was highlighted for the first time that the total amino acid losseeded 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 cartiaeed as back as 1942 (for a historic
overview see reference 58y°h yf @ &aL}2 NI RAO NBLR2NIA | LIS NBR
systematic studies emerged in the scene of protein oxidation by R@Boperoxides are organic
compounds with a genér formula of ROOH that are characterised by a lak#®- bond with a

typical BDE 45 kcal mot (e.g., 45.3 kcal mdifor t-BuOOH}36:137

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 fiédint products, therefore making

their detection (or product identification), challenging.

1.10.1 Hydroperoxiddormation

Formation of hydroperoxides on free amino acids, peptides and proteinslggendent on the
conditions (e.g., sufficient availability of,Gavailability of nearby €l bonds). Multiple research
groups around the world have studied thk>*induced formatbn of hydroperoxides on free amino
acids, and their findings demonstrate that high concentrations of hydroperoxides can be
achieved®142 |n 1993 Gebicki and ewmorkers investigated the H@lerived evolution of
hydroperoxides for all free amino aci¢fd The authors were able to illustrate that the peroxidation
efficiency increases in line with the number of aliphatid Gonds. The highest peroxide yields were
obtained for valine, leucinggroline, and lysine, while aromatic and sulfur containing amacids
were less susceptible to peroxidation. This is readily rationalised for aromatic amino acid$ as HO
react via addition rather than HAA. For the suloontaining amino acids HAA takes place
preferentially in the sulfur centre, and formation of hggeroxides is less favoured (asdddition

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 peddation. In 1996 Davies and-emrkers exposed Ala and
a2YS NBf I (SR &ikeidtitin ahd3helieduls Soweid that the total hydroperoxide
content increased in line with the increase of the aliphatid 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

peptides produced higher yields compared to Gly peptfdés.
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1.10.2 Hydroperoxide quantification anlétection

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 a¥8awn. this method the
hydroperoxide under examination reacts with iodide under acichnditions and generates
triiodide (k) 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 iali. However, iodie can be oxidised by.& 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 decompos®; tand is unreactive to organic
peroxidest*®144Even if catalase is used to removgOy 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 morerecently. The new technique is called the Ferrous Oxidati¥iylenol Orange

(henceforth to be abbreviated as FOX) and it was first reported in 1994 by \Woff.

This method utilizes theydroperoxidemediated oxidation of Fe(ll) to Fe(lll) thahds strongly to
xylenol orange (XO), with spectrophotometric quantification of the latter at 560 nm (Fxyures
Fe(ll) can react with 4, in the same way as with organic peroxides, solutions are again treated
with catalase prior to the analysis. TR®X assay has the advantage that shows minimal sensitivity
to O.. However, the organic hydroperoxides react in an unknown stoichiometry with Fe(ll),

depending on the system under study.

strong complexation —— quantification spectroscopically
g
Fe2* Fe3*
L] —
ROOH ;4» RO + HO

Figureb5. Basic principle of the F@Xsay. Oxidation of Feby the hydroperoxide, yields¥Féhat 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 usedersiquantitative
method and the peroxide levels are reported agOHequivalents rather than actual ROOH
concentrationst*® A HO; solution is used to construct a calibration standard curve using various

concentrations of b0D,.14°

Hydroperoxides can be conveniently detected by MS, as they yield distinct [M peaRE>*15In
practice however, their MS detection is not trivial. The high temperatures required for the electron
spray ionisation (ESI) may induce thermal decayevbxides thussuppressing 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 deeperunderstanding of the peroxides formed. Liquid chromatograghymass
spectrometry (LS) is a powerful tool that enables separation of hydroperoxides with the same
mona-isotopic mass. Tandem MS (MS/MS) can provide further information about the identity of

the peroxides by fragmenting the molecufé$8153.154

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

and in the dark / absence of reducing ageotgransition metal ion$”¢®

The effect of temperature on peroxide decay has been investigated in detail, and it has been shown
that at RT and in the dark, proteitydroperoxides exhibit haffives of days or weeks, and alteration

of the temperature further enhances or decreases their lifettff¢*'L y G KS wHnnnQ&a 5|
workers, investigated the kinetics of thermal decay for both ayd Trpderived hydroperoxids,
generatedviareaction with'0,.581% |t was demonstrated that at 37 °C within 24ch, 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 (Sch28#g For instancet-
BuOOH has been reported to absorb UV light over the wavelength e3@1@m with a calculated
guantum vyield of 1 at 248 ni¥® In addition,peroxidesundergo rapid oneslectron reduction in

presence of transition metal ions (Fenttype chemistry; Schem2gB) 140142156
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ROOH — 2" Ro® +HO A

Mn Mn+1

ROOH ;Z» RO + OH B

Scheme8. Possible HD, decomposition condition®\) 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?R@d HO'radicals (or hydroxyl anions)hese radicals are
capable of extending the initial damage to the proteififie chemistry of both H&nd RO in

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

1.11 Project outline andims

Proteinsin biological systems are susceptible to oxidation by ROS that can result in major
alterations including modification, fragmentation, crdsks and moré’1%513% The reaction
mechanisms for these processes are complex and have been discussedinagpisr (though the

list is unlikely to be exhaustive). Similar chemical reactions are likely responsible for the hair
damage?1°%16! Despite the fact that hair cosmetic products are widely available and used
worldwide, scientific literature and resedr is scarcé®? 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. Ourgmmaim 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 sylstefinstT
Chapter explores the H@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 peptidelerived hydroperoxides, cagct as prooxidants to trigger enhanced
damage to the peptides. Important considerations for the model systeme the ability to identify

the formation of hydroperoxides, and to monitor the degradation of peptides. Upon confirming the
prooxidant effect ohydroperoxides 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 organisPASuch defensive systems include radical scavengers (e.g.
ascorbic acid), enzymes that have the ability to remove oxidants directly (e.g. superoxide dismutase
for the Q%) and more>® Hair is an example of dead biological tissue, and so is prone togtama
that cannot be repaired. As such, researching ways to prevent or reduce hair damage is of great
importance to the cosmetic industry. The secdiidhpter focuses on the chemistry of polyphenolic
compounds, and their antioxidant capacity on peptide oxmati 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
processeg?163164 polyphenolic compoursl derived from natural extracts, have been recently
investigated as potential antioxidants for hair cosmetics produdis. secondhapter investigates

the HO*mediated aerobic oxidation df-acetylated amino acids in the absence and presence of
four catecholbased 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 thi€hapter 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, mientification is challenging.
The finalChapter aims to elucidate the reaction mechanisms by detection of intermediate radicals
in the aerobic oxidation of shoft-acetylated peptides. Recently, a new method for trapping and
characterising shoslived radical intermediates has been developed in our gréfig®’ The
trapping results in the conversion of the radical intermediate to a stableradital product which

can be analysed by MS and-MS. The method is used to capture and detect transientcald
formed during the aerobic oxidation of biologidakgets andis explained in detail ithe third

Chapter.
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Chapter 2Ultraviolet light and heat synergism hypothesis

2.1 Introduction

In biological systems, proteins are prin@@gets for damage by a wide range of different oxidants
(both one and two-electron), due to their high abundance and fast rate consté&ni$he ensuing
reactivity and the formation of oxidation products is complex and depends on the oXfant.
Despie the highly variable resulting damage to the biological targets, under typical availability of
Oz, hydroperoxides (ROOH) are usually the main intermediate prddd¢te mechanisms for the
generation of amino acig peptide and proteirhydroperoxidesare reasonably wellinderstood
(some of them have been covered in the Introduction), and many studies have been published in

the field over the past 20 yeaf$138141.169.170

Despite the high protein content of the hair fibr@d(c 95% by dryveight),'literature data on the
generation of keratin hydroperoxides is scarce. By comparison, the % of lipids on human hair is
considerably lowerl(¢ 9% by dry weightj’. Nonetheless, most of the attention has been drawn

to the formation of lipidperoxides, and the development of methods to control and reduce their
damaging effect on haff*5"172174 The reason for this ikely two-fold; i) lipids can be easily
extracted from hair, thus making it easier to study them, and ii) lipid pertigidgs a more efficient
process compared to protein peroxidatiddince 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, hunan hairisoften exposed to different oxidation sources, for instance sunlight exposure
followed by flat ironing, and hydroperoxides can be formed and degraded during both. In these
caseshydroperoxides accumulated during the first insult (e.g., photodieahexposure) could be
hypothesized to lead to enhancekkratin degradation during the second insult (e.g., thermal

treatment), resulting in the synergistic action of light and heat (Sch28he

V direct degradation

Protein
Dhor~
(o) L
foo

Y,
U
(o)
n

hvor A enhanced
ROOH degradation

Scheme29. Oxidation of proteins leads to relatively lotiged hydroperoxides. Elevated temperatures break the
peroxide bond-0O-O-) yielding reactive shotived alkoxyl and hydroxyadicals.
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Formation and accumulation of hydroperoxid@s photochemical and thermal autoxidation
processes (e.g., in environmental degradation) is well documented, with this |eadauglitional
damage and an autocatalytic behavidd¥'’’ There is some anecdotal evidence to support this
hypothesis, e.gR&G noticed higher level of hair damage in customers who use both chemical (e.g.,
bleaching/colouring) and thermal (e.qg., flat iron) treatmettitan would be expected from a simple
combination of the twoWe propose that the reason for the observed enhahdegradation is the
generation of transient alkoxyl radicals (R&nd 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 modellingntrodudion

Most of the reaction mechanisms leading to protein degradation have been discussed in the
introduction. Acquiring experimental data to determine protein damage, and dedipiptre role

of hydroperoxides in the processe not trivial. Indeed, assesgj protein damage is challenging as
most of the techniques used offer only qualitative or sequantitative (and therefore direct
comparison between different studies is not an optio@sults!*® Moreover, detection and
quantification of protein peroxiés is, on its own, a complicated and challenging task and only semi

quantitative 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 aninsight 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!’®182 Kinetic modelling in chemistry is a discipline that dims the progress of
reactions, from simple molecules to complex reaction netwdfk&2Our 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 modellingdesign

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 smalfifferences 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 solvedgpendet!®* Indeed, i is wellestablished that

HAA reactions are significantly slower in polar solvents compared tepalam hydrocarbon
solvents'® In view of this, it was advised to use reaction rate constants in the same solvent for
every reaction incorporated in th@odel. 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 syrsangia kinetic model of protein autoxidation
based on Schem®0 with some additional reactions (can be found in tBgerimentalChapte)

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

Scheme0. Fate of initialcarboncentred radical generated on hair proteins in high abundance tf @eld unstable
peroxyl radicals (PrO¥) ultimately leading to the formation of transient alkoxyl (Brénd hydroxytadicals.

Scheme 29 shows a simplified depiction of theipralary 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 carbeoentred radicals that react with Qo yield peroxyl radicals
(PrO0).*° In biological systems, where availability of nearbid ®onds is high, the majority of
PrOQ participate in HAA to yield hydroperoxides (PrOOH; typigal= 1G¢ M s%).128 Some
hydroperoxides decompose resulting in an autocatalytic behaviour, abgignificant amount
accumulates in the system. Subsequent elevated temperatures and sunlight can induce rapid
homolytic decay to hydroperoxides yielding alkoxyl radicals “4jRn@ H®. These radicals are
capable of further reacting with the starting peah or a different protein present in the system,

thus extending the initiallphoto- or thermallyinflicted damage to the protein.

62



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 solutiotdsAdGly-GlyOH(5 mM)
upon exposure to a lamp that simulates sunlight, was expentally determine@see Section

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

2.2.3 Kinetic modellingresults

The model was used to estimate accumulation of hydroperoxides in a protein upornuegpodJV
light. Initially, the rate of photoinitiation was adjusted to achiesee 10% decomposition of the
protein (at 1 mM concentration) over a 30 min simulation period (Fig#deft Y axis). The rate
constants used in this model were all literatwalues for reactions in aqueous solutions. The

results show continuous growth of hydroperoxides (PrOOH) (F&fyreght Y axis).

e |— Protein degradation— PrOOH| 5 201 | — No pre-exposure — Pre-exposure|
c c
S 83 4 L2161
[0] (1]
B A %
5 61 32 »121
3 TS
S 4 20 £ 8
B = e
S p—
o 2 1 L 4.
x R
0 - - - ™ o ™ 0 0 v
0 5 10 15 20 25 30 5
Time / min Time / min

Figure6. Kinetic model output. A) Hair protein decomposition and prgteioxides 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 sunlighexposure. B) Evaluation of the synergistic action usingM.s initial concentration of protein
hydroperoxides.

The concentration of hydroperoxides would plateau &meh decay at much longer exposure times.
The outcome of this simulation is areasonable agreement with our experimental data on“HO

mediated decoposition of 3 model substratggide infrg.
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In order to test the synergistic action hypothedisither kinetic modelling runs were performed.
Specificallythe system without and with accumulated hydroperoxides (at the end of simulation in
Figure6A) was exposed to elevated temperature (100 °C) for 5 min (F&R)r& he results in Figure
6Bshow enhanced thermal degradation of protein which wasgxposed to UV lighté 20% vs
7% of the initial protein has been degraded), tisuggestinghe hypothesis of the synergism of UV

and thermal treatments.

The effect was also tested at a much slower initiation rate 2% protein degradation after 8 h
light exposure Figure 7 that would be much closer to a relfe scenario. Theeactionrates of

other photochemical steps were reduced accordingly

2.5, -3 151
| — % Protein dissapeared — PrOOH| |—— No pre-exposure—— Pre-exposure]
c =
S 2.0 S 12
(O] ©
B A 22 B B
g 1.5 - % 94
- -
< 1.0 3 < 64
3" L1 &2 2
o 0o
— —
A 05, T
R 5
0.0 r r T 0 0 r T T r T
0 2 4 6 8 10 0 il 2 3 4 5
Time/h Time / min

Figure?. Kinetic model output. A prediction of a more realistic scenario where 8 sunflightexposurdedto 2%
protein decompositionSecond axis shows the protein peroxides evoluliba.concentration of the parent protein was
againset at ImM. B Evaluation of the synergistic actiarsingl pMas initial concentration of protein hydroperoxides.

The modé predicted a considerably slower accumulation of hydroperoxides with neasM &t
the end of the 8 h simulation (Figuve; right Y axis). Importantlyhe sample preexposed to UV
light also showed enhanced degradatiara.(12%) compared to the untreadl control ta 6%)

(Figure7B).

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 easilgxplained 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 greated with UV, and the two saples 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 slowein 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 initiatate, rthe

reactions of PrO® 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 comprise@rimarily 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 ranggiddmts that can

be generated in the hair environment. As such, investigating keratin photochemistry or the
reactivity of keratin proteins witlone-electron oxidants is not trivial. Similarly, generation and
detection of organic peroxides formed on hair&ens 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 perimental 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 il
Section 1.10.1, and the same mechanisms shouldrott 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 hir, we believe that short peptides can be used as reliable protein mimics. Initial

work was carried out using-AcGly-Gly-OH2.1 (Figure8).

N
H/\é( OH

21

Figure8. Chemical structure of-Nc-Gly-Gly-OH, thepeptide that was chosen for preliminastudies.
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The peptide shown in FiguBawas 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-eorkers exposed aqueous solutions of free amino acids (20
mM) to HC’to measure their ability to form hydroperoxides, and their workeeled that glycine

is one of the least efficient amino acids for peroxidation (see also Section 1*%£0’h§ outcome
was rationalised by the lack of availabléiGrom where HAA by H@an take place. Indeed, free
glycine contains only one secondagrbon centre, and therefore, peroxidation is not expected to
occur readily. Nonetheless, we believe thAcGly-Gly-OHcan be used as a suitable starting point
for our studies. We decided to use Brprotected dipeptide to reduce formation of Rbttnd the
following reactionsThe acetyl group was chosen as a protection group for the free amirige, as

resembles the peptide bonthat occurs in peptideand proteins

24 Photogeneration of H®

Following the decision over the model system, attentiomswturned to the generation of
hydroperoxides. As discussed in the Introduction Section 1.10 hydroperoxides are the main
intermediates in the reaction of free amino acigseptides,and proteins with many reactive
oxidants (e.g., HQO; etc.). There isich literature research on the reaction of M@ith amino

acids, peptides,and proteins in aerobic solutions, indicating formation of a range of different
products, including hydroperoxides, carbonyls, alcohols and molecular fraghié€nt&10.18As

such, it was opted to uselC”as an oxidant for the generation of hydroperoxides WiHAGGIly

GlyOH

Some of the possible ways for the formation of“th@ve been covered in Introduction Section 1.7.

We believe that photolysis of aqueous@dis awelSa il 6t AaKSR |yR aOf St
generation ofHG" This is usually achieved by employing a light source with strong emission
between 2306255 nm; wavelength where HO, has a relatively high molecular absorption

02 ST ¥ A O M&teommorty low pressureHg lamps have been used, that emit light at 253.7

nm where HO, K | & = 1.6 M cm™. Photolysis of ¥D, is a wavelengtidepended, relatively
efficient process (quantum yield of 0.5 mol Bithat results in the formation of twhighly reactive
HO(Schemesl; Eq. 1).80.188
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Equation Reaction k(M1s?) Reference

#

1 Moy — 1 oo ©=05molEin!

2 2 HO' H,05 5% 10° 89

3 R-H + HO® ———— R +H,0 108 - 1010 o

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

5 o OH 10° e

/ .
R-0O + R

R-0 + R—H

Scheme31. Production of H@utilising the UV/HO, system and subsequent main reaction pathways for the irradiated
generated HQ ultimately yielding hydroperoxides (ROOH).

Two main reactionpathways exist for the photolytically generated ®i@hat are, diffusion
controlled recombination inside the cage to reformQd (Scheme31; Eq. 2) or reaction with an
organic molecule to yield a carbaentred radical (8 and HO Scheme 31Eq. 3). Thanewly
formed R°reacts with G, to afford peroxyl radicals (ROQthatare converted to hydroperoxides
(ROORH) in presence of nearbyd®onds (Schem&l; Eq. 4 and 5 respectively). Alternatively, ROO
can participate in radicahdical termination reactions to afford nemadical products. Schentl

is a simplified representation of the reactions taking place to highlight tHérhdiated formation

of ROOH in aqueous solutions. In actuality®d@ inwlved in many more reactions, including

reaction with HO; (reactions can be found in th&ppendix).

2.5N-AcGly-GIyOH
2.5.1 FO>assay quantification ™-AcGly-GlyOHderived hydroperoxides

Upon establishing the model system and the“4d@neration mehod, experiments to form and
detect hydroperoxides were carried out. After optimisation of reaction conditions (i.e., peptide and
H.O, concentration and irradiation time), an appreciable concentration of hydroperoxides was
obtained when aqueous solutiong N-AcGly-GlyOH(5 mM) were exposed to UV light for 60 min

in the presence of #D, (100 mM). To minimize artefactual oxidation of the peptide, all aqueous
solutions were prepared using higlurity water (MilliQ), as it contains virtually no transition
metals that can catalyse oxidation (e.g., Fenton chemistty) 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 wasitoi@d by UWis spectroscopy. This
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resulted in no loss of the peptide (data not shown). The formation of hydroperoxides was

determined by the FOXssay (Figur8).

30 - }
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Figure9. Quantification of the totaHO*mediatedhydroperoxide content on aqg. solutionsNAcGly-Gly-OH(5 mM) in
presence of aq. 4, (100 mM) upon exposure to UV light 60 min Aliquots were taken at the indicatetinestamps
andwere frozen immediately until analysesults are the mean = SEtloke independenéxperiments, analysl the

same day with the FOassay.

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 U5nalg. solution), a enzyme that has
been shown to selectively decomposeO, but is unreactive towards organic peroxides (more
information can be found in thExperimentalChapte).!°* Figure9 demonstrates an accumulation

of hydroperoxides idine with irradiation time (triplicate experiments).

The evolution is faster in the first 15 mioa( 15 uM), and the rate of formation appears to be
reduced thereafter, wittca 25uM 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 bmolytic decay, to yield R@nd HQtakes place Therefore, after an initial period

of evolution, hydroperoxides are formed and decomposed simultaneously, thus the total peroxide
contentincreasest a slower rate. To confirm that hydroperoxides measurefigure9d are HO-
derived andare formed orN-Ac-GIly-GlyOH control experiments were run firstly in the absence of
HO,, and secondly in the absencefAcGly-GlyOH Both experiments resulted in no formation

of hydroperoxides (data not shown).
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2.5.2LCMS Identification oN-AcGly-Gly-OHderived hydroperoxides

While Figure 8 suggests the formation of hydroperoxidesl#wGly-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 spBefieGly-Gly-OH
associated hydroperoxides, reactionsne analysed by direghjection mass spectrometry (IMS)

and liquid chromatography mass spectrometry -lU8). SinceN-AcGly-Gly-OH is a simple
dipeptide with no sidechain, hydroperoxide2.2 are expected to form on the backbone (Scheme
32).

21 2.2 or here

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

Scheme32. Aerobic H@induced oxidation of McGIly-GlyOH ultimately generating hydroperoxides, via initial HAA
reaction.

The structure of the hydroperoxide shown in Sche32és representative and perakation could
occur at other positions as shown in the scheme. Analysis-M3xeturned no results (we found
that N-AcGly-Gly-OHgenerally ionises very poorly in-BiiS). L&S chromatograms were scanned
for the potential hydroperoxides shown in Schernie and the extracted ion chromatogram (EIC)

is presented in Figur&O.
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5 N-AcGly-GlyOHhydroperoxide
4.5 EIC: 229.0425
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FigurelO. Extracted ion chromatogram (EIC) of 229.0425 (poteNtiat-Gly-Gly-OHderived hydroperoxide)
Hydroperoxides were generated by exposure of aqueous solutionA@GN-Gly-OH (5 mM) to UV light in presence of
aqueous kO, (100 mM). Aliquots were diluted and analysed WMSC

The EIC of the E@S analysistows evidence for the formation of a hydroperoxide formedNsn
AcGly-GlyOH(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 acquitedas in
excellent agreement with the calculated z (error was <0.0010m/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 theepk eluting at 4.5 min is due tdCG’oxidation (data can

be found in theAppendix).The emergence of only one peak, suggests that peroxidation selectively
occurs in one of the three available positions MMAGGIly-GlyOH although it is possible that
peroxdation takes place at differertarbons,but the abundance of the molecules is too low to
detect, or the peaks could not be separated in the IL@G. important to note that the compound
responsible for the peak with am/zof 229.0425 could be a dihydroxy derivative (diol) formed on
N-Ac-Gly-Gly-OH (Schem83), as a result of second oxidation by a“Hi¥@o data were obtained to
distinguish betweernN-AcGly-GlyOHderived hydroperoxides or diols, however hydroperoxide

assignnent would be consistent with the fact that the F@Xsay detected hydroperoxides.
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i 4o HO"/ O o OH o
)J\H/\gNQJ\OH L S )J\)\WH\HJ\QH

21 23

Identical m/z with the hydroperoxide

Scheme33. Formation of a dihydroxy derivative as a result of a 2nd HAA hyTH® dihydroxgerivative 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
evduate 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 8aations are focused on the decay

of N-AcGIly-GlyOH hydroperoxides under sunlight (Section 2.5.3), and elevated temperatures
(Section 2.5.4).

2.5.3 Sunlighinduced decay di-AcGly-GlyOHderived hydroperoxides

Hydroperoxides formed on hair keratins willldely exposed to sunlight. Since it is wadtablished

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 photiuced decay can accelerate
keratin damagevia mechanisms outlined in Schen3@. The sunlightnduced decay oN-AcGly

GIlyOH hydroperoxides was investigated by employing a lamp that simulates sunlight. The
irradiance of the sunlight simulated lamp was 100 W?cand the output spectrumvas AM1.5G
GKAOK NBTFTSNR (G2 (GKS adlFyRIFINR &aLISOGNHzy 2F (KS

to 1250 nm, with a maximum at 500 nm.

Initially, hydroperoxides were generated in aqueous solution®-@ic-Gly-Gly-OH (5 mM) as in
Section 2.4. At the end of the irradiation, solutions were treated with catalase (3150%JaqL
solution) to destroy any leftover &,. Aliquots were taken and frozen immediately to determine
the total peroxide content at the end of the WBxposure. The remainder of the solutions, after
degradation of bO,, were exposed to a lamp that simulates sunlight for 2 h with aliquots taken

every 30 min (Figurgl).
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Figurell. Sunlightiinduced decay of H&nediated peroxies. Hydroperoxides were generated cA®GIy-Gly-OH (5
mM ag. solutions) in presence of 100 mM agPHData are the results of a single experiment analysed by the FOX
assay.

Figurell suggests a minor loss of peroxides upon exposure to sunlighteAtrtti of the exposure

ca 9% of the initial peroxide has been decomposed. The kinetics of aming peftide and
protein-hydroperoxides decay upon exposure to visible light or sunlight are generally less
researched, and therefore it is hard to comparg experimental findings with previous literature.
Nonetheless, some research has been carried out on the Agjiieinduced decay of amino aeid
derived hydroperoxidé&®*°In 2002 Davies and emorkers studied the photochemical stability of
Tyrderived hydroperoxides, and their results showed that visible light (250 W lamp, wilkcif

filter at 345 nm) has a small, but noticeable effect on the peroxide concentratidMore
specifically, within 2 h of exposure to visible light 15% of the iitial peroxide content was lost,

indicating that visibldight hydroperoxide decay is indeed a slow process.

The sunlighinduced decay of peroxides, albeit slow, is important for the hair chemistry, since in
many reallife scenarios our hair is exposedsunlight for long periods of time. The peroxide decay
shown in Figure 6, appears to follow psetfitst order kinetics, with an estimatekliecay~ 10* s*

(the fitting of the data to first order kinetics can be found in thgpendix). However, it is reported
that the kinetics of peptideand proteirderived hydroperoxide decay are much more complex, and
do not follow first or second order kineti€$Thisis likely a result of multiple competing reactions

in the system. For instance, photolysis of hydroperoxides yields new transient radicals (Séheme

Eq. 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 -

Scheme4. Initial photolysis of om@nic peroxides yielding transient radicals, and their ensuing reactivity that can either
react withhydroperoxides oreact with starting substrate to generate more hydroperoxides.

The R®and HQ®can participate in HAA reactions with hydroperoxides tddyRO®(Scheme34;

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
generatedRC’and HQ®is HAA from the starting sutrpate RH (Schem&4; Eg. 8) to produce‘R

that can be quickly converted to ROOH (Sch&deEqg. 9). Reactions® portray a simplistic view

of competing reactions that can affect the concentrations of ROOH in the system when considering
simplepeptide-derived hydroperoxides. When dealing with protelarived hydroperoxides, more

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

2.5.4 Thermal decay BFAGGIly-Gly-OHderived hydroperoxides

Apart from exposure to sunlight, human hair is frequently exposed to elevated temperatures (e.g.,
flat-ironing of hairetc.). As such, it is instructive to consider the thermal decay of hydroperoxides,
as their homolysis can extent hair keratin damage. fhigemolysis of amino acid peptide, and
protein-hydroperoxides has been measured by different research groups at various temperatures,
ranging from-20 to 37 °C861150.153 However, hair is exposed to considerably higher temperatures
than that (fa example temperature for blowdrying hair is- 60 °C, whildor flat-ironing hair is over
200°C). Considering this, it was decided to test the kinetics of thermal deddAcfGly-Gly-OH

derived hydroperoxides, in various temperatures.
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To examine th effect of temperature, aqueous solutions FAGGIly-GlyOH (5 mM) were again
exposed to UV light to generate hydroperoxides, after which, solutions were treated with catalase
(3150 U mt; ag. solution). At the end of the exposure, aliquots were takahfeozen immediately
to determine the total peroxide content. The remainder of the solutions, aft€kHecomposition,

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

(Figurel2).

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 T T T T T v T T T T T
0 20 40 60 80 100 120

Heating time / min

Figurel2. Thermal decay of photogenerated hydroperoxides formed-8i-Gly-Gly-OH (5 mM; ag. solutions) upon

exposure to UV light in presence of:(100 mM). Solutions were incubated at various temperatures, and aliquots

were taken athe indicated timestamps. Results are the me&E of three independent experiments analysed in the
same day by the F@ésay First order kinetics were fitted in all cases.

Figure 12 demonstrates that elevated temperatures induce rapid decay to hydropdes.
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 decoritjuwsrate constants oks; ~ 10*s

1 ks~ 2 x 10*s?, andkioo~ 103s?. It is noted that the hydroperoxide decay at 1WDis very rapid

(nearly 100 times faster than in 82°@pd thismight be due to experimental error (this was not

investigatedfurther).
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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 deSgption, it is usual for our hair to
alternate between exposure to sunlight and elevatethperatures. In both scenarios, it is likely
that hydroperoxides are formed and decomposed simultaneously. Consequently, keratin
associated hydroperoxides that have been-pozumulated during exposure to sunlight, will be
rapidly decomposed if a heagbuce is applied to hair. Depending on the hsaturce applied, this
temperature can be as high as 230 °C {flaning). Such temperature will probably induce rapid
decay of peroxides irrespective of the duration of the heat (flat ironing is usually agplied
seconds, not minutes). Indeed, hydroperoxides will be thermally decomposed 2@mOHC®
radicals, with an ensuing reactivity similarly to Sche®@ Therefore, preaccumulated

hydroperoxides can act as prooxidants to deliver extended damage todtinéilire.

2.6 New model system

The reasoning for choosimMgtAcGly-Gly-OHwas 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 cavorkers!*Indeed, in order to produce hydroperoxides at a level shown in Figure 8,
highly concentrated solutions ®-AcGly-Gly-OH(5 mM) hadto 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, threBl-acetylated dipeptides/amino acids were chosen as model substrates
(Figurel3).

N OH \HJ\ o HN gH
% T

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

2.4 2.5 2.6

Figurel3. Chemical structureof the three biological substratesed in this work.
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The constituent amino acid3yr, Gly, Ala, Phe) form low to moderate amount of hydroperoxides
on reaction withHC*radicals, and they are all found in hair keratifigiosine is one of the main
chromophores responsible for photodamage of hair (see introduction for more information)
Alanine and Gly were chosen to probe different typekl@Preactivity:aromaticamino acidge.g.,

Tyr, Phepredominantlyreact bydirect addition of the H®to the ring (and peroxidation is less
efficient), whereas Ala and Gly reada HAA that primarily leads to formation of hydroperoxides
A combination of analytical techniquasassess the parent peptide decomposition and detect and
quantify hydroperoxides accumukd during photochemicallfriggered oxidation of the model

substrates by thedC°radical were utilised.

2.6.1 FO>assay quantification of Minediatedhydroperoxides

The same method that was used ffAGGly-GlyOHwas employed again, however more dilute
solutions of peptides were now exposed to UV light. The reason for this is thalyA@nd Phe are

all more efficient amino acids for peroxidation reactions, and therefore, highly concentrated
solutions (and pranged irradiation times) were not necessary. Hydroperoxides were generated by
exposing aqueous solutions of the three substrates (1 mM) to UV light in presenc®aflB0

mM) for 2 min. Reactions were run in a Hald excess of #D, in order to reducehe likelihood of

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

Unless otherwise stated, all reactions were carried outribuffered solutionsTherefore prior to

any analysignd interpretation of datathe pH of theeactions needs to be considered, as this can
significantly alter the stability of the intermediate radical&lginfra). The first pKa valugarboxy

group) for all the amino acids is similar, arfdr the three amino acids used hetbe 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 caadily
calculaed, and t was found to be~ 3. Effectively this means that in every reaction the % of
protonated and deprotonated dipeptide is different. Indeed, further calculations, showithadr
reactionsthe three substrates are mostlgresentin their anionic érm (% of presence as the

carboxylate anionN-AcGly-TyrOH~ 86%,N-AcAlaPheOH i94%,and N-AcAlaOH is82%).

It is important to highlight that the high degree of deprotonation of the substrates will likely affect
the formation ofintermediate radicals. Indeed, as it has been discussed in the introduction, the
most probable positional attack for the M@ediated HAA is théGH, as the resulting radical is
stabilised by the captodative effect (see Section 1.7.4.1). However, thidisitay 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 Be&tQikely take place in other
positions of the three substrates (e.the benzylic position foN-AcGly-TyrOH, andN-AcAlaPhe

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

Aliquots were collected at the indicated timestamps and were analysed by thea§€a}( for the

total peroxide content (Figurg4).

= N-Ac-Gly-Tyr-OH o= N-Ac-Ala-Phe-OH 4 N-Ac-AIa-OH]
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Figurel4. Quantification of the totaHO*mediatedhydroperoxide content on ag. solutions of the three substrates (all 1

mM) in presence of aq..8, (100 mM) upon exposure to UV lightiquots were taken at the indicatétinestamps and

were frozen immediately until analysResults are the mean + SEhoke independenéxperiments, analysl the same
day by the FO4ssay.

Figurel4illustrates that photolysis of the three substrates resulted in formation of hydropeesxid
as determined by the FGaésay. The total peroxide content increased with irradiation time. In the
case ofN-Ac-AlaPheOH the highest peroxide yields were detected, wigh15>a | F G SNJ H
UV exposure. On the contraf-AcGlyTyrOH andN-AcAlaOH provided intermediate yields of
cab T >a 2F K&8RNRPLISNRPEARSE Ay 620K OlFasSao
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The higher peroxide yields detected fdtAc-AlaPheOH oveN-AcGly-TyrOH are consistent with
literature reports where it was demonstrated that Fidduced peroxidation dPhe is slightly more
efficient than Tyr!**Furthermore, Ala contains a secondasdQOwhich is inherently more reactive
than the primary €H position of Gly. Thus, the highdetected peroxide levels, can be attributed

to the morereactive GH positions from where HGHAA can occur.

2.7 Ultraviolet lighinduced decay of peroxides
In Section 2.5 hydroperoxides formed NRAGGly-GlyOHwere 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 amdodeers exposed
agueous solutions of varisuamino acids (including tyrosine)‘t@adiation andreported that high

doses resulted in a plateau of the hydroperoxide formafitfithe observation was rationalised by
progressive degradation of the intermediate hydroperoxides that occurs in a siai@ato their
formation (therefore resulting in a net zero outcome). It is possible that the UV source we have
used for the HO, photolysis, apart from generation of hydroperoxides, causes concomitant

degradation.

In order to test the UNihduced decayf hydroperoxides, agueous solutions (1 mM) of all three
substrates were irradiated in presence ofd (100 mM). At the end of the exposure (2 min) the
solutions were treated with catalase (3150 Umhg. solution) to destroy the &, excess. After
this, aliquots were taken to determine the total peroxide content at the end of the irradiation. The
remainder of the solutions were reubmitted to the same experimental conditions for another 2
min, with aliquots taken every 30 s. The total peroxide conteas determined by the FGagsay,

and the results (depicted as the % of the total peroxide content lost) can be seen in Fgure
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Figurel5. U\tinduceddecay of hydroperoxides generatedtbe three substrate§l mM; ag. solutions) upon exposure

to UV light in presence ob&, (100 mM). Solutions weliéerated from HO, and resubmitted to UV lightand aliquots

were taken at the indicated timestampand were frozen immediately until the day of analyRissults arette meant
SE of three independent experiments analysed the same day by tresE&)X

The results suggest that hydroperoxides formed on the parent substrates are reasonably stable
under irradiation, with only a very small loss at the endhaf 2 min exposure. This is consistent
with the continuous increase of hydroperoxide content in Figldeas significant hydroperoxide
degradation would have led to its plateauinty is noteworthy that the concentration of the
unreacted starting substrate 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 washown how L@AS was used to detect potential hydroperoxides formed\sn
AcGIlyGIlyOH Similarly, DMS and L@AS were utilised to detect potential hydroperoxides for all
three substrates. Firstly, BMS analyses were scanned for the detection of potential

hydroperoxides oMN-Ac-Ala-OH.

2.81 N-AcAlaOH

2.81.1 Peroxidation mechanism

Reaction ofN-AcAlaOH with HO” produces a transient carbecentred radical2.7, that after
reaction with Qand a HAA by nearby availablH@®roducedN-AcAlaOHderived hydroperoxides
2.8 (Schemed5; hydroperoxide is shown as the sodiated adduct).

2.6 2.7 2.8

[M + NaJ*: 186.0373

(or other positions)

Scheme35. Generation of MAcAla-OHderived hydropesxides via initial HAA reaction, followed byadditionand
HAA Scheme shows only one possible hydroperoxide, and peroxidation could occur in other available positions.

2.81.2 DIMS ldentificatiorof N-AcAlaOHderived hydroperoxides
The hydroperoxidestructure of Schem@&5 is onepossibility and peroxidation can occur in other
available positions of the molecule. Figur@shows a DMS analysis, highlighting (in red) a peak

corresponding to a potentidi-Ac-AlaOHderivedhydroperoxide.
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Figurel6. DIMS spectra of the H&nduced oxidation of McAla-OH Highlighted in red is thecquired[M + NaJ* of
potential NAcGAla-OHderivedhydroperoxideHydroperoxides were generated by exposure of aqueous solutions of N
AcAla-OH (1 mM) to UV light in presence of aqueo3:K100 mM).

The peak is not present in the némadiated solutions (MS data #ppendix), thus proving that the
compound with the 186.0365m/z is a product of the H®oxidation of the parent substrate.
However, assigning the observedzto a hydroperoxide is not trivial. Indeed, in these reactions it
is possible for different molecules to share the same mizwobopic mass with others. For instance,

a potential hydroperoxid®.8 will have an identicain/z with a potential dioR.9 (Figurel?).

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

238 29
potential hydroperoxide potential diol

[M + Na]*: 186.0373

Figurel?7. Chemical structures and [M + Naf potential NAcGAla-OHderived hydroperoxides and diols. Only one
possible isomer is depicted in the Figure.

Traditional mass spectrometry caot differentiate between these two products. Liquid
chromatography coupled to MS could potentially separate different isomers with the same

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

is complicated.

2.81.3 Deuterium exchange studies

In order to distinguish between the two products shown in Figd& 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 hyakinlesr and
diols respectively). Therefore, irradiations were repeated 0 [Instead of kD; all other reaction
parameters were maintained the same), and were analysed again-MSDIf all of the labile
protons are exchanged with deuterons, then the tmmducts2.10and 2.11 should now have a
different m/z (Figurel8A).
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Figurel8. A) Chemicadtructures and the [M + Napf the two fully deuterated products. B) A representative MS

spectrum of the H@®induced oxidation of McAlaOH. Reactions were run is@(more details under tHexperimental

Chapte}. Highlighted in red is the [MNa]+* corresponding to potential hydroperoxidase(,3 D shift in the m/z) and
highlighted in purple is the [M Na]* corresponding to potential dihydroxylated species (4 D shift in the m/z).
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Analysis of the BVS spectra revealed that both a hydroperoxide (Figl88 highlighted in red),

and a diol (Figur&8B highlighted in purple) are generated during the irradiatiohise peaks are

not present in the nordeuterated (but irradiated) solutins (data inAppendix). Furthermore, no

m/z corresponding to 0, 1 or 2 D exchange could be detected, indicating that the products are fully
deuterated.lIt is highlighted that the MS instrument used for these studies offers high resolution
analysis, and diérentiation of compounds with very close [M +"H}s such, the [M + NgFigure

18B; highlighted in purplegan confidently bessigned to the diol, and not tHéC satellite of the
hydroperoxide signal. Indeed, tA&C satellite of thénydroperoxide pak is predicted to have an [M

+ Naj 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 of*C s#ellites 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 tf@ satellite peaks (see also Experimentapbér;
Section 5.5.2)in the event where &°C 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 + Nadf potential N-AcAlaOHderived alcohols was
detected in the MS of the oxidation mixture (MS data in Appendix). The alcohol product is likely
producedvia hydroperoxide decomposition, and its observation indirectly supports formation of
intermediate hydroperoxides. Albugh, alcohols can also be generateglthe dismutation of two
peroxyl radicals (Russel mechanisfhe latter mechanism is onlapplicable to primary or
secondary peroxyNd RA O £ & 61 yR y2 i LIS NBribod sN-ASAFOHDF £ & T

2.8.2N-AcGlyTyrOH

2.82.1 Peroxidation mechanism

TheHCO’reaction withN-AcGly-Tyr-OHdiffers significantly compared tN-AcAlaOH andnvolves
predominantly addition to th@romatic ring to produce DOPA (see Introduction; Section 1.7.4). The
photogenerated hydroperoxides dd-AcGly-TyrOH (as confirmed by the F@Xsay; Figur&4) is
more likely a result of the HAA reaction B}’ from either the backbone of the peptide the ¢

CH of the tyrosinesidechain (Schem@6; peroxidation mechanism is showra initial HAA from

the benzylic position of Tyr
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Scheme36. Proposed peroxidation mechanism involving a Fesétion by H®from the backbone of Mc¢Gly-Tyr~OH
yielding hydroperoxides.

The HAA reaction of H@ith Ala and Gly occurs with a similar rake-(10’ M1s?) andis at least 2
orders of magnitude slower compared to addition to the aromatic ringyofafid Phe*! Thus the
HO*mediated peroxidation oN-AcGlyTyrOH is less favoured compared to formation of DOPA

(which has been established as the major#it@uced oxidation product of Ty#j7116:117
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2.82.2 DiMSldentificationof N-AcGlyTyrOHderived hydroperoxides
The hydroperoxide structure of Scheréis one possible isomer, and peroxidation can occur in
other available positions of the molecule. Figd&shows a DMS analysis, highlighting (in red) a

peak corresponding to a potentifd-Ac-Gly-TyrOHderived hydroperoxide.

335.0842
(:Ué 25 (N-Ac-Gly-Tyr-OH
S, hydroperoxide)
X
2
‘315
g
e
2
$0.5
ool sl bt ions A
333.5 334 334.5 335 335.5 336 336.5

m/z

Figurel9. DIMS spectra of the H&nduced oxidation of M\cGly-TyrOH. Highlighted in red is tteequired [M+NaJ
of potential NAGGly-TyrOHderived hydroperoxidedydroperoxides were generated by exposure of aqueous solutions
of NAGGIlyTyrOH (1 mM) to UV light in presence of aqueoxG:100 mM).

Figurel9 demonstrates that tham/z correspading to a potential hydroperoxide is present, with
the peak being completely absent when nibradiated samples were analysed (MS data can be
found in theAppendix). Similarly to the case NtAcGAla-OH, hydroperoxide8.14 and dihydroxy
products2.15will have the samen/z (Figure20). Considering the documented tendency of*H®
undergo addition to the aromatic ring of T¥¥,'1114generation of dihydroxy products is likely to

occur.
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Figure20. Chemical structure and [M + Naf potential hydroperoxides and diols orAdGly-TyrOH.Only one
potential hydroperoxide is depicted in the Figure.

2.8.2.3 Deuterium exchange studies

In order to get a betteunderstanding of the oxidation mechanism and confirm the formation of
hydroperoxides, reactions were repeated isfIYinstead of kD) while all other reaction conditions
remained the sameAs the two products have a different number of exchangeable pro(éremd

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

After analysis by EMS it was revealed that nm/z associated with a possible 0, 1, 2, 3 and 4 D
shifts was detected in the MS spectra. However, timéz corresponding to 5 (potential
hydroperoxides; highlighted in red) and 6 (potential double hydroxy adduct; highlighted in purple)
D shifswere evident (Figur@1l).
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Figure21l. DFMS spectrum of the H&nduced oxidation of McGly-TyrOH Reactions were run iD;O (more details
underthe ExperimentalChaptej. Highlighted in red is the [MNa]* corresponding to a hydroperoxidiee(,5 D shift in
the m/z) and highlighted in purple is the fMNa}* corresponding to a dihydroxylated species.(6 D shift in the m/z).

These data strongly suggest both hydroperoxide and diol formatioNHac-GlyTyrOH. The two
peaks highlighted inigure 21 were not present when irradiations were carried out isCHnstead
of DO (MS data can be found in th@pendix).

2.8.3N-AcAlaPheOH

2.83.1 Peroxidation mechanism

N-Ac Ala PheOH is expected to react with 4@ a similar way tiN-Ac-Gly-TyrOH.The reactivity
of Phewith HO® has been investigated carefully anddapth by Solar in 1985and it results
principally in addition oHC’to the benzene ring of PHé® Based on literature experimental and
theoretical data, formation oPhederived hydroperoxidesia addition of the HO®to the benzene

ring can be discounted.

Hydroperoxides?2.18 are more likely generatedia HAA from the sidechain N-AcAlaPheOH

(benzylic positionSchemed7). Indeed, Solar experimentally confirmed treasmall amount of the
initial HO”concentration £ 6%) reacts with the alanine moiety of phenylalaninea HAA reaction
with ak~ 10° Ms! to yield a carborcentred radicaR.16that similarly toN-Ac-Gly-TyrrOH can be

converted to a hydroperoxide.

87



0] . o -
H _HO
\HJ\” 0] \HJ\N OH
\[(NH o \[(NH H o

0 0
. 2.16
QH 0
o

(@)
o oy <HAA o o
%H %H
WNH o

WNH 0]

O 0]

2.18 217

[M + NaJ*: 333.1057
(or other positions)

Scheme7. The HAA component of the reactiorHi»with Phe, resulting in formation of hydroperoxides. Schafe
shows only one possible hydroperoxide, and peroxidation can occur in different positions.
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2.83.2 DIMS Identificatiorof N-AcAlaPheOHderived hydroperoxides
The hydroperoxide shown in Sche®igis just one possible isomer, and equally, peroxidatian
occur in other available positions. Next;Nd8 and LBAS analyses of irradiated-AcAlaPhe OH

solutions were investigated for the detection of potential hgpderoxides (Figure2.
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Figure22. Representative MS spectra of the M@luced oxidation of McAla-PheOH Highlighted in red is the found
[M +Na]+ of potentiaN-AcGly-Tyrderived hydroperoxideslydroperoxides were generated by exposure of aqueous
solutions of NAGAla-PheOH (1 mM) to UV light in presence of aqueop@:K{100 mM).

The [M+ NaJ of potential N-AcAlaPheOHderived hydroperoxides was present in the-ND®
spectrum (Figur@2; highlighted in red), with the peak being absent in the fiwadiated samples
(data can be found in thAppendix). However, as H@ave the propensity to undergo addition t
aromatic rings, the formation of doubly hydroxylated products has a high probability in the case of

N-Ac-AlaPheOH too.
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2.83.3 Deuterium exchange experiments
In an attempt to distinguish between doubly hydroxylated and hydroperoxides formdd-Ac
AlaPheOH, irradiated solutions were diluted x 100 times ¥®Pas the two compounds possess a

different number of exchangeable protons (Figa®.
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[M + Na]*: 337.1308 [M + Na]*: 338.1371
(or other positions) (or other sites of the ring)

Figure23. Chemical structure antthe [M + Na} of potential NAcAla-Phe OHderivedhydroperoxides and
dihydroxylated products where all labile protons have been exchanged with deuteriums

Therefore, the MS data were scanned for the masatopic masses corresponding to 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 te®D shifts was observed.
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Figure24. A representative MS spectrum of theH@uced oxidation of McAla-PheOH Aliquots were diluted x 100
in DO (more details under thexperimentalChaptej. Highlighted in red is the [MNa]+ corresponding tpotential
hydroperoxidesi.,4 D shiftin the m/z) and highlighted in purple is the fMNa]* corresponding to potential
dihydroxylated specieg€.,5 D shift in the m/z).
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Deuterium experiments revealed that the reaction mixtures contain both dowaydxylated and
hydroperoxides formed omMN-AcAlaPheOH (the peaks were absent when solutions were not
diluted in DO ¢ MS data imPAppendix). It is noteworthy that no/z associated wittpossible 0, 1, 2
and 3 D shift was detected. Theexperiments stingly suggest the formation of specifitAc
AlaPheOHderived hydroperoxides.

2.9 Substrate oxidation

Exposure of aqueous,&: to UV light in the presence of the three substrates was shown to lead to
the formation of organic peroxides that are stabld=at 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 ofirm 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 imgtlyrtan

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 igju#ed. To address that, careful IS
quantification can be used. Liguid 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, thers 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 exceberglation between
concentration and peak intensity{R 0.997 for all casesll calibration curves can be found in the
Appendiy. For N-AcGlyTyrOH andN-AcAlaPheOH 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-A®Ala-OH,

the total ioncount of the extracted ion chromatogram was used (this was domeasAlaOH 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 curvekstaw the daily and the
weekly variation of them was assessed, can be found in Ex@erimental Chapter The
gquantification assumed constant ionisation efficiency inMS! While this is not normally a safe
assumption, at low conversions the compositiminthe 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 Hi@duced oxidation of the substrates, aqueouasioins (1 mM) were
exposed to UV light in presence ofQd (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 analysedw$ LC

to determine the parent substrate loss (Figa®).
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Figure25. Decomposition of the three substrates upon exposure of ag. solutions (all 1 mM) to UV light fan2 min
presence of aqg. 4, (100 mM) Aliquots were taken at the indicated timestampsad were frozen immediateluntil
analyssby LEMS. The extent of decomposition was calculated by integration giebk area othe LEMS peak
corresponding to the starting peptidthe TIC of the EIC forAt-Ala-OH).Reactims were carried out in triplicate (6
times forN-AcAla-OH) and the results are the mean + SE of the experiments.

Figure 25 demonstrates that reaction of substrates wit’H3ulted in their partial degradation.

To ensure reproducibility and reliability of the experimental setup and the guantifitatiethod,
reactions oN-AcGly-TyrOH andN-AcAlaPhe OH were carried out in triplicate, while reactions of
N-AcAlaOH were carried out 6 times, as quantification using the total ion count (TIC) showed

higher variations.
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It is evident thatN-Ac-Gly-TyrrOH is more resistant to the Fhduced oxidation with a nearly 100
UM loss of the parent substrate at the end of the irradiation. In contrast, exposNeAafAla-Phe
OH andN-AcAlaOH to HO@resulted inca. 200 uM decomgpsition. The reason for this could be

related to the reactivity oHO’with the respective substrates.

Reaction of HOwith Tyr affords the thermodynamically stable phenoxyl radical (see Introduction
Section 1.7.4). Phenoxyl radicals have been proposedédct slowly with @ with a rate constant

of k< 1¢ M st estimated for tyrosyl phenoxyl radicaf€.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@f Ho appreciable
decomposition was detected (data not shown), thus confirming that the observed substrate loss is

indeed H®-induced.

2.9.2 Thermal decomposition

To evaluate the mposed 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 Se@ts4d we have
shown the kinetics of thermal decay for the-AcGlyGlyOHderived hydroperoxides. The
temperature and the duration of the treatment were chosen to affaal 50% decomposition of

the photo-generated peroxides (i.e., incubation at 82 °C3@min),
Prior to investigating the effect of temperature on partiatlyidised substrates, control

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

exposure to UV light) in the absence of:iwere carried ou{Figure 26).
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Figure26. Substrate loss for the parent substrates upon incubation at 82 °C for 30 msubBh@te loss was
determined by L&S analysis. Graph highlights the loss in the concentration and data are expresisedre=ns + SE
of 3 independent experiments (6 forA¢AlaOH).

The three substrates appear to be thermally stable at 82 °C with only a small logs\& @xheir
initial concentration after 30 min of incubation. Next, our focus was turned to thestigetion 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 thasifbstrates 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
substrde solutions were incubated at 82 °C for 30 min. Solutions were analysed-B\s LtG
determine the concentration of the parent substrate at the end of the UV exposure and at the end

of the heat treatment (Figure 27).

94



II N-Ac-Gly-Tyr-OH B N-Ac-Ala-Phe-OH B N-Ac-Ala-OH

400

350
350

M
w
o
o

1

Substrate loss /
- N [\S]
8 8 8

End of UV exposure End of heat treatment

Figure27. 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. Déa are expresstas the means * SE of 3 separate experiments (6-AaxAB-OH) analysed by H@S.

Figure 27 illustrates that thermal treatment resulted in further damage to the Hposed
substrates, thus providing strong evidence for our proposed hypothesis. Bpmeifically N-Ac
GlyTyrOH and N-AcAlaOH suffer a similar extended damage cd. 60 UM, while the
concentration ofN-AcAlaPheOH is reduced bga. 120uM at the end of the heat treatment. The
decomposition occurring upon he#teatment, is consistenwith thermal breakdown of species
generated during the UV exposure (such as hydroperoxidé®) thermal stability of the peptide at
82 °C (Figure 26), suggests that exposure to UV light leads to the formation eftablaispecies

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

Data reported on Figures 2&/ 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 F@¥say (Figure 28).
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Figure28. 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 fair 82 °C

30 min. Results are the mean + SE of three (six-faeANa-OH) separated experiments analysed by the-&€sdy the
sameday.

As predicted, incubation at 82 °C resulted in a substantial peroxide decomposition. Spedifically,
AcAlaPheOHderived hydroperoxides suffered a loss greatssn 60% while N-AcGlyTyrOH

and N-AcAlaOHderived hydroperoxides were decomposed withaa 50% loss of the initial total
hydroperoxide content. The greater peroxide decompositiohl-#fc-AlaPheOH might provide an
explanation for the higher substrate loss (Figure 25). Indeed, a rough approximation of the data
shown in Figure 22 and 23 shothat a loss of M of peroxide results in 18M 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 &@ HQO, 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 destrthe hydroperoxidesia a nonradical 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. Therefee, if all the H®formed hydroperoxides were destroyeda 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 agétitdn particular, NaBH decomposes
hydroperoxides to the corresponding alcoheis a nonradical pathway under mild conditions
(e.g., 1 hiincubation at room temperature). Many studies have utilised NaBelduce protein and
peptide hydroperoxides to alcohols in order to indirectly quantify the hydroperoxitfés>*Based

on literature precedent, we considered NaBd be a suitable reductant for our work. The total
hydroperoxide content (post/VV eyosure) could be reduced to alcohols without generating any
reactive radical species. If this was successful, themmal treatmentof the substrates should,
similarly to controls, result in no appreciable decomposition of the starting substrates. The
advantage of NaBHs that it is a mild reducing agent which can only reduce hydroperoxides and
carbonyls butshould be unreactive towards any other functional groups in the system. Indeed,
potential carbonyls (oxidation products) can be reduced to the cpording 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 NaBktan be cleanlyanverted to inert NaBeby 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 der. At the end of the irradiation, the solutions were treated with catalase
(as per theExperimental Chaptgto remove any leftover #,. After 15 min, aliquots were taken,
diluted and frozen in liqguid NThese aliquots were analysed both by the f&83ay and L-®IS, in
order to determine the total hydroperoxide content and the starting substrate concentration. The
remainder of the solutions was treated with NagH mg per mL of solution) for 1 h to reduce any
U\tgenerated hydroperoxides to alcoholsdne information under theExperimentalChaptej. At

the end of the 1 h a few drops of agueous HCI (2 M) were added to reduce the pH of the solution
(in order to convert any remainingaBH to NaBQ), before readjusting the pH to the initial value
with a few drops of aqueous NaOH (2 Mpllowingthis, aliquots were taken, diluted and frozen in
liquid N> until analysis. These aliquots were analysed by the&&3Xy, to evaluate whether NaBH

treatment results in the reduction of the total hydroperoxide cent (Figure 29).
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Figure29. Decomposition of H@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 fondréndetails in the
experimental). Results are the meanE@ three separated experiments analysed by the&3xy the samday.

Figure 29 reports the total hydroperoxide content before and after the NaBthtment. In
harmony with literature precedat, FOXassay confirmed a nearly complete reduction of the
peroxide groups in all substrateAt this stage, the possibility that the acidic environment after
NaBH treatment, would result in the decomposition of organic peroxides was considered. To
underdand if the destruction of peroxides is due to NaBidatment or a result of the acidic pH, a
control experiment was conducted. The total peroxide content was assesseda@s@y after
NaBH treatment, but without lowering the pH, which resulted in thenaplete disappearance of

the total peroxide content. This revealed that any organic peroxides are destroyed during the NaBH

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

Encouraged by the effectiveness of NaBHlecompose peroxides, thad¢rmal stability of starting

substrates was then investigated.
After theNaBHtreatment, all solutions were subjected to heeatment as earlier (82 °C; 30 min).

At the end of the thermal treatment, aliquots were again collected, diluted and frozkquiial N

until analysis by L-®1S (Figure 30).
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Figure30. Stability of the three starting substrates at 82 °C. Solutions were initially exposed to UV light for 2 min as
outlined in theExperimentalChapter After thecessation of irradiation, samples were treated with NaBH4 (1 mg per mL
of solution) to redae any photegenerated hydroperoxides to alcohols. Following that, samples were incubated at 82 °C

for 30 min.Results are the mean £9f three separated experimsrdetermined by L-®IS.

Figure 30 demonstrates that all three starting substrates remained intact tiggmal treatment
The observed thermal stability of the peptides strongly reinforces our original hypothesis and
peptide degradation upon thermal treatent 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 betweenswis 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 hemeatment (more information under theExperimental

Chapte). Figure 31 shows the evolution of a known UV marker.
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Figure31. Evolution of UV marker upon exposure of hair to UV light for 20 or 40 h and furtherdetatent. Results
are the mean + SE of 12 different experiments. The measurement of the UV marker correlates to UV protein damage and
total proteinloss.Experiment®f 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 calciumbinding protein S100A%? Procter and Gamble havegriously reported a linear
correlation between UV exposure of hair and generation of this mafRét.is likely formed via
peptide bond cleavage which involves intermediate formation of a hydroperdidieis assumed

that some copper ions (whichatalyse 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 3luggests that evolution of the UV marker upon 20 h of UV exposure followed
by heattreatment (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 npegéiles andndicates

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 andeth@rs arehigher. 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 accumulatigrasteady 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. Fig@f@demonstrates that after an initlgperiod,

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 40h exposure is similar to that at the endtbak 20 h exposure.

2.12 Chapter 2: Conclusions

Exposure oN-AcGly-Tyr-OH,N-AcAlaPheOH,andN-AcAlaOH to HOin presence of &resulted

in accumulation of hydroperoxides, and the total peroxide content was quantified by the§5a.
Evidence for the identification of specific hydroperoxides was obtained for all three substrates by
DEMS. Importantly, robust isotope exchange diees 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 quantificatibeiof t
concentration by LS. 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 appearsitociase in line with the hydroperoxide
formation/decay. Indeed, the highegthermal hydroperoxide loss was observed f¢AGAlaPhe

OH ¢€a 6 pM), and this resulted in the highest parent substrate thermal lcas1Q0 uM). In all
three cases, a 1 uM hyalperoxide loss during thermal treatment, resultedda 18 uM thermal
substrate loss. These data suggest that exposure to UV light followed by thermal treatment of the
substrates extends the initial phoioduced decomposition. It is proposed that the sea for this

is hydroperoxide thermolysis which triggers radical chain reactions based on S8Beme
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HAA from N-acetylated peptide
leads to further peptide degradation

H O
0 uv o) O, NW)J\ Heat H .

H —_— H —_— R/ OH ——» ,N\Hj\ + HO

_N . _N R OH
R JJ\OH (HO) R .QJ\OH O.
N-Acetylated o o

-Acetylate o .

peptide Peptide-derived hydroperoxides

Peptide oxidation

Scheme8. Proposed mechanistic pathway to highlight the prooxidant effect of the hydroperosidesndary 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 NaBdderiments, 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 mesalf
mechanisms are in place) including hair. Experimental data on humandégradation are
consistent with the conclusion that UV light and héaatment 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 hydroperoxinedated keratin damage.
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Chapter 3: Effect of catechbased antioxidants on the KO
mediated oxidation of biological substrates

3.1 Introduction

Humans are constantly exposed to a large number and variety of biologicarafirtdonmental
oxidants, such as reactive free radicals. These oxidants are known as ROS €eGf”, @) whose
reactivity with amino acids and peptides has been covered in the introducfitve) propensity of

ROS to undergo rapid reactions with bioewmiles, results in cell damage and initiates (or

I OOSt SN} G4Sav YlIyed OKNRBYAO RAaSFaSasz adzOK | a
different types of diabetes and mofé&*1°” Over the past decades, there has been an upsurge of
chronic dseases, 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 protectigaiast such diseasé®x2°°

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 disease These compounds are called antioxiddftg’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 tbanecessary antioxidant
supplementatiorhas been linked with damage to biomolecut&&°*21° However, on dead tissue,

such as food, fabric and hair, the role of antioxidants is leséoanded by such mechanisms.
Indeed, antioxidants (especially natural) have found great success as food preservatives, and have
been shown to increase thehslf-life of highfat content food?%?!3 More recently, natural
antioxidants have attracted hiigattention 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 fabfithe nextSections 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 antioxid4it8521’ Generally,
antioxidantscan 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 oxygetf® To reduce the damage on the organic compouadd delay the rate of
autoxidation, the use of antioxidants has evoked high attention, especially in the pharmacology and

food industry?!321&221

3.3 Antioxidants in oxidation processes

Depending on their mode of action, antioxidants (AH) can bergisdlg divided into two categories,
preventive and chaibreaking’”® Preventive antioxidants are those that eliminate the initiating
oxidant, such as compounds that decompos®©iimetal ion chelators, ROS scavengers “hd
quenchers, thereby convertinthese oxidants to stable molecules and reducing the initiation rate.
The second category (chaimeaking) involves antioxidants that act as free radical terminators

(mainly for peroxyl but also alkoxyl radicals), thus retarding the propagation stepn{&88; 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)

Scheme39. An inhibited oxidation process. An antioxidant (AH) acts as a-bhedking antioxidant by quenching
peroxyl radicals (mainly; equation 2) and other radicals, thwgistpdown the propagation steps.

The actual oxidation process can be quite complex and reactigh§Stheme39) as written are

not intended to convey the detailed mechanism, but rather highlight the inhibition of the peroxyl
radicals by the antioxidanfThe main purpose of a chabreaking antioxidants to donate a
hydrogen atom to the peroxyl radical formed cwitheautoxidation andgenerate a ROOH and a
radical on the antioxidant (AScheme39; reaction 2). The power of a chaineaking antioxidant is
dictated by three factors. Firstly, for an antioxidant to be efficient, it should react with propagating
radicals (RO®and RQO) faster thanpolyunsaturated lipids and proteirdo, as the latter reaction

generates entred radicals that undergo diffusiarontrolled addition of @ (propagation).
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Secondly, radicaiadical termination reactions between twd’Are desired since they lead to stable
non-radicalproducts andbreak the propagation cycle. Finally, it is important th&is®unreactive

towards other common & bonds in the system (so thatnewOCSy § NS R NI RAOF f & |

In principle, thecompetition 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 isaijypiower 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 re@@n 2, which, ideallghould behigher than that of 1 (i.e., higher

than 1¢-10®* M1 s?) 128

The rate of reactions 1 and 2 are determined by the thermochemistry of the reactions, that is the
BDE of the /1 and AH, and the relative concentrations ofHRand AH. Generally, the efficiency of

the antioxidant increases with decreasingHfond strenth. Therefore, for a thermodynamically
favourable donation of hydrogen from an antioxidant to a R@a& BDE of the Al must be below

that of the RH.

The typical BDEs of the backbonel ©f simple amino acids have been calculated theoretically and
detemrmined experimentally, and were found to be85 kcal mat.?22 For instance, for the € of

the backbone of Tyr a BDE-683.4kcal mof was estimated, while for the-8 of the sidechain

and the phenolic €4 the BDEs were determined to be88.2 and 3.1 kcal mot respectively
(Figure 32).

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

Figure32. Calculated BDEs for the phenoli¢iCthebackboneand the sidechain GH of Tyr, and the phenolici® of
BHT. Values are expressed in kcalimo
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For simple amino acids accessibility of the oxidant to the substrate is considered unrestricted, and
as such, HAA by a Rf@®expected to give rise t*Rhere the lowest €4 BDE is found (i.e., on the
h-carbon). On the contrary, for long peptides 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 hinderet*10°

Therefore, for an effective antioxidant, the BDE of thel Anust bdower than that of the' GH of

the biomolecule in this case tyrosine (i.e., < 83.4 kcal HioFor example, 2;Bitert-butyl-4-
methylphenol (BHT) is one of the most widely used synthetic antioxidants, and the BDE of the
phenolic GH has been calculatezkperimentally and a value of 80.7 kcal m(#igure 32) has been
determined?®This value is considerably lower than the 83.4 kcal‘rabthe"GH of tyrosine, and

as such, BHT could potentially be an effective antioxidant at reducing the ratesiite oxidation

(although BHT is not water soluble, and therefdedivery intobiological systemis 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 (bende@eliols), and hydroquinones
(benzenel,4-diols; Figure 33) moieties, as potertintioxidants has received great attention over

the past 20 year$>163.164212,22226

~OH | oM RN OH
| - |
=< R 0oH HO™ N

Substituted phenol Substituted catechol Substituted hydroquinone

Figure33. Structures of the most common substituted phenolic antioxidants.
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The reported BDEs values for theH®f unsubstituted phenols and catechols ar@7.6 and~ 81.2

kcal mot respectively, while the value for the unsubstituted hydroquinone lidseitween ¢ 84.9

kcal mott).22%230 These values show that catechol dag a potent antioxidant, as its-B BDE is
considerably lower than that of th&GH 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, this altering the BDE of the-® bond significantly. Indeed, electron donating substituents

in phenol, have been shown to significantly lower the BDE of the phendli¢eédy. BDE value of
82.1 kcal mot for 4-methoxyphenol3.1 has beencalculated; Figure 34§ while electron
withdrawing substituents increase the phenolic BREy.( BDE value of 95.kcal mot for 4-
hydroxybenzaldehyde3.2 has been calculated; Figure 3#).Similarly, sterically crowded
substituted phenols (e.gBHT; 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

Figure34. Structure of 4nethoxyphenol and-fiydroxybenzaldehyde, highlighting the phenolkel @DE.

Flavonoils are polyphenolic compounds encountered often in plants and vegetables (some
representative structures are given in Figure 35)hat can act both as preventive (by intercepting
the initiation source), and chaibreaking antioxidants (by rapid donah of a hydrogen atom to

another propagating radical yielding relatively stable radicals).

107



OH O
HOOH OH

3.3 34 3.5

Kaempferol Catechin Chalconaringenin

Figure35. The generic structure of flavonoids, and some examples of naturally occurring flavolaeinisoiels are
encountered in plantdruits, or vegetables.

The former reaction depends on the initiation source, while the latter generates phenoxyl, and
semiguinone 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 proce$&!For instance, tyrosine phenoxyl radical reacts with molecujar O
with a rate constant that has been estimated to be €Md s1.535511%0r 1,4semiquinone radicals

O, addition takes place with & ~ 10° M* s followed by facile elimination of H®to afford a
quinoneZ**while 1,2-semiquinone radicals are gerally accepted to show little reactivity towards

O (k<< 16 M1sh) 26

The low reactivity for 1;2emiquinone radicals towards,@as attributed to the development of
an intramolecular hydrogen bond framework between the oxygentred radical and the
neighbouring GH group of catechol, that further enhances the stability of the radical intermediate
(Figure 36¥%°

Figure36. Development of an intramolecular$nd framework providing further stability to the is2miquinone
radical.
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The HAA reaction between R®@he main propagating species in an autoxidation process) and
simple phenols, catechols and hydroquinones in neutral agqueous solutions, has been extensively
researched in the past, and rate constants in the orderkof 10° - 10° M? s! have been
experimentally measured?3%2% These values are at least two orders of magnitude higher
compared to the HAA reaction between R&@d proteins or peptidesThe subsequent chemistry

of phenoxyl radicals has been discussed in the Introduction. The focus néxtSection will be in

the chemistry of semiquinone radicals.

3.5 Reaction pathways of semiquinone radicals

Hydrogen atom abstraction reaction by ROftom catechols and hydroquinones produces
semiguinone radicals. Since semiquinone radi8aésare hghly stabilised, they react slowly with
O; and are unreactive towards otherl& bonds in the system, they can accumulate in relatively

high concentrations and participate in bimolecular termination reactions (Schéne

o Sl ooy

3.6 3.7 3.8

Schemel0. Bimolecular reaction between two stable -5@miquinone 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 decayaa (reversible) disproportionation reaction to yield a stable quinone
3.8 and recover the starting substrat7 (Scheme 42). Such bihecular reactions proceed with

fast rate constants near the diffusion limit k2~ 10° M s1).235241.242 Selfdimerisation of
semiquinone radicals to form dimeric species is possible, although this reaction is reported to be a
minor pathway for thesé*® Another important reaction pathway for semiguinone radicals is a

radicalradical reaction with another RO(5chemetl).
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o ROO" 0
@ + ROOH
OH 0

3.6 3.8

Schemell. Reaction between a 1-@&miquinone radical and@opagating peroxyl radical, yielding a stable quinone
and a hydroperoxide.

The reaction of Scheme 43 is accepted as major pathway feselnquinone radicadlecay butis
less probable for 1;4emiquinone radical&*For 1,2semiquinone radicalseadion with ROG®has
been proposed to proceeda a formal proton coupled electron transfer to give rise to a quinone

and a hydrocarboilerived hydroperoxide.

Whether reaction of semiquinone radicals with @oceedsviaan electron transfer mechanism to
afford a hydroquinone and HE*>or involves addition of Qo the aromatic ring, followed by facile
HO~elimination is unclear, with conflicting report¥. More recent theoretical studies have
calculated that theactivation energy for electron transfer from tisemiquinone radical to £s too

high for the reaction to occur. However, electron transfer from the corresponding semiquinone
radical anion to @is thermodynamically favourett® Thus, electron transfebecomes prominent

at neutral to high pH where the semiquinone radical exists predominantly as the semiquinone
radical anion (. ~ 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 radicaldndeed, it has been experimentally confirmed that electron withdragvi
substituents in the parent hydroquinone result in more stable semiquinone radicals, that are less
reactive towards @**® Conversely, electron donating substituents produce more reactive

semiquinone radicals that react readily with © produce H@*8

Catechols and hydroquinones are probably the most-veséarch antioxidants. However, natural
polyphenolic compoundssually contain othemoieties in their ringshat have the potential to act

as antioxidants. Two typical examples are resorcipehtenel,3-diols), and pyrogallol (benzene
1,2,3triols; Figure 37)noieties?*?5! For instance kaempferol and catechin shown in Figure 35,
both contain a resorcinol moiety in their aromatic rifighe next Section will briefly discube use

of resorcinol and pyrogallohs antioxidants.
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OH OH

| x | x OH
Ho” ~PR R on
Substituted resorcinol Substituted pyrogallol

Figure37. Structures of some common substituted phenolic antioxidants.

3.6 Resorcinol and pyrogallol

The antioxidant activity of resorcinols anglyrogallols is similar to that of catechobnd
hydroquinones Indeed, there are documented examples where they act both as preventive and
chainbreaking antioxidant$3%25* Both resorcinol and pyrogallol are potent antioxidants as the
resulting radical are stabilised due telectron delocalisation in the aromatic ring (similarly to

phenols, catechols and hydroquinones).

The estimated phenolic 8 BDE for resorcinof~ 86.7 kcal mot'),?® is in fact, very close to the
BDE value for the unsubstied phenol ¢ 87.6 kcal mot; 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 #HarQresorcinol is considerabhigher
compared to the €H of hydroquinone < 84.9 kcal mot; Section 3.4)The discrepancy in the
phenolic GH BDE between resorcinol and hydroquinone can be readily explainethdyact that

in hydroquinonethe radical is further stabilised in th®H group in thgara-position

On the contrary, the estimated BDE for the phenohel ©f pyrogallol is significantly lowér 75.3

kcal mott).2% This is not surprising as pyrogallol ieighly conjugated sgtem. It is noted that for
pyrogallol this BDE value refers to theHdn the middle position of the ring. These val@wsher
support that the position of the-OH groups in the aromatic ring is critical for the antioxidant
properties of polyphenols. Thewer 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 neighbouringdQFigure 38).

Figure38. Development of an intramolecularthdnd framework from two neighbouring-B® groups providing further
stability to thel,2-semiquinoneadical.
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Apart from acting as chaibreaking antioxidants by donation of a hydrogen, polyphenolic
antioxidants can actia 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 nex@ection will explore the reactivity of polyphenolic compoundshntC’

3.7 Reaction between polyphenols and hydroxyl radical

Hydroxyl radicals can be generated in various systems, incluiditige reduction of HO, by redox
active metals present in hair. Hydroxyl radicals can undergo rapid addition to polyphenolic

compounds, generating transient cyclohexadienyl radi88Schemet2).2%¢

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

cyclohexadienyl radical

‘02

OH OHO/o'
o o
-
H
R OH R OH
3.12 3.1

hydroxylated product

Schemel2. Reaction betweea catechobnd H®Yyielding a transient cyclohexadienyl radical, tbah either eliminate
H,O or add td0,. SubsequentQ@elimination affords a stable hydroxylatgdoduct.
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This reaction is near the diffusiamontrol k ~ 10° M st for unsubstituted catechoff® The
transient cyclohexadienyl addust9 can now follow two different pathways; that are facileCH
elimination k ~ 10° s?) to generate a highly delocalised semiquinone radgal0?*’or near
diffusion-controlled Q addition k~ 10° M s?),2followed by HG*elimination k~ 10° M1 s?) to

afford a stable hydroxylated produdt12'*® The same process can occur successively to generate
multi-hydroxylated products on the parent polypherf®i. 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 industr 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 materigf®2¢ Botanical extracts are ideal candidates for antioxiddior two
reasons. Firstly, they have a rich polyphenolic content which is essential for an efficient antioxidant
(videsuprg. Secondly, they are natural, and consumers show a preference for health and cosmetic
products that contain compounds derived elitly 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.

OH
OH
OH
HO (0] o OH
HO (NGRS OH
//O
“OH OH OH
O
OH
OH
OH
Epicatechin (EC) Epicagallocatechin gallate (EGCG)
OH OH
O~_OH OH
Xy
N O
HO
OH
Rosmarinic acid (RA) Carnosic acid (CA)

Figure39. Chemical structures and abbreviations for the four cateblased 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 ROG@at are generated by thermally unstable azocompounds (e.g.,
AAPH or AIBN9-262264 Hydrogen atom abstraction reaction from the thermally generated RO
predicted to give rise to highly delocalised-$@niquinone radials (for all four antioxidants), that

in time convert to the corresponding quinones. Indeed, quinones have been identified as the main
degradation product of the RC¥nediated oxidation of flavonoid¥>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/AlafR¢dradicals?%°27°
Autoxidation of these compounds (Figure 39) is wieflined in the literature, and also leads to the
corresponding quinone¥/2"1273yhile quinone formation can also occur in presence of transition
metals (e.g., Ct).2°° For EGind EGCG there is some evidence to support the formation of dimeric
species as a result of radigaldical reactions between two highly stabilised semiquinone

radicals®”®

Reaction of these antioxidants with F@ less explored, although it is predidtéo follow similar
trends as reaction between H@nd catechols, as shown in Sched# Nonetheless, it is well
documented that flavonoids are powerful M€cavengerd’and some literature precedent exists
to support that theaerobic H®@induced oxiddon of the four antioxidants leads to the formation
of hydroxylated product$3”?"“The ability of antioxidants to scavenge i#probably beneficial, as
it can leado the generation of hydroxylated produdiScheme 44), that in turact as antioxidants.
This is because the hydroxylated degradation products, can reactH@tor ROG®to further

reduce the oxidation abiomolecules

114



3.8 Project outline and aims

In thisChapter we investigate the protective effect of fooatechotbased compounds (Figure 39;

EC, EGCG, RA and CA) isolated from natural sources (tea and rosemary) on the aérobic HO
mediated peptide oxidation, with a particular interest on hair damage. It isdeelimented that

both protein damage and calm fade in human hair arecaused by radicalbased
chemistry?®157:159.2152767g prevent or at least reduce the extent of this damage, one approach is to
quench the oxidants that are responsible for the initiation and the propagation of these processes.
Assuch,it is anticipated ttat these four catechdbased compoundsan 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 advantagé the existing literature in thisrea andunderstand their
antioxidant mechanism. While mechanistic pathways, and product formation isunadirstood

for generic polyphenols, research in these specific compounds (EC, EGCG, RA and CA)
underexplored. Aossible reason for this is that their antioxidant capacity is usually investigated by
their ability to quench ROS in complex systepdg®427%284 gnd thus product analysis and
mechanism proposal are challenging. We aim to use advanced analyticalgpees 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 aerobigindiDced
oxidation of two protected amin@cids 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 wedistablished tests, principally the oxygen radical absorbance capacity (ORAC)
as|y Gection 3.11.p?%287 Qur objective is to compare our experimental data against-well
establishedtechniques andsee if there is an agreement for their antioxidant power. Lastly, we
explore the protective effect of rosemary extracts (and not isaatempounds) ithe aerobic H®
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 @&G has previouslyshownreduced 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 radicahduced oxidation

The aerobic H®induced oxidation oN-AcAlaOH in the presete ofthe four catechotbased
antioxidants(EC, EGCG, RA and CA) was examined. Hydroxyl radicals were geriarsi€d
photolysis (Scheme3). Since our goal is to contextualise the protective effect of the four
compounds on hair protein$\-AcAlaOH isused a protein mimic (similarly to Chapt&rmore

details inSection 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

Schemet3. Experimental conditions for the investigation of the antioxidant mechanism of thedtaohotbased
antioxidants.

It was decided to explore the antioxidant potency of the four compounds in a system that produces
both HO*and RO@ Hydroxyl radicals are generated directly froaOiHphotolysis anctan either

react with the antioxidant or attract a hydrogen fronN-AcAlaOH to ultimately produce ROO
Therefore, this system allows the study of both the preventive and daaking properties of the
compounds based on the analysis of the degradation prodiditef the reactions were cartieout

in open air, to ensure formation of R®@@kes placeThe antioxidant equivalents used in our
reactions are relatively high (0.1 eq.). Usually, when antioxidants are used in oxidation systems
smaller concentrations are used (.01 eq.). However, thantioxidants investigated here ionise
very poorly in the MSsge Section 31), 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 ayedileddsorb UV
light. The lamp used for the photolysis ofQd in this work provides broatdand UV light. It is
therefore essential to know if the detection of degradation products is*d€ilitated or due to
direct excitation of the antioxidants. To stythis, agueous solutions (0.1 mM) of the antioxidants
were exposed to UV light in the absence tbé protected amino acidand HO,, and their
degradation was assessed spectroscopically by/IdVNo 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 usedharacterise degradation products generated

from the antioxidants, and it is attempted to differentiate between*H@hd RO®induced paths.

3.10 Product analysis

Based on the reaction pathways proposed above for flavonoids, two axadlation products are
predicted for the four antioxidants; that are, hydroxylation of the aromatic ring and generation of
a guinone (representative structures for the cateckekived degradation products are given in

Figure 40).

OH

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

Figure40. 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 initiallynalysed by DMS using positive ion mode. However,
investigation of DMS spectra for th¢M + H} and the [M + Na]of potential hydroxylated products

or quinonegeturned no results. This is likely due to the poor ionisation efficiency of the molecules,
combined with the low abundance of tluxidation productsn the reactions and there-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 sleml 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 momode produced inconsistent data, and was therefore, dismissed.

On the contrary L®MS proved more efficient, possibly owing to the separation of the different
compounds (no competition for ionisatiorherefore all reactions were analysed by-MS (moe
information in the experimentatection).lt 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 IMS chromatograms for 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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Predictablyanalysis of the L-®IS chromatograms revealed that hydroxylation of the aromatic ring
and quinone formation were evident in all four antioxidants (Figures 41; reported as the EIC [M +
HI. It is noted that the same products (i.e., hydroxylation and quinaaa be formediareactions

of HC®*with the antioxidants (c.f., Schemes 42 and 44), and the initial formation of a peptide radical
might not be necessaryifferentiating between products formed as a result of direct oxidation of
the antioxidants from H®or as a resullN-AcAla-OHderived RO® 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 withog®HAnalysis of these reactionsvwealed

no oxidation products on the antioxidant or the peptide, thus proving that the formation of
products is H®facilitated. Secondly, reactions were repeated as in Scheme 45, hoNekeAla

OH was omitted. Interestingly, in this case hydroxylatibthe 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 radid&Acn

AlaOH.The next two 8ctions will discuss the product formation on the four antioxidants.
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Figure4l. EIC of the [M + Hior A) E€hydroxylation, B) EQuinone), C) EG@droxylation, D) EGEfaiinone, E) RA
hydroxylation, F) R4uinone, G) GAydroxylation, and H) Gduinone.Products were generated by exposure of
aqueous solutions of-McAla-OH (1 mM) to UV ligbpen b air)in presence of aqueous solutions of the antioxidants

(2 mM) and HO; (100 mM) for 2 min.
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3.10.1 Hydroxylation

It is noted thatHO”addition to catechols is diffusiecontrolled k ~ 10'° M s%),*®while HAA from
N-AcAlaOH is 2 orders ofnagnitude slowerK ~ 108 M s?), and therefore hydroxylation is
predicted to be more efficient than the formation of quinon&Nonetheless, such a conclusion
cannot be made based on the data here, as the assumption that different molecules ion&t eq
should not be madeHydroxylation of EC, EGCG and RA is expected to occur preferentially in the
positions that are activated by th@©H groups. As such, 4, 6 and 4 hydroxylated derivatives are
predicted for EC, EGCG and RA, respectively. Whiladiterdata on the hydroxylation of these

four flavonoids could not be found, previous studies that investigated theiktidiced oxidation

of various dihydroxy benzenes, observed selective hydroxylation patté€rker EC (Figure 41A)

and RA (Figure 41B)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 uriclaaother
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 +ddpld be hidden underneath, but it cannot

be confirmed. However, these conclusions assubhat the isomeric products are wedeparated

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 arfétysis).

3.10.2 Quinaoe formation
Formation of a quinone, which is the result of the reaction betweersgjRiquinone radical and
ROQ@formed onN-AcAlaOH, or ofa disproportionation reaction between two ksemiquinone

radicalswas evident in all four cases.

3.10.2.1Epicatechin

For EC the most reactive site from which the R€4D abstract a hydrogen from is documented to
0S GKS ik, léweshghehali©®é BDEFigure4?2).288289Thijs is because thesulting1,2-
semiquinone radical formed is stabilised by resonance distribution in the aromatic ring, as well as

an intramolecular Fbond framework yide suprg).288:2%
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Figure42. Chemical structure of EC denoting the two different aromatic groups as "A" and I'Bighfighting the BDEs
of every phenolic ®l. BDEs are given in kcal rhol

For EC the EIC of a potential quinone revealed two peaks (Figure 41B). This was not expected a
F2NXYFGA2Y 2F | ljdAy2yS O yhisFiptingsuggedtBadzZNdecdn i K
oxidation product, sharing the same [M +'ld$ EQuinone must exist in the system. Indeed, it is
documented in the literature that the Equinone rapidly interconverts to its tautomeric form

compound3.13(Figure 43%%°

OH
H : ( I
@) O\ o OH

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

Figure43. Chemical structures and [M +tjr 3.13and E@juinone highlighting their identical [M + H]

Traditional DIMS and L®AS analysis could not differentiate between the two compounds. To gain
an insight into the structure of the products with an [M +*Hjf 289.0707 isotope exchange
experiments were carried out. Specifically3.if3andthe ECguinoneare responsible for the two
peaks observed in the EIC of Figure 41B, then deuterkghange 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

Figure44. Chemical structures of the fully deuterated quinone &d@highlighting theirdifferent[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 igODnsead of HO (all other reaction
parameters were maintained the same). Aliquots were then analysed #3.Gsing BD as the

mobile phase. Representative-MS chromatograms are shown in Figure 45.
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Figure4b. EIC of the [M + Bifor the completely deuterated) E@uinone and B3.13 Products were generated by
exposure of solutions of-AcAlaOH (1 mM) to UV lighbpen to air)in presence of solutions of the antioxidartsiM)
and HO, (100 mM) for 2 min. All stock solutions were prepared:d {nstead of kD), and reactions were run in@.

Isotopeexchange and RIS analysis further corroborates that the second peak was due to the
tautomer of E@uinone. Indeed, Figes 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 labileH.
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3.10.2.2 Epigallocatechin gallate
In the case of EGCG, ROONS

LINBRAOGSR (2

asSt SOuA@St e

of the molecule, and more specifically, from the phenolic O 2 y -poditin (low@st BDE; Figure

46A)277
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a0NHzOGdzNBE 27
highlighting the BDEs of every phenoli&lOBDEs are given in kcal rhd) Chemical structure of the two predicted

9D/ D RSy2i0(Ay3a (KS

main EGC@uinones.

The considerably lower BDE of the two phenolic O 2 y -lilKEA 2y 2 F

been attributed to an intramolecular hydrogéyond framework that is developed between both

iKS

i KNB S

a .

neighbouring GH thus enhancing the stability of the 1s2miquinone radical. Based on the above

I oa&ad

3

data, the formation of two quinones in similar amounts would be expected for EGCG (Figure 46B).

Our experimental data demonstrated that reactiondieve EGCG vgaused as the antioxidant

produced one EGC@uinone 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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3.10.2.3Rosmarinic acid
Theoretical calculations on the oxidation of RA have determined that the two aromatic sites show

almost identical reactivity, and the four phenolicHDhave very similar BDEs (Figure #7A).
Therefore, hydrogen abstraction HBROQ® should be indiscriminate, and thirmation of two

qguinones are expected (Figure 47B).

7;?H |T|75.6 A
X 0]
?
75.2H H”O B

77.8

(@] OH
X (0] N (@]
HO O
OH O

RA-quinones

H

Figure47. A)Chemical structure d®Ahighlighting the BDEs of every phenolitlOBDEs are given in kcal rhds)
Chemical structure of the two predicted main-gRAnonesAs the phenolic ® have similar BDEs, quinone formation is
predicted to be nosselective, and the two quinones of tRigure 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; I6mtedsity) . Generally, RA ionised
very inefficiently inthe 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 beddr(for both EGCG

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

revealed that the two phenolic ® have similar BDEs (75.5 and 76.1 kcaf'nftjure 48582

Figure48. Chemical structure @@Ahighlighting the BDEs of every phenoli&tlOBDEs are given in kcal rhol

Scanning of the LMIS chromatograms for the HMnediated oxidation of CA returned some
interesting results (Figure 41H). Firstlige EIC of the potential Gfuinone revealed two peaks of
similar intensities (both present in very high abundancé;ia@nsity). At first, this is surprising as
CA can only form one quinone, indicating that another oxidation product with the same-{Vis+
present in the oxidation mixtureSecondly, CA is the only antioxidant studied here that afforded
the quinone in higher relative abundance over the hydroxylated prodidtile no definitive
conclusions can be drawn, this might suggest thatté@da viaHAA with either CA d¥-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 extratislifig RA

and CA) have been websearched in the literature by various groups, both in terms of their
antioxidant potency, but also product analy&j%268.280281.283.2% g wellunderstood that quinone
(Figure 49) is one of the major degradatiproducts of the ROEfacilitated oxidation of CAS
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

Figure49. Chemical structures and [M +'df the CAquinone and the primary degdation product of CA, carnosol.

Figure 49 shows the Gassociated quinone and carnosol (both as protonated adducts). These two
products share identical monrisotopic mass, and as such cannot be differentiated by MS. However,
similarly to the EQuinone and 5, the two products differ in the number of exchangeable protons.
Upon complete deuteration the [M + Djf the two compounds will now be different (Figure 50).
As such, reactions were repeated gD and a representative EIC of theME chromatogramare

shown in Figure 51.

®op,

[M + D]*: 333.2029 [M + D]": 334.2092
CA-quinone carnosol

Figure50. Chemical structure anithe [M + D} of CAquinone and carnosol where all labile protons have been
exchanged with deuterium3he two proposed products can nbe separated in MS.
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Figure51. EIC of the [M + Bjor the fully deuteratedd) CAquinone and Byarnosol Products were generated by
exposure of solutions of-AcAlaOH (1 mM) to UV lighbpen to air)in presence of solutions of the antioxidants (1 mM)
and HO, (100 mM) for 2 min. All stock solutions were prepared:® {nstead of kD), and reactions were run in@.

Isotope exchange experiments verified that the second peak in Figure 41H was indeed due to the
formation of carnosol. The retention times foraliully deuterated CAuinone and carnosol match
perfectly the two peaks detected in the nateuterated sample (Figure 41H). Apart from formation

of quinones and hydroxylation of the compounds, overoxidised quinones (i.e., quinoneCHan
group) were evidnt in all cases (all at lower intensities compared to the quinones; Figarebe

found in theAppendix), 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 (RQ@erefore CA acts as a chdireaking 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 tiidapterthat most of the research that has been carried
out on the antioxidant properties of these compounds has been on their ability to scavendge ROO
radicals. However, in our system, we explore their antiantdnechanisms in the presence of a
biological target, which can potentially affect their reactivity. For instance, if initial HAA b§ ROO
from the antioxidant takes place in the aliphati¢iGand not the phenolic-®), a G&entred radical

is generated @presentative example given for EC; Schdde

OH
ool ror
A\ OH ROO

OH

EC

EC-derived hydroperoxides

Schemel4. Peroxidation mechanism of EC. Initial HAA from the benzMligi€lds a carbogentred radical that after ©
addition and HAA converts & hydroperoxide.

Subsequent @addition followed by another HAA from availabléH®onds (i.e.N-AcAlaOH) in
close proximity yieldantioxidantderived hydroperoxides. It is noted that the possibility of EC and
EGCG to act as antioxidants @hgnating the benzylic €@ to AAPHlerived peroxyl radicals is
established in the literaturé’”:?¢° Scheme 46 shows hydroperoxide formation on the benzylic
position of EC, but this &iggestiveand peroxidation can occur in other aliphatic positiors éll
four antioxidants). Therefore, @S chromatograms were this time scanned for the formation of

potential hydroperoxides on all four antioxidants (Figure 52).
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Figure52. EIC of the [M + E)f A) E€hydroperoxide, B) EG@@droperoxide, C) Rdydroperoxide, and D) €A
hydroperoxideHydroperoxides were generated by exposure of aqueous sdufddAcAla-OH (1 mM) to UV light
(open to air)in presence of aqueous solutions of the antioxidants (1 mM) a@gl(HOO0 mM) for 2 min.

Figure 52 shows the EICs of {Me+ HJ for potential hydroperoxides generated on EC (Figure 52A),
EGCG (Figure 52B), RA (Figure 52C) and CA (Figure 52D). It is evident that hydroperoxide formatic
is more prominent on CA, followed by EC and EGCG and lastly by RA (though as it was stated earlie
RA suffers generally from poor ionisation). This is in good agreement with our previous MS data
(c.f. Figures 41M). Indeed, it was discussed earlier that CA may react mostly by scavengitig ROO
thus generating €entred radicalsAliphatic Gcentred ralicals 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 samem/z exist in the reactionThis could either be due to the formation of two different
hydroperoxides on EC, or the formation of dihydroxylateddpieis. Indeed, as it was discussed in
detail in Chapter 2, identification of hydroperoxides in these systems is not trivial, as they share the

samem/z with doubly hydroxylategroducts (Figure 53; representative example given for EC).

OH

OH
H®O 0] O
JC "
HO OH

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

Figure53. Chemical structurand the [M + Hjof the E€hydroperoxide and E@buble hydroxylatiomvhere all labile
protons have been exchanged with deuteriums.

To elucidate whether peaks reported on Figure 52 dree to hydroperoxidesor doubly
hydroxylatedproducts, and to distinguish between them, two different experiments were carried
out. Firstly, irradiated solutions of the antioxidants were treated with Na8ek also Chapter 2).

In presence of NaBHany germrated hydroperoxides should be decomposei@d non-radical
pathways, whiledoubly hydroxylatedoroducts should remain intact. Secondly, reactions were
repeated in DO instead of ED and were then analysed by-MS using BD as the mobile phase
(more information in the Experimental Chapter). Since hydroperoxidesdantily hydroxylated
products have a different number of labd, this should enable their differentiation by-MS. The
EICs of thgM + HJ of potential hydrgeroxidesfor the four antioxidants, after NaBHreatment

are given in Figure 54.
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Figureb4. EICs of the [M + Hjf A) E€hydroperoxide, B) EG@@droperoxide, C) R#ydroperoxide, and D) €A
hydroperoxideProducts were generated by exposure of aqueous solutionsAciA&-OH (1 mM) to UV ligh{bpen to
air) in presence of aqueous solutions of the antioxidants (1 mM) a@g(HO0 mM) for 2 minAll EIC are after

irradiated solutions were treated with NaBf. mg per mL of solution; 1 h treatment)

The NaBllexperiments corroborate that for EC, EGCG and CA the aeroBimétitated oxidation
leads to the formation of organic hydroperoxid€xur data illustrate that for EGlaBH resulted in

the disappearance of the first peak of FigusAXt = 16 min), whilehe second peak remained
intact (t = 17 min). This is a strong indication that the peak eluting at 16 min is due tedeani&d
hydroperoxide, while the peak eluting at 17 min is likely a result of a dduaeoxylation on EC.

For EGCG and CA (FigutB &nd 8D 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 (Figd@)5showing that is probably dtedihydroxy

product and not a hydroperoxide.

To acquire more data to confirm the formation of hydroperoxides, reactions were now repeated in
D,O and analysed by tMS using BD (instead of kD) 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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Figure55. EICs of the [M + D3f A) Echydroperoxide, B) Ed@ihydroxy, C) EG&ydroperoxide, D) EG&ithydroxy, E)
RAhydroperoxide, F) Réihydroxy, G) GAydroperoxide, and H) @hhydroxy Irradiations were carried out in2D.
Products were generated by exposure of deuteratedtisolsi of NAGAIa=OH (1 mM) to UV light (open to air) in
presence of deuterated solutions of the antioxidants (1 mM) a@ (100 mM) for 2 min
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In all four cases, the:D experiments confirmed the NaBtieatment. Figure 55A and 55B show
the EICs of thiM + DJ for the fully deuterated E@erived hydroperoxides ambubly hydroxylated
products. As predictedhe two compounds have a different number of exchangeable H, and can
now be separated by LKIS. These data are in excellent agreement with the NaBBeriments,

and further corroborate that the peak eluting at 16 min is due to hydroperoxides, while the peak
eluting at 17 min is due taloubly hydroxylatedoroduct. Furthermore, in agreement with the
NaBH, EGCG and CA appear to only generate hydropeyand no dihydroxy products (Figures
55CGD and 55@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 hydroperoxidesthiree of these
antioxidants. These findings were further reinforced by Naddtd isotope exchange experiments.

It is important to note that formation of antioxidardssociated hydroperoxides, could lead to
higher damage to biomolecules. As stated in Chaft hydroperoxides can undergo eakectron
reduction in presence of transition metals (Fenttype reaction), releasing reactive free radicals
that can accelerate the damage to biomolecules. Finally, we note that when irradiations were
carried out in tle presence of the antioxidants, no oxidation products MAcAlaOH were
identified. This highlights the efficiency of the antioxidant at reducing the oxidation of the biological
target (although we have observed tHdtAcAlaOH does not ionise very affently 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 weresuccessfully identified using IMS. 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 ipakg 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.,“HROQ) is of great importance to the
haircare and cosmetic market.tifese 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 negection is focused on the oxidation of two simple amino acids
induced by H@ firstly in the presence of the four catecHmhsed antioxidants, and then in the
presence of the rosemary extracts. We aim to monitor the degradation of the aatis and

determine whether the presence of the antioxidants reduces the cdtdecomposition.

3.11.1 Isolated compounds

Here we explore the aerobldC*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 parenamino acids, rather than trying to characterise antioxiddatived
degradation products. Irradiation conditions were optimised to achieve ca. 10% decomposition of

the biological targets in the absence of antioxidawnigd€infra).

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

Figure56. Chemical structures and names of the two protected amino acids used for the measurement of the
antioxidant power of the four catechbhsed compounds.
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The two protected amino acids were exposed to“fd 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 (Schendd)
antioxidant (0.1 eq.)
2.6 or3.13 H,0, (100 eq.) > Decomposition
H,0, UV
1mM 2 min

Schemel5. Experimental condiis 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 oprevious experimental findings). The concentration of the
two parent substrates was determined by-MS analysis (similarly to tHeéhapter 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
g B

11

% Substrate loss
% Substrate loss

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

Figure57. The % decomposition of tieo substrates upon exposure of ag. solutions (all 1 mM) to UV/(ligletn to air)
for 2 minin presence of aq.#, (100 mM), and the antioxidant (0.1 mMjliquots were takebefore, and athe end of
the irradiation,and were analysed by {MS. The extent of decomposition was calculated by integration giehk
area ofthe LGMS peak corresponding to the starting pept{tiee TIC of the EIC forAt-Ala-OH).Reactims were

carried out in tiplicate 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 achieva 40%
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 secondarycgsecan 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 firsl
conclusion from the two Figures is the % decomposition of the starting substratedNwithAla-

OH suffering &a. 11% loss whil&l-AcPheOH almost half of thatca. 6%). This outcome can be
readily explained from the reactivities of the two compounds witi’HE&AcAlIaOH is expected to
reactvia HAA that ultimately leads to generation of peroxyl radicals that are known propagation
species (i.e., they accelerateetllamage to the starting substrate). On the contrary, it is estimated
that the majority of the photogenerated H®eact via addition with N-AcPheOH, forming stable
hydroxylated products, and avoiding the formation of peroxyl radit®dlddydrogen atom
abstraction by H®&from N-AcPhe 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 significantlgldesage 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 morecadint 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 raason for the discrepancy in the antioxidant efficiency might be related to their reaction with
HC” Our experimental data indicate that EGCG, EC and RA intercept the initiation soufce (HO
scavengers) and the propagation of the cheeactions is smallepfeventive 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 ebotaling antioxidant

(i.e., quenching the propagating radicdQ0) thus showing lower antioxidant capacity. It is

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

ROQ@maybe higher, chaitbreaking 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 welestablished méiods. 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 compount#*The assay measures the ability of the antioxidant to donate a hydrogen
to a ROSusually RO® generated by thermal decomposition of azocompounds such as AAPH
Scheme46), and the results are reported as ORAC units, where 1 ORAC unit equals the net

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

ROO’ ROOH

_OH . o

Ar Ar

Schemel6. Basic principle of the ORAC assay. Reaction between an antioxidant and a transient radical. The antioxidant
donates a hydrogen to peroxyl (or othesjlicals generating a hydroperoxidend a stable antioxidantlerived 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 mor
efficient is the antioxidant (although antioxidants can also et other mechanisms such as
electron transfer and metal chelators which are measured by other asdayxjter and Gamble

has already tested these four compounds with the OR#sayand their firdings are reported in
Figure58 (unpublished data).
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Figure58. ORAC Score of the four antioxidants used in this work. Data were obtained (with permission)GrandP&
are the results of single experimentmpublished 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 gsir findin
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 fou
antioxidants, whereas in the ORAC assay EC scored 3 times filgldés however not surprising,

as the methods measure different antioxidant mechanisms (R@€liated HAA vs H@ddition

to the aromatic rings). More literature research further confirms that EC is more efficient
antioxidant than EGCG in the ORAC a¥8&y‘however, there are documented examples where

results from ORAC assays do not agree with othétdd@venging assays.

Our experimental findings on thédOC*induced oxidation of two protected amino acids,
demonstrate thatoxidative damage is educed 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 thss field
rich, with multiple examples where botanical extracts have been categorised based on different

assaygo%2%
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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 hairbenefits from UV exposur@®2°%301 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).

Mechanisic investigation of the extracts is not trivial, as there are too many compounds, and
product analysis becomes challenging. Therefore, this study is lirtotetbtermining how the
rosemary extracts reduce theéG*mediated oxidation oN-AcAlaOH and\N-AcPheOH. Aqueous
solutions of the two protected amino acids were exposed to UV light in the presence and absence
of the 6 rosemary extractgxperimental 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

Figure59. The % decomposition of theo substrates upon exposure of ag. solutions (all 1 mM) to UV/(liglen to air)
for 2 minin presence of ag.2, (100 mM), and the antioxidanAliquots were takebefore, and at the end of the
irradiation,and were analysed by IM'S. The extent of decomposition was calculated by integration qiehk area of
the LEMS peak corresponding to the starting peptitiee TIC of the EIC forA&-Ala-OH).Reactims 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 experimem&.note that the extracts
contain different concentrations of the two activerapounds (RA and CA). In order to enable a
direct comparison between the isolated compounds and the extratctgas 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 expectedthe decomposition ofN-AcAlaOH is higher thanN-AcPheOH yide suprg. 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 twoeidolat
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 andluee the oxidative damage of
biomolecules. Two representative flavonoids that were identified byJISCto be present in the

extracts in higlabundance anthave known antioxidant properties are presented in Figuré® e

Quercetin Cirsimaritin

Figure60. Chemical structures of quercetin and cirsimaritin. Both of these compounds have received attention for their
antioxidantproperties andare found in the rosemary extracts used in this study.

Therefore, the resultshown on Figure 59A and 59B might be duedded concentrations of the
active compounds, or evedifferent active compounds acting synergistically to enhance their
individual action. Indeed, there are documented examples where two antioxidants act &rgeth
reduce the consumption dipids 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 canraplemented in consumer products.
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3.12 Chapter 3onclusions

The beneficial effects of botanical extracts in simplified systems, have beeresedirched in the
literature. Flavonoids show promising antioxidants properties. Here we waigle to explore the
antioxidant potency of four catechdlased 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 H®mediated oxidation oN-AcAlaOH. 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 antoxidant mode of action (preventive vs chdireaking).

Furthermore, MS data suggest that peroxidation of EC, EGCG and CA occurs. A peroxidatior
mechanism was proposed that proceedsa the HAA by either HCor ROQG from the aliphatic
fragment of EC, EGCGIAd CA. Hydroperoxide formation was further reinforced by Nadidi

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 wietermined by following the aerobic MO
induced oxidation of two protected amino acids by-M6S. All antioxidants provided significant
reduction of the starting substrate decomposition, with EC and EGCG performing better than RA
and CA (and our data are gowod agreement with previous literature studies). This outcome was
attributed to their respective reactivity with HQvide suprg. It was alsodemonstratedthat
rosemary extracts (as opposed to isolated compounds) are capable of significantly redaciatg th

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 benefitt.was alreadyliscussedand it is worth reiterating, that while
antioxidants show promising results in this system, in-liéalscenarios (e.g., use in shampoos and
conditioners) it is complicated to predict their effect., and more research is required to draw

reliableconclusions.
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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 proteioxidation in biological systent$?*1% but also in the hair
environment®283% However, thecharacterisationof intermediate biological radicals remains
elusive for one main reason, that is their high reactivity. Due to their reactive naturestagty

state concentrations are usually not possible, and theretbesr detectionbecomes challenging.

In order to confirm their role in a system, often chemists have to rely on thepeaducts or by
products of the reactions that are thought to be reakderived® In turn, this helps them draw
sensible reaction pathways that involve radical chain reactibherefore, detection of free radicals

is important as it can provide valuable mechanistic and kinetic informatiodiféerent chemical

systems.

In general, two main radical detection techniques have found significant success in the
characterisation of iological radicals;these are electron paramagnetic resonance (EPR)
spectroscopy (also known as electron spin resonance, ¥SRand the spirtrapping method®®

The next twoSections will briefly discuss the principlegjvantagesand limitatiors 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%6:307:309.31Radicals generated in biological systems are usually-$iied, and do not
accumulate to high concentrations. Since EPRalvatativelypoor sensitivityin (> &) in the respect

to the steadystate concentration of biological radicalsot many species can be successfully
characterised by EPR. Thus, direct detection of biological radicals by EPR is only really possible fc
longlived radicals that can accumulate to high concentrations, such as tyrosyl radicals,

semiguinone radicals and suéh.
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One technique that has found considerable success in the detection of biological radical is the
detection using freeze quenchin@B3!!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 aboutatflieals in the system.
Indeed, the mechanisms of many enzymatic reactions, that involve the generation of radicals, have
been successfully elucidated by freemgenching EPR!However, data obtained by this technique

can be limited in the sense thaadicals shouldtill have a reasonably high lifetimand transient

intermediates might not survive the freezpienching process.

The detection of transient radicals by EPR, has become possible with the development of
continuous flow systems. In this tegique 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 préjfeitys.
Cortinuous 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 ofdiaals 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 méthadd is

discussed in the followingection.
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4.2.2 Spin trapping

Spin trapping is an indirect detection method in which the reactive free radital(Rappedvia

an addition reaction (Schem#8) andis converted to a more stable radical that is detectable by
EPR%|deally, the information gained from the new radical, should allow identification of the initial
radical. The most often used spiraps in biological systems are nitrone spin traps, and the initial

radical is converted to a loAed nitroxide (Schem&?7).

R, R,
@R R,
le\ P R)<N’R3
R |

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

Schemel7. Reaction of a shotfived radical (R with a nitrone spin trap, forming longdived nitroxyl radicahdduct.
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 thanitial 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 spectruitf)This is particularly important as it essentially overcomes the
sensitivity issues the EPR technique is facing. t8giping is probably the most popular method

for detection of radicals in biologicaystems andhas been used with reasonable success for the
detection of radicals during the oxidation of aqueous solus of peptidesproteins,and DNA in

both isolated but also complex systedig133139.314

However, spin trapping has its limitations. Probably the most important issue with the spin trapping
technique is the unwanted side reactions. For instanagleophiles present in the system can
attack the double bond of the spin trap (the Forreskégpburn mechanism), producing a
hydroxylamine®’® Subsequent onelectron 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,EPRand spin trappindpoth suffer from one importantirawback that they offer limited
structural information for the initial radic&® This is because information can only be gained about
the chemical environment in close proximity to the unpaired electémisuch, full characterisation

of unknown radicaspecies with complex structures is dramatically more challen@ogtinuous
research in the spin trapping method led to the discovery of a new method for radical trapping in

biological systems, called the immuspin trapping?t6-31/
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Immuno-spin trappng combines the selectivity of the spin trapping with the sensitivity of the
analytical techniques (e.g., MS) was observed thathe biological radical nitroxide adduct
overtime converts to a a stable nitrone adduct, which naw detected as a stabl@oleculeusing

anti-bodies?®13314

Since the discovery of thenmuno-spin trappingthere have beemmultiple documented examples
wherethe techniquehas been used to identify radicals generated in proteins, Dplds,and other
macromolecules!®*2° Today immunespin trappinghas been described as tipeincipaltechnique

to detect biological radicaf8631"

However, mmuno-spin trapping facests own challengesThe spin trap that is usetias 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 proteinaksd*

Finally, while immunepin trapping has been used with reasonable success in the detection of
protein radicals in models and purified proteins, the detection of protein radinalisyoremains a

challenge®é:31°

A need exists for readily applicable methods of detecting and identifying low concentrations of free
radicals (below thé&&PRdetection threshold) and for methods that are applicable to a wide range

of chemical reactions and can more effectively charastetieteroatomcentred radicalsA new
trapping technique designei 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 chemistrysf/nthetic,biological,and atmospheric}®’ The nextSection will brieflydescribe

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 shwetl radical intermediates was
developed in the past years in our group (Schet@e'®>1%In a way, this method builds upon the

spin trapping method.

R Ry

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

TEMPO

Scleme48. Reaction between a shdived radical (R and an alkendased radical trap containing TEMP43 aleaving
group,forming a persistent radical and neadical product. This neradical product can then beharacterised by
analytical techniques (e.g., NMR, MS) allowingobe identified. R Rand Rcan be functionalised to suit the radical
system being studied.

In this method a new class of alkehased radical traps is used, possessing a good rddaahg
group (usually TEMPY This approach aims to utilise the unparalleled reactivity of most divexd
radical intermediates with alkenes (typidals ~ 10° ¢ 10" M1 s?) 322323similarly to the addition of
radicals to nitrone spitraps3°83The radical leaving group is present in the allylic position, which
enables a rearrangement and is released as a persistent radibal.trapping results in the
generation of a stable neradical product (containing the initial radical) thean be studied by
highly sensitive techniques such asNI$ and L@AS (similarly to themmuno-spin trapping
method). Al alkenebased traps that were synthesised by previous PhD students working in the
Chechik group use@EMP®as their leaving grouf>!’ The alkene trapt.1 that was used for

trapping and detection of biological radicatsour work herds given in Figurel6

£ &

)
)YO
HN\/\N/

|
4.1

Figure61. Molecular structure of the radical trag1 usedfor the trapping and detection of biological radicals.
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The alkene trapl.1 used was designed to suit reactions in aqueous m&diahe trap was easily
accessed after a-8tep robust synthesis (reportedejds > 70% for all individual steps), starting
from relatively cheap commercially available starting materials which enabled its large scale (> 2 g)
synthesis (more information under thExperimental Chapter)Furthermore, the amino group
(which upon reation is present in the trapped adduct) ionises well in thpositive ionmass
spectrometry andcan 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 theew trapping method that was developed in the Chechik group
(Section 4.3) to characterise transient biological radidalprevious PhD student (Peter Williams)
in the Chechik group employed radical tréafd to study the oxidation of simple dipeptides fihre

first time %6 His work was focused on the detection of radical intermediates formed during the HO

induced oxidation of aqueous solutionsMAGGly-Gly-OH andN-BocGly-Gly-OH (Schemd9).

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

O
0] H @)
H H
R N

R. NJJ\ N \HJ\ OH R. N\HJ\

N 3 OH N OH

N T N

(@] \O. (0] O,

carbon-centred radical peroxyl radical alkoxyl radical
(evidence of formation) (evidence of formation) (evidence of formation)

Schemel9. Reaction conditions for the trapping and detection ofd4d€rived radicals on simple dipeptid€3xidation
products and trapped adducts were detected by MS. The structures that are shown are suggedtefurther
elucidation of their sticture was possible

Hydroxyl radicals were generateth Fenton chemistry, and data were analysed byv/3. For both
dipeptides, them/z corresponding to potential carbecentred, peroxyl and alkoxyl radicals were
detected in the MS spectrd®’ Scheme49 shows the initial radicals predicted to be formed
following a HAA biAC*from the" GH of glycine. In addition, more trapped rad&avere identified,

resulting from R@fragmentation on the parent substrate (Figur2)6
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‘ All three [M + H]* detected in MS

Figure62. R®@fragmentation gives rise to a transientd@ntred radical. Subsequent &dition produces a peroxyl
radical, and eventually an alkoxyl radical (via hydroperoxide decomposition). Evidence for the formation of all radicals
shown were obtained by MS. Theusture that are shown arsuggeséd, and the initial HAA could take place from a
different GH.

This system was used as a simplified oxidation system to explore whether the trapping of biological
radicals with4.1is feasible, and the two dipeptides were used as protein mimics. The detection of
radicals that could only be formed following an initi#hA from the glycineGH, demonstrated
GKFG oA2t23A0Ft NIRAOFtf& OFYy AYRSSR 068 NI LI
was to develop this methodology further, and investigate its scope of application in different
chemical systems. Asich, the detection of biological radicals was not examined further. For
instance, some of the predicted radical adducts can have the same [Me&.¢1] a RO@nd a R®

+ HO), and advanced techniques would be required to differentiate between the tvaiespe

hdzNJ LINAYOALIE AY gl & (2 0 dzAthiRne® gppraachioSadiosh &
trapping in peptide oxidation. Oxidation of peptides and proteins in biological systems can occur
viadifferent mechanisms (e.g., HAA, ET) dependintheroxidant. 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 diffenatiate trapped adduct with the sam{# + HF, but different chemical structures.

Three different oxidation systems were explored.

Our investigation begins with the wedbktablished peroxynitriteanediated oxidation oN-AGGly
TyrOH (Section 4.5)Thissystem was used to test the sensitivity of our detection metlod
system where the generated radicals are only predicted to be present in very low sitddy
concentrationgvideinfra). Next, we studiedhe HO*induced oxidation of three biologicetgets
(Section 4.6)Unlike previous work carried out by Peter Williadnste HO radicals were generated

via H:O; photolysis, in order t@xplorethe metaHree HO®*mediated oxidation of peptides.
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a2NB2@SNE Ay t S S pdnisipatedexdlysivelyi AAreattiongvith thédhdsen
peptides (Scheme 50Here, we employedbiological targetgo probe different reaction pathways
with HO radicals; i.e., hydrogen atom abstractiaddition,and electron transferthat lead to the
generation of different intermediate radical&inally, we investigate the oxidation of peptides
facilitated by transient radicals arising frahe decomposition oferpene-derived hydroperoxides
(Section 4.7)Ths system was chosen in order to investigate whether our new radical trapping

technique can be used to systems that are closer to-liBmkcenarios.

4.5. Peroxynitriteanduced oxidation

4.5.1Peroxynitriteintroduction

The reactivity of selected aminaids (e.g., tyrosine) with selected oxidants (e.g%, ®IC) has
already been discussed (Chapter 1). One of the biologically relevant oxidants that was not
discussed, and is generated continuotislyivois peroxynitrite (ONO®*?* Peroxynitrite is a weak

acid, and at physiological pH is in a rapid do@de equilibrium with its conjugate acid (ONOQIK;

= 6.8)3% Peroxynitrite is formed readilin vivo by the diffusioncontrolled recombination of nitric
oxide fNO) and @& (Sheme D).32¢

NO + O,) — > ONOO~

ONOO + H =—= ONOOH

Scheme0. In vivo formation of peroxynitrite anion (ONQ@nd the aciebase equilibrium between ONO&Nd its
conjugate acid (ONOOH).

Peroxynitrous acid (ONOOH) is a powerful oxidising and nitrating agent capable of inducing damage
to biomolecules both directlyiatwo-electron oxidation reactions, and indirectlia one-electron
reactions of radical$i{Q, and HO), arising from the hmolysis of theO-O- bond (Schem&1).32”

ONOOH — "NO, + HO* —— protein damage

Schemé1. Homolysis of theD-O- bond in ONOOH, yielding transient radicals that are capable of reacting with
biomolecules to inflict protein damage.
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Homolytic cleavage of th€-O- bond is reported to be fast with a reported valuelof 0.9 & at

37 °C and pH 7.#80f the total flux of the transient®NQ, and HG, ca. 70% recombines inside the
cage, whilst the remaining 30% escapes thge and undergoes reactions with biomolecufés.
Peroxynitritederived 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 se25ef®

An important aspect of its activity is tyrosine nitration, which resutt the alteration of protein
function32*Reaction of ONOOH with tyroside2is the most specific and walhderstood oxidative
modification induced by ONOOH (Scheb@324325

N02 or HO®
HN HN HN

4.2 4.3 4.4
3-Nitrotyrosine

Schemés2. Free radical oxidation of tyrosine ten8rotyrosine. Tyrosine can be oxidised to the tyrosyl radical by either
NG and H®, and subsequent reaction withlO; produces the stable naeradical product aitrotyrosine.

Formationof the intermediate tyrosyl radical.3 can be eitheNQy-assisted (formally an EK;~
10° M1 s?), 3%r HOassisted \(ia addition and subsequentJ@-elimination; see Section 1.7.4.2).
Radicakadical reaction between tyrosyl radical afdQ; is near the diffusion limitk(~ 10° M s?)
and yields the stable-8itrotyrosine product4.4.%%° In general, generation of-itrotyrosine is a
fast, selective and highielding reaction, and its detection was used as a footprint forQNOOH
mediated nitration of tyrosine (although more recent studies have shown that it can alsovfarm

ONOOHnNdependent pathwaysj?®

Perhaps unsurprisingly, other products that are formed to a noticeable extent during the GNOOH
mediated oxidation of tyrosine are dimeric species (dityrosine) and hydroxylated species (DOPA),
both from the tyrosyl intermediate radal (see Introduction; Section 1.7.4.2). The dimerisation of
two tyrosyl radicals, and the radiesddical reaction of tyrosyl radical witHC*are both near the
diffusion limit>*%¢Lastly, due to the high stabilisation of the tyrosyl radicaa@@ition is supressed

even in aerobic systent®Based on the above data, the ONO€@kilitated oxidation of tyrosine,
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initially producesa phenoxyl radical, that can follow three different pathways (all near the diffusion
controlled limit). Thereforewe believed that this system can be used as a podgdrinciple study
to demonstrate that our radical trap.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 radica#4ttagnd N-
AcGIlyTyrOH, while ONOOH was used at doll excess (SchemB3). Peroxynitrite was
synthesised according to wadbktablished literature protocols usingoamyl nitrite and kD,, with
any residualH.O; removed bypassing through a column containiMnO, (more details under the
Experimental Chapter)*! Stock solutions of ONOOH were storfmzen immediately after

synthesisand usedmmediately after dérosting, 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

Schemés3. Initial reaction conditions for the ONO@atilitated oxidation of NAGGly-TyrrOH. A stock ONOOH solution
was thawed the day of theeaction and was used immediately. All reactions were frozen until analysis\dg.LC

As the concentration of the starting substrate is Ifw.,>M), all reactions were analysed undiluted

by LEMS. DIMS could not be used in this work for two reasorisstly, reactions were run in
phosphate buffer, and injections of newolatile buffers could lead to contamination of the MS
instrument. However, LS analysis requires a very small amount to be injected. (b this case),

and so the amount of phosphatriffer that is injected to the MS instrument is negligible. Secondly,

the radical trap4.1 ionises very strongly in the MS, and high concentrations |(#)1should be
avoided as they can lead to instrument contamination. This can be avoideeM$Ib§ itroducing

I apa@ABSy(é Ay GKS ASLI N} GA2Yy YSGK2R GKIF G Fi
the ExperimentalChaptej. This LS feature proved to be valuable for our studies, as it enabled

high trap concentrations to be injected in ord® collect experimental datavideinfra).
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Investigation of the chromatograms revealed that the major expected products of the reaction (i.e.,
nitrotyrosine4.5and DOPA.6) are present (Figure3s showsthe expected products and the LC
MS chromatogrars as the EIC).
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e 20 22 24 26 28 Hydr?xylanon
Retention time / min [M + H]": 297.1081

Figure63. Chemical structures and representative extractecclmomatograms (EIC) of the main oxidation products. A)
m/z of 326.0988 (nitration of McGlyTyrOH), and B) m/z 297.1087 (hydroxylation eA&GIly-TyrOH) acquired by MS
from the ONOO#Hhediated oxidation of M\cGlyTy~OH. Chemical structures are shoasthe protonated adducts.
Reactions were carried out in open air.

Figure & shows the EICs of the [M +*IfJr the nitration (8A) and hydroxylation @B) 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 bec&N€® is generally a lonved
radical that in this system primarily reactsthvtyrosyl radicals to afford the nitrated product. On

the contrary, H@adicalsare unstable and can participate in more reactions. As such, ovethi@e

are expected to accumulate in the system and outcompé¢@®
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No dimeric species or trapped adduckere 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 WittQ;, and“NQy is a stable radicavide

suprg, 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 yctodn of ‘NG, and the
concentration of trapd.1 must be increasedto outcompeteNQ,). Taking this into accounte

relative ratios of N-AcGlyTyrOH: ONOOH4.1 were varied in order to achieve optimised

experimental conditions that would allow theetection of a tyrosyl trapped radical.

After a series of experiments screening various ratios between the reactants, optimised results
were obtained when N-AcGlyTyrOH: ONOOH4.1 were used in a 1:2:6 ratio. The initial
concentration ofN-AcGlyTyrOH was increased from 10 to i® 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 L8IS chromatograms revealed that again the majoedicted
reaction products (i.e., nitration and hydroxylation) were evident (data not shown). Pleasingly,
changing the ratios between the reactants and increasing the concentration ofattiealtrap
resulted in the detection of &rappedtyrosyl radicak.7 in relatively high abundance (tGFigure

64 shows the chemical structure of the trapped adduct and the EIC).
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[M + HI: 435.2244
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[M + H]*: 435.2238
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o
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Figure64. Chemical structure and®acted ion chromatograms (EIC) for tinéz of 435.2244cquiredby LCMS from
the ONOOHMediated oxidation oN-AcGly-TyrOH Chemical structure is shown as a protonated adduct. It is noted
that the EIC could be due to &a0®ond formation between thgrosyl radical and.1. Reactions were carried out in

open air.
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Figure @& shows a potential structure for the trapped adduct. It is noted that reaction of the tyrosyl
radical with the4.1 can occur eithewriathe phenoxyl radical (leading to a@trapmed adduct as
shown in Figure 4, orviathe resonance form yielding-C trapped adduct. FigurelBeports the

EIC of a potential trapped tyrosyl radical, with the [M * Mjhether the trapped radical is aCor

a GO adduct cannot be verified. Howevas it was discussed in the previdsestion, a byproduct

of the trapping reaction is the release of TEMP&TEMPQis a persistent radicalf can react
rapidly with Gcentred radicals (e.gk ~ 10° M s*for the reaction witht-Bu¥),**2 but it does not
react with Qcentred radicalsThis side reactionan be used as an indicatiohwhether the trapped
radicals detected are-C or GO bonds. For instance, if the same tyrosyl radical can be detected as
a TEMP&dduct, then this would stronglupport that it reactsas a @entred radical Conversely,

if no TEMP&@dduct can be detected, then this could suggest that the tyrosyl radical reacts as a
phenoxy radical. To that end, IMS chromatograms/ere scanned for the detection of the tyrosyl
radical as a TEMPR&dduct, 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 trafy occursviathe phenoxyl radical.

4.5.3 Side reactions

It is important to address the possibility of reactions between the trap and the oxidising agents.
Indeed, HOIs a weldocumented powerful and noselective oxidising agent. As such, apart from
reaction withN-Ac-GIly-TyrOH,it can undergdacile addition to the radical trap. This reaction leads

to the formation of an H@rapped adduct andshows that trap4.1 can act as an H&cavenger.
When LEMS chromatograms were scanned for the [M +dfithe HOtrapped adduct the following

EIC was dhined (Figure BA).
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Figure65. Extracted ion chromatograms for potential ndical products arising from the reaction of ®i@th 4.1. A)
ElCfor them/z 0f173.1290 (H@rapped adduct), and B) EIC for the m/z of 327.2396 (trap dirRegctions were
carried out in open air.
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The [M + Hjof the trapped HO®was observed (FigurebB), and actually was present at similar
absoluteintensity asthe hydroxylated prduct (10). However, the most dominating peak of this
reaction was an unidentified compound elutingc. 31 min with an [M + H] 327.2396, whose
EIC is provided in FiguBeB. After careful examination it was realised that this is a consequence of
usinghigh trap concentration. The species responsible for this peak is*and@ated trap dimer

4.10, and the following structure and mechanism is tentatively proposed (Schdmne

410

[M + HJ*: 327.2391

Schemé4. Proposed mechanism for the formation of the trap dimer with an [Me1§27.2391, via allylic hydrogen
abstraction by H@from the HGtrappedadduct.

Initial reaction of H®with the trap yields compound.8 (confirmed by theEIC of Figure5a). It

was then postulated that allylic HAA frofil8, produces a transient allylic radic&b that upon
further reaction with another molecule of trag.1, leads t04.10 (the allylic radical was also
successfully detected as a TEM&@ud; data in Appendix). In order to further corroborate
whether the two EICs (FigureSA and GB) are a manifestation of the reaction between $4@d

the radical trap4.1, two control reactions were carried out. Firstly, reactions were run in the
absence ofl.1, and secondly in the absence ONOOH (all other reaction conditions were maintained
the same). In both cases the signals were completely abdlems verifying thathe two products

are formed from the reaction between K@nd the radical trapt.1. No adducts as a result of

reaction between the allylic radicdl9 of Schemeéb4 and Q could be detected.
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Radical trapt.1was successfully used in the trapping and chamdsa¢ion of a tyrosyl radical (the
only expected radical intermediate in the ONOMHuced oxidation ofN-AcGIlyTyrOH).
Importantly, despite the fast competing reactions, reaction conditions and detection methods were
optimised, and strong evidence fdnd formation of a tyrosytrapped adduct were obtained. Our
results here can be used as a pradfprinciple 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 HOinduced oxidation

In Chapter 2 we investigated the aerobl€*induced peptide oxidation with a particular emphasis

on the formation of peptidederived hydroperoxidesHydroxyl radicals are the most powerful
oxidising agent, are unselective, and apennipresent in both biological and atmospheric
systems®*3334Therefore, it was decided to explore whether our radical #apcan be used to trap
biological radicals produced from photogeneratd@” Moreover, work on the trapping of radical
intermediates generated on simple peptides BYJ)’(generatedvia 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 oungititie UV/HO,
system in Chapter 2, the same reaction conditions were applied here with the addition of 10% of
radical trap4.1 (Schemess).
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0] H202 (100 eq)

H 4.1 (0.1 eq
R/N\)J\OH ( ) Oxidation products and trapped radicals
H,0, UV
2 min
1 mM
N-Ac-peptide
N-Ac-peptide =

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

24 2.5 2.6
Schemé5h. Experimental conditions for aerobic #@duced 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 eM®&ioDLE
MS.

Unlike the ONOOH system where high concentrationsay 4r1 were necessary to outcompete
the reaction ofNG, 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.1dfias allowed
analysis of reactions dyoth DFMSand LEMS(and not only LBAS as in the ONOOH studies). It is
acknowledged that the extremely high concentration e©kiin respect to the starting substrates

is not representative of actual biological systems, howgeasiphotolysis of #, isnot that efficient

with the lamp we have usedifleinfra), these conditions were used to ensuasubstantial H®
induced oxidation of the substrates (ca. 10%) The HO, degradation was quantified
spectroscopically amgas found that under these experimental conditiady 1% of the total b,

is decomposeddata not shown)To confirm that any detected oxidation products were a result of
the hydroxyl radicaimediated oxidation, and not from the direct excitation ofettstarting
substrates, the following control experimemtas conducted.Aqueous solutions of the starting
substrates (all 1 mM concentratiomere exposed to the same UV light source in the absence of
HO». This resulted in no appreciable degradation of substrates, and no oxidation produats

trapped radicalsould beidentified (data not shown)
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The reactivity between HOand the threeN-acetyl protected substrates has been explored in
Chapter 2, but some product discussion will be held here as wédoakéng at more than just
hydroperoxide formation. Nonetheless, as most of the oxidation products arecivathcterised in

the literature, the majority of this Section will focus on the trapping and detection of radical

intermediates formed in the thresubstrates upon exposure to 1O

4.6.1.N-AcAla OH

Exposure oN-AcAlaOH to HOresulted in a range of different degradation products that were
successfully characterised by -8 (i.e., alcohols, hydroperoxides as confirmed bp D
experiments, dimeric species, and carbonyls fron¥ R&mentation; all of the MS data can be
found inthe Appendix). Reactivity dii-AcAlaOH with HOis welldefined (discussed in detail in
Chapter 2), and it involves a HAA mechanism that generateseattd radical on the protected
amino acid. The-Centred radical can add to dioxygen to afford thresponding peroxyl radical.

In turn, peroxyl radicals yield alkoxyl radicabsintermediate formation of hydroperoxides.

4.6.1.1Primarydetectedradicals

Based on these mechanisms three main radicals are predicted to be generatedsiystiis, that

are; a Ccentred (Figure ®A), a peroxyl (FiguredB) and an alkoxyl radical (Figu®dj.Similarly to

the experiments in Chapter 2, these reactions here were also run in unbuffered solutions, and as
such, the % of the substrates in theiramic form is high (see section 2.6.[Hentification of peroxyl

and alkoxyl radicals is complicated by the presence of different isomeric species having identical [M
+ HJ. For instance, a peroxyl radical will have the same [M™a¢dan alkoxyl radical OH group,

or a Gcentred radical + 2 OH groupAs such, further experiments (e.g., isotope exchange
experiments) are required to conclusively assign the acquivexto specific chemical compounds
(videinfra). It is noted thatN-AcAlaOH ionised verpoorly in LEMS, and as such, all irradiated

solutions were analysed by-MS.
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Figure66. Suggestedhemical structures, [M + Hland DIMS spectra for A) ilapped CGcentred radical, B) a trapped
peroxyl radical, and C) a trapped alkoxyl radiédliradicals are generated via initial HAA by’ff@m an available ¢
on NAcAla-OH.Reactions were carried out in open air.
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Before any discussion can baeld, it is instructive to address the possibility of
reactions/fragmentations occurring during the-BIS analysis. While reactions taking place in the
gas phase during Dl is certainly a possibility, and cannot be ruled out, the ionisation technique we
hadS dza SR GKNRdzZZIK2dzi 2dzNJ a{ lylFrfeaAra o9{LOZI A

technique, that allows the detection of intact molecular ic#s.

Interestingly, investigation of the IMS spectra revealed that all three supposed raficare
detected as trapped molecules with our radical téaf (highlighted in red in Figure$8, 6B, and
66C), and also as TEMR@ducts (highlighted in purple in Figure®6 6B, and 6C). The detection
of a Gcentred trapped radical is perhaps unexped, as most carbeoentred radicals react with
electron-deficient alkenes with typical second order rate constants in the rangee-difC® - 10’ M-
1s1322while G addition is at least 100 times faster. Therefore, the existencecasfr@red trapped
radicals likely indicate that reactions suffered from deoxygenatdontrol reactions that were
carried out in Nrevealed that no peaks that could be associated widppred RO®or oxygenated

products (e.g., hydroperoxidespuld be identifiedbut Gcentred radicals were evident)

The fact that the supposed R®@&hd R@adducts are present as TEMPO adducts too, suggest that
(at least to an extent) the signals are doeCcentred radicals that have previously underwent one
or two hydroxylations. Therefore, while assigning the acquinédto Gcentred trapped radicals is
straightforward, Gcentred ones are more complicated to assign. To better understemether

the acquired signals are due tec€ntred or Gcentred radicals, isotope exchange experiments
(similarly to our hydroperoxide work; see Chaptear®li Experimental Chaptewere carried out.
This is because the supposed radicals have a differenbeuwf exchangeable protonideed,
isotope exchange can allow the differentiation of RDR® + OH, and R+ 2 OHas well aRC®

and R+ OH.Therefore, irradiations were repeated, but aliquots were now diluted 40 stead

of HO before injectim in the MS instrument. Peroxyl and alkoxyl trapped adducts can now be

differentiated by Gcentred adducts as upon full deuteration the [M + B]different (Figure B).
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Figure67. Suggested chemical structures of potential trapped adducts (with identical m/z) that upon isxtcipeEnge
experiments novhave a different m/z and can be differentiated by MS. RepresentatiSpectrum of a reaction
that has been diluted inJdD to allow separation of compounds with same m/z but different number of exchangeable
protons. The MS spectra shows the existeria®) erapped peroxyl (highlighted in red), and trapped alkoxy! (highlighted
in purple) radicals, while B) shows the existence of trapped alkoxyl (highlighted in red), and tragpéeCradicals
(highlighted in purple)Reactions were carried out in apair.
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Figure @ shows a DMS spectrum of an irradiated solution fAc-Ala-OH (diluted in BD). Isotope
exchange experiments were successful and strong evidence for the existence of trappatt€a
radicals were obtained. In Figur@A, the acquiredn/z of 322.1904 (highlighted in red) supports
the existence of a trapped peroxyl radical, while timéz of 323.1966 (highlighted in purple)
supports the existence of a trapped alkoxyl radical. Q@ Experiments here further corroborate
the generation ofntermediate peroxyl and alkoxyl radicals in the aerobi¢*H@diated oxidation
of N-AcAlaOH. Figure BB suggests that the acquired/ z of the potential alkoxy! radicals (Figure

66C), is due to both alkoxyl andc€ntred radical adducts in threaction mixture.

No signal for a potential -€entred radical that has been previously dihydroxylated could be
obtained in the RO analysis. This result is contradicting the data of Fig6Bs &s the [M + Hf
supposed peroxyl radical has been detectesda TEMP@dduct indicating the presence of a C
centred radicat 2 OHvith the samam/z. This outcome can be explained by the relative abundance
of the species in the solutions. While trappedaéhtred radicals- 2 OHwith the same [M + Hlas

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 TEMP&dduct of Figure (highlighted inpurple) is
reasonably strong, and upon full deuteration should be détected To confirm this hypothesis,
DFMS spectraof the deuterated samples were scanned for the [M +d@]the TEMP&@dduct of
potential dihydroxylated €entred radicals. Thisgial was indeed present in the analysis (data not
shown), therefore confirming that three species are contributing to the [M *#0HB18.1655 of
Figure ®B. Next our focus turned to secondary radicals, arising from further oxidation of the

degradation pralucts.
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4.6.1.2 Secondadetectedradicals
The main degradation product that was identified was M#\cAlaOHderived carbonyl.12
(arising from tertiary R&fragmentation4.11, Schemes6).

e}
o) o) .
OH
—> HN__o * .l
HN\fO \f kOH
4.11 412 413

Schemé6. Formation of NAcAla-OHderived carbonyls, as a result of an alkoxyl radical fragmentation. The alkoxyl
radical is generated most likely via homolysis of afxchla-OHderived hydropendide.

It was theorised that further HAA from the diacetamidld2 shown in Schem&6 by HO’ could
occur thus leading to new-€ntred radicals (and consequently, peroxyl and alkoxyl radicals). The
structures and the corresponding EICs of the [M*df]the three potential trapped adducts are

given in Figure &
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Figure68. Suggesteathemical structures, [M + Hland DIMS spectra for A) a trappe@centred radical, B) a trapped
peroxyl radical, and C) a trapped alkoxyl radical. These radicals arise from HAAftmHBe NAcAla-OH carbonyl of
Scheme B. Reactions were carried out in open air.

Consistent with our prediction, the [M +Hif allthree predictedradicals were present in the DI
MS spectrum (Figure86highlighted in red are the trapped adducts, while highlighted in purple are
the radicals trapped with TEMPOAII three supposed radicals are trapped with TEMR@cating
that the signal could be due to-&ntred, and not @entred radicalsAgain, the acquired/ z of
potential peroxyl radicals (Figur@B), can be due tROO, RO+ OH or R°+ 2 OHSimilarly, the
acquiredm/z of potential alkoxyl radicals (Figur&®) can be duéo either RC’, or R4+ OH To

further elucidate the exact ideriyi of these specie€),O analysis was carried again (Fig@e
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Figure69. Suggested chemical structures of potential trapped adducts (with identical m/z) that upon isxicipenge
experiments now have a different m/z and can Héedéntiated by MS. Representativeld§ spectrum of a reaction
that has been diluted inJD 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 (highiigreel trapped alkoxyl (highlighted in
purple), and €entred (highlighted in teal) radicals, while B) shows the existence of trapped alkoxy! (highlighted in red),
and trapped &entred radicals (highlighted in purpl®eactions were carried out in opai.
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Interestingly, our BO experiments confirm that the signal for the [M + 6f]288.1516 (Figure &B),

is in fact, a contribution of three different species. Indeed, the [M*~dDpotential trapped peroxyl
radicals (Figuré9A; highlighted in red), alkoxyl radicals (Figa®4; highlighted in purple), and-C
centred radicals (Figur@9A; highlighted in teal) were all present when reaction mixtures were
diluted in DO. The abundace of the potential peroxyl radical adducts is lower than the
corresponding alkoxyl, and that could be attributed to the relative trapping rateSgfR@xpected

to react faster with the radical traf). Similarly, Figuré&9B confirms that the acquired/ z of
potential alkoxyl radicals (Figur8®) is due to both alkoxyl radicals (Figé88; highlighted in red)
and Ccentred radicals that have been previously hydroxylated (Fi§@Be highlighted in purple).
We note that the fragmentation mechanism ofh®me 57, also release$CQH and this was

detected as a trapped adduct providing further evidence for the mecharild® data in the

Appendix)

The fragmentation mechanism of ScheBtican also follow a different pathway and producea N

4.15and a carbony4.14(Schemés7).

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

Schemé7. Fragmentation of a tertiary McAlzOHR SNA SR | f 1 2E&f NI RAOLFf (2 3SyS$S
radical.

Subsequent HAA by KM@&om the new carbonyl can yield transientc€ntred, and Gentred
radicals (similarly to the case of the acetamide; Fig@®e Bherefore, DMS spectra were scanned

for these trapped adducts (Figur®)7

165



5 244.1537
=
®© (CRTEMPO-trapped) A
HN. 20 ‘o 243.1333
o X 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 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 C

A~ O o

259.1281
(alkoxyl trapped)

MMWMLM'JW

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

Figure70. Potentialchemical structures, [M + Hjand DIMS spectra for A) a trappedd@ntred radical, B) a trapped
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Our analytical data corroborate the formation of both @d Ocentred radical from this
mechanistic pathway. FigureO&R shows them/z corresponding to possible-€ntred trapped
adduct (highlighted in red), while the/ zof the predicted rattal as a TEMPR&dduct is also present
(highlighted in purple). Moreover, Figur€8 and DC demonstrate that both peroxyl and alkoxyl
trapped adducts are present in the irradiated mixtures (highlighted in red). No TEd&W@ts
were detected for the potetial peroxyl and alkoxyl radicals this time, indicating that the MS signals
are likely due to &entred, and not €entred radicals. Unfortunately, the peaks are too weak in

intensityto allowD,O analysisand therefore, the exact structures were not fler elucidated.

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

between the amidyl radical.15and the carbony#.14inside the solvent cagéSchemess).

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

4.14 4.15 4.16 417

Schemé8. Hydrogen atom abstraction reaction between an amidyl radical and a carbonyl, yielding an amide and a
new Gcentred radical.

In fact, recentadvancedtheoretical studies have shown the ggensity of amidyl radicals to
undergo HAA reactions, as the resulting cleskdll species (the amid this casé.16) is further
stabilised due to the delocalisation of the nitrogen lone pair on the empdybital of the carbonyl
moiety 3%¢In theamidyl radicat.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 ¢féunaleed,
when aqueous dations of N-AcGly-GlyOH were oxidised by HQgenerated via Fenton
chemistry; experimental conditions as outlined in Scherlg ®S signals corresponding to the
same C€and Ocentred trapped radicals (as in Figurés 68 and 0) were obtainedalthough their
exact identify was not further elucidated as in this casg®(Bxperiments; Figure&nd69).

It is noted that wherHCG*were generated by the reductive cleavage oDk more trapped radicals
were detected. These radicals were likelgsult of decomposition of intermediate hydroperoxides
formed in N-AcGlyGly-OH. This is not unexpected as*Fis known do induce onelectron

reductionof hydroperoxides, thus generating more radical species in the system. Furthermore, the
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difference inthe number of different radicals that were observed in the two systems (i.&/Hz6,

vs UV/HQO,) could be attributed to the relativelG>fluxes. While the extent of 40, degradation

was not assessed in the F&H.0;, the ironcatalysed decompositionfd+0; is a very fast and
efficient way of generating HDand thus the radical flux was likely high. Conversely, in our system

only 1% of the total kD, is decomposed (#D. concentration was determined spectroscopically).

Having demonstrated that exposure NfFAcAlaOH toHO’ leads to the generation of transient
radicals, it was sought to explore the oxidation of more complex peptides. TheSaeban will

focus on the aerobielC~induced oxidation oN-AcAlaPheOH.

4.6.2.N-AcAlaPheOH

The HO'mediated oxidation oN-AcAlaPheOH is more complicated compared MbAGAlaOH,
asHO’can reacviathree different pathways; that are direct addition to the benzene ring, electron
transfer, and HAA. Degradation producterfr 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 ofHOto the aromatic ring oN-AcAlaPheOH is near the diffusion controllduinit and

gives rise to an unstable cyclohexadienyl radical. Diffusion controlled oxygen addition followed by
facile H@>elimination produces a stable hydroaggd adduct:®®33":3%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-AcAlaOH, N-AcAlaPheOH ionised very efficiently in the IMS, and so
oxidised solutions were analysed both byND$ and L@/S.

4.6.2.1 Hydrogen atom abstraction

Hydrogen atom abstraction by K©an take placefom different GH positions of the molecule)
forming isomeridGcentred radicad, and consequently peroxyl and alkoxyl radicals (similarly-to
AcAlaOH). Nonetheless, based on the % of deprotonatleAcAlaPheOH, the most likely
position from which the H@can abstraca hydrogen from remains the benzylic positiés such,

initially, MS data were scanned for these potential trapped adducts (Fidurstiiictures shown

for potential HAA from the benzylic position of the molegule
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Figure71l. Suggestd chemical structures and IMS spectra for potential-€entred and alkoxyl radical adducts. A) DI

MS spectrum of potential-€entred radical as a trapped adduct, and as TEMB@uct, B) DMS spectrum of potential
alkoxyl radical as a trapped adduct andeaSEMP@dduct.Reactions were carried out in open air.
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Investigation of the MS spectra revealed that tméz corresponding to potential €entred and
alkoxyl radicals trapped were present (FiguteéA7and 4B, respectively). Both supposed radicals
were also detected as TEMR@ducts. Unfortunately, then/zpeak for the trapped alkoxyl radical
(Figure 1B; highlignted in red) is too weak to allow.D experiments, and therefore, the nature of
the trapped radical could not be further elucidated. Ndz corresponding to potential peroxyl
trapped radicals could be obtained-c€ntred trapped radicals were also iderddi by LEMS (but
no trapped alkoxyl adducts). Indeed, the EIC of 433.2445 (potentiahtted trapped radicals)
revealed 4 peaks, indicating that HAA by“*HfOm N-AcAlaPheOHis nonselective and yields
multiple Gcentred radicals (L-®S data can be find in theAppendix).

Similarly toN-Ac-Ala-OH, carbonyls resulting from alkoxyl radical fragmenta{®cheme 5Ayvere
identified (albeit in lower relative abundance; MS data in #pendix). However, no radicals
generated onN-AcAlaPheOHderived cabonyls could be detected, indicating that this is not a
major degradation pathway fa¥-AcAlaPheOH.

4.6.2.2Electron transfer

In Introduction (Section 1.7.4.3) it was discussed how electron transfer betweéhahi®D
phenylalaninds a rapid procest ~ 10° M* s1) % that yields a radical catioh.18 SinceN-AcAla
PheOH exists mostly as a carboxylate anion in the solufeee Section 2.6.1)a second
intramolecular electron transfer can take plactllowed by a deprotonatioraffording a

thermodynamically unstable carboxylate radidal9(Schemes9).
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Schemé&9. Radical decarboxylation mechanisms, facilitated by an ET mechanism betweandH®AcAla-PheOH.
The radical cation intermediate undergoes fast intramolecular ET to produce a highly unstable carboxylate anion.

Spontaneous radical decarboxylatioeleasesCQ and leadsto the formation of a transient C

centred radicat?***which can either be trapped by or react with Q to produce peroxyl and

alkoxyl radicals. Therefore, PIS spectra were investigated for the existence of these trapped

species (FigureZj.
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Figure72. Suggestd chemical structure for trapped radicals orPAlg¢Ala-PheOH arising from the radical

decarboxylation mechanism. A}MB spectrum of the-€entred trapped adduct, B) IMS spectrum of the peroxyl
trapped adduct, and C) IMS spectrum of the alkoxyl trappadduct Reactions were carried out in open air.
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The [M + Hjof potential Ccentred, peroxyl and alkoxyl radicals as trapped adducts were all
identified by DIMS (Figure ZA, 72B and 2C respectively; highlighted in red). Th#z of the
TEMP@adductsis also present in all cases (highlighted in purple). It is noted that-ttemtted trap
adduct (Figure ZA; highlighted in red) was the modbminantpeak of the MS spectra (both-mMS

and LGVS).

Further investigation of @IS chromatograms of the alised solutions for the [M + Hpf the
potential trapped peroxyl and alkoxyl radicals of Figizeekealed that multiple products with the
samem/z exist (LGS data in theAppendix). This is not unexpected as peroxyl radicals share the
samem/z with alkoxyl radicals + an OH group, or-ee@tred radical + 2 OH groups (similarlyNco

AcAlaOH). These data further corroborate that ¥f®acts primarilywia ET withN-AcAlaPheOH.

Tofurther elucidatethe MS peaks of Figur@B and 2C, D,O analysis was carried. Indeed, different
trapped adducts with the same [M +*Hjossess different number of exchangeable protons, and
upon full deuteration have a different [M + DJAs such peroxyl trapped radicals can now be

differentiated by alkoxyl + HO trapped radicals, antk@tred + 2 HO trappexhdicals(Figure B).
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Figure73. Suggestediemical structures of three potential trapped adduct (with identical m/z) that upon isetope
exchange experiments now have a different m/z and can be differentiated bR@p@&sentative EMS spectrum of a
reaction that has been diluted inO 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 redd a trap
alkoxyl radical (highlighted in purple), and a trappeddduct (highlighted in tealReactions were carried out in open
air.

Isotope exchange experiments weseccessfuland the previously indiscernible structures can now
be separated. Indeed, our,O data indicate that (at least) three different compounds contribute
to the initially acquired [M + Hpf 421.2434. The most dominating signal is attributed to a peroxyl
radical adduct (Figure37 highlighted in red), followed by the alkoxyl (Figu& Highlighted in

purple), and lastly the-€entred adduct (Figure37 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 + bf] 405.2485 ofFigure 2C (potential alkoxyl
radical adducts) could be due to acéntred radical + an OH group, and can be differentiated by
deuterium exchange experiments, as the supposed compounds possess different number of labile
-H (Figure 7).
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Figure74. Suggestediemical structuresf two potential trapped adduct (with identical m/z) that upon isotepe
exchange experiments now havelifferent m/z and can be differentiated by MS. Representativd®bpectrum of a
reaction that has been diluted inO to allow separation of compounds with same m/z but different number of
exchangeable protons. The MS spectra shows the existence oédrafioxyl radical (highlighted in red), and a trapped
Gadduct (highlighted in purplelReactions were carried out in open air.
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Predictably, BO experiments confirmed the existence of both alkoxyl arwt@red radicals (that

have been previously hydkglated) trapped witly. The DIMS data here indicate that the@lduct
(Figure 4; highlighted in purple) is the most abundant species compared to the alkoxyl adduct
(Figure 4; highlighted in red). This is likely a result of the hydroxylation occurtirdjffarent
positions ofN-AcAlaPheOH (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 LMS trace; data in théppendix). The MS data coupled with wedtablished
isotope-exchange experiments strongly corroborate the characterisation-oé@red (both RO®

and RO) in the aerobic HBinduced oxidation oN-AcAlaPheOH. It is noted that degradation
products (i.e, alcohols and hydroperoxides; confirmed byOlanalysis) resulting from the radical

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

The relative intensities of the degradation produetsd trapped adductsuggest that N-AcAla
PheOH reacts primaryia addition and electron transfer withlG", and to a lesser extentia HAA.

This could explain why trapped adducts from the HAA reaction were present in lower abundance
(and no trapped peroxyl radicals were detecte@enerallyperoxyl radicalare relatively stable
radicals, and addition to alkenes is slow (e-®uOQreacts with an estimatet ~ 0.1 M* s* with

methyl methacrylate, which has similar electronic propertied i) .3° Therefore, trapped adducts

are mostly detected when high concentrationdRDQare present in the mixtures. This is probably

the case for the electron transfer mechanism.

Our analytical data suggest that the aerobic reaction betweetidh@N-AcAlaPhe OH occursia

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 NfAcAla-PheOH initiated by H®O(ET mechanism) has
been proposed in the literatur&! but to the best ofour knowledge, this is the first reported

example of detected intermediate radicals arising from this mechanism by MS.
Having explored the reactivityebveen HOand N-AcAlaPheOH, 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-AcGly-TyrOH

Reaction between H&ndN-AcGly-TyrrOH proceediathe same three mechanisms as WPAG
AlaPheOH. Both addition and electron transfer afforthighly stabilisedyrosyl (phenoxyl) radical
(see Introduction; Section 1.7.4.2 and 1.7.4.3), while HAA from the aliph#tigi€ldsa Gcentred

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

4.6.3.1Addition/ electron transfer
The stabilised phenoxyl radical can undergo addition reaction to the radicad ttamdproduce a
tyrosyl trapped addct. Therefore, DMS analyses were scanned for the [M + éfla potential

trapped adduct (Figure5J.

2
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- (N-Ac-Gly-Tyr-O®trapped)

>

2 436.2434

E (N-Ac-Gly-Tyr-O®
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Figure75. DIMS spectrum showing theuspected tyrosyl radical as a trapped adduct (highlighted in red), and as a
TEMP@adduct (highlighted in purpleT.he tyrosyl radicatan beformed via addition of H&o the aromatic ring of N
AcGlyTyrOH via ET, or via HAA by ftom the phenolic €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 (Figures7 highlighted in red). Then/zof 435.2230 was also detected by-MS

as a single peakiéta in theAppendix). The same radical trapped with TEM®R&s also identified

in the DIMS spectra (Figuresy highlighted in purple). These data suggest that ard not an ©
centred radical is trapped in our reactions (as reaction of TEM®WO O-centred is less likely),
although it is possible that two different compounds contribute for the peak with the 435.2230

If the peak is due to a -€ntred radical, then this could either be a resonance structure of the
phenoxyl radical, or a-€entred radical generatedia HAAon another part of the molecule (Figure

76; for the HAA mechanism see next Secfion
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Figure76. Possible €entred radical structures that upon reaction with i@ trap4.1would produce th®FMS signal
of 435.2230 of Figureb7

Unfortunately,due to time constraints a more 4ddepth investigation was not possible, and no
further data were acquired to further elucidate structure responsible for the acquinéd of

435.2230.

4.6.3.2 Hydrogen atom abstraction

The tydrogen atom abstractionomponent of the reactivity between HAndN-Ac-Gly-TyrOH can

be divided into two parts. Indeed, HAA can take plaoen the phenolic GH yields a phenoxyl
radical (similarly to the additidBT mechanism Section 4.6.3.1Alternatively, HAA from the
aliphatic GH of the moleculgenerates entredradicak (either on the backbone or the sidhain

of the molecule however considering the high % of deprotonation, the benzylic position would
appear as the most likely positipRigure B), that in presence of £xan be converted to peroxyl
and alkoxylradicals. Therefore, EMS were now investigated for peroxyl and alkoxyl trapped

radicals (Figure7j.
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Figure77. Suggestedhemical structure andepresentative DMS spectrum showing the suspected alkoxyl radical as a
trapped adductvith 4.1 (highlighted in red), and as a TEMB@duct (highlighted in purplelReactions were carried out
in open air.

Our analysis showed thahé m/z of potential alkoxyl radical trapped adducts is present (Figure 7
highlighted in red), while the same is true for the TEM®RIQuct (Figure 7; highlighted in purple).
This result indicates that the/z of 451.2182 is (at least to an extent) dueadzcentred radical.
This could be the case if the trapped radical is-eedred radical that has been previously
hydroxylated (i.e., a DORfapped radical). Again, due to time constraints this was not investigated

further, and theexact chemicastructure could not be elucidated any further.

No trapped peroxyl radicals were detected. This was not surprising as the majority of thegd®

with tyrosine via addition or electron transfer, and not HAA (see Introduction; Section 1.7.4).
Therefore, the steadgtate concentration of peroxyl radicals remains low, and other more favoured
reactions (e.g., HAA to form hydroperoxides) are taking pl@oaversely, atikxyl radical are much
more reactive, and typical second order rates constants for additiosBoiC’to alkenes are in the
range ofk ~ 10° - 10° M s1.3*Finally, similarly to the cases HfAcAlaOH and\N-Ac-AlaPheOH,

a wide range of degradation products were detectedNH and LGAS 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 developbd i
Chechik group®<1®’ to characteriseelusive Gcentred radicals during the aerobic oxidation of
biological targets, thus providing strong validation of thierature proposed mechanistic
pathways. The radical trapoffers 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 concentratiohtrapped radicés possible. From

our work here it becomes clear th@ts a good compound for the trapping of carbeentred and
alkoxylradicals butreacts less efficiently with peroxyl radicals. This is not unexpected as peroxyl
radicals are generally loAyed speces that follow many reaction pathways (e.g., bimolecular
dismutation, HAA etc.), and show little reactivity towards electdeficient alkenes (see Section
4.6.2.2).

Our experimental data are consistent with ¥t@actingviadifferent mechanisms with gdhatic and
aromatic amino acids. Specifically, MAcAlaOH multiple radicals arising from initial HAA by*"HO
were identified. The exact nature of these radicals was further elucidatedobyst isotope
exchange experiments, and it was confirmed thatthG and Ocentred radicals were successfully
trapped and characterised. Conversely, fBAcAlaPheOH andN-AcGly-TyrOH radicals arising

mostly from addition / ET were detected.

For N-AcAlaPheOH the major reaction pathway appears to be the Emanism leading to a
radical decarboxylation. Thradicaldecarboxylation of phenylalanine is a weditablished reaction
mechanism known to proceedaan ET mechanism in the presence of strong oxidants (e.g?; SO
see Section 1.7.4.35 or by direct photolysis. Indeed, there are documented examples where
direct photolysis of aqueous solutionsmienylalanindeadsto the radical decarboxylation of the
compound, and the ensuing-é&ntred radical has been characterised by tireeolved
spectroscopy39342343However, the decarboxylation as a result of direct photolysibl-éfc-Ala-
PheOH can be discounted in our work, as when aqueous solution$-A¢AlaPheOH were
irradiated in the absence of;B, (all other experimental conditions were maintained the same), no
radicals or oxidation products were identifiebbthe best ofour knowledge this is the first example
that the ensuingalkoxyl and peroxyhtermediate radicalsarising from the radicaletarboxylation

of phenylalanineare characterised by M%urthermore, using wedtstablished isotope&xchange

experimentsboth G and Ocentred radicalsvere conclusivelydentified.
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We acknowledge that the experimental conditions of this study do notlataeuealistic biological
scenarios, and this is something that could be addressed in the future. In addition, lower
concentrations of kD, (or H®) could be used in order to resemble oxidation in living organisms
more closely. Finally, we have demonstitthat our new trapping concept can be usadith
different oxidising agentdndeed we have shown that our radical trapis capable of trapping
intermediate radicals generated during botthe ONOOH and HOmediated oxidation of
biomoleculesHoweverthere are many other oxidants that are capable of reacting with biological
targets® It is wellestablished that hydroperoxides are the major intermediate compounds of
protein oxidation, and it was shown that they can accelerate peptide damage, by desomgpo

transient radicals.

Terpene hydroperoxides are common compounds in the atmosphere and are formed from terpene
emissionsTerpenes are common naturally occurring fragrance compounds that are widely used in
cosmeticsperfumes,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?** Recently, studies have proposed that allergic contact dermadttia radical
process mediated by allylic hydroperoxides, generated from the autoxidation of terg&édhe

final Section of this Chapter is focused on exploténgene-derivedhydroperoxides as initiators in

the peptide oxidation.
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4.8.Peptide oxidation by terpengerived hydroperoxides

The process is believed to be initiated by a homolytic cleavage of the labile per@@ebond
(BDE of- 45 kcal moh)*¢13"producing transients R&nd HO, that are capable of reacting with
skin proteins For instance, allylic hydroperoxide21 (Scheme 6) has been identified as a major

autoxidation product of limonené.20andhas been reported to be a potent sensitisét.

autoxidation OH

4.20 4.1

Scheme0. Oxidation of limoneng1 leading to arsemistableallylic hydroperoxidé2.

Radical reactions initiated by the homolysis of terpelegived hydroperoxides (including21)

have been carried out recently, and intermediate raticgdboth C and Ocentred) were
characterised by spin trapping and EPR spectrostdp$? More recently, studies in this field were
further expanded by investigating the iraratalysed reactivity of allylic hydroperoxicé21in the
presence of proteied amino acids and analysis by-MS34 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.| loasés 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
radicaltraps andprovide an alternative methd 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 hydroperoxide21 derived oxidation of protected amino acids
were focused on replicating previous literatu¥ébut 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

Schemes1. Reaction conditions for the iraratalysed decomposition of allylic hydroperoxi@eand subsequent
reactivity of the protected amino acids. Aliquots were collected every 24 h and were analysed immediatdisby LC

N-Ac-AlaOH andN-AcPheOH were usé as the biological targets in order to be able to directly
compare our previous experimental findings on the“it@@uced oxidation, with our results here.
Allylic hydroperoxidet.21 was isolated in a onstep synthesis from 4, (50%) and -j-carveol
accading to literature experimental procedure in a 40% yi&fdDnly limited spectroscopic data
for the allylic hydroperoxidet.21 were obtained {H-NMR) (more information, including the

assignment of théH-NMRin the experimental Chapteff*

Unlike our studies in the UV A8, system, an excess of the biological target was used here to better
resemblein vivoconditions. The amine group of the two amino acidss protected to mimic their
structure when incgoorated in peptides and proteins, and to avoid side reactions initiated by the
N-terminus.FeSQ@was used to cleave the labi®-O- bond 0f4.21, as the irorcatalysed cleavage

of the peroxide bond is we#stablished process that occurs in biologicaldiae and therefore
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emulates better realife scenarios. The reductive cleavagd @1by Fe(ll) is likely to be a homolytic

process yielding a transient alkoxyl radid&2 (Scheme B).

OH OH

Schemes2. Reactivity ofhydroperoxidel2 with Fe*, yieldinginitial O-centred radicals that in time can evolve ifGo
centredradicals

The transient alkoxy}.22 can evolve to a €entred radicalvia two main unimolecular reaction
pathways. It can either undergo intramolecular HAA to generate an alyRd)(or a tertiary 4.25
Gcentred radical, or intramolecular addition to the double bond to generate an epoki2le
Alternatively, the alkoxyl radicdl22or any of the evolved-Centred radicals, can undergo radical
based reaction with the protected amino acids to generate -ralical adducts. It is noted that
preliminary reactions were carried out under ad¥mosphere as the purpose of this study was to

identify the shortlived radicals, and reaction with=&vas not desirable.

4.8.2 Preliminary data and mechanistic insights

The ironcatalysed decomposition of allylic hydroperox#l@1 under the experimental conditions
employed here is reported to be a slow procé¥sandthus, reactions were allowed to stir for 7
days with aliquots taken every 24 h. All reaction aliquots were analysed-mMSCind L®AS.
Unfortunately, DIMS were unsuccessful in this system, as no hydroperaxiiederived products
could be detecteddue to the very poor ionisation &f.21 Indeed, we note that both-)-carveol
(the precursor of4.21) and allylic hydroperoxidd.21 ionised so inefficiently that high mM
concentrations (> 50 mM) were required to even detect the pure compoundsE @roed to be

a more useful tool, and multiple hydroperoxide21-derived products were identified.
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The reductive homolysis of hydroperoxide21 yields an alkoxyl radicdl.22 that can evolve to
different Ccentred radicals (Schemep In the case oN-AcAla-OH, any of these radicals can
abstract a hydrogen to generated@ntred 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 theinitiator. Selective scanning of IMS traces for the dimeric speciesNf
AcAla-OH produced the following EIC (FiguBay.
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Figure78. Representative EICs ofMS analysis, showing the formation of dimeric species onAg¢MNa-OH(24 h
aliquot), and B) NAcPheOH(24 h aliquot). Aliquots were analysed byM& immediately after collection.

Dimerisation oN-Ac-AlaOH appears to take place to a noticeable degree, with the peak emerging
within the first 24 h of the reactioffFigure 78 A)Nom/z corresponding to potential nomadical
adduct betweenN-AcAlaOH andl2-derived radicals could be identified. Thikely is due to the
relative stability of intermediate radicals. Indeeld;AcAlaOH Ccentred radicals are relatively
stable andare likely to be the most abundant radical in the system, thus dimerisation becomes

prominent.

Based on the same mechanispathway, a dimerisation d§-AcPheOH was predicted to occur,
and LGVIS chromatograms were investigated for the detection of the dimeric species (Fgp)ye 7
In agreement with our mechanistic postulate, the detectioNeAcPheOHdimer was successful
(24 h).Furthermore, whenN-AcPheOH was used as the biological substrate more-ragfical
products could be characterised (this is likely due to the méfreient ionisation in the positive ion

MS ofN-AcPheOH compared tiN-AcAlaOH).
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The LEMS chromatograms showed peaks that were related to the formatioN-8i-Phe OH
adducts with4.21-derived radicals. More specifically, in agreement with literathS data, the [M
+ HT corresponding to a stable adduct betwelmcPheOH and radicat.22(or4.23/ 4.24) began
to emerge within 24 h of the reaction (FigureA).

OH®
HN
OH HO
(0]
or
(0]
4.26 4.27
suggested structure
(or linkage via the tertiary radical 4.24) suggested structure
[M + H]*: 358.2013 [M + H]": 358.2013
1 EIC
EIC A - B

o
®

[M + H]*: 358.2005 [M + H]": 358.2005
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Figure79. Suggesteathemical structures and [M +Hor the adduct between McPheOH and radicals derived from
hydroperoxidel2. LGMS traces show representative EICs for the m/z of 358.2005 at A) 24 B) &2 hAliquots were
analysed by L-®IS immediately after collection.

The generation of an adduct betweétAcPheOH and radicals derived from the homolysis of
allylic hydroperoxide4.21 is supported by the EIC chromatogram shown in Figlg& andis
consistent with literature dat&**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 intenditgt eluting
at ~ 32 min and the second at 34 min) This is not surprising, as reductive homolysis of

hydroperoxide4.21yields 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 Witkc-Phe OH. Unfortunately,
it wasnot possible to further elucidate the chemicstucture andassign each peak of FiguréA

to a specific adduct.

Interestingly, the compound responsible for the peak eluting 82 min continued to increase as
the reaction progressed until it reached a maximum abundance at 72 h (FigBjeWe note that

at the same timethe compound responsible for the peak eluting-a84 min plateaued (the peak

is still there in Figur@9B with similar intensity as in Figui®A). These data strongly indicate that
while the two products appear to evolve at similar rates at the first stages of the reaction, this

quicklychangesand one becomes significantly more prominent than the other.

In agreement with literature precedent, further investigation of the -MS chromatograms
revealed another [M + Hassociated witiN-AcPhe OH. Specifically, it is reported that the epoxide
adduct4.27isprone to nucleophilic addition of # to producehe diol 4.28 (Figure 8; EIC at 72 h

of reaction.

(@) OH
on® 3
=
N)K 3. EIC
H o [M + H]": 376.2111
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\\\‘ E 1
\[ OH 9
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(suggested structure) L oL | cll l M | |
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Figure80. Potential chemical structures and [M + Ff the adduct between McPheOH and radicals derived from
hydroperoxidel2. LGMS traces show representative EICs for the m/z of 376.2111 at 72 h. Aliquots were analysed by LC
MS immediately aftecollection.
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The [M + Hjof the potential diol4.28 was indeed present (Figur®@8_.CMS chromatogram of the
reaction after 72 h). Interestingly, ¢hacquiredm/z of 376.2111is not present at the first stages of
the reaction (24 hbutis increasing in abundance thereafter. If the proposed chemicaltsteic
4.28and the mechanism for its formation are indeed correct, then this could provide an explanation
as to why one of the peaks shown in Figd84 is increasing over time and the other is plateauing.
Indeed, this would mean that the peak eluting atr in FigureZ9A is due to the epoxide adduct
4.27, andin time thisconversto the diol adduc#.28 None of these adducts were detected when
reactions were run in the absence of allylic hydroperoX¥idz8. Lastly, in harmony with literature
precedentno amino aciederived oxidation products were detected under these experimental

conditions.

4.8.3 Radical trapping

Encouraged by the successful detection of the allylic hydroperokig&derived adducts, we
sought to investigate the trapping efficiency of our radical tlapunder the same experimental
conditions(Scheme ). Therefore, reactions were repeated as ear(iez., 2 eq. of the biological
target2.6or 3.13 1 eq.of allylichydroperoxide4.21and 0.1 eq. of FeSPwith the addition o0f0.1
eq. of trap 4.1 (more information in the Experimental Chapter; Section 5.4.103MS

chromatograms were now scanned for adduatshe initiator4.21with radical trap4.1 (Figure 8).

H 3
N._~H_ = EIC
) ’\|I® w 2.5 +
/, o " M + H]": 307.2372
/ /. @o [ ]
S 2
2
OH @15
o
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20.
(or other adducts with the same m/z) 2
ol—1 [ I ]
N 20 22 24 26 28 30
[M + H]™: 307.2380 Retention time / min

Figure81. Suggestedhemical structure and [M + Hjf a stable norradical adduct between the radical trapland
hydroperoxidet.20-derived radicals. l-MS trace shows the EIC of the m/z of 307.2372 at 72 h. Aliquots were analysed
by LGMS immediately aftecollection.
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The EIC revealed that indeed an adduct associated with the radicd.frapd the radicals derived

from hydropeoxide4.21is present in the reaction mixture$he 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 (FigurelBat 72 h.lt is noted that the [M+ HJ of 307.2380 can be

due to different compounds, as many of the hydroperoxid2l-derived radicals have identical

m/ z. Unfortunately, no further elucidation of the exact chemical structure of this adduct is currently
available. The detection of adduét29further corroborates that the previously detected adducts

between the hydroperoxidd.21-derived radicals ant-AcPhe-OH are due to radical reactions.

Interestingly, no tragrelated adduct withthe diol4.28was detected. This outcome indicates that
the acquiredm/z of 376.2111 reported ifFigure ® is likely generatedvia a nonradical process,
thus validating the terature mechanism proposal. Additionally, the hydroperoxid2l-derived
radicals abstract a hydrogen from the biological targets and generatened radicals. In the
absence of @these radicals can accumulate to high concentrations and reactdaitto produce
stable nonradical products. Considering this pathway;NI& chromatograms were now analysed

for the characterisation of trapped-€entred adducts (Figure2®.
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0 | o
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(N-Ac-Ala-OH-derived radical) (N-Ac-Phe-OH-derived radical)
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Figure82. Suggesteadhemical structures and [M +Hf trapped Gcentred radicals on AcAlaOHand N-AcPheOH
with representative LMS EIC. Both EICs show the abundance at 72 h. Aliquotanedysed by L-®1S immediately
after collection.
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Consistently with our predictions, both trapped adducts associated withrifred radicals oiN-
AcAlaOH (Figure 2A) andN-Ac-PheOH (Figure 2B) were collected in relatively high abundance.
Furthermore, inagreement with our previous results, the EIC of Figugfsahd @B 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 (data not shown)

4.9 Chapter 4Conclusions

A new approach for capturing and detecting shibred radicals was developed previously in our
group%%17|n this work its scope of application was further examined in the trapping of biological
radicals. Thescope and sensitivity of thaew trapping method wasnvestigatedin the well
established ONOOHhhediated oxidation of a simple tyrosirmntaining dipeptidefollowed bythe
aerobic HOmediated oxidation of protected peptideé wide range of peptideerived radicals
were successfuylltrapped and characterisefior N-AcAlaPheOH andN-AcAlaOH we were able

to identify both G and Ocentred radicals. Using isotope exchange experiments we were able to
separate, and thus conclusively assign, trapped radicals with the same [M(&.dd] RO®from
RC’+ OH).

Our results here are consistent with previous work in our group. Indeed, radical.ttéps shown

good efficiency at trapping-Eentred and alkoxyl radicals, but not peroxyl radi¢éis®’ Trapping

of peroxyl radicals with.1is 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 statencentrations should allow their detectipand this was

the case foN-AcAlaPheOH andN-AcAlaOH On the contrary, reaction of HO radicals WiHAG
GlyTyrOHforms more stable radicals that do not undergo dioxygen addition, and as such, the
steadystate concentration of peroxyl radicals likely remains IDl@netheless, both alkoxyl and
peroxyl radicals were successfully trapped, and their presence was further confirmed by isotope
exchange experiments. This is particularly important as biologicain@ed radicals usually exist

in low concentrations and their detection is very challengfig*34

Lastly, we tested the feasibility of radical trdpl to capture radicals generated from ROOH
initiated reactions. In this casedgntred radicals geerated onN-Ac-AlaOH andN-AcPheOH were
successfully trapped witld.1 and characterisedoy LGMS Moreover, we were able taetect

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

that reaction of F& with allylic hydroperoxidd.21generates both ©and Gcentred radical$®®

The trapping of radicals arising from the reductive cleavage of terpene hydamipges 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 g#&ry commonin vivo)

could trigger radical chain reactiof€:*¢Unfortunately, due to time constraints, this system was
not investigated further. In real systems, the generation of terpene hydroperoxidased radicals

is likely followed by @addition. Therefore, we believe in order to better emulate rif@ scenarios,

the effect of Qshould be examined.
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Chapter 5: Experimental

5.1 General

Unless otherwisestated, all reagents and solvents were purchased from commercial sources and
used without further purification. A full list of chemicals usegrisvided inSection’5.2 Chemicals.
Anhydrous solvents were obtained from an Innovative Technology Inc. PueSdlvent

purification system.

Thin layer chromatography was carried out on Merck silica gel 60F25bpted aluminium foil
sheets and were visualisdyy stainngwith basic aqueous potassium permanganate. Flash column
chromatography was carried ousiing slurry packed Fluka silicagel 58T 1 >YZ c¢cn )
light positive pressure, eluting with the specified solvent systéhand*C nuclear magnetic
resonance (NMR) spectra were recorded in GOMSQ®, DO or MeORd* on a JEOL ECX400
ALISOGNRYSGSNE 2LISNIGAY3I G nnn allod / KSYAO!I f
residual solvent peaks were used as referencés in g S NB 1 |, 2.50 ppng 4.78Jppv and

3.31 ppm for CDEDMSGd?, DO and MeOBY*, respectively. Coupling constant} ére 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
achievedby analysis of DEPT, COSMQCand HMB@xperiments where required. Mass spectra

of synthessed compoundswere recorded using positiver negativeelectrospray ionisation on a
Bruker compact QTOF MS (compact) mass spectrometer (xhQQdrecision, 3000 resolution)

Mass spectra ofoxidation products andtrapping reactions were recorded using positive
electrospray ionisation (Pos ESI) on a high resolution solariX XR FTMS (solariX) mass spectromet
(+0.0001m/z precision, >10maximum resolution, massauracy 600 ppb (internal)), unless stated
otherwise.All experiments and aqueous solutions were prepared uBiglypurity Milli-Q Water

or deuterium oxide (BD) that was supplied by Merck. All other solvents used were of analytical
grade. For the hydragroxide experiments, glasswaweascleaned in concentrated nitric acid and
thoroughlyrinsed withMilli-Q water. This procedure was found to be essenta@l the removal of

traces ofiron.1*8
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5.2 Chemicals

All chemicals in this list were used without further purificati@R,6,6Tetramethylpiperidine 4

oxyl (TEMPQ 98%,Fluorochend = & 2 RA dzY & dzf -AldridhS O-(Berzdtyazol-y){ A Y
N,N,N',N'-tetramethyluronium  hexafluorophosphate (HBTU, 98%kluadochem), N,N-
RAA&A2LINR LRt SGKe t IFlvokogh8n), godiumt i6dld& (>98%p diheEmo Scientific),
methyl 2(bromomethyl)acrylate (>97%uorochen), ethylenediamine (99%;luorochen), acetic
anhydride (>99%, Acros Organieetic acid (>99%, Fluotwam), N,N-dimethylethylenediamine

0 X @ FlacXochem),pentetic acid (99%, Sigmdldrich), isoamyl nitrite X 95%, Fluorochem)
hydrogen peroxide (3Wt.%, Fischer Chemicaljydrogen peroxideS0 wt.%, Fischer Chemicaf),
)-carveol (mixture of isomers, 97%, Fluorochem), glytytosine (GlyTyrOH x97%, Fluorochem),
L-alaninel-phenylalanine(AlaPheOH, x 97%, Fluorochem)N-acetyt-alanine N-AcAlaOH, X

97%, Fluorochem), xylenol orange tetrasodium salt (XO, ileaenmoniumFe(ll) sulfate98%,
Merck), catalase from bovine liver (aqueous solution; > 30,000 units per mg of protein) was supplied
by Sigma Aldrich, sulfuric acid (Fisher Scientific), nitric acid (Fisher Scienéfi) (MEMS grade,

X b ® d1’zeE ChélicalDdcetonitrile (lBC{ 3INJ RS xdpddz X CAaOKSNJI
a{ 3INIRSI x> CAa QKIENLY K008 dtom X DF tghich)O | C

were used for MS characterisation
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5.3 Synthetic procedures

N-Ac-Gly-Gly-OH

GlyGIyOH(2.0 g, 15.14 mmol, 1.0 eq.) was dissolved in aqueous NaOH solution (20vhLD)5

The solution was cooled at°C and stirred. Then acetic anhydride &L, 15.8 mmol, 1.1 eq.)

was added dropwise while stirring at0. Upon complete addition, the solution was acidified to pH

2 with aqueous D M HCI solution and extracted with EtOAc (3 x 25 mL). The organic layers were
combined, dried over MgS(filtered and conentratedin vacuoto give the crude product as a
white powder (197 g). The pure title compoun®.1 was obtained as a white powder in a 67% yield

(1.77 g, 10.14 mmol) after recrystallisation fronQifacetone.
H NMR(400 MHzD,0) + ppm: 3.96 (2 H, s,-®), 3.91 (2 H, s,H), 2.03 (3 H, s,H). Data are in

agreement with the literaturé® HRMS(ESI): [M + HJHRMS acquired 175.0714, calculated
175.0713, [M + NAHRMS found 197.0533, calculated 197.0533.

194



N-AcGly-TyrOH

24

GlyTyrOH (2.0 g, 89 mmol, 1 eq) was dissolved in aqueous NaOKD(4; 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 Na@*+D 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 HCI to pH 1. The crude mixtasethren
concentrated toin vacuoto half volume beforefiltering (vacuum filtration). The precipitate was
washed with icecold HO (20 mL), to afford the pure title compou2d4 as a white powdein a

77% yield (1.8 g, 85mmol).

INMR (400 MHzDMSQd®) + ppm: 8.097.95 (2 H, m, NH), 7.046.92 (2 Hd, J8.4 Hz,H-6), 6.70
6.58 (2 Hd, J8.4 Hz,H-5), 4.374.27 (1 H, m, 13), 3.733.66 (1L H,dd, J15.0, 6.0 Hz-2), 3.62-3.55
(1 H, ddJ15.0, 6.0 Hz, 12) 2.93-2.86 (1 Hdd, J14.0, 5.5 HzH4), 2.802.70 (1 Hdd, J14.0, 5.5 Hz,
H-4), 1.82 (3 H, s,Hi). Spectroscopic data are in agreement with the literaftitédRMSESI): [M
- HF HRMS acquired: 279.0993, calculated: 279.0986.
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N-Ac-Ala-Phe-OH

25

AlaPheOH (2.0 g, 8.6 mmol, 1 eq) was suspended in acetic acid 24nL), and reaction was
heated to 40 °C and stirred. Upon complete dissolution, acetic anhydride (0.9 mL, 9.24 mmol, 1.1
eg.) was added dropwise over 10 min. Upon complete addition of acetic anhydride, reaction was
heated to 100 °C, and left stirring foh2After this, reaction was concentrat@uvacuoand a white
powder was obtained. The crude mixture was suspended i@ E10 m) and filtered. The
precipitate was washed with iesold HO (20 mL) and ED (20 mL), to afford the purified title
compound2.5 as a white powder in 8% yield (1.4 g, B3 mmol).

INMR (400 MHzMeODd% + ppm: 7.307.15 (5 H, m, #6, H7, H8), 4.704.60 (1 H, m, 13), 4.40
4.25 (1 H, m, M), 3.253.15 (1 H, m, #5), 3.052.92 (1 H, m, #5), 1.951.91 (3 H, m, H), 1.32
1.10(3 H, m, FR2). Spectroscopic data are in agreement with the literaftit¢IRMYESI): [M + N4&]
HRMS acquired: 301.1157, calculated: 301.1159.
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Nal, Nast3
Br MeCN, 70 °C, 48 h l
+ N - O
o o~ ! 90%
0. 5 o)

5.1
Methyl-2-(TEMPOmethyl)-acrylate

Methyl 2-(bromomethyl)acrylate 2.0 g, 11.17 mmol, 1.0 eq.),(2,2,6,6tetramethylpiperidin1-
yhoxyl (TEMPQ2.1g,13.44mmol, 1.2 eq.), Nal (35g,22.35mmol, 2.0 eq.), Né&5Q(4.249,33.64
mmol, 3.0 eq.) were dissolved in MeCN (100) anhd placed in a flamelried two-neck round
bottom flask charged with a ister bar. This solution wasealed andourged thoroughly withN>
before being heated t@0 °C, andwasstirred for 48 h. MeCN was then removiedvacuo HO (100
mL) was added andiasextracted with EtOAc (8 100 mL). The organiayerswere dried with
MgSaQ, filtered and solvent removeith vacug yieldinga crude orange 0i{2.5 g) This was purified
using flash silica column chromatograghy99 MeOH: CI€}) yieldingthe pure title compound.1
as a yellow oil in 84% vyield (2.68 g, 149 mmol)

INMR (400 MHzCDG) + ppm: 6.326.26 (1 H, br. s,H), 5.945.89 (1 H, br. s,4), 4.534.47 (2 H,
m, H4), 3.76 (3 H, s,-H), 1.651.45 (6 H, m, ¥, H3), 1.18 (3 H, s,-H), 1.12 (3 H, s, -H).
Spectroscopic data are in agreement with titerbature 1 HRMS(ESI): [M + HHRMS acquired:
256.1905, calculated: 256.1907.
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2 2
NaOH >(j<1
_di 1
,\Il 1,4-dioxane N
j\’&

RT, 24 h I
O.4
92%
0] 5 O
O OH
5.1 5.2

2-(TEMPOmethyl)-acrylic acid

2-([(2,2,6,6Tetramethylpiperidinl-yl)oxylJmethyl)acrylate5.1 (2.50 g, 9.80 mmol, 1.0 eq.) was
dissolved inL,4-dioxane (50 mL), and aqueous NaOH (@; 50 mL) was added, and the solution
was stirred for 24 h. The resultant solution was acidified (pH 5) with aqueous.billl) (2and the
crude mixture was extracted with EtOAc (3 x 50 mL). The organic Vegergvashed with brine (1
x 40 mL), dried with MgSJiltered and solvent removeith vacug yielding a crude golden oil. This
was purified using flash silica column chromatography (0.1:4:96 acetic acid:MeQh). @idIding
the pure title compound.2 as a llow oil in 92% yield (2.18 g, 9.01 mmol).

INMR (400 MHzCDG) + ppm: 6.41 (1 H, biS, H5), 5.98 (1 H, biS, H5), 4.53 (2 H, biS, H4),
1.681.28 (6 H, m, 2, H3), 1.19 (3 H, s,-#H), 1.15 (3 H, m, H). Spectroscopic data are in
agreement \vith the literature®” HRMS(ESI):[M + H HRMS acquired: 242.1752, calculated:
242.1751. [M + NAHRMS acquired: 264.1574, calculated: 264.1570.
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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 flask and it was dissolved in DMF (@énL). To this
flask, HBTU (1.04 g, 2.74 mmol, 1.1 eq.), DIPEA (643 mg, 4.98 mmol, 2.0 edy,Nand
dimethylethylenediamine (220 mg, 2.49 mmol, 1.0 eq.) were added, aaction was left to stir
for 24 h. After this, the slvent was removedn vacuo Saturated aqueous NaHEQ@O0 mL) was
added,andthe crude mixture was extractedith EtOAc (% 10mL). The combined organic layers
were washed with brinel(x 10 mL). The organitayerwas dried with MgSO4, filtered and solvent
removedin vacuoyielding the crude product. This wathen purified using flash silica column
chromatography(2:4:96 NaOH:MeOH:QEt) yieldingthe pure title compound4.1in a 56% yield
(435mg, 1.39 mmol)

INMR (400 MHzCDG) 1 ppm: 7.00 (1 H, br. s.,-N), 6.05 (1 H, dtJ1.4, 1.1, ¥b), 5.50 (1 H, dt,
1.4,0.6, Fb), 4.9 (1 H, dd]1.1, 0.6 H4), 3.42 (2 H, t)5.6, H6), 2.44 (2 H, t,J5.6 H7), 2.20 (6 H,
s, H8), 1.651.40 (6 H, m, {2, H3), 1.18 (3 H, s,H), 1.10 (3 H, m, Hl). Spectroscopic data are in

agreement with the literaturé®’
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H,0, 50% !

OH conc. Hy,SO, 3 2 0.
0°C,48h OH
5
: 41% g
P e
7

5.3 4.21

(-)-carveol 2-hydroxyperoxylimonene

Hydrogen peroxide (50%, 7.1 mL) was added to a rdwnttbm flask charged with a stirrer bar,

and the flask was cooled &t°C To this flask, a few drops of coneSi) were added, and the
mixture allowed to stir for a few minutes. Ther)-¢arveol5.3 (97%, 500 mg, 3.28 mmol, 1.0 eq.)
was added, and the mixture was allowed to stir for 48 @°& 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 MgSDfiltered, and concentratedn vacuoto remove excess solvent. The
crude product was collected as a yelloiwandwas purified byflash silica column chromatography

on a neutralised silica gel 4:1 pentane(tyieldingthe pure titte compound4.21in a 41%yield

(227 mg, 1.35 mmol, mixture of diastereomers) as a colourless oil.

INMR (400 MHzCDG) ¢ ppm: 5.755.68 (1 H, m, #3), 5.625.55 (1 H, m, 43), 5.485.38 (1 H, m,
H-2), 5.285.20 (1 H, m, 1), 4.764.66 (2 H, m, 8), 2.352.25 (1 H, m, #6), 224-2.14 (L H, m, H
5), 1.991.75 (3 H, m, H, H5), 1.731.66 (6 H, m, ¥, H7). To the best of our knowledge, this is
the correct'H-NMRassignmenbf the molecule. Ourmectroscopic data arslightly different from

the one reported irthe literature 344348
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5.4 Experimental protocols

5.4.1 General irradiation conditions

Aqueous solutions of substrates (5 mM MHAGGly-Gly-OH, 1 mM for all others) were exposed to
UV light in the presence of aqueousOd (100 mM), using ahilips HPK 125 W high pressure Hg
lamp with a HO filter (5 cm) which provides brodmhnd UV light®2353The light output from tis
HPlamp provides maximum energy at 365 nm with substantial radiation also a#835313and

253nm.3%*All irradiaions were carried out in 4 or RO.

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 82as\W cn?. Aliquots (1 mL) were taken
before the UV exposure and then at the indicated timestamps. Aliquots were treated with catalase
(agueous solution, 1&L; activity 3150 U mi) immediately after cessation of irradiation to
decompose residual &,. After catalase treatment (15 minutes) the samples were diluted (5 mL
final volume), frozen in liquid Nind stored in the freezer. Aliquots containing the hydroperoxides
were thawed on the day adnalysis andvere analysed by the F@say (5.5.1). Fd-AcAlaOH

(2.6), reactions were carried out 6 times (as opposed to triplicatdN&c-Gly-GlyOH @.1), N-Ac
GlyTyrOH @.4) and N-AcAlaPheOH @.5)) to account for the higher errors in the weekly

variations of the calibration curve.

5.4.3 Sunlighinduced decay oN-AcGly-Gly-OHderived hydroperoxides

At the end of the irradiation (5.4.1), the remainder of the solution (45 mL) was treated with catalase
(20 >L; similarly to the hydroperoxide quantificatid®ction 5.4.2). After 15 min, the.B-free
sdutions were exposed to a lamp that simulates sunlight for 120 min. The irradiance at the sample
location was 100 W ci) and the output spectrum was AM1.5G which refers to the standard
ALISOGNHzY 2F GKS a2fF NJ 2dziLddzd Fd 91 NIKQ& adzNF
at 500 nm. Aliquots (1 mL) were taken at the indicatedestamps andreated as in 5.4.2a

determine the total hydroperoxide content.
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5.4.4 UVinduced decay of hydroperoxides

At the end of the irradiation (5.4.1), the remainder of the solution (45 mL) was treated with catalase
(20 >L; similarly to the hydroperoxide quantificatid@ction 54.2). After 15 min, the bD.-free
solutions were exposed to the same UV lamp (5.4.1) for 2 min. Aliquots were taken at the indicated

timestamps andreated as in 5.4.2 to determine the total hydroperoxide content.

5.45 Thermal treatment of irradiated sdlons

At the end of the irradiation (5.4.1), the remainder of the solution (45 mL) was treated with catalase
(10 >L; similarly to the hydroperoxide quantificatid@ction 5.4.2). After 15 min, the B-free
solutions were incubated at 61, 82 or 100 °C 36rmin. Aliquots were taken at the indicated
timestamps andvere treated as in 5.4.2 to determine the total hydroperoxide content. In addition,
one aliquot (0.01 mL diluted to 1 mL fdtAcGly-Tyr-OH @.4) and N-AcAlaPheOH @.5), and 0.1

mL diluted tol mL folN-AcAlaOH @.6)) was analysed by tNIS to determine the parent substrate

concentration $.4.5).

5.4.6 HO*mediated oxidation o4 and6 in the presence of antioxidants

The four catechebased antioxidants were supplied as isolatesinpounds (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 MeOléte prepared

the day of analysis. Irradiatisnwere 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 lighirfor 2

andwere analysed (undiluted) by EIS(5.5.6)immediately after cessation of irradiation.

5.4.7 Sodium borohydride treatment

Photogenerated hydroperoxides were reduced by treatment with solid Na®Hng per mL of
solution). Solutions were left to incubatetime dark for 1 h, before lowering the pH of the solutions

to 2 using ag. 1 M HCI, to neutralise the remaining NaBke pH of the solutions was then restored

to 6 using ag. 1 M NaOH. The total hydroperoxide content was determined bya$sayx and
showedcomplete 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).

202



5.4.8 ONOOH synthesis and reactions

5.4.8.1 Synthesis

ONOOH was synthesised according to a-esttblished protocot! H,0, (30%, 5 mL) was diluted

in HO to 50 mL final volume, before cooling the solution &C0To this solution 5 N NaOH (9 mL),
and pentetic acid (5 mL, 0.05 M in 0.05NdOH) was added and the solution was stirred. The
solution was then further diluted inJ@ to 100 mL final volume. This solution was then mixed with
isoamy! nitrite (6.8 mL), and was stirred for 8 h & The reaction progress was monitored by
taking aiquots (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
aLISOGNR a 02 LIA Q% 68 Mi-cin?). bpom magindumdormation of ONIH (78 h),

the mixture was extracted with GBbL (6 x 50 mL), and the aqueous phase was collected. Pure
ONOOH was obtained upon purification with flash column chromatography filled with granular
MnQ,. The column was washed with® (first) and 0.5 N NaOgdecond). The first 10 mL were

discarded (colourless solution), and then pure ONOOH was collected (yellow solution).

5.4.8.2 Reactions

Reactioswere carried out at various concentrations of ONOOEH860 uM). ONOOH was allowed
to react withN-AcGIly-TyrOH (5¢ 50 uM), in strongly buffered (0.1 M phosphate buffer pH 7.4)
solutions and in the presence of trapl (5 ¢ 500 uM). All reagents were mixed, and allowed to

react for 30 min at RT. All reactions were analysed by1§®%.5.7).

5.49 HO*mediated oxidation 02.4, 2.5and2.6in the presence of radical trapl

Irradiations were carried out according to general procedure 5.4.1 and conditions as in 5.4.2.
Radical trapt.1 (0.1 mM) was added to the reactions. Samples were frozen in Iisehd stored

in the freezer immediately after cessation of irradiation. Samples were thawed the day of analysis.
Samples were analysed byB§& (5.5.2) and LMS (5.5.3)

5.4.10Reaction oR.6and3.13with allylic hydroperoxid4.20

Substrate?2.6 or 3.13 (2 eq.), allylic hydroperoxidé.20 (1 eq.), and FeS®eptahydrate (0.1 eq.)
were dissolved in a deoxygenated 1:1 mixture gDM1eCN so that final concentrations were (in a
5 mL reaction), 35.6, 17.8 and 1.78 (all in mM), respectively. Reagtiere dso run under the
same conditions, but with the addition of radical trafl (0.1 eq., 1.78 mM). The reactions were
rigorously stirred under Nat RT for 7 days (as per literature protocdfith aliquots taken every
24 h. Aliguots were diluted (x 10) and analysed immediately bBME(5.5.8).
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5.5 Analysis protocols

5.5.1 FO>assay

Hydroperoxides were quantified following a modified version of the FOX é&saafyesh solution

(assay solutin) containing 4 mM ammonium Fe(ll) sulfate and 4 mM Xylenol orange in 0.5 M
HSQ was prepared every day and passed through a Gdb syringe filter to remove any
undissolved matter. Ammonium Fe(ll) sulfate was dissolved directly,.3Qts aerobic &)
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. Afteatttime the absorbance at 560 nm was
recorded. The data were analysed using the calibration standard curve and peroxides levels are
reported as HO, equivalents. The calibration curve was constructed usi standard solutions

according to a wekstablshed literatureprotocol andcan be found ippendix4®

5.5.2Direct injection MS analysis

Direct injection MS characterisation (MIS) was performed using solariX XR FTMS mass
spectrometer in positivéon mode ES(m/z £0.001 precision, 30000 rdsion, 1-50 Hz scan
speed).Mass spectra were recorded over amz range ofm/z 100-100Q averagingnultiple scans

(16). lon transfer time (@F) was set t®.6 ms. In general, ESI settings were as follows: drying gas
flow =2.0 L mint; nebulizer pressure: 2.0 bairy temperature: 180 °@apillary voltage = 4500 V;
spray shield voltage 500 V; skimmer voltage = 15 V. For standard MS (including D20 exchange),
20KSNJ aSddAy3a dzaSR ¢ SNinvaccamalatidriiing 20/2 sadyl8gSgRs T
temperature = 80 °C.The MS instrument was calibrated daily using a dilute solution of sodium
trifluoroacetate (NaTFA) in a 1:1 MeCMNIH mixture in ESI. Saes were injected in the
spectrometer (2>L min?) until stable signal was detected (typically within 5 min). A mass spectrum
was then recorded, and the spectrometer was reflushed with the 1:1 Me&Nfrixture and the
procedure was repeated. Acceptedndom m/z error was < 0.0000 0.0010.For the isotope
exchange experiments, thsolariX XR FTMS mass spectromaliewed a definitive separation and
detection between the fully deuterated products, and th€ satellite peakdn the event where

this was no possible, then this is fully acknowledged and discussed appropriately in the text.

204



5.5.3LCMS AnalysisGeneral

Separation of samples was performed byME using an Agilent 1200 liquid chromatography
machine equipped with a reverse phase 2m 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 flc
rate of 0.2 mL mift by gradient elution, and 1 scan with a 0.2 s accumulation time. Elution solvents
were: A) 0.1% formic acid in® and B) 0.1% formic acid in MeCN. Gradient elution was different
based on the systenfgctions 5.5.4 to 5.5 8General ESI settingsinlessotherwise stated)wvere

as follows: drying gas flow 40 L min'; nebulizer pressure4.0 bar;dry temperature: 240°C,

capillary voltage = 4500 V; spray shield voltage08 V; skimmer voltage = 15 V.

5.5.4Separation and analysis of oxidised sample€iiapter 1
All oxidised solutions were analysed byND® (5.5.2) and RIS (5.5.3) with gradient elution as
reported in Table 1.

Table3. Gradient elution for L®IS separation used in 6.5.4. Elution solvents consisted of A)d@¥% &cid in kO and
B) 0.1% formic acid 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 foN-AcGly-TyrrOH @.4), N-AcAlaPheOH @.5), N-AcAlaOH @.6) andN-Ac
PheOH B.13) were constructed by separating the parent peptides by1S35.5.3), with a gradient
elution (5.5.4). Liquid chromatography mass spectrometry (-KIS) calibration curves were
constructed by peparing the most concentrated sample of the substrates (0.1 mMNfBIGGly-
TyrOH @.4), N-AcAlaPheOH @.5) andN-AcPheOH @.13), and 1 mM folN-Ac-AlaOH @.6)), and
then preparing serial dilutions (0.6¢20.08 mM forN-AcGly-TyrOH @.4), N-AcAlaPheOH .5),
andN-AcPheOH .13, and 0.2; 0.8 mM forN-AcAlaOH @.6)). The method afforded excellent
calibration curves > 0.997 in all cases). RHACGIly-TyrrOH @.4), N-AcAlaPheOH 2.5) andN-
AcPheOH .13, the UV detector wasised,and the calibration curves were constructed by
integrating the peak of the peptides. ASfAGAlaOH(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 repedisg LC

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-ls L(6.5.3) with a
gradient elution. The gradient is given in Tabl&3I settings were as follows: dryigas flow #.0
L mint; nebulizer pressure2.0 bar;dry temperature: 240°C. For reactions run igODthe same
gradient was used, but elution solvents were A) Ofdéfic acidd,in DO, and B) 0.1%6rmic acid
dz2in MeCN.

Table4. Gradient elution for L&S separation used in 6.5.6. Elution solvents consisted of A) 0.1% formic a€daimiH
B) 0.1% formic acid iMeCN.

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 ONO&td H®induced oxidised samples for Chapter 3
Oxidised solutions containing the substrates and radical &rdpvere analysed by EMS (5.5.2)
and L&MS (5.5.3) with gradient elution as reported in Section 5.5.4. Whenhagmcentrations
were usedx0.1uM), a wastesegment was added in the separation method, that allowed excess

(unreactive) trap to be filteredut, and not injected in the MS instrument (contamination).
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5.5.8 Separation and analysis of hydroperoxmiieiced oxidised samples for Chapter 3
Oxidised solutions were analysed byM6 (5.5.3) with a gradient elution. The gradient elution is
given nh Table 3. When radical trapl was used a waste segment was added (5.&%). settings

were as follows: drying gas flon8.0 L mint; nebulizer pressure.0 bar;dry temperature: 325°C.

Table5. Gradient elution for L&S sepration used in 6.5.8. Elution solvents consisted of A) 0.1% formic aeid anH
B) 0.1% formic acid iMeCN.

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

5.59 MS/MS studies

For MS/MSHewas used as the collision gas for collisieduced dissociation (CID) experiments to
generate fragments, with a normalized collision energg®br 1%6.Detected ions on MS analysis
with masses [M + 32 + Hjpotential hydroperoxides) and [M + 16 +'lfjotential alcohols) were

subjected to MS/MS and the resulting fragments ions were analysed.

5.5.10 Deuterium exchange studies

Irradiated solutions (1 mL) were dilute’l00) in DO. Solutions were left in the dark for 1 h before
analysis by direct injeictn MS and L®1S as indicated previousl§ggctions 5.5.2 and 5.5.3). A1l h
incubation in RO was determined to be sufficient to exchange all labile H of the starting substrates
(reagent in excess) with D atoms. Alternatively, the reactions were perform&l0 (instead of
Milli-Q HO) 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
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5.5.11 Hair source and treatment

Light blonde mman hair for the testing was purchased from International Hair Importers &
Products, Glendale, NYhe treatment of human hair was carried out by Jennifer M. Marsh, and
Lijuan Li (Procter and Gambl@yesses of hia(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 tres§un exposure was simulated by irradiation with an Atlas Ci3000+
weathero-meter (Atlas, Chicago, lllinois, US). An internal and outer quartz filter was used to
simulate broadspectrum, outdoor daylight with a specific irradiance of 1.48 Wan420 nm.
During the irradiation process, temperatyr@nd relative humidity (RH) weteept constant at 35

°C and 80% RH, respectivétgat application was via a flabn at 200C,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 (0.9) of hair from treated tresses were cut and placed into 30tubes with 5 nk of

water added. Tubes with hair and water were mixed on a rtulie vortex shaker for 60 min at

2500 rpm. Water portion was then transferred from the tubes by pipette in&sg scintillation

vials. A 10 mg/tasolution of MALDI matrix (alpheyana4-hydroxy cinnamic acid) was mixed with

the hair extract samples in a 1:1 volume ratio. AlLIofuthis solution was used to spot onto the
MALDI plate and MALDI MS spectra was &edu(1000 shots). Intensity of the UV damage marker

peptide at m/z 1278 was measured.
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6.1 NMR and MS data
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