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Regarding dinoflagellates, the mechanisms related to the bioluminescent phenomenon have been well studied; however,
at present, some points that remain unknown still persist. That is the case of luciferin biosynthesis, which has been
reported to be an intricate process with several metabolic pathways involved. In the context of this controversial scenario,
various hypotheses about the biosynthesis of luciferin in dinoflagellates are presented.
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| 1. Introduction

Although in a strict sense the mechanism is not equal in all bioluminescent organisms, the majority of them present the
same basic chemical reaction. In this, the enzyme luciferase reacts with luciferin in the presence of O,, originating an
oxyluciferin that release photons while decaying from a high to low energy state [Ll. The genes and cellular mechanisms
related with bioluminescence in dinoflagellates are unique and has been well-studied. The bioluminescent event occurs
inside special organelles called scintillons, which contain the luciferase enzyme, the substrate luciferin, and in most of
species a luciferin-binding protein. The role of this protein is to protect luciferin from oxidation by binding to it at
physiological pH EEI4IEISE (Figure 1).

An important fact that remains an enigma today concerns about the process related to the luciferin biosynthesis
mechanism. In the case of Pyrocystis lunula, unlike other bioluminescent dinoflagellates, the levels of luciferin and
luciferase are constant during the all circadian cycle ¥, thus, in this species, the rhythm is related with modifications of
their intracellular localization and reutilization, instead of daily de novo biosynthesis of all the components. The process of
daily de novo biosynthesis and destruction mechanism has been reported in the case of other species such as
Lingulodinium polyedra D8, Based on the current evidence, it has been hypothesized that luciferin can be biosynthesized
by different ways, and it is considered to be “universal” in dinoflagellates, since luciferin from any bioluminescent species
of dinoflagellates can be used as a substrate to produce light [&. Dinoflagellate luciferin was suggested to be a photo-
oxidation degradation product of chlorophyll a 2%; nevertheless, this would not be the case in all species. For example, L.
polyedra produce luciferin only during the dark period, that is to say when photo-oxidation is impossible €. Moreover, the
heterotrophic species Protoperidinium crassipes can retain its bioluminescence for up to one year without foods carrying
luciferin or chlorophyll 4, and thus, it can be pointed out that it produces luciferin generated from another precursor. In
view of this scenario, it is clear that there is more than one mechanism responsible for luciferin production S,
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Figure 1. Bioluminescence reaction in dinoflagellates [£.

| 2. Luciferin

The structure of the molecule of dinoflagellate luciferin is a tetrapyrrole-type (Figure 2), comparable to chlorophyll a, and
krill luciferin (Euphasia superba) 2213l This molecule is highly labile to oxidation (included photo-oxidation), low pH, and
at high salt concentration 24, It has been reported that P. lunula produce more luciferin than any other bioluminescent
dinoflagellate 3], even one hundred times more than L. polyedra M2l which is why it has been established as a model
organism for the study of this molecule. Moreover, luciferin from P. lunula can cross-react with the luciferases of several
species of bioluminescent dinoflagellates. Interestingly, it can actually cross-react with the bioluminescent system of
euphausiid shrimp E. superba 2151119
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Figure 2. A) Structure of the dinoflagellate luciferin; B) Structure of the chlorophyll a.

Regarding P. lunula, it was hypothesized that luciferin is a photo-oxidation breakdown product of the chlorophyll a 19,
Based on this hypothesis, Liu and Hastings 28 proposed that dinoflagellate heterotrophic species can take the luciferin
through food, straightly or by degradation of chlorophyll of the preys. Additionally, Buskey et al. 2 carry out studies on
heterotrophic dinoflagellates to define the effects of light (photoinhibition) and starvation on their bioluminescence. The
bioluminescence of Noctiluca scintillans was not restricted by exposure to light, nor was there any detectable diel pattern



of stimulable bioluminescence. N. scintillans fed with a mixture of phytoplankton foods, slightly enhanced in
bioluminescence capacity over a two weeks’ period, whereas cells that were kept without food exhibit a continual
decrease in bioluminescence. Furthermore, it was found that all bioluminescent species of Protoperidinium have their
mechanically stimulable bioluminescence inhibited by the exposure to light. The recovery of bioluminescence of P.
covergens was complete within thirty minutes of transfer to dark and complete photo-inhibition take place ten minutes
after exposition to light. Apparently, there’s not a mechanically stimulable diel pattern of bioluminescence in P. divergens.
On the other hand, P. depressum maintained for three days without food, display a decrease in the bioluminescence
capacity; however, the same species maintained under different food concentrations for 48 h did not manifest variance in
its bioluminescent potential 4. Therefore, the suggestion that luciferin is produced from photo-oxidized chlorophyll 19
would only be true for some species, like P. lunula, which keeps its luciferin during all the daily cycle. In contrast, L.
polyedra only produces fluorescent luciferin during the beginning of the night &, so, its biosynthesis cannot be explicated
by a photo-oxidation process. Additionally, the heterotrophic species P. crassipes can preserve its bioluminescence for an
extremely long period of time, even one year, without chlorophyll or luciferin containing food X4 and, thus, must
biosynthesized luciferin using another precursor. Moreover, Wu et al. 18 have confirmed the intracellular production of
luciferin in P. lunula using amino acid tracers. Thus, it is probably that more than one mechanism is related to the
biosynthesis of luciferin EIE[19][20]

On the other hand, Fresneau and Arrio 22 maintain that bioluminescence in P. lunula is ruled by the reduction state of the
luciferin precursor. The precursor of luciferin in this case would be the compound P630 (named in this way by his
maximum excitation wavelength: 630 nm). Moreover, it was demonstrated that P630 and luciferin have the same peptide
moiety. P630 is a chromo-peptide more stable than luciferin. P630 is made up by a polypeptide of 4.8 kDa, and a linear
tetrapyrrole (600 Da). Cations could oxidize P630 or cleave the bond between the peptide chain and the extended
tetrapyrrole. Reduction of P630 could be achieved enzymatically by a NAD(P)H-dependent oxidoreductase, or chemically
by 2-mercaptoethanol or dithiothreitol. The state of reduction lead to a pH-dependent conformational change in the
chromo-peptide. Furthermore, reduced P630 shows the same spectral features as the luciferin. Additionally, luciferase is
able to oxidize the reduced P630 producing light emission. Interestingly, luciferin (at -20 °C on methanol), is partly and
spontaneously transform into P630. These observations suggest that interconversion P630-luciferin could represent the
oxide-reduction equilibrium 29 These data pointed out that reduced P630 is a luciferin, and, therefore, the precursor of
luciferin will be the P630 oxidized form 21, According to these authors 29 the bioluminescent event is the result of an
intricate mechanism ruled by two sequential reactions (Figure 3). The first is represented by the reduction of the luciferin
precursor P630 mediated by a NAD(P)H-dependent reductase 21: being the second the classical and previous described
luciferase-luciferin reaction (Figure 1). As P630 could be reversibly reduced, it seems to be an important interchange point
of reducing power that imply a novel electron transfer pathway. According to Fresneau and Arrio 29, the electron transfer
mechanism that regulates the oxide-reduction balance of P630 should be considered as the source of luminescence.
Moreover, it has been reported that P630 seems to be related with others intricate light-modulated reactions 22,
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Figure 3. Light emission process in dinoflagellates proposed by Fresneau et al. [211, and modified by Fajardo et al. [,

Interestingly, Nakamura et al. 12 also noted the presence of a peculiar product with a deep blue color during the isolation
and purification process of dinoflagellate luciferin. This substance, called in this case blue compound, was isolated and
purified. In contrast with the luciferin, Nakamura et al. 12 points out that blue air-oxidation product revealed its UV-visible
absorption maxima at 633 and 590 (shoulder) nm, indicating the existence of a chromophore more conjugated. The UV-
visible spectrum reported in this case for the blue compound was the following: (80% methanol containing 0.1% NH40Ac)
234, 254, 315, 370, 410, 590 (shoulder), and 633 nm; and the FAB mass spectrum was (glycerol) m/z 587 [(M - 2Na + 3H)
+], 609 [(M - Na + H)"], and 631 [(M + H)']. These data are in line with the observations made by Fresneau et al. 21 in



relationship with P630: maxima absorption of P630 (oxidized) 630-370-315-250 nm; P630 (reduced) 390 nm; P630
maximum fluorescence excitation 630 nm. According with this information, Fajardo et al. [ suggested that precursor P630
or blue compound, and luciferin are different stages of the same molecule.

According with Fresneau and Arrio 2%, dinoflagellate bioluminescence could be considered as a metabolic process
related with the control of excess intracellular reducing power generated by photosynthesis and respiration. This
hypothesis is in line with the discovery of a specific chloro-respiration system reported by Bennoun 22, and with other
reports made in cyanobacteria (23] of an alternative respiration system linked to photosynthetic thylakoid membranes [24],

Recently, Wang and Liu 23 proposed an alternative mechanism of dinoflagellate luciferase catalysis linked to a Dexter
energy transfer system. These author hypothesized that an excited state oxyluciferin intermediate produced by the
luciferase catalysis could transfer energy to another molecule of luciferin, or an analog, which, by relaxing with the
radiative emission of light, would then serve as the bioluminophore. However, Ngo and Mansoorabadi (22 suggested that
an excited state intermediate produced by the reaction between luciferin and oxygen, an excited state gem-diol(ate)
intermediate, can serve directly as luminophore. These authors point out that a gem-diol(ate) intermediate as the
bioluminophore, and also suggest that if the luciferase catalytic process starts with the more stable E-isomer of luciferin,
the mechanism presumably involve a Chemically Initiated Electron-Exchange Luminescence (CIEEL) system. As in the
case of fireflies, this system has been mention to explain other bioluminescent reactions 2827281 On the other hand, if
luciferin has the Z-configuration, these authors suggest that a twisted excited state gem-diol(ate) intermediate could serve
as the bioluminophore, and if this were the case, the luciferase would catalyze a Twisted Intramolecular Charge Transfer
(TICT) reaction. TICT states have been linked to diverse photochemical reactions but until recently had not been related
to any bioluminescent system 251291 According with Fajardo et al. [, the blue compound-P630 molecule could be related
with this gem-diol(ate) intermediate. However, this is a hypothesis that needs more investigation.

On the other hand, as stated above, dinoflagellate luciferin is structurally very similar to chlorophyll a 29, and in fact the
relationship between their biosynthesis has been demonstrated 18!, Janouskovec et al. B9 suggest that, from a metabolic
point of view, all free-living dinoflagellates are dependent on plastids. Therefore, plastid tetrapyrrole biosynthesis would
explain the existence of luciferin in non-pigmented dinoflagellates. Janouskovec et al. B also suggest that a single
tetrapyrrole pathway, of a predominantly plastid origin that begins from glutamate, is present in all core dinoflagellates.
This is a typical characteristic of eukaryotic plastids B, Non-photosynthetic species such Noctiluca, Dinophysis, and
Oxyrrhis, also present membrane translocators genes for triose phosphate, ferredoxin redox, and plastid iron—sulfur
systems B9 The conserved presence of signal peptides and N-terminal extensions are related to a plastid origin.
According to these authors, the plastid tetrapyrrole pathway is indispensable for heme biosynthesis in all core
dinoflagellates, and thus, independently of the presence of photosynthesis, could be related to the luciferin production in
any bioluminescent dinoflagellate. This would explain the biosynthesis of luciferin produced from an earlier intermediate of
the chlorophyll biosynthesis pathway, from a chlorine-like tetrapyrrole or chlorophyllide. These finding reinforces the
hypothesis that non-photosynthetic bioluminescent dinoflagellates rely on a biosynthetic pathway derivative from heme
and chlorophyll production B9,

According to Martin et al. B2 the first ecosystems on earth, fueled by geological H, for CO, fixation, were chemotrophic.
Those demanded flavin-based electron bifurcations to reduce ferredoxin, and probably the ancestral photochemically
active pigments were Zn-tetrapyrroles. These authors hypothesized that after the transition of red-absorbing chlorophyll-
like pigments, the original system of action was linked to a light-driven electron transport chain that reduced ferredoxin by
a reaction center progenitor through H,S and electrons. Martin et al. 32 also suggested that photosynthesis eventually
emerge in an ancestral anoxygenic cyanobacterial progenitor, being the chlorophyll a, the original configuration 2.
Furthermore, the biosynthesis of chlorophyll a and heme, as well as the bilin pigments produced from it, presents common
steps that require oxygen for catalysis, and need to be carried out by the oxygen-dependent coproporphyrinogen IlI
oxidase 23!,

| 3. Glutathione S-Transferase

In P. lunula, the antioxidant enzyme glutathione S-transferase (GenBank AAN85429.1) B4 shows a pfam05295 domain
(Luciferase_N), which also present a high level of conservation with the sequences reported in the case of luciferase and
luciferin-binding protein. Moreover, it was hypothesized the exon recombination as a possible explanation for this
homology 4. Nevertheless, the function of this N-terminal domain on P. junula glutathione S-transferase remains
undetermined B4, Additionally, a glutathione S-transferase -N-Sigma-like domain, belonging to the thioredoxin-like
superfamily, is also reported. Functioning as protein disulfide oxidoreductases, the members of this group can modify the



redox state of target proteins by the reversible oxidation of their dithiol active site. The thiol of the cysteine, in the reduced

state, can donate a reduction equivalent to other unstable molecules B4 and highly reactive oxygen species like luciferin
[9]

Glutathione S-transferases include a vast family of eukaryotic and prokaryotic isozymes that have the capacity to catalyze
the conjugation of the reduced form of glutathione to xenobiotic substrates for detoxification [B3I38l871  According to
Fajardo et al. @ the glutathione S-transferase would be the NAD(P)H-dependent reductase that rules the state of
reduction of P630 (Figure 3). The domain pfam05295 (Luciferase_N) is a common feature between glutathione S-
transferase, luciferin-binding protein, and luciferase in P. lunula; nevertheless, the glutathione S-transferase sequence has
not been reported in other Gonyaulacales. Studies centered on the NADPH-dependent detoxification point out that
eukaryotic cells use diverse mechanisms to manage with the negative effects produced by reactive carbonyls. The
glutathione S-transferases pathways, which are involved with the glutathione or thioredoxin redox cycle, conjugates
aldehydes with glutathione, performing a key role for detoxification 28, Some of the glutathione S-transferase proteins are
localized in the mitochondria and chloroplasts; and because chloroplasts contain large quantities of glutathione, the
glutathione-dependent detoxification system is considered highly efficient B2, Nevertheless, the presence of the domain
pfam05295 (Luciferase_N) in the glutathione S-transferase has only been reported in the case of P. Junula 2449, |f indeed
this protein species is implicated in the mechanism of controlling the oxidative degradation of luciferin, this could explain
the fact that P. lunula contains more luciferin than any other bioluminescent dinoflagellate [41.

At this point, it is very important to note that in the case of the optimization and miniaturization of a high-throughput
homogeneous method using glutathione S-transferases from three different species (human isozymes Al1-1, M1-1, and
P1-1, mouse isozyme A4-4, and the major glutathione S-transferase from the parasitic worm Schistosoma japonicum);
Yasgar et al. [41 have reported a very similar action system (Figure 4) to the one proposed by Fajardo et al. [, in relation
to the possible role of glutathione S-transferase in the process of biosynthesis of luciferin in dinoflagellates (Figure 3). This
method is based on the use of pro-D-luciferin substrate from firefly for the measurement of glutathione S-transferase
activity, configuring a sensitive screening assay via coupled luciferase reaction and standard luminescence detection 42
(431 ynlike the bioluminescent system of dinoflagellates, the system used by fireflies (Photinus pyralis, Luciola italica)
requires ATP and Mg?* as a cofactors of the enzymatic reaction that leads to the luminescent event; a fact that has led to

the development of various biotechnological applications that take advantage over the peculiarities of the bioluminescent
system of this group of organisms 44145][46][47][48][49][501[51[52][53]
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Figure 4. Assay principle reported by Yasgar et al. X for the measurement of glutathione S-transferase (GST) activity.

| 4. Conclusions

The entry of the available information suggests that is possible than more than one mechanism is related with the
biosynthesis of luciferin of dinoflagellate. The link between the biosynthesis of chlorophyll and luciferin has been
demonstrated; and apparently, plastid tetrapyrrole pathway is indispensable in all core dinoflagellates, therefore could be
related to luciferin production in any bioluminescent dinoflagellate, independently of the presence of photosynthesis. For
the model organism used in studies with the dinoflagellate luciferin, the species P. lunula, P630 or blue compound is one
of the precursors of luciferin, and, at least in this species, the glutathione S-transferase protein could be involved in the



biosynthesis process of this molecule. Various electron transfer mechanisms have been linked with the biosynthesis of

dinoflagellate luciferin. These include the Dexter energy transfer, and depending on the luciferin configuration (E or Z), a

CIEEL or TICT system, respectively.
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