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Degradation of peptides and proteins by UV light involves formation of hydroperoxide intermediates. We
hypothesised that accumulation of these hydroperoxides would enhance subsequent further damage upon
heating, resulting in UV and heat acting synergistically. The enhanced peptide/protein degradation is particu-
larly relevant for dead biological tissues such as human hair, which are often subjected to alternating UV (i.e.,
sunlight exposure) and heat (e.g., flat ironing) treatments. The light-heat synergism hypothesis was tested using
short protected peptides as protein mimics. By quantifying oxidative peptide degradation, we confirmed syn-
ergistic action of UV light and subsequent heat treatment. A combination of analytical techniques including mass
spectrometry and isotope exchange experiments was used to detect and quantify hydroperoxide intermediates
formed upon UV exposure. Their role in peptide degradation was further confirmed by treatment with NaBH4
which destroyed hydroperoxides and increased thermal stability. Expanding these model results to a real system,
we have demonstrated that thermal degradation of human hair is enhanced by the preceding treatment with

solar-simulated light.

1. Background and hypothesis

Formation and accumulation of hydroperoxides (ROOH) in photo-
chemical and thermal autoxidation processes (e.g., in environmental
degradation) is well documented. [1] In organic materials such as
polymers or paints, decomposition of the accumulated hydroperoxides
during photothermal weathering leads to additional damage and an
autocatalytic behaviour. [2-4] Autoxidation processes also take place in
biological systems, and oxidative damage has been reported for different
components of biological systems (such as proteins, lipids, DNA and
others). [5-6] However, in living organisms the harmful effects are
attenuated, at least to an extent, by defensive mechanisms. [5] Systems
lacking defensive mechanisms (i.e., dead tissue such as hair and wool,
foodstuffs, wood, plant seeds) are susceptible to accumulation of hy-
droperoxides. In this work, we aim to probe the role of these hydro-
peroxides in peptide/protein degradation, with particular emphasis on
their relevance to hair damage.

Photothermal oxidation of dead biological systems may involve
alternating thermal and photochemical exposure. For instance, human
hair is often subjected to sunlight exposure followed by flat ironing. In
these cases, hydroperoxides accumulated during the first insult (e.g.,
photochemical exposure) could lead to enhanced degradation during the
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second insult (e.g., thermal treatment), resulting in the synergistic ac-
tion of light and heat (Scheme 1). Protein oxidation usually starts with
the formation of a short-lived carbon- or sulfur-centred radical inter-
mediate, [7] with the former being the main propagating species of
protein oxidation. Most carbon-centred radicals react with Oy (abun-
dantly present in biological systems) with a diffusion-controlled rate
(koz = 10%-101° M! s_l) to yield peroxyl radicals (PrOO"). [7] In bio-
logical systems, where availability of nearby C—H bonds is high, ma-
jority of PrOO’ participate in hydrogen atom abstraction (HAA) to yield
hydroperoxides PrOOH (typical kyaa = 10> M~! s71). [8] Some hydro-
peroxides decompose resulting in an autocatalytic behaviour but a sig-
nificant amount accumulates in the system. Elevated temperatures
(second insult) induce homolytic decay of hydroperoxides yielding PrO’
and HO'". These radicals are capable of further reacting with the starting
(or a different) protein, thus synergistically enhancing the autoxidation.

There is some anecdotal evidence to support this synergism hy-
pothesis, e.g., research at Procter & Gamble found higher level of hair
damage in customers who use both chemical (e.g., bleaching/colouring)
and thermal (e.g., flat iron) treatments than what would be expected
from a simple combination of the two. However, quantitative data on
the synergistic action of light and heat on protein/peptide degradation
are lacking. Obtaining such data is the main objective of this work.
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Scheme 1. Photooxidation of proteins (Pr) or lipids leads to accumulation of relatively stable hydroperoxides PrOOH. Elevated temperatures decompose the
accumulated hydroperoxides yielding reactive short-lived alkoxyl and hydroxyl radicals that enhance autoxidation.
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Fig. 1. Chemical structures of the three model substrates.

We chose three N-acetylated dipeptides/amino acids as model sub-
strates (Fig. 1). The constituent amino acids (Tyr, Gly, Ala, Phe) form
moderate amount of hydroperoxides on reaction with HO" radicals. [10]
These amino acids are all found in hair keratin. [11] Tyr is one of the
main chromophores responsible for photodamage of hair. Ala and Gly
were chosen to probe different types of HO" reactivity: aromatic amino
acids (e.g., Tyr, Phe) predominantly react by direct addition of the HO
to the ring, whereas Ala and Gly react via hydrogen atom abstraction.
[12-15] We utilised a combination of analytical techniques to assess the
parent peptide decomposition and detect and quantify hydroperoxides
accumulated during photochemically-triggered oxidation of the model
substrates by the HO" radical.

No pre-exposure|
Pre-exposure

2. Materials and methods
2.1. Materials

Gly-Tyr-OH, Ala-Phe-OH and N-Ac-Ala-OH were obtained from
Fluorochem. N-Ac-Gly-Tyr-OH and N-Ac-Ala-Phe-OH were synthesised
according to literature protocols. [16] Xylenol orange was obtained
from Merck. Ammonium Fe(Il) sulfate was supplied by Merck. Catalase
from bovine liver (aqueous solution; > 30 000 units per mg of protein)
was supplied by Sigma Aldrich. All experiments and aqueous solutions
were prepared using Milli-Q Water, or deuterium oxide (D20) that was
supplied by Merck. Hydrogen peroxide was obtained from Fisher Sci-
entific and was standardised using €249 nm 39.4 M~ em™ [17] Sulfuric
acid and nitric acid were supplied by Fisher Scientific. All other solvents
used were of analytical grade. Glassware was cleaned in concentrated
nitric acid and thoroughly rinsed with Milli-Q water. This procedure was
found to be essential for the removal of traces of iron. [18] Formic acid
(for HPLC) and HPLC solvents were purchased from Fisher Scientific.

2.2. HO-mediated generation and quantification of hydroperoxides

Hydroperoxides were generated by irradiation of aqueous solutions
of substrates (1 mM) in the presence of aqueous Hy05 (100 mM) (50 mL
final reaction volume) under UV light using a Philips HPK 125 W high

Fig. 2. Kinetic model output. A)
B Photooxidation of a protein and accu-
mulation of hydroperoxides. Protein
concentration was set at 1 mM, and the
initiation rate was adjusted to achieve a
10 % decomposition of the starting
protein after 30 min of photooxidation.
B) Thermal autoxidation of a protein
without (black) and following (red)
photooxidation (the latter had 3.5 pM
hydroperoxides at the start of the reac-
tion). C) A slower photooxidation where

2 3 4
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8 h of exposure led to 2 % protein
decomposition. D) Evaluation of the
synergistic action for the slower photo-
oxidation (1 uM hydroperoxides at the
start of the reaction).
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Fig. 3. A) Total hydroperoxide content in UV-treated 1 mM aq. solutions of 1-3 in the presence of aq. H,O, (100 mM). Results are the mean + SE of triplicate
experiments (6 experiments for N-Ac-Ala-OH), analysed the same day with the FOX-assay. B) Loss of the hydroperoxide content observed upon exposure to UV light
over 2 min. Aliquots were taken at the indicated timestamps, frozen and analysed the same day with the FOX-assay. Results are the mean + SE of triplicate ex-

periments, analysed the same day with the FOX-assay.
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Fig. 4. Decomposition of substrates 1-3 in 1 mM aq. solutions upon exposure
to UV light for 2 min. Aliquots were taken at the indicated timestamps and were
analysed by LC-MS. The extent of decomposition was calculated by integration
of the LC-MS peak of the starting peptide (the TIC of the EIC for N-Ac-Ala-OH).

Reactions were carried out in triplicate (6 times for N-Ac-Ala-OH) and the re-
sults are the mean + SE.
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Fig. 5. A likely structure of detected oxidation product 1.

pressure Hg lamp with a HyO filter (5 cm) which provides broad-band
UV light. [19-20] The light output from this HP lamp provides
maximum energy at 365 nm with substantial radiation also at 435, 404,
313 and 253 nm. [21] The reactions were carried out in a quartz Schlenk
tube (open to air), and the flask was placed 1 cm in front of the UV lamp.
The irradiance at the sample location was 32 mW/cm?. For N-Ac-Gly-
Tyr-OH (1) and N-Ac-Ala-OH (3), reactions were also run in D20O. Ali-
quots (1 mL) were taken before the UV exposure and then at the indi-
cated timestamps. Aliquots were treated with catalase (aqueous
solution, 10 pL; activity 3150 U mL™!) immediately after cessation of
irradiation to decompose residual HyO,. After catalase treatment (15
min) the samples were diluted (5 mL final volume), frozen in liquid Ny
and stored in the freezer. Aliquots containing the hydroperoxides were
thawed on the day of analysis. Hydroperoxides were quantified
following a modified version of the FOX assay. [22] A fresh solution
(assay solution) containing 4-5 mM ammonium Fe(II) sulfate and 4 mM
Xylenol orange in 0.5 M H3SO4 was prepared every day and passed
through a 0.45 pm syringe filter to remove any undissolved matter.
Ammonium Fe(II) sulfate was dissolved directly in HySO4 as aerobic Fe
(II) 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 incu-
bated in the dark for 30 min. After that time the absorbance at 560 nm
was recorded. The data were analysed using the calibration standard
curve and peroxides levels are reported as HoOy equivalents. The cali-
bration curve was constructed using HoO, standard solutions according
to a well-established literature protocol, and can be found in the sup-
plementary information [6].

2.3. LC-MS analysis

Separation of the parent peptides and oxidation products was per-
formed by LC-MS using an Agilent 1200 liquid chromatography machine
equipped with a reverse phase 2.7 pm Waters Correct T3 (150 x 3 mm)
column and coupled to a SolariX XR FTMS 9.4 T mass spectrometer.
Samples were separated at 25 °C with a flow rate of 0.2 mL min~* by
gradient elution. Elution solvents were: A) 0.1 % formic acid in HyO and
B) 0.1 % formic acid in MeCN. The gradient consisted of 100 % A for 5
min, 0-10 % B over 10 min, 10-30 % B over 10 min, 30 % B for 5 min,
30-5 % B over 1 min, 5 % B for 2 min, 5-0 % B over 2 min, 100 % A for 5
min.
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Fig. 6. Representative MS spectrum of the HO™-induced oxidation of N-Ac-Gly-Tyr-OH. A) Highlighted in red is the [M 4 Na] " peak of a potential hydroperoxide or a
dihydroxylated product. B) Reactions were run in D,O (more details under the methods section 2.6). Highlighted in red is the [M + Na]* peak corresponding to a
hydroperoxide (i.e. 5 D shift in the m/z) and highlighted in purple is the [M + Na] " peak corresponding to a dihydroxylated species (i.e. 6 D shift in the m/2).

Liquid chromatography — mass spectrometry (LC-MS) calibration
curves were constructed by preparing the most concentrated sample of
the substrates (0.1 mM for N-Ac-Gly-Tyr-OH (1) and N-Ac-Ala-Phe-OH
(2), and 1 mM for N-Ac-Ala-OH (3)), and then preparing serial dilutions
(0.02 - 0.08 mM for N-Ac-Gly-Tyr-OH (1) and N-Ac-Ala-Phe-OH (2), and
0.2 — 0.8 mM for N-Ac-Ala-OH (3)). The method afforded excellent
calibration curves (R?> > 0.997 in all cases). For N-Ac-Gly-Tyr-OH (1)
and N-Ac-Ala-Phe-OH (2), the UV detector was used and the calibration
curves were constructed by integrating the peak of the peptides. For N-
Ac-Ala-OH (3), the total ion count (TIC) of the [M + H]" extracted ion
chromatogram (EIC) was used. All three calibration curves can be found
in the supplementary information. Daily and weekly variations of the
calibration curves were assessed by repeating LC-MS injections with

fresh solutions for all diluted samples. For N-Ac-Ala-OH (3), reactions
were carried out 6 times (as opposed to triplicate for N-Ac-Gly-Tyr-OH
(1) and N-Ac-Ala-Phe-OH (2)) to account for the higher errors in the
weekly variations of the calibration curve.

For direct injection MS experiments, the MS instrument was cali-
brated daily using a dilute solution of sodium trifluoroacetate (NaTFA)
in a 1:1 MeCN/H>0 mixture in a positive ion mode. The spectrometer
was then flushed with a 1:1 MeCN/H,0 mixture (10 pL min~! for 5 min,
2 pL min~! for 2 min). An average background spectrum was recorded
daily. Diluted samples (x100) or undiluted for N-Ac-Gly-Tyr-OH (1) and
N-Ac-Ala-OH (3) were injected in the spectrometer (2 pL min~ ') until
stable signal was detected (typically within 10 min). A mass spectrum
was then recorded, and the spectrometer was reflushed with the 1:1
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Fig. 7. Possible chemical structures of hydroperoxides or dihydroxylated
oxidation products of N-Ac-Ala-Phe-OH (1). Both products share an identical
mono-isotopic mass.
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Fig. 8. Proposed structure of the detected oxidation product of N-Ac-Ala-
Phe-OH.
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Fig. 9. Potential chemical structures of hydroperoxides or dihydroxylated
oxidation products of N-Ac-Ala-Phe-OH. Both products share an identical mono-
isotopic mass.

MeCN/H,0 mixture and the procedure was repeated.
2.4. Thermal treatment of irradiated solutions

At the end of the UV irradiation, the remainder of the solution (45
mL) was treated with catalase (10 pL; similarly to the hydroperoxide
quantification section 2.2). After 15 min, the HyO,-free solutions were
incubated at 82 °C for 30 min. After this time, one aliquot (1 mL diluted
to 5 mL final volume) was analysed by the FOX-assay to determine the
total hydroperoxide content, and one aliquot (0.01 mL diluted to 1 mL
for N-Ac-Gly-Tyr-OH (1) and N-Ac-Ala-Phe-OH (2), and 0.1 mL diluted
to 1 mL for N-Ac-Ala-OH (3)) was analysed by LC-MS to determine the
parent substrate concentration.

Journal of Photochemistry & Photobiology, A: Chemistry 439 (2023) 114627
2.5. MS/MS studies

For MS/MS, He was used as the collision gas for collision-induced
dissociation (CID) experiments to generate fragments, with a normal-
ized collision energy of 10 or 15 %. Detected ions on MS analysis with
masses [M + 32 + H]™ (potential hydroperoxides) and [M + 16 4+ H]*
(potential alcohols) were subjected to MS/MS and the resulting frag-
ments ions were analysed.

2.6. Deuterium exchange studies

Irradiated solutions (1 mL) were diluted (x100) in D,O. Solutions
were left in the dark for 1 h before analysis by direct injection MS and
LC-MS as indicated in the materials and methods (section 2.3). A1 h
incubation in DoO was determined to be sufficient to exchange all labile
H of the starting substrates (reagent in excess) with D atoms. Alterna-
tively, the reactions were performed in D50 (instead of Milli-Q H0) to
enable more concentrated solutions to be injected (while ensuring
complete exchange of all labile H).

2.7. Sodium borohydride treatment

Photo-generated hydroperoxides were reduced by treatment with
solid NaBH4 (1 mg per mL of solution). Solutions were left to incubate in
the dark for 1 h, before lowering the pH of the solutions to 2 using aq. 1
M HC], to neutralise the remaining NaBH4. The pH of the solutions was
then restored to 6 using aq. 1 M NaOH. The total hydroperoxide content
was determined by FOX-assay and showed complete disappearance of
hydroperoxides.

2.8. Hair source and treatment

Light blonde human hair for the testing was purchased from Inter-
national Hair Importers & Products, Glendale, NY. Tresses of hair (1.5 g,
15 cm) were either subjected to sunlight or heat or a combination of
both and then sampled for biomarker analysis (3 tresses per test, 3
samples of hair taken per tress). Sun exposure was simulated by irradi-
ation with an Atlas Ci3000+ weather-o-meter (Atlas, Chicago, Illinois,
US). An internal and outer quartz filter was used to simulate broad-
spectrum, outdoor daylight with a specific irradiance of 1.48 W/m? at
420 nm. During the irradiation process, temperature, and relative hu-
midity (RH) were kept constant at 35 °C and 80 % RH, respectively. Heat
application was via a flat-iron at 200 °C, 5 cycles of 3 passes.

2.9. Biomarker measurement

Samples (0.5 g) of hair from treated tresses were cut and placed into
50 mL tubes with 5 mL of water added. Tubes with hair and water were
mixed on a multi-tube vortex shaker for 60 min at 2500 rpm. Water
portion was then transferred from the tubes by pipette into glass scin-
tillation vials. A 10 mg/mL solution of MALDI matrix (alpha-cyano-4-
hydroxy cinnamic acid) was mixed with the hair extract samplesina 1:1
vol ratio. A 1 pL of this solution was used to spot onto the MALDI plate
and MALDI MS spectra was acquired (1000 shots). Intensity of the UV
damage marker peptide at m/z 1278 was measured.

3. Results and discussion
3.1. A simplified kinetic model of protein degradation

In order to test the scope and feasibility of the proposed synergism,
we constructed a simplified kinetic model of protein autoxidation based
on Scheme 1 with some additional reactions (full list of reactions
incorporated in the model can be found in the supplementary data). The
kinetic model was designed and run using the Kintecus software. [9] Due
to lack of reliable kinetic data on protein hydroperoxide decomposition
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in the literature, we experimentally determined the rate constant for the
decay of hydroperoxides formed in an aqueous solution of N-Ac-Gly-Gly
(5 mM) upon exposure to simulated sunlight (10* s’l; data in the sup-
plementary information).

The model was used to estimate accumulation of hydroperoxides in a
protein upon exposure to UV light. Initially, the rate of photoinitiation
was adjusted to achieve ca. 10 % decomposition of the protein (at 1 mM
concentration) over a 30 min simulation period (Fig. 2A; left Y axis). The
results show a continuous growth of hydroperoxides (PrOOH) (Fig. 2A;
right Y axis). The concentration of hydroperoxides would plateau and
then decay at much longer exposure times. The results of this simulation
are in a reasonable agreement with our experimental data on HO'-
mediated decomposition of 3 model substrates (vide infra).

In order to test the synergistic action hypothesis, the system without
and with accumulated hydroperoxides (at the end of simulation in
Fig. 2A) was exposed to elevated temperature (100 °C) for 5 min
(Fig. 2B). The results in Fig. 2B indeed show enhanced thermal degra-
dation of protein which was pre-exposed to UV light. This effect
(enhanced protein degradation) is strongest at the beginning of thermal
treatment (within the first 2 min). This can be easily explained by the
fact that at longer exposure times, the sample which was not pre-
exposed to UV light would accumulate hydroperoxides to a similar
level to the pre-treated sample, and the two samples would then degrade
at similar rates.

The effect was also tested at a much slower photoinitiation rate (ca.
2 % protein degradation after 8 h light exposure) that would be much
closer to a real-life scenario. The rates of other photochemical steps were
reduced accordingly. The model predicted a considerably slower accu-
mulation of hydroperoxides with nearly 1 pM at the end of the 8 h
simulation (Fig. 2C; right Y axis). Importantly, the sample pre-exposed
to UV light also showed enhanced degradation compared to the un-
treated control (Fig. 2D).

3.2. Formation and quantification of hydroperoxides

Hydroperoxides were generated by reacting the three substrates with
HO® formed by photolysis of HyOs. The photolytically generated HO®
participates in hydrogen atom abstraction (HAA) reactions with pep-
tides with near diffusion controlled second order rate constants, leading
to the formation of carbon-centred radicals (R"), [23] which react with
oxygen (Scheme 1) eventually forming hydroperoxides among other
products. In solutions where Hy0> is in large excess, reaction between
HO® and H,0, can also occur (k3 = 2.7 x 107 M 1sH[24] generating a
less reactive hydroperoxyl radical (HOy") Hydroperoxyl radical is
capable of reacting with organic molecules via HAA (k4 ~ 102 M1 s71)
to produce a carbon-centred radical R and Hy05. [25].

Reactions were run in a 100-fold excess of H,O5 in order to reduce
the likelihood of direct absorption of UV light by the protected peptides



N. Vagkidis et al.

Journal of Photochemistry & Photobiology, A: Chemistry 439 (2023) 114627

|- N-Ac-Gly-Tyr-OH ll N-Ac-Ala-Phe-OH Bl N-Ac-Ala-OH

uM H,O, Equivalents

End of UV exposure End of heat treatment

s00{ B

350

w

(=}

o
1

Substrate loss / uM
g
1

End of heat treatment

End of UV exposure

Fig. 12. A) Hydroperoxide content at the end of the UV exposure and at the end of the consequent thermal treatment at 82 °C for 30 min. Results are the mean + SE
of three (six for N-Ac-Ala-OH) separate experiments analysed by the FOX-assay on the same day. B) Substrate degradation at the end of the UV irradiation and the end
of the thermal treatment at 82 °C for 30 min. Data are expressed as the means of percentage initial substrate concentration + SE of 3 separate experiments (6 for N-

Ac-Ala-OH) analysed by LC-MS.
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Fig. 13. A) Decomposition of HO'-generated peroxides in the three substrates under study after UV exposure. Aliquots were treated with NaBHy4 (1 mg per 1 mL of
solution) and were incubated in the dark for 1 h. Results are the mean + SE of three separate experiments analysed by the FOX-assay the same day. B) Degradation of
the three substrates at 82 °C. Solutions were initially exposed to UV light for 2 min. After the cessation of irradiation, samples were treated with NaBH, (1 mg per 1
mL of solution) to reduce any photo-generated hydroperoxides to alcohols, and incubated at 82 °C for 30 min. Data are expressed as the means of percentage initial

substrate concentration (3 experiments for 1 and 2, 6 experiments for 3) + SE.

or their hydroperoxides. A control UV irradiation experiment under the
same reaction conditions but in the absence of HyO5 confirmed no
detectable peptide degradation (data not shown). The total hydroper-
oxide yields were determined by FOX-assay (Fig. 3A).

The yield of hydroperoxides for N-Ac-Ala-Phe-OH (2) was the highest
of all substrates at ca. 15 pM after 2 min of irradiation. This is consistent
with literature reports suggesting that Ala and Phe are more efficient at
generating hydroperoxides compared to Gly and Tyr. [10] N-Ac-Gly-
Tyr-OH (2) and N-Ac-Ala-OH (3) gave an intermediate yield of hydro-
peroxides at the end of the irradiation (ca. 7 pM in both cases).

Accumulated hydroperoxides can also undergo photolysis yielding
alkoxyl and hydroxyl radicals. To estimate the efficiency of UV
decomposition of hydroperoxides formed during irradiation in our sys-
tem, solutions were treated with catalase to destroy excess HyO5, before

irradiating them for another 2 min. Aliquots were taken every 30 s, and
the total peroxide content was determined by the FOX assay. The results
(Fig. 3B) suggests that hydroperoxides are reasonably stable under
irradiation, with only a very small loss at the end of the 2 min exposure.
This is consistent with the continuous increase of hydroperoxide content
in Fig. 3A, as significant hydroperoxide degradation would have led to
its plateauing.

3.3. Peptide decomposition monitored by LC-MS analysis

Degradation of substrates 1-3 by reaction with HO" radicals was
quantified using LC-MS (Fig. 4). The quantification assumed constant
ionisation efficiency in ESI-MS. While this is not normally a safe
assumption, at low conversions the composition of the reaction mixtures
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is almost constant, and big changes in ionisation efficiency over reaction
time would not be expected.

A relatively small (but clearly noticeable) proportion of the sub-
strates was degraded under reaction conditions. N-Ac-Ala-Phe-OH (2)
and N-Ac-Ala-OH (3) degrade with a similar rate resulting in a ca. 20 %
decomposition at the end of the irradiation. In contrast, N-Ac-Gly-Tyr-
OH (1) showed considerably lower decomposition with only a 10 % loss.
This can be rationalised by the fact that oxidation of 1 predominantly
yields a phenoxyl radical which is unlikely to propagate peptide damage
(as its reaction with O to form a peroxyl radical is a minor pathway, vide

infra).
3.4. Detection of peptide hydroperoxides

In order to get better understanding of the oxidation mechanism and
confirm formation of peptide hydroperoxides, reaction mixtures were
analysed by direct injection MS and LC-MS.

3.4.1. N-Ac-Gly-Tyr-OH

The major detected oxidation product of N-Ac-Gly-Tyr-OH (1) was its
hydroxylated derivative (i.e., .-DOPA or another isomer, Fig. 5).

This is consistent with literature studies that have concluded that
reaction between HO" and Tyr involves predominantly direct addition to
the aromatic ring (overall kagq = 1.5 x 10 M~ s71), and L-DOPA is the
only observed oxidation product. [15] The initial addition of HO" yields
transient dihydroxy-cyclohexadienyl radicals (Scheme 2), which un-
dergoes spontaneous HO elimination to give a more stable phenoxyl
radical. [12,26-27].

HO" addition to the ortho- and meta-positions of the phenol ring (50
% and 30 % of the initial HO", respectively) has rate constants of korho =
7.0 x 10° M s7! and kpetq = 5.0 x 10° M~! s7L. [12] HAA from the
phenol accounts only for about 5 % of the initial HO® with a kyaa = 5.0
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x 103 M~! s7L. [12] The remaining 10 % of the HO" is suggested to
involve all other possible reaction processes, such as HO" addition to the
ipso- positions, while HAA from the —CH, position is negligible. [12,26].

Both ortho- and meta-cyclohexadienyl adducts can undergo rapid and
reversible O addition (k¢ ~ 108 M~ 571, k, ~ 10* s™1) with subsequent
HO; elimination (kyo2 ~ 10% s~1) which generates L.-DOPA as the main
oxidation product. [28] Radical-radical reactions to afford non-radical
products are fast (2 k ~ 2 x 10° M~ s71). [12] Reaction of phenoxyl
radicals with O, is slow (k < 10 M~ s~ for tyrosyl phenoxyl radicals)
[29] and hence only a very low concentration of hydroperoxides is
formed during the irradiation.

Nonetheless, HAA from the glycine moiety of N-Ac-Gly-Tyr-OH (1)
by HO" can lead to the generation of hydroperoxides. Indeed, the [M +
Na]* peak corresponding to potential hydroperoxides was detected in
the direct injection MS spectra (Fig. 6A; highlighted in red), while non-
irradiated samples showed no evidence of this product (data not shown).

It is important to highlight that the mono-isotopic mass of hydro-
peroxides of 1 is identical to that of a dihydroxylated oxidation product
(Fig. 7). In order to distinguish between the hydroperoxides and dihy-
droxylated products, deuterium exchange experiments were carried out
(more information under the methods section 2.6), as these compounds
possess a different number of exchangeable protons (5 and 6 for hy-
droperoxides and dihydroxylated products of N-Ac-Gly-Tyr-OH,
respectively). No peaks associated with 0-4 D shifts were detected in the
MS spectra. However, the peaks with m/z corresponding to 5 and 6 D
shifts were evident (Fig. 6B). These data strongly support formation of
both hydroperoxide and dihydroxylated products for N-Ac-Gly-Tyr-OH
1).

3.4.2. N-Ac-Ala-Phe-OH

N-Ac-Ala-Phe-OH (2) was also expected to predominantly undergo
addition of HO" radical to the aromatic ring. As such, the primary
oxidation product should be a hydroxylated derivative (Fig. 8). The
corresponding peak was indeed clearly seen in the MS of the oxidation
mixture.

The phenol in Fig. 8 has the same mono-isotopic mass as a product of
Ala hydroxylation. MS/MS studies showed that both products are
formed (supplementary information). The hydroxylated Ala product is
likely produced via a hydroperoxide decomposition, and its observation
thus indirectly supports intermediate formation of hydroperoxides. We
note that aliphatic residues can also be hydroxylated via dismutation of
two ROO' radicals (Russell mechanism), although the latter mechanism
is only applicable to primary or secondary peroxyls. [30].

In order to probe the formation of hydroperoxides and isomeric
dihydroxylation products (Fig. 9), reactions were analysed by LC- and
direct injection MS.

Literature data suggest that HO" adds primarily to Phe in the ortho-
position (50 % of the initial HO® concentration) with a kytho = 3.5 x 10°
M~ s7!, followed by addition to the para- and the meta-position (30 %
and 14 % of the initial HO" respectively) with kpara = 2.2 x 10°M 157!
and kpeta = 1.0 x 10°M 's71. [26] The remaining HO" (6 %) reacts with
the —CHj;, group via a HAA reaction with a kaps = 9 x 108 M 1s7L [26]
This generates a carbon centred radical that would react readily with Oa.
In addition, a C-centred radical can be formed by HAA from the CH
group of Ala. Hence N-Ac-Ala-Phe-OH (2) was expected to give a higher
yield of hydroperoxides than N-Ac-Gly-Tyr-OH (1).

The [M + Na] " peak corresponding to a hydroperoxide or a dehy-
droxylated product was indeed detected in the direct injection MS
spectra (Fig. 10A; highlighted in red), while non-irradiated samples
showed no evidence of this product (data not shown). Deuterium ex-
change experiments showed no m/z for 0-3 D shifts, but the peaks
corresponding to 4 (hydroperoxide) and 5 D (dehydroxylated product)
shifts were evident (Fig. 10B), strongly suggesting formation of both
species.
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3.4.3. N-Ac-Ala-OH

As N-Ac-Ala-OH (3) does not have an aromatic ring, its predominant
reaction with HO" is HAA which ultimately yields a hydroperoxide. [30]
The HAA is expected to predominantly occur at the a-carbon yielding a
relatively stable tertiary radical that is stabilised by the neighbouring
amide and carbonyl functionalities. [31-34].

Hydroperoxide decomposition leads to the formation of an alcohol,
and thus detection of hydroxylated N-Ac-Ala-OH (3) indirectly supports
hydroperoxide formation (supplementary information). An alternative
pathway to the alcohol via ROO" dismutation (Russell mechanism) is
unlikely as this mechanism is only applicable to primary or secondary
peroxyl radicals.

Direct injection MS showed an [M + Na]* peak of a hydroperoxide/
dihydroxylated derivative (Fig. 11A). Deuterium exchange studies
confirmed formation of both products, hydroperoxide with 3 D shift, and
a diol with 4 D shift (Fig. 6B). Formation of hydroperoxides was thus
confirmed for all three model substrates.

3.5. Investigation of the synergism hypothesis

To evaluate the proposed synergistic effect of light and heat on the
peptide decomposition, light-exposed peptide solutions (after decom-
position of Hy0, with excess catalase) were incubated at 82 °C for 30
min. At the end of thermal treatment, they were analysed by the FOX-
assay. This allowed us to determine that for all three substrates, total
hydroperoxide content is substantially reduced at elevated temperatures
(Fig. 12A).

The heated samples were also analysed by LC-MS to assess the decay
of the parent substrates. Thermal treatment resulted in further damage
to the light-exposed substrates (Fig. 12B). We note that when solutions
of the substrates were incubated at 82 °C without pre-exposure to UV
light and in the absence of HyO3, no appreciable decomposition was
detected (supplementary information). These data strongly support the
proposed synergism hypothesis: hydroperoxides accumulated during
irradiation lead to enhanced degradation during consequent thermal
treatment. Although other unstable oxidation products could also
contribute to the increased damage upon heat treatment, high reactivity
of alkoxyl radicals formed from hydroperoxides is likely to make them
the main propagating species.

3.6. Sodium borohydride reduction of peroxides

In order to further confirm the role of accumulated hydroperoxides
in peptide oxidation, we sought to selectively destroy the hydroperox-
ides via a non-radical pathway. This can be done by a number of
reducing agents. [10] In particular, NaBH4 decomposes hydroperoxides
to the corresponding alcohols under mild conditions (e.g., 1 h incuba-
tion at room temperature). Many studies utilised NaBH, for quantifi-
cation of protein/peptide hydroperoxides by reduction to alcohols.
[35-37].

In order to test the efficiency of the method, aqueous solutions of the
substrates were exposed to UV light as described earlier. At the end of
the irradiation, the solutions were treated with catalase to remove any
leftover H2O5. An aliquot was analysed by both the FOX-assay and LC-
MS, in order to determine the total hydroperoxide content and the
starting substrate concentration. The remainder of the solutions was
treated with NaBH4 (1 mg per 1 mL of solution) for 1 h to reduce any UV-
generated hydroperoxides to alcohols. These mixtures were also ana-
lysed by the FOX-assay (Fig. 13A). The results confirmed that NaBH4
treatment resulted in a significant reduction of the total hydroperoxide
content.

After the NaBHy treatment, all solutions were subjected to heat-
treatment as described earlier (82 °C; 30 min) (Fig. 13B). Fig. 13B
demonstrates that all three substrates remained intact upon thermal-
treatment. This strongly supports our conclusion that the degradation
of light-exposed substrates in Fig. 12B is due to the accumulation of
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hydroperoxides, and provides further evidence for the synergistic effect
of light and heat in peptide degradation.

4. Evaluation of the synergistic action on human hair

Encouraged by these results, we sought to investigate whether this
effect could be detected in human hair. We note that hair chemistry is
much more complex than that of simple peptides and is additionally
affected by the presence of lipids, melanin granules, morphology etc.
Nonetheless we argued that accumulation of hydroperoxides upon light
exposure followed by their degradation during heat treatment could be
observed even in complex systems. As such, hair samples were exposed
to simulated sunlight for 20 and 40 h (more details under the methods
section 2.8), before applying heat-treatment. Protein degradation was
assessed by monitoring a UV marker with m/z 1278.7 which originates
from the calcium-binding protein S100A3. We have previously reported
a linear correlation between UV exposure of hair and generation of this
marker. [38] It is likely formed via peptide bond cleavage which in-
volves intermediate formation of a hydroperoxide. It is assumed that
some copper ions (which catalyse decomposition of hydroperoxides) can
exchange with calcium at S100A3 binding site, which explains selective
cleavage of this fragment. The evolution of the UV marker is thus
associated with the oxidation of hair protein.

The results (Fig. 14) suggest that evolution of the UV marker upon
20 h of UV exposure followed by heat-treatment (20 h UV + Heat) is
greater than the combined effect of the two insults (heat and 20 h UV).
This is consistent with our work on short peptides and indicates that
exposure of hair to UV light generates thermally unstable hydroperox-
ides that decay at elevated temperatures to yield transient radicals,
which in turn accelerate protein damage.

The effect at 40 h of UV exposure is less clear and the errors are
higher. This is however not surprising. Our kinetic model showed a
similar trend, where at longer irradiation times the prooxidant effect of
hydroperoxides is attenuated. We believe that after an initial period of
hydroperoxide accumulation, a steady state concentration is reached as
hydroperoxides are formed and decomposed simultaneously (Fig. 2B
and 1D). Therefore, it is likely that the total peroxide content at the end
of the 40 h exposure is similar to that at the end of the 20 h exposure.

5. Conclusions

The HO"/Oy-mediated oxidation of N-Ac-Gly-Tyr-OH (1), N-Ac-Ala-
Phe-OH (2) and N-Ac-Ala-OH (3) resulted in accumulation of hydro-
peroxides. The total peroxide content was determined by the FOX-assay,
while the evidence for the formation of hydroperoxides was obtained for
all three substrates using LC-MS, direct injection MS and MS/MS. In all
cases, D,O exchange studies further supported this conclusion. At
elevated temperatures, hydroperoxides decay and give rise to free rad-
icals which cause further oxidative damage to the parent substrate. This
is confirmed by the quantification of the parent substrate concentration
by LC-MS which revealed that thermal treatment of irradiated solutions
accelerates the damage.

We believe that this mechanism is relevant to oxidation of dead
biological tissue including hair. Experimental data on human hair
degradation were consistent with the conclusion that UV light and heat-
treatment act together in synergy to accelerate damage on hair proteins.
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