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Abstract: Mycosporine-like amino acids (MAAs) and related gadusols are among the most prominent exam-
ples of metabolites suggested to act as UV-sunscreens. This review illustrates how experimental and theoreti-
cal studies on model MAAs and gadusol offer a helpful description of the photoprotective mechanism at the
molecular level. This knowledge may contribute to the rational design of chemical systems with predictable
and tuneable response to light stimulus. Synthetic efforts to obtain MAAs and simplified related structures
are also discussed.
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Introduction

Since the late 1970s, hundreds of publications have addressed the isolation, structural elucidation, occur-
rence and roles of mycosporine and mycosporine-like amino acids (MAAs). These are two groups of secondary
metabolites synthesized by cyanobacteria, fungi, algae and ingested or accumulated by high order animals
such as fish, cnidarians, arthropods, molluscs, and echinoderms [1, 2]. Several hypotheses about the role of
these compounds in biological systems have been formulated and are still on discussion. Among other func-
tions, osmotic and reproduction regulation, UV transduction in photosynthesis, intracellular nitrogen reser-
voir and ecological connectivity have been suggested [3-5]. The MAAs in particular have been recognized as
molecules of key significance in marine ecosystems [6]. Beyond the controversy about their multifunctionality,
MAAs have mainly attracted interest around their role as UV sunscreens in a wide variety of organisms [4, 7-9].

Mycosporine and MAAs are water soluble compounds; their basic chemical structure contains a cyclohex-
enone or a cyclohexenimine unit (Fig. 1). Fungal mycosporines and only two MAAs from marine sources
(mycosporine-glycine and mycosporine-taurine) consist of a cyclohexenone ring system linked to an amino
acid, with maximal absorption between 310 and 320 nm. The rest of the MAAs generally includes a glycine
moiety attached to a cyclohexenimine ring and a second substituent group (amino acid, amino alcohol or an
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Fig. 1: Chemical structures of some relevant MAAs and gadusols.

enaminone system). This results in a diversity of more than 20 structures with UV-absorption bands at maximum
wavelengths from 320 nm to ca. 360 nm and molar absorptions coefficients in the range from 28 000 to 60 000
M cm™ [7]. In fact, MAAs have been considered as the strongest UVA absorbing compounds in nature.

On the other hand, related compounds such as gadusol and deoxygadusol (Fig. 1) are natural cyclohex-
enones resembling the mycosporine core. They absorb intensively towards the UVB and UVC spectrum with
pH-dependent distinctive maxima: 269 (pH 2) and 296 (pH 7) [10, 11].

Both compounds are generally involved as intermediates in the proposed schemes for MAAs biosynthesis
[2, 8, 12]. Their role in UV photoprotection is particularly relevant from an evolutionary point of view since
primitive organisms that developed in the absence of atmospheric O, may have required UVB/C screening,
hypothetically fulfilled by gadusols and oxo-mycosporines [13].

UV-induced synthesis and accumulation have been broadly reported and generally regarded as central
evidence supporting the sunscreening role of MAAs in living organisms [4, 14-17]. However the chemistry and
molecular basis of the photoprotective potential of MAAs and gadusols have been examined to a lesser extent.

The exploration of the basic photochemical and photophysical features of MAAs is important for the
understanding of natural mechanisms of photoprotection which becomes particularly significant in the
context of the stratospheric ozone depletion phenomenon and the consequent effects of UV radiation on
living beings [18]. This problematic has led to consider MAAs and other natural photoprotective molecules
as valued alternatives to synthetic compounds for the formulation of topical sunscreens [19, 20]. Besides, the
characterization at a molecular level of the light induced behaviour of this family of compounds may help
to designing derivatives for future applications in the cosmeceutical and pharmaceutical industries [21, 22].

In this work we review the in vitro experimental studies and theoretical calculations reported to date on
the photochemistry and photophysics of MAAs and gadusols.

Mycosporine-like amino acids

As seen, MAAs are low-molecular-weight, generally colorless and water-soluble compounds that are also
resistant to thermodegradation and photodegradation under environmental conditions. Most of the photo-
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physical and photochemical properties of these molecules are quite general and independent of the specific
substituents linked to the core structure. Thus, general aspects will be described in the following sections
with specific examples to illustrate the behavior of these compounds.

Photophysical properties
UV-Vis absorption

One of the most relevant features of the MAAs is their high UV-absorbing capability, due to a single band
centered in the 310360 nm range, partially covering the harmful UVA and UVB radiations zones. This strong
absorption reaches molar absorption coefficients between 20 000 and 40 000 L cm™ mol™ which may rise
over 50 000 in cases such as that of palythene [7]. Depending on the origin, relevant differences between the
compounds found in algae and those found in fungi have been reported. In fungi metabolites, the chromo-
phore is less conjugated and in all cases it shows a maximum near 310 nm, practically without dependence
on the amino-substitution [9].

In all marine MAAs a similar behavior is observed with an absorption maximum ca. 320 nm for the non-
substituted imino-MAAs and ca. 360 nm for the substituted ones. In this case, the substituents may be impor-
tant as they can modify the chromophore’s conjugation. In turn, this allows for the modulation of their UV-Vis
spectral properties, yielding a bathochromic shift when conjugation increases. When conjugated C=C bonds
are directly linked to the chromophore, the Z-isomer shows an hypsochromic shift relative to the E-isomer of
2-3 nm, as in usujirene and palythene (Fig. 1) [23]. A non-common behavior is found for the E-Z-palythenic
acid pair, in which the E-isomer is 2 nm blue-shifted [24].

Due to the amino acidic structure, a zwitterionic character is expected. It is unclear if the relevant form
in vivo is the anionic, the “neutral” or zwitterionic or the protonated one. To try to clarify this aspect por-
phyra-334 was studied at different pH values [25]. It was found that in high acidic aqueous solution (pH 1-3)
the absorption maximum of porphyra-334 shows a hypsochromic shift from 332 nm at pH 3 and to 330 nm at
pH 1and pH 2. Under these conditions, the molar absorption coefficient also decreases with higher acidity. As
other MAAs, porphyra-334 is a zwitterion that presents two acidic groups and one iminic nitrogen as shown in
Fig. 2. When the pH is below 3, the  delocalization is not possible due to the protonation of the non-bonding
pair in the nitrogen atom. Subsequent protonation of the acidic groups may take place at lower pH values.

On the other hand, the absorption maximum and molar absorption coefficient of porphyra-334 do not
change in alkaline solutions. This is reasonable since both acidic groups do not alter the electronic properties
of the chromophore as they are not directly bonded to it.

The behavior of porphyra-334 under acidic conditions was further explored by computing the gas phase
proton affinity [26]. For this compound, a value of 266 kcal mol was found which is in the range of the gas
phase proton affinity of certain artificial super-bases. This turns porphyra-334 into a so-called “proton sponge.”
The term refers to species with exceptionally high proton affinities which seem to be related to the high stabil-
ity of this compound in very acidic water solutions. In contrast, under relatively low basic conditions of pH
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Fig. 2: Molecular structures of porphyra-334 at different pH values.
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12, porphyra-334 decomposes rapidly to give unknown products [25]. The reasons behind this feature were
explained in terms of positive charge delocalization between the two nitrogen atoms and the alkene moiety
that connects them. This type of push—pull charge stabilization has been previously proposed for other types
of compounds showing also high proton affinity. Significantly, this proton-capturing ability is comparable to
that one of other artificial systems specifically designed to behave like this [27]. Other MAAs show also small
solvent dependence in the UV absorption with changes within 2—4 nm in many of them [28, 29].

Fluorescence emission

In contrast to the UV absorption properties, results from fluorescence measurements on MAAs are only avail-
able for the most studied compounds, namely porphyra-334, shinorine and palythine. These three molecules
were characterized by steady-state spectrofluorometry in aqueous solutions with monochromatic irradiation
at the absorption maximum and by time-correlated single photon counting (TCSPC) for the determination of
the singlet state lifetimes.

One of the better known MAAs, porphyra-334, was first isolated from the red alga Porphyra tenera [30].
However, it took more than 20 years to thoroughly explore its excited-state properties [28]. The results from
TCSPC for porphyra-334 in aqueous solution evidence an excited-state with a short lifetime of 0.4 ns. Besides,
no longer lived transient species were detected after irradiation at the absorption maximum. The emission
spectrum consists of a weak band centered at 395 nm which amounted a very low fluorescence quantum yield
((I)F =2.0 x 10) [28, 31].

Structurally very similar to porphyra-334, shinorine is usually found in the same organisms but some-
times in larger amounts (Fig. 1). It has been obtained from adult sea urchins eggs as methanolic extracts [32].
Detailed photophysical studies on shinorine indicated that, as porphyra-334, this metabolite efficiently dissi-
pates light energy into heat [31]. Shinorine also shows a very low fluorescence quantum yield (®, = 1.6 x 10)
and a short fluorescence lifetime (0.35 ns). The emission spectrum exhibits a very weak maximum around
386 nm.

Palythine is the MAA with the simplest structure. It was first isolated from the zoanthid Palythoa tuber-
culosa [33]. The structures of palythine and other related compounds (mycosporine-glycine, palythinol and
palythine) obtained from the same source were later proposed (Fig. 1) [34]. A very detailed photophysical
analysis of palythine in water has been performed [35]. The lack of measurable luminescence implies a very
efficient deactivation pathway. The weak emission band experimentally observed was attributed to an impu-
rity and not to palythine.

According to these results, the suggested role of MAAs as transducers of the UV light to more useful wave-
lengths in the photosynthesis seems quite improbable due to the very low observed fluorescence quantum
yields.

Triplet excited state

As with fluorescence, the absorption features, formation yield and the energy of the triplet state have been
only determined for a few MAAs.

Laser-flash photolysis experiments have allowed for the characterization of the excited triplet state of
shinorine [31], porphyra-334 [28] and palythine [35]. Data for the triplet-triplet energy transfer from 1-naph-
thalene-methanol to porphyra-334 were used to assess the quantum yield of the triplet production in aqueous
solution, affording an upper limit of 3 % [31]. This result accounts for the low probability of triplets to gener-
ate reactive intermediates which might start further chemical reactions, in agreement with the lack of radical
detection previously reported [36].

The triplet-triplet absorption spectrum of porphyra-334 was determined by sensitization with benzophe-
none and consisted of a broad band centered at around 420 nm. Similar results were obtained for shinorine
and palythine, both sensitized by acetone [31, 35].
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The energy of the triplet state was estimated from the evaluation of the rate constants for the energy
transfer processes with different donors with variable triplet energies. Thus, triplet energy for porphyra-334
in water solution is delimited to be <250 k] mol whereas the triplet energy for palythine is approximately
330 kJ mol [28, 35]. In the cases of shinorine and palythine, small quantum yields for triplet formation were

also obtained (@, < 5 x 107) by using acetone as sensitizer. The triplet life times were determined under the
same conditions. Thus, for porphyra-334 a value of 14 us was obtained, while shinorine and palythine yielded
11 us and 9 ps, respectively.

Non radiative deactivation

Photoacoustic calorimetry studies allowed the direct quantification of non-radiative deactivation pathways
of the excited species [31]. Laser induced experiments at two different temperatures on porphyra-334 and shi-
norine aqueous solutions led to conclude that around 98 % of the absorbed energy was promptly dissipated
as heat to the environment. For palythine, analogous determinations showed that ca. 90 % of the light energy
is transferred to the medium as heat [35]. Thus, these compounds proved to have all the features that should
be desirable for an ideal sunscreen from the photophysical point of view.

Photochemical properties
Photostability

As previously stated, MAAs have been suggested to play a number of different roles. While some of them
are probably speculative, the photoprotective capabilities of these species have been analyzed in detail. The
role in UV-protoprotection is supported by several characteristics that turn MAAs into compounds capable
of dealing very efficiently with the potentially damaging effects of radiation. First, MAAs evidence a strong
UV absorption in the UVA-UVB region of the spectrum as described in the previous section. Second, these
compounds also show a very low fluorescence emission yield. Nevertheless, a number of natural compounds
can also share these two properties. In the case of MAAs, these features are also accompanied by a high pho-
tostability that greatly increases their relevance.

Preliminary results on the photostability of MAAs were obtained through UV irradiation of eggs of the
green sea urchin [32]. The concentration of shinorine (the predominant MAA in the samples) remained unal-
tered for short-term UV irradiation in vivo and long-term exposure in vitro as determined by HPLC. Also,
extracts from the red alga Gracilaria cornea (mainly containing porphyra-334 and shinorine) showed no
change in the in vitro absorption properties when exposed to UVB as demonstrated by UV absorption spec-
troscopy [37]. More recently, a number of reports by Rastogi and Incharoensakdi have addressed the stability of
MAAs occurring in different cyanobacteria species with the purpose of evaluating the photoprotective ability
of these ancient organisms against damaging effects of UV radiation. They showed that palythine, asterina
and a compound designated as M-312 which could not be identified, all present in a partially purified aqueous
extract from Lyngbya sp., were highly resistant to UVB [38]. Similarly, the absorbance of mycosporine-glycine
obtained from the cyanobacterium Arthrospira (Spirulina) was found to slightly decrease upon exposure to
different regions of UV radiation [39]. Shinorine and a non identified compound with maximal absorbance
at 307 nm were detected in Gloeocapsa sp. isolated from the autotrophic biofilm covering stone monuments.
The extent of degradation of the compounds in a partially purified extract under spectrally differentiated UV
sources was also qualitatively assessed by HPLC analysis [40].

Further detailed studies on diverse MAAs provided quantitative evidences on the high degree of pho-
tostability of these compounds in vitro. The photodegradation of aqueous solutions of porphyra-334 was
explored by following the spectral changes as a function of time when irradiating with a medium-pressure Hg
lamp [28]. The photodecomposition quantum yield was determined to be ®, = 1.9 x 10~ under N, atmosphere
and @, = 3.4 x 10 in 1 atm O,-equilibrated aqueous solutions, by using valerophenone as actinometer. On
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one hand, this MAA was found also to be very photostable. On the other hand, the small effect of oxygen in
the photodecomposition quantum yield seems to suggest a scarce contribution of the triplet state in the pho-
tochemistry of these compounds. In agreement with the results from photoacoustic calorimetry described
above, shinorine and porphyra-334 dissipate most of the absorbed energy as heat into the environment con-
sistently with the very low photodecomposition quantum yield [28, 31]. Palythine was also studied in order to
confirm its photostability [35]. Continuous irradiation at 320 nm (absorption maximum) of aqueous solutions
showed no significant changes in the pH nor the absorbance. The photodecomposition quantum yield for this
MAA was found to be @, = 1.2 x 10°*.

These results suggest that the photostability of MAAs is related to their core structure and the variability
of substituents among different MAAs only have a minor effect on the photochemical properties. Interest-
ingly, the photostability of these compounds is also maintained when incorporated in more complex struc-
tures. This is illustrated by mycosporine-glutaminolglucoside (Fig. 3) [41], a mycosporine metabolite present
in several yeast species, which was also found to be very photostable (@, = 1.2 x 10~°) most probably due to
the mycosporine moiety [42].

Photoisomerization

The high photostability of MAAs seems to be caused by the general structure of aminocyclohexenimine or
aminocyclohexenone. Beyond this common moiety, the different substituents in the basic core of MAAs
appear to be related with the metabolic routes but most of them have a minor effect in the photophysical
and photochemical properties of these compounds. The amino and alcohol groups directly bonded to the
chromophore only affect the wavelength of absorption while keeping the photostability almost unchanged.
The rest of substituents do not have any relevant influence in the chromophore. Acid, amino, and alcohol
groups present in the lateral chains have probably their origin in the biosynthetic routes and seem to have
minor effects on the solubility. However, some differences may arise when the substituents directly affect the
chromophore. Among the different isolated MAAs, this may happen in the pair palythene—usujirene (Fig. 1)
[33]. In these two compounds, an additional double C=C bond is conjugated with the common chromophore.
Thus, the absorption occurs at higher wavelengths: 360 nm for palythene and 357 nm for usujirene, in con-
trast with the absorption at 320 nm for palythine, the equivalent MAA without the C=C bond. Besides this
evident consequence of the extra double bond, a higher photoreactivity was also expected.

In a careful study of the reactivity of this couple of compounds, continuous irradiation of usujirene at
366 nm and HPLC quantitative analysis allowed for the evaluation of its photodecomposition quantum yield,
amounting ®, = 2.9 x 10~ [43]. However, most of the disappearance of usujirene was due to the cis-trans
isomerization of the exocyclic C=C double bond to yield palythene with an only slightly lower quantum yield
(@, = 1.7 x 10~). Thus, most of the reacting usujirene leads to the formation of palythene, its photostable
isomer. Under these conditions, a photostationary state composed by palythene and usujirene (11:1) was
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Fig. 3: Molecular structure of mycosporine-glutaminolglucoside.
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found, probably explained by the intrinsic higher stability of the trans C=C double bond in palythene. Thus,
usujirene and palythene undergo photoisomerization as an additional reactivity in the excited state. This
reactive pathway converts one isomer into the other affecting the mixture composition while keeping the
global photoprotective capacities.

Photosensitized processes

As described in the previous sections, the high photostability of MAAs is a key aspect for their photoprotec-
tive capability together with the strong absorption in the relevant UV regions. From a purely photochemical
point of view this implies that direct absorption of a photon populates excited electronic states of singlet
multiplicity that eventually decay to the ground state mainly through non-reactive and non-radiative path-
ways. However, it should be noted that other reactive possibilities may also influence the protection achieved
in vivo. Among them, the photosensitized processes are viable photodegradation routes provided that dif-
ferent sensitizers may be available in biological media. For instance, flavin-mediated photodegradation of
mycosporine glutamine leads to the formation of an aminocyclohexenone and 2-hydroxyglutaric acid [44].
This reactivity is independent of the pH but temperature and light wavelength have a clear effect. Thus, a
mixture of photochemical and thermal degradation paths seems to be operating at the same time. Different
sensitizers such as erythrosine, methylene blue or Rose Bengal (RB) are also effective.

Further comparative studies with up to seven different MAAs evidenced photosensitized decomposition
in the presence of riboflavin, RB or simply natural seawater [45]. However very different decomposition rates
were observed when RB (an efficient singlet oxygen source) and riboflavin (a photosensitizer) were used. A
higher rate of photodecomposition was observed when riboflavin was present, this indicating that a type I
photooxidation mechanism may be responsible for the degradation. Also, the requirement of a strong pho-
tosensitizer such as riboflavin and the low decomposition rates when other sensitizers are present further
confirms the high photostability of MAAs even under indirect irradiation.

It was already mentioned that several MAAs have been the subject of detailed analysis in photosensitiza-
tion experiments that enabled the characterization of their triplet states. In fact, neither porphyra-334 nor
shinorine showed any transient absorption in laser flash photolysis measurements within the microsecond
time range. In contrast, the triplet states were detected upon sensitization with benzophenone or 1-naphtal-
ene-methanol for porphyra-334 and with acetone for shinorine [28, 31]. Palythine also forms triplets under
sensitization with acetone [35].

The energy of these triplets states were respectively estimated by considering the efficiency of the energy
transfer in relation with the triplet energy of the donor. These triplet energy values are relevant for the dis-
cussion of the complementary role of MAAs that consists of avoiding the formation of pyrimidine dimmers
[46]. These species are associated with molecular damages caused in DNA through photochemical reactions.
When thymine or cytosine bases absorb UV light, the formation of covalent linkages between two of these
moieties by reactions localized on the C=C double bonds may take place [47]. Thus, MAAs were proposed
not only to protect against the UV damage by direct absorption and filtering of the light, but also through
quenching the excited state of thymine thus avoiding the formation of the dimers. However, as the value for
the triplet energy of thymine in DNA was estimated to be 270 k] mol [48], it seems that this possibility could
be ruled out in the case of palythine (triplet energy ca. 330 k] mol™) as no energy transfer seems possible from
the thymine excited state. In contrast, porphyra-334, with triplet energy of 250 k] mol-, could quench the
excited thymine and contribute to the photoprotection through this additional mechanism.

Gadusols

As already mentioned, gadusols are structurally and biosynthetically related to MAAs. Two metabolites
are referred under this name: 3, 5, 6-trihydroxy-5-hydroxymethyl-2-methoxycyclohex-2-en-1-one (known as
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gadusol) and 3,5-dihydroxy-5-hydroxymethyl-2-methoxycyclohex-2-en-1-one (usually called 6-deoxygadusol,
4-deoxygadusol or simply deoxygadusol, Fig. 1).

Gadusol has been found in fish ovaries and eye lenses, and together with deoxygadusol in eggs and
larvae of various aquatic invertebrates [11, 49-52]. The antioxidant properties of the compounds are compa-
rable to those of ascorbic acid and this issue seems to have attracted most interest some years ago [4, 11, 14,
53, 54]. However, the UV-screening properties of gadusol have recently received particular attention in refer-
ence to potential roles in marine organisms [55, 56]. In vitro studies about photoinduced processes of these
molecules in solution are limited to a few publications [54, 57, 58]. The main findings of this research will be
reviewed in the following sections.

Photophysical properties
UV-Vis absorption

The electronic absorption characteristics of gadusol extracted from marine fish roes were examined in dif-
ferent solvents. In water solution, the maximum shifts reversibly from 268 nm to 296 nm and the intensity
increases on going from acidic to neutral pH [57]. Previous publications by Grant et al. [50] and by Bandara-
nayake et al. [51] report respectively the values 269 (12400 M cm™) and 264 nm (12 900 M' cm™) for the peak
wavelength and maximal molar absorption coefficient, ¢ _, of the band in the acidic medium. For the absorp-
tion band at higher pH the informed values for ¢ _ range from 21 800 to 22 750 M cm™ [11, 50, 51].

The effect of the pH on the absorption spectrum of the metabolite has been ascribed to the deprotonation
of the enol form of the molecule (gadusol) to give the resonance-stabilized enolate (gadusolate) as depicted
in Fig. 4 [11, 50, 57].

The solvent effect was evaluated for the enolic species in acetonitrile-water mixtures, various alcohols,
1,4-dioxane, and organic acids. A tendency to bathochromic shifts was observed for the absorption maxima
with increasing polarity of the solvent, pointing to a relative stabilization of the excited state which sug-
gests its m—n* nature. The results are consistent with specific interactions involving hydrogen bonds between
gadusol and the solvent molecules. Correlation of the data according to the Kamlet-Taft empirical approach
indicates comparable contributions of the hydrogen donor and acceptor characters of such interactions,
probably implying the hydroxylic and ketone groups of gadusol [57].

Radiative and non-radiative deactivations

Steady state fluorescence measurements evidenced no net emission from gadusol in acid water by excitation
at 268 nm or from gadusolate under neutral pH by excitation at 296 nm [57].

Non-radiative relaxation pathways were quantified for gadusolate, the physiologically relevant species,
in aqueous phosphate solution by photoacoustic calorimetry. The photoacoustic signals for gadusolate with
laser excitation at 266 nm matched exactly those from the calorimetric reference; potassium dichromate dis-
solved in the same medium, no matter the temperature of the experiment (298 K or 283 K). This indicated that
excited gadusolate promptly releases the complete amount of absorbed UV energy as heat to the surroundings.

No transient absorption was detected by direct laser flash photolysis of gadusolate at 266 nm that could
be attributed to T-T transitions [57]. The result contrasts the production of stabilized triplets reported for
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Fig. 4: Gadusol-gadusolate equilibrium.
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B-carbon substituted o,B-unsaturated ketones [59]. However, in the case of gadusolate, the formation of long
lived triplets is probably avoided under the competition with the extremely rapid internal conversion involv-
ing allowed ®© — m* transitions.

Photochemical properties
Photostability

The photostability of both forms of gadusol in aqueous solution was assessed by monochromatic steady
irradiation and chemical actinometry with phenylglyoxylic acid. The photodecomposition quantum yields
amounted ®, = 3.6 x 10~ for gadusol at 254 nm and @, = 1.4 x 10~ for gadusolate at 303 nm. No significant
effect was found for the presence of oxygen on these yields [57]. Both values denote a high photostability,
although the photodecomposition yield for the neutral form of gadusol is two orders of magnitude larger.
Thus, the most photostable species from both is the anionic form, gadusolate, which dominates the acid base
equilibrium under physiological pH. Moreover, gadusolate photodecomposition quantum yield compares
better than gadusol’s with the values for MAAs in solution [28, 31, 35]. This result accounts for the favorable
conditions supporting a UV-screening role of the metabolite, particularly relevant in prebiotic environments.

Photosensitized processes

A series of laser flash photolysis studies on gadusolate in the presence of efficient triplet sensitizers were
carried out in polar media and anoxic conditions by Arbeloa et al. [57]. The studies confirmed the ability
of the natural molecule to react as a reductive quencher. The transient spectra obtained for experiments
in methanol with excitation at 355 nm and benzophenone or acridine as sensitizers are consistent with the
occurrence of electron transfer processes. In fact, the spectral features of benzophenone ion radical, and a
neutral “C” radical from acridine were respectively evidenced in these studies.

On the other hand, RB was used as triplet donor in water solution with laser excitation at 532 nm. The
kinetic analysis of the transient bands clearly showed the decrease of the absorbance of RB triplet state at
590 nm and the concomitant enhancement of the signal at 410 nm due to the semireduced form of the sen-
sitizer. The time constant of the decay of triplet RB as a function of gadusolate concentration followed the
Stern-Volmer dependence with a quenching rate constant kq =2 x 108 M s7, thus below the diffusion limit
in water. However, the presence of gadusolate at concentrations as large as 2.3 x 10 M did not affect the
transient absorption spectrum of anthracene in methanol obtained by excitation at 355 nm. These findings
were rationalized in terms of the following one electron transfer from gadusolate (Gad") to the triplet state
sensitizer (*Sens) yielding the sensitizer radical anion (Sens*), and the neutral gadusol radical (Gad"*):

Gad™ + °Sens — Sens” +Gad® 6]

An energetic analysis of reaction (1) requires taking into account the reduction potentials of the sensitizer and
of gadusol, and the triplet energy of the sensitizer. On this basis, a less favourable thermodynamic balance
explains the lack of reaction with anthracene triplets and predicts the feasibility of gadusol to quench natural
sensitizers such as riboflavin. Thus, the reductive quenching reactivity of gadusol may be considered as one of
the potential contributions to the antioxidant mechanisms involving the metabolite in biological environments.

Theoretical calculations

In spite of the enormous work accumulated about the location, biosynthesis and biological role of MAAs
and related compounds as gadusol, very few reports on the chemical properties of these species obtained



988 —— R.Llosantos etal.: Photochemistry and photophysics of MAAs and gadusols DE GRUYTER

by theoretical calculations have appeared. In fact, most of them are related with the determination of the
chemical structures as a complement to the experimental techniques. For instance, the stereochemistry
of porphyra-334 was explored by NMR using both experiments and theoretical calculations under the
framework of the density functional theory (DFT) using the functional B3LYP and the standard 6-31G(d)
basis set [26]. As the right stereochemical assignment could not be achieved by attending exclusively
at the experimental data, theoretical NMR signals for up to nine different tentative structures for por-
phyra-334 were computed. A good agreement between the experimental and computational NMR data
was found.

The structures of palythine, palythinol and asterine were also studied by high-resolution accurate-mass
sequential mass spectrometry and theoretical calculations [60]. A similar level of theory was used (B3LYP
functional together with the 6-31G + (d,p) basis set). All the calculations were performed in the gas phase.
This may not be representative of the real structures in water solution, although this situation is closer to the
experimental conditions used for the mass spectrometry. The combined experimental and computational
study allowed for the explanation of the fragmentation pattern found for the different MAAs together with the
proposal of molecular fragments previously unassigned. However, the information relative to the protonation
sites available in the molecules should be taken with extreme caution as the real situation in water may be
completely different. In a subsequent study, shinorine and porphyra-334 were analyzed following a similar
methodology in negative ion mode [61].

The photochemistry of palythine [62] has been also subject of detailed theoretical calculations using the
high-level CASPT2//CASSCF strategy [63] with an active space of 10 electrons in 7 orbitals, 6-31G* as the basis
set and using the polarizable continuum medium (PCM) in order to include the solvent effects. First, the exact
structure of the MAA in aqueous solution was explored. In physiological conditions both the neutral and
protonated forms may be present (Fig. 5).

The computed UV spectra for both compounds show that the protonated form must be the major species
in neutral aqueous solutions. Further exploration of the minimum energy paths (MEPs) describing the relaxa-
tion from the Franck—Condon region to the ground state recovery for both species proved the ultrafast deac-
tivation of the excited state. Upon light absorption to S, in the neutral form or S, in the protonated palythine,
easy and fast (barrierless) relaxation in the excited states potential energy surfaces allows for the recovery
of the starting material. Thus, the light energy absorbed by the molecule is very efficiently dissipated as heat
into the environment. This was the first direct proof of the effective photoprotective capabilities of MAAs
(Fig. 6).

Also relevant for the photoprotective capabilities of MAAs in general and specifically for palythine is the
fate of the molecule upon ground state recovery. Beyond the strong absorption in the relevant regions of the
UV spectrum, the photostability is a key feature of an ideal photoprotective compound. This property has
been invoked repeatedly for MAAs as continuous irradiation of these compounds usually does not imply a
significant degree of decomposition (see above). The photostability of palythine was also explored using the
same methodology. The computational data allowed for an explanation of this issue. Upon light absorption
and relaxation in the excited state potential energy surface, a region is reached in which the energies of at
least two potential energy surfaces are similar. This is known as conical intersection (CI) point and it is topo-
logically defined as the geometry in which two potential energy surfaces have the same energy. From the CI
point, population of the state of lowest energy is allowed and very fast. Thus, the ground state recovery takes
place at CI points in which the excited state and the ground state have the same energy. The photoproduct

NH NH
o .
@
HO Ho 'ﬂ" HO 1o '\E
COH COH

Fig. 5: Molecular structures for neutral (left) and protonated (right) palythine.
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Fig. 6: Critical points along the potential energy surface and MEP for the palythine protonated form. Energies in kcal mol™ rela-
tive to ground state minimum. Sampedro, D. Phys. Chem. Chem. Phys. 2011, 13, 5584. Reproduced by permission of the PCCP
Owner Societies.

formation depends, among other factors, on the geometry of these CI points. For palythine, it was found that
after the CI point is reached, two different possibilities arise (Fig. 7). On one hand, the starting material can be
recovered unchanged. On the other hand, a conformer only slightly (+1.5 kcal mol™) more unstable is formed.
This conformer will produce the more stable isomer once the equilibration in the ground state takes place.
Thus, in both cases, the final photoproduct formation implies the recovery of the starting material in agree-
ment with the experimentally determined photostability. These results, beyond the mechanistic explanation
of the experimental observations, allow for the generalization of the relevant features required to generate
an effective photoprotector.

A similar study has been recently published on the photochemistry of gadusol [58]. The CASPT2//CASSCF
methodology with an active space of 16 electron in 12 orbitals allowed for the detailed theoretical analysis of
the photochemistry of this molecule. In this work, PCM was used to model the solvent and the influence of
the basis set was checked with the 6-31G* and ANO-L-VDZ basis sets. The experimental photophysical features

2
B
2 o B @ ‘e ‘JP -D"“.J
©3933% (umm 4% yumd) S339°¢
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° "6 | Ground state e
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Fig.7: S /S, conical intersection geometry and conformers obtained after ground state relaxation for the palythine neutral
form. Sampedro, D. Phys. Chem. Chem. Phys. 2011, 13, 5584. Reproduced by permission of the PCCP Owner Societies.



990 —— R.Llosantos et al.: Photochemistry and photophysics of MAAs and gadusols DE GRUYTER

found for gadusol in different solvents and pH values could be computationally explained. Thus, the batho-
chromic shift was observed as the polarity of the solvent increases and the major species in solution was
determined as function of the pH: gadusol in acidic solution and gadusolate in neutral solutions. Also, differ-
ent deprotonation sites were considered (Fig. 8).

The theoretical results show that both gadusolate and gadusol rapidly deactivate and dissipate light
energy as heat very efficiently. This effect is especially relevant for gadusolate as it features a stronger absorp-
tion band. In addition, no intermediates were found along the different computed reaction paths. This is in
agreement with the lack of fluorescence experimentally found. As it happens with palythine, the starting
material is mainly recovered after irradiation, according to the low decomposition quantum yields observed.
In turn, this implies that these molecules present a very high photostability.

The geometries of the CI points of palythine and gadusol show some similar features in agreement with
the comparable role that these compounds play in different organisms (Fig. 9).

In the case of palythine (Fig. 9, left), the S /S CI features a main deformation corresponding with an
out-of-plane movement of the imine moiety. At the same time, the adjacent carbon atoms approach to each
other and the alkene moiety remains almost planar. Subsequent relaxation on the ground space following the
directions of the vectors of the branching space recovers the starting material.

For gadusol (Fig. 9, right), the main molecular distortions are also the breakage of the & system and the
out-of-plane movement of the oxygen atoms in the carbonyl and alcohol groups of the chromophore. Then,
deactivation in the ground state recovers also the initial structure.

Thus, high-level theoretical calculations show that the photoprotective mechanisms found for gadusol
and MAAs are very similar. This is an indirect proof of the working hypothesis that suggests the relationship
between gadusol and MAAs in terms of metabolic routes. Even more, these two types of compounds have
been proposed to be different steps in the evolution of natural photoprotective compounds [8].

5 © o

o) N HO N

)

HO Ho OH " HO"ho ©
A B

Fig. 8: Computed anionic species for gadusol.

Fig. 9: Computed conical intersection points for palythine (left) and gadusol (right).
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Design of new sunscreens

As shown in the previous sections, MAAs meet most of the required characteristics for an ideal sunscreen.
However, all the described studies on these compounds were carried out on samples extracted from
natural sources. While significant amounts of MAAs occur in various types of organisms, these natural
sources present many disadvantages that restrain their practical applications. For instance, MAAs are
relatively unstable once they have been extracted from the organism and, more importantly, only very
small quantities can be obtained from natural sources. The instability is due to a dehydration process
which involves the hydrolysis of the amine in C-3 and the elimination of hydroxyl group in C-5 position
[33, 64]. These reactions destroy the chromophore and prevent any further use of the resulting products
as photoprotectors.

To try to solve these drawbacks, several synthetic efforts have been done to obtain MAAs through a syn-
thetic pathway. Unfortunately, many of them did not lead to any favorable results.

Only two examples of a total synthesis for MAAs have appeared in the literature [65, 66]. In both, the syn-
thesis of MAAs was carried out by using quinic acid as the starting material. The synthetic pathway is quite
similar in both cases, involving a common part with minor modifications in the route. A schematic pathway
for mycosporine-glycine is shown in Fig. 10.

As seen, this synthetic route involves about 15 steps with a very small total yield, about 1 % with respect
to the initial quinic acid. These two factors make this pathway unpractical to obtain large amounts of MAA
and inhibit any attempt to use those compounds in commercial applications.

O 1.NaBH, +°

HQ, co.H HO, 2. Me,C(MeO), ©O.,
@ _PhCHO _ p-TsOH
. T81% % g
HO' oH R TSOH :

OH PhOCO
Ph

1.CHoN, (99%) O,
2. DIBALH (62 %)

OH PhO,S OCOPh
(0]
1. PCC
2. NaN3, | 59 9
LiCl (cat)

HO
1. MeO,CCHO HO,,
PPh3 2. NaBH3CN g
— &
94%  PhgP© 5
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O\
O
HO/\_@:NH
HO k

CO.H
mycosporine-glycine

Fig.10: Scheme of direct synthetic pathway described in 1995 [66].
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On the other hand, the relevant photochemical properties of MAAs seem to be restricted to a very specific
central core. Thus, a structural simplification while keeping the important features may be reasonable. In this
sense, some attempts in the field of aminocyclohexenone-MAAs have been reported. One of these simplifica-
tions is shown in Fig. 11.

The first attempt described to prepare a synthetic simplified MAA was reported by Dunlap et al. in [67].
They proposed the structural simplification shown in Fig. 11 and studied the effect of different substituents
in some positions. This was carried out in three consecutive generations of compounds in which different
structural modifications were included.

For the first generation, a new synthetic method was proposed. It was based in the high-pressure hydro-
genation of pyrogallol over a Raney nickel catalyst to give dihydro-pyrogallol [68], which is then converted
to 3-hydroxy-2-methoxycyclohex-2-enone [69]. The treatment with primary amines yields by condensation
3-alkylamino-2-methoxycyclohexen-2-enones with good yields. The synthetic route shown in Fig. 12 affords
for the preparation of compounds structurally similar to mycosporine-glycine. Also this pathway is reported
in a previous Dunlap patent [70] which includes the synthesis of five-member ring analogues.

The study of the light absorption properties reveals that these derivatives have UV absorption maximums
in the range of 309-312 nm for monosubstituted amines and 318-322 nm in the case of secondary amines.
However, these disubstituted aminoderivatives are not useful in practical applications due to their high insta-
bility, as they are prone to hydrolysis and oxidative decomposition [71].

The influence of the C-2 substituent in the electronic behavior of the chromophore was also subject to explo-
ration (Fig. 13). Removal of the 2-methoxy group gave enaminoketones with absorbance maximum at shorter
wavelengths, in the range of 290296 nm. In the case of alkyl C-2 substitution a small red shift of ca. 5 nm can

OMe ﬁ iOMe
HO
HO hi;“ EH
COH

natural .
Mycosporine-glycine Synthetic analogue

Fig. 11: Strategy for the design of simplified structures.
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Fig. 12: Schematic synthesis from pyrogallol.
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Fig. 13: Substituent effect in second and third generation of MAA analogues.
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be achieved. Condensation products of 2-methyl analogues with secondary amines yielded absorption at longer
wavelengths (298-304 nm). These structural modifications are under patent protection [72, 73].

The third generation of MAA analogues reported by Dunlap implied the modification of the six membered
ring (Fig. 13). This modification prevents the hydrolytic cleavage of the enaminone, but in contrast the oxida-
tive decomposition of the tetrahydropyridine ring can be relevant. This oxidation may be related with radical
processes at the a-carbons and can be further limited by removal of the alkyl substituents at the 2-position
in the tetrahydropyridine ring. Thus, the presence of gem-dimethyl groups is needed. These methyl groups
block the radical processes responsible of the oxidation and restrict the rotation of the alkanoyl group, which
in turn induces a bathochromic shift. The steric hindrance and subsequent structure rigidity increases delo-
calization of the chromophore and extends the absorption band to 307-311 nm. This third generation of com-
pounds is also protected under patent [73].

Other different synthetic strategies and compounds are also under patent protection. In one of them, dif-
ferent aminocyclohexenones are proposed as drugs against oxidative stress [74].

In a recent and very relevant patent [75], the use of natural MAAs in cosmetical preparations is claimed.
This implies the incorporation of natural MAAs in commercial applications. Although a synthetic methodol-
ogy is suggested, only the retrosynthesis is provided, with no specific details of the preparation. The retrosyn-
thesis consists of seven or eight steps with only indicative reaction conditions (Fig. 14).

The first retrosynthetic step may be carried out by dihydroxylation of the previous compound 2 with OsO, or
sodium hypochlorite followed by hydrolysis. 2 may be done by treatment with a primary amine of compounds
3 or 4. 4 is an intermediate that may be obtained by reaction of 3 with a chlorinating agent like Vilsmeier’s
reagent. Compound 3 could be achieved by condensation of 5 with a primary amine. 5 may be prepared by
methylation of 6, which may be obtained by reaction of 7 with an aqueous solution of cupric chloride. Finally,
compound 7 may be done by sequentially silylation, Birch reduction and protodesilylation reactions from 8.

However, no examples of total synthesis of imino-mycosporines have been reported yet. To date, only the
synthesis of aminocyclohexenones has been described and no examples of aminocyclohexenimines substituted
in C-2 with any group different than hydrogen have appeared. This fact was already noted by Nguyen et al. in [21].

In contrast, some examples of aminocyclohexenimines non-substituted in C-2 can be found in the litera-
ture. Vinamidinium salts can be prepared by treatment of 1,3-cyclohexanedione with two equivalents of an
aromatic amine in the presence of p-toluensulfonic acid [76]. Also, aminocyclohexenones can be treated by
an alkylating agent to yield 3-alkoxy-2-cyclohexen-l-ylidene salts which subsequently reacts with amines to
give the vinamidinium salts (Fig. 15) [77].
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Fig. 14: Retrosynthesis proposed in the W00239974A1 patent.
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Fig. 15: Synthesis of rigid core vinamidinium salts.
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These compounds are proposed to be photostable due to the similarity between iminoderivatives and
MAAs but no detailed information was reported.

Conclusions

The location, synthesis and potential roles of MAAs and related compounds in biological systems have been
intensively researched since their discovery. However, some key features of these species are still on debate.
For instance, various evolutionary aspects linking MAAs and gadusols or the biosynthesis of these com-
pounds in different organisms are not yet completely understood. Nonetheless, much effort remains to be
done to unveil the chemistry of these metabolites. Both as antioxidants and photoprotective species, MAAs
and gadusols have shown an impressive potential in living organisms. A detailed investigation of the chemi-
cal aspects at the molecular level behind these features could provide not only much insight into the bio-
logical relevance of these compounds, but it also could be useful for the development of new compounds
with improved performance. The exceptional properties of MAAs as sunscreens in living organisms could be
translated to a new generation of commercial applications for human health care. The protection against the
damaging effects of solar UV light is becoming more and more important as the figures for solar exposure
skin cancers are steadily increasing. However, before this could be achieved, much work must be carried out
in many different areas. A careful screening of relevant living organisms will lead most probably to the dis-
covery of new examples of MAAs and gadusols, and even other types of related metabolites. The photochemi-
cal and photophysical studies of these compounds should be generalized in order to obtain a deeper insight
into the general mechanism of photoprotection. Finally, the efficient, versatile and easy synthesis of MAAs
analogues will facilitate the use of some of these compounds in commercial applications.
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