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Synopsis

OBJECTIVES: In this research, an experimental and theoretical
study was conducted to design a photodegradation mechanism of
the amino acid tryptophan (Trp) in hair fibres.

METHODS: For the experimental research, Caucasian hair fibres
were exposed to several different solar radiation simulation periods.
Then, Trp and its photoproducts (N-formylkynurenine and kynure-
nine) were assayed by excitation and emission spectroscopic
analysis.

RESULTS: For the theoretical study, reactions involved in the pho-
todegradation of Trp were evaluated by high-level quantum
mechanical calculations in a density functional theory (DFT) frame-
work which indicate a probable Trp degradation mechanism with a
minimum expended energy pathway.

CONCLUSION: The biochemistry concerning these reactions is
essentially important for a biological system where the degradation
of Trp occurs.

Résumeé

OBJECTIFS: Une étude expérimentale et théorique a été menée
pour concevoir un mécanisme de photo-dégradation de I'acide
aminé tryptophane (Trp) dans les fibres capillaires.

METHODES: Pour la recherche expérimentale, des fibres de chev-
eux caucasiens ont été exposés a plusieurs différentes périodes de
simulation du rayonnement solaire. Puis Trp et ses photo-produits
(N-formylkynurenine et kynurenine) ont été analysés par 'analyse
spectroscopique d’excitation et d’émission.

RESULTATS: Pour les études théoriques, les réactions impliquées
dans la photo-dégradation de Trp ont été évaluées par des calculs
de mécanique quantique de haut niveau dans un cadre de la
théorie de la densité fonctionnelle (DFT) qui indiquent un mécan-
isme de dégradation probable de Trp, avec une voie minimale
d’énergie dépensée.

CONCLUSION: La biochimie de ces réactions est d'une importance
essentielle pour un systeme biologique dans lequel la dégradation
de Trp se produit.
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Introduction

Hair fibre is a natural polymer formed by a fibrous structure of pro-
teins which belong to the keratin family. Morphologically, the
structure has two distinct structures: an external layer called cuti-
cle and an internal mass called cortex. The cortex consists of elon-
gated cells oriented parallel to the fibre axial axis. These cells
contain microfibres formed by a tridimensional crystalline keratin
helix and are embedded on an amorphous matrix which is rich in
cystine. A small amount of the total fibre mass can be attributed to
melanin pigments and lipids [1-3].

Ultraviolet and visible radiation damages hair [4-9], but little is
known about biochemical and photochemical changes caused by
radiation exposure. The mechanisms of photodegradation are still
unexplained, and there is a lack of scientific studies regarding hair
photodamage [10, 11]. Sun radiation on hair causes dryness,
reduced strength, a rough surface texture, loss of colour, decreased
lustre, stiffness, brittleness and an overall dull, unhealthy appear-
ance. Although it is less important than the study of skin photodam-
age, from the point of view of health risks, healthy hair is associated
not only with beauty, but also with overall self-esteem [12].

The photochemical degradation and photoyellowing of wool, a
natural fibre that at various levels shows a series of features similar
to human hair has been studied extensively [13-19]. The melanins,
which are hair and wool pigments [20], provide some photochemi-
cal protection for hair proteins, especially at lower wavelengths
where both the pigments and the proteins absorb light [21] by
absorbing and filtering the impinging radiation and subsequently
dissipating this energy as heat. Their high absorption capacity can
be explained in terms of their extensive system of conjugate car-
bonyl groups and double bonds which captures a large fraction of
the radiation and immobilizes many of the free radicals formed upon
the absorption of the UV radiation photosensitive amino acids in
hair and prevents the transport of these free radicals into the kera-
tin matrix [22]. However, in the process of protecting hair proteins
from light, the pigments are degraded or bleached.

As in all photoprocesses, the essential element in hair photodam-
age is light absorption by the fibre, but this process is significant
only if the protein absorbs the incident light. For most proteins with-
out bound (covalent or non-covalent) cofactors or prosthetic groups,
this phenomenon occurs only with light (2 < ca. 320 nm) [23].

The most significant chromophores in proteins that absorb in the
UVB region (280-320 nm) are the amino acids tyrosine (Tyr,
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Jumax = 275 0nm, €590 =100 M~ em™!),  tryptophan  (Trp,
Jmax = 280 nm, €590 = 4500 M~ ' em ™) and the disulphide bonds
of cystine (Amax < 200 nm, €590 = 40 M~ ! cm™Y); UV spectra of
these amino acids are available in Ref. [24]. The longer wavelength
UVA and visible light are unlikely to cause direct damage as they are
not absorbed by proteins [25, 26]. The absorption of UVB light by
Trp, Tyr and cystine can give both excited state species and radicals
via photoionization [24, 27]. The relative energies of the short-lived
first excited singlet states decrease the order: Tyr > Trp [27] and can
result in rapid energy transfer from Tyr to Trp which is why the fluo-
rescence spectra of most proteins are often dominated by Trp spectra.

For Trp a fluorescent, monoexponential decay was observed. The
conversion of the a-carboxyl group into the corresponding amide or
its protonation results in a complex fluorescence decay [28]. Some
explanations for this behaviour were established by Gauduchon
et al. [29] in a ground-state rotamer model. Cowgill [30, 31], Tour-
non et al. [32] and Feitelson [33] suggested that the occurrence of
luminescence by the aromatic amino acids chain is due to a transfer
of charges between the excited aromatic chromophore (phenol ring)
acting as a donor and the electrophilic units in the amino acid
backbone (the carbonyl of the amide group) acting as an acceptor.

Schafer et al. [34] studied Trp photodegradation and the photo-
degradation products (N-formylkynurenine, kynurenine, 3-Hydrox-
ykynurenine) by high performance liquid chromatography (HPLC).
They concluded that these photoproducts of Trp contributed to the
photoyellowing of wool.

In hair, the estimated content for the Trp ranges from 0.2% to
1.0% [3, 35], but this amino acid plays a significant role in the
photochemistry of keratins and proteins in general (as discussed
above). In this respect, Pande and Jachowicz [7] monitored the
photodegradation of hair by a spectroscopic technique as a function
of the relative concentration of Trp. They also demonstrated that
hair care formulations containing sunscreens can reduce the extent
of photodamage.

Robbins and Bahl [36] examined the effects of UV on cystine by
chemical radiation on disulphide sulphurs in hair via electron spec-
troscopy for chemical analysis (ESCA). They suggest that for photo-
chemical degradation, the C-S fission route is recommended.

Cystine is a quenching agent for Tyr; previous research [37] has
demonstrated that the quenching mechanism occurs via an elec-
tron transfer process with the formation of the radical anion
RSSR'~ Although the excited Trp undergoes intersystem crossing
to triplet states, studies on wool have suggested that singlet states
are quenched more effectively than triplet states [38]. However,
there is no evidence of an energy transfer from Trp to cystine in an
aqueous system during irradiation [34].

This paper reports studies on Caucasian hair fibres which were
exposed to several different solar radiation simulation periods; then,
Trp and its photoproducts were evaluated by excitation and emis-
sion spectroscopy analysis. A Trp photodegradation process by
high-level quantum ab initio mechanical calculations is proposed.
Rather than elucidate, every possible ways or intermediate steps
that this degradation can undergo, our aim is to contribute a valid
way of degradation.

Experimental section

Materials

Untreated black Caucasian hair was obtained from De Meo Broth-
ers, New York, U.S.A. Twenty-one (21) hair tresses weighing

approximately 5.0 g with a length of 25.0 cm each were prepared
for this work. The hair samples were pre-treated with a 3% aque-
ous solution of lauryl ammonium sulphate (LAS) and then dried in
a standard environment at 55 4 5% relative humidity and
22 + 2°C for 24 h prior to the experimental procedures.

Exposition of solar radiation

Hair tresses were exposed to simulated solar radiation in Atlas
Weather-Ometer (Model 65 XW-WR1) equipment with a xenon
light source of 6500 W. The total radiation was 0.35 W m ™2 at
340 nm, and the humidity and temperature conditions of the
chamber in the equipment were controlled according the ASTM G
155 norm. The emission spectrum is closer to the entire solar spec-
trum and the ageing time approximately 8.7 times major than the
natural ageing solar time. The samples were simultaneous exposed
in groups of three tresses: TO — control, T24 — 24 h, T48 — 48 h,
T96 — 96 h, T144 — 144 h, T192 — 192 h and T240 — 240 h.

Fluorescence measurements

Fluorescence evaluations were conducted with a spectrophotometer
Fluorolog — Jobin Yvon Horib (Model number FL3-12) with a
xenon light source which provided the full solar spectrum.

The excitation line utilized for the Trp was 294 nm (absorbance)
which has the highest emission (fluorescence) intensity of ~340 nm.
The excitation line utilized for the N-formylkynurenine was 320 nm
with an emission of ~420 nm. The excitation line utilized for the
kynurenine was 360 nm with an emission of ~435 nm.

Hair tresses were placed on a sampler at a 45° angle to the pho-
tomultiplier cell. A total of three spectroscopic analyses were com-
pleted for each group of three tresses (N = 9, Nindependent = 3)-
Basal and post-exposure measures were conducted.

Computational method

Calculations were carried out with the GAUSSIAN 98 program
[39]. The simulations were performed by using the density func-
tional theory (DFT) at the unrestricted B3LYP level [40, 41] using
standard all-electron 6-31++G** [42] basis sets for H, C, O and N
atoms. The inclusion of polarized and diffuse functions and corre-
lated methods is mandatory in the description of atoms in the
amino group [43]. Researchers use this level and basis set because
it is applicable for calculations on systems involving amino acids
and nucleic basis sets [44-46]. Quantum mechanical computations
can provide invaluable support for experimental data because
many molecules that have not been experimentally measured can
be evaluated. Full geometry optimizations in the gas phase have
been carried out for all stationary points. Optimized structure har-
monic frequencies were calculated to confirm the nature of the
minima (zero negative eigenvalues of the Hessian matrix).

Results and discussion

Figure la shows normalized Trp emission spectra for hair tresses
exposed to 24, 48, 96, 144, 192 and 240 h of solar radiation and
control. Each spectrum corresponds to three tresses with tripled
readings. The excitation length for the Caucasian fibres was
294 nm, and the most intense emission was at approximately
340 nm. The humidity control was rigorous as the Trp photolumi-
nescence (PL) is quite sensitive to moisture variations. Somers and
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Figure 1 (a) Normalized photoluminescence emission spectra of Trp for Caucasian hair fibres exposed to solar radiation at 24, 48, 96, 144, 192, 240 h plus
the control. Excitation energy of 294 nm emission ~340 nm; (b) Trp decomposition as a function of irradiation time and monoexponential decay fitting.

Ceulemans [47] studied the conformational changes in the Trp
molecule when hydrated with water. The Trp degradation Kinetics
is also altered as a function of the amount of moisture because
photolytic processes are usually accelerated in water. Therefore, all
hair tresses were exposed to radiation under similar conditions of
approximately 50 + 5% moisture. Figure 1b shows the maximum
intensity of the Trp emission as a function of increased exposure
time.

The Trp degradation kinetic determined by fluorescence mea-
surements is complex and might be affected by various factors, for
example, the non-uniform exposure of fibres as a function of their
thickness will cause more damage to their surface than to their
interior which results in a higher degradation on the surface. As
the fibre hair is a bio-organic material, there is a variability, in the
triplicate measurements for each group o tresses (around 7%). Deg-
radation kinetics will also be influenced by polarity changes in the
environment due of Trp residues to formation after its decomposi-
tion. Furthermore, the photon beam is not lined, and therefore, the
photomultiplier cell does not detect all the emission energy. Due to
these complexities, a rigorous thermodynamic and quantitative
analysis is impossible. However, as can be observed in Fig. 1b,
there is a very close approximation of the curve with a monoexpo-
nential decay (approximation error of ~0.0047). Spectroscopic
measurements also suggest that after 96 h of exposure, most of the
Trp in the fibre has been degraded. The same spectroscopic techni-
que used for the Trp degradetion investigation was used to acom-
panied the Trp residues formation.

The cleavage of the Trp indole ring facilitates the formation of
N-formylkynurenine which can decay after reduction of the formyl
group to kynurenine [34]. The usual excitation line for the lumi-
nescent detection of N-formylkynurenine and Kkynurenine is
325 nm and 365 nm, respectively [34].

In hair, the excitation wavelength that results in the N-form-
ylkynurenine higher intensity emission is 320 nm with the highest
emission peak centred at approximately 420 nm. Figure 2a illus-
trates normalized emission spectra for N-formylkynurenine forma-
tion as a function of radiation exposure time. Figure 2b elucidates
this behaviour at the wavelength with highest emission intensity.
The exponential growth fitting of this subproduct formation shows
an experimental approximation of 0.0125 and can be related to

Trp monoexponential decay. In fact, Trp degradation can provide
other subproducts [23], but with the Trp growth degradation, there
is an increased formation of N-formylkynurenine.

Kynurenine is next in the sequence of residues of Trp residues.
In hair, excitation energy at 350 nm yielded the highest emissions
at approximately 435 nm. A similar behaviour of N-formylkynure-
nine was observed in kynurenine (see Fig. 3a); however, the emis-
sion intensity was much higher. Figure 3b illustrates kynurenine
behaviour under the highest emission wavelength as a function of
radiation exposure time. The exponential growth fitting of this sub-
product formation shows an experimental approximation of 0.0257
which can be related to Trp monoexponential decay.

N-formylkynurenine and kynurenine are significant photosensi-
tizing agents and much better O, generators than Trp itself [48—
50]. Thus, the formation of N-formylkynurenine and kynurenine
on proteins or peptides may result in further enhancement of the
extent of photooxidation of the target protein in a long UV expo-
sure time trough either through the generation of further O, or
possibly via sensitization of the side-chain peroxides decomposition.
Thus, for Trp, the (relatively) poor sensitizing activity and high
physical quenching activity (compared to a chemical reaction) may
play a role in the initial protection of human hair against UV dam-
age; however, after a high level of exposure, the gradual accumula-
tion of the more potent sensitizers N-formylkynurenine and
kynurenine in the photodamaged hair may result in damage
enhancement.

Direct photooxidation mechanisms arising from the absorption of
UV radiation by the protein structure (primarily side-chains) or
bound chromophores which generate an excited state or radicals as
a result of photoionization are often referred to as a Type 1 process
[23] which were carefully analysed in this study.

The ab initio reaction calculations involving Trp decomposition
with light and oxygen were conducted. Considering that most of
the biological reactions occur in H>O presence, this molecule was
added in reactions which were studied. All stationary points of
potential surface energy were fully optimized. Figure 4 show path-
ways suggested for the Trp decomposition reaction.

Light (hv) excites the Trp molecule (A) in hair fibres which form
a free radical of Tryptophan (TrpH*) (B) (A B). This step is still
unclear in the literature, but the necessary energy for the forma-
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Figure 2 (a) Normalized photoluminescence emission spectra of N-formylkynurenine formation for Caucasian hair fibres exposed to solar radiation at 24, 48,
96, 144, 192, 240 h plus the control. Excitation energy of 320 nm, maximum emission ~420 nm; (b) N-formylkynurenine formation with increased time of

exposition and monoexponential growth fitting.
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Figure 3 (a) Normalized photoluminescence emission spectra of the formation of kynurenine formation for Caucasian hair fibres exposed to solar radiation at
24, 48, 96, 144, 192, 240 h plus the control. Excitation energy of 360 nm, maximum emission ~435 nm; (b) kynurenine formation with increased time of

exposition and monoexponential growth fitting.

tion of this radical in the presence of light and H,0 was
+10.27 eV. The oxygen in the environment in its ground state is
excited in TrpH*, as it has one uncoupled pi (n) electron. Therefore,
oxygen can behave as a dienophile capable of producing a Diels—
Alder-type reaction with the TrpH* radical (B). This reaction is
commonly referred to as an addition cycle which requires a combi-
nation in a system where two © two electrons participate. At this
point, one 7 electron from the Trp pyrrole ring and the one 7 elec-
tron from oxygen results in a (C) (B C) molecule. In this step, an
additional +2.19 eV is necessary for the reaction to occur. In the
next step of this mechanism, a peroxide (D) is formed with the pyr-
role ring by the addition of one H" of H;0" of the environment (C

D). The reaction is spontaneous with a —12.29 eV energy libera-
tion. Under the presence of light, this new compound is unstable,
and the peroxide (D) decomposes to N-formylkynurenine (E) (D E).
This step is spontaneous and emits —3.81 eV of energy. Finally,
the light continues the photolysis process which results in kynure-
nine formation (F) (E F) that occurs in other photolyses. This

process is not spontaneous and requires +0.42 eV of energy, that
is, in the absence of light, N-formylkynurenine (E) is a more stable
molecule than the kynurenine (F) molecule.

Figure 5 shows the potential energy variation (AE) of reaction
steps as well as two mechanisms for the reaction: Mechanism I is
composed of steps: A B C D E F, and Mechanism II shows
the steps which take place for A D E F.

In Mechanism I, +12.46 eV of energy is spent in changes from A
to B and B to C. In this case, the direct passage from A to D is the
most probable step where the reaction occurs (Mechanism II). Mole-
cules B and C are stable as the ab intio calculations indicate, but the
pathway to their existence is too expensive energy wise. Mechanism
II, where two oxygens are added to the A (Trp) molecule, requires
+0.17 eV of energy and is the most probable pathway for the reac-
tion to occur. In both Mechanism I and II, the energetic balance of
the reaction is constituted by the liberation of —3.22 eV.

Observing the Trp photodegradation is difficult since the kinetics
is very fast. Our ab initio calculations elucidate photochemical
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Figure 4 Proposed ab initio calculated reaction for Trp degradation.
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Figure 5 Potential energy diagram of the Trp degradation reaction where two mechanisms (I or II) can occur.

pathways involved and are useful to understand their role in bio-
processes.

Conclusions

The Trp degradation kinetics as determined by fluorescence mea-
surements is complex and may be affected by various factors.
However, fluorescence is a molecular level technique and could
become a valuable instrument for the characterization of hair fibres

after exposure to large amounts of photonic radiation. In this
manner, this experimental technique is sufficiently precise for com-
parative and qualitative purposes.

The Trp degradation produces free radicals and two residues,
and the kinetic evolution of the formation of these residues has
shown that they increase in concentration as a function of radia-
tion exposure time.

The ab initio calculation for Trp degradation reactions steps was
carefully analysed, and a mechanism (Mechanism II) was proposed
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as the most probable pathway for the reaction where a minimum

expended energy pathway occurs.
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