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Pterins are low-molecular weight heterocyclic compounds widely distributed in living organisms, primarily as
reduced coenzymes. Structurally, pterins are a conjugated system of pyrazine and pyrimidine rings, the so-called
pteridine, which is accompanied by a carbonyl group (C=0) at the C4 position and an amino group (NH,) at the C2
position. The pteridine structure is also characteristic of folates (folic acid and its derivatives) and flavins, or
benzopteridines, which are derivatives of isoalloxazine. Folates are usually called “conjugated pterins” since they
possess a para-aminobenzoilglutamine residue, whereas pterins are called “unconjugated pterins”. In addition to

pterin, folates include a para-aminobenzoic acid (p-ABA) residue and one to five glutamic acid (Glu) residues.

pteridines photonics photosensitization

| 1. Evidence of Pteridine Participation in Photoreception

Flavins, or benzopteridines, are the nearest “relatives” of unconjugated pterins. Among pteridines, flavins are the
most widespread photosensor molecules primarily because of the flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN) cofactors involved in light, oxygen, and voltage (LOV) blue light sensing using flavins
(BLUF) domains containing photoreceptor proteins. Also, FAD is the main chromophore of the cryptochrome

photolyase family (CPF) proteins.

The common structural features of pteridines and flavins determine the similarity of the electronic structure and
chemical properties of their excited molecules. The photochemical properties of flavins are determined by the
presence of an isoalloxazine (2,4-dioxo-benzo-[g]-pteridine) ring within a developed system of conjugated double
bonds, which allows the formation of stable radicals. In flavins (FMN or FAD), the light absorption band
corresponding to the lower singlet level (S;) of excitation is in the blue region of the spectrum and has a maximum
at 450 nm. The other two bands have an absorption maximum at 260 and 365 nm. The absorption of a photon
increases the energy of the flavin by 265.8 kJ mol™, making it a highly electrophilic excited molecule (FI*). When
an electron passes from a donor molecule to an excited flavin, a free radical (FIH- or FI-hich plays a key role in some flavin
phoy is formed, which plays a key role in some flavin photocycles (for example, the proposed mechanism of the
BLUF domain, see below). The addition of one more electron transforms it into dihydroflavin (FIH, or FIH™). In the
dark, the photoreduced flavin undergoes oxidation, returning to its original state, which is a process that can
proceed in a cyclic mode. The flavin radical can also be formed as a result of the oxidation of the photoexcited

flavin dihydroform; this reaction is the basis for the functioning of DNA photolyases (see below) L2, Additional
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stability of the flavin radical can be imparted by amino acids that surround the flavin in the reaction center of the
protein B4,

The BLUF and LOV domains are minimal modules (about 100-110 a.a.) that are part of various regulatory proteins
capable of perceiving and reacting to blue light B8, The BLUF domain non-covalently binds the FMN or FAD
chromophores. When light is absorbed, photoreceptor proteins with associated chromophores (flavins) undergo
conformational changes that allow them to transmit signals to other proteins. The photocycles of BLUF

photoreceptors are thought to involve PCET.

It is assumed that the photoexcited flavin takes an electron from the tyrosine molecule located in close proximity (at
a distance of the hydrogen bond) in the reaction center, forming the flavin radical, FIH-. Herein, the proton (H*) is
taken from the glutamine (GlIn), which is also in close proximity to the flavin molecule. A redistribution of the H-
bonding network rearranged in the reaction center occurs, which forces Gln to change its spatial orientation (GIn as
an intermediate of a proton relay), which, in turn, leads to conformational changes in the photoreceptor and the
formation of a protein signal form. The mechanisms of further signal transduction to acceptor proteins are not
completely clear. The reverse process of electron transfer to tyrosine (PCET) leads to the restoration of the original

form of the photoreceptor and the closure of the photocycle [BIEIL0][11]

The photocycle of LOV domains begins with the dark state of LOV, in which FMN,, is non-covalently bound to the
protein. As a result of the photocatalytic process, a covalent bond is formed between FMN-C(4a) and conserved

cysteine (LOV3qq form) (Figure 1).
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Figure 1. The blue light-induced formation of a covalent adduct for LOV domains that thermally reverts to the

parental state or can partially be photoreverted with UVA/violet light &,

It is assumed that the excited flavin passes into the triplet state, which leads to the formation of the FMNH:-
H,CS-radical pair. FMNH- and H,CS- rapidly interact with each other and form an adduct. Since a covalent bond is

formed, the time it takes for the reverse process to occur (from several seconds to several hours) depends on
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various factors: temperature, amino acids of the active center and so on. UVA/blue light can also accelerate this
process [,

The cryptochrome photolyase family (CPF) includes: DNA photolyases—enzymes that repair DNA damaged by
UVB (280-320 nm) under the action of near UV and blue light (320-480 nm) [A12138I14] and cryptochromes—
receptor proteins for near UV and blue light. Cryptochromes carry out photoregulation of transcription for various

genes and also participate in circadian rhythms 1211241151 and magnitoreception (181,

The main FAD chromophore is located in the active center of all CPF proteins. In DNA photolyases, flavin in the
active center is in the FADH™ form. In cryptochromes, depending on the type of cryptochrome and the functions it
performs, flavin can be found in almost any form: FADox, FAD-~, FADH-, or FADH™ 1128 FAD is responsible for
substrate binding and basic photoreceptor function. The second chromophore performs the function of a “light-
collecting antenna”, which captures additional light and transfers the excitation energy to FAD 14191,

The antenna molecule absorbs a UV-A/blue light photon (360-450 nm) and transfers the excitation energy by the
Forster dipole-dipole resonance interaction to FADH™, forming a photoexcited *FADH™ molecule 2%, The latter can
also be formed by direct irradiation of FADH™ in the region of the absorption maximum at 360 nm. The excited
FADH™ then donates an electron to the substrate cyclobutane pyrimidine dimers (CPD) or pyrimidine-pyrimidone
(6-4) photoproducts ((6-4)PP) to form FADH-. Furthermore, the electron density is redistributed within the damaged
DNA molecule and the original structure is restored (Figure 2). After that, the electron returns to the flavin,
regenerating the FADH™ form 2. The photorepair quantum yield for CPD photolyases equals 0.7-1 (depending on
the antenna and the efficiency of energy transfer from it to the flavin) and for (6-4) photolyases it is ca. 0.3 due to

the more complex splitting mechanism of (6-4)Pp [2114]21]
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Figure 2. The photocycle of DNA photolyases.

The mechanism of functioning of cryptochromes is not fully understood yet. It is now generally accepted that the
photocycle of cryptochromes involves the photoreduction of the FAD molecule, which is usually in a fully or partially
oxidized state in the dark, to a partially or fully reduced form, which puts the protein into an active signaling state.
Photoreduction can occur due to the transfer of an electron to the photoexcited flavin from the conserved aromatic
amino acids, tryptophan and tyrosine, located in the active center of the photoreceptor. Aspartic acid can serve as
a hydrogen donor 71221 At the same time, conformational changes occur in the protein structure, which are due to
the redistribution of hydrogen bonds or a change in its surface charge. Also, phosphorylation of some amino acids

allows cryptochrome to interact with other proteins with which it could not interact in the ground state 2311241,
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In CPF proteins, in addition to the main FAD chromophore, there are pigments (derivatives of flavins and pterins)

that act as a “light-harvesting antenna” (Figure 3). Five molecules have been described as antennas of CPF 13:

7-desmethyl-8-hydroxy-5- 6,7-dimethyl-8-
dezazariboflavin (8-HDF) Q ribityllumazine (DMRL)

NH

9,10-methenyl-5,6,7,8-tetrahydrofolate (MTHF)

Figure 3. Antenna molecules of CPF proteins.

> 5,10-methenyl-5,6,7,8-tetrahydrofolate (MTHF) acts as an antenna in most eukaryotes and some prokaryotes
[25][26]-

> 7-desmethyl-8-hydroxy-5-deazariboflavin (8-HDF)—in some prokaryotes and protozoa eukaryotes, which have

a biosynthetic pathway for this compound [27;
> FMN or the second FAD can also function as an antenna [28!;

> it has recently been shown that 6,7-dimethyl-8-ribityllumazine can function as an antenna in some prokaryotic
(6-4)-photolyases (Figure 3) [22],
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The antenna chromophore has a higher extinction coefficient and a wider absorption band in the UVA region (¢ 385
nm 25,000 Mt cm™! for MTHF or € 440 nm 40,000 Mt cm™ for 8-HDF) compared with the flavin chromophore
(FADH™ £ 360 nm 5600 M~1 cm™1) 1],

uUntil recently, there was no evidence of unconjugated pterin photochemical activity and its participation in
photoreception. Only in the last few years has it been shown that some pterin compounds are involved in the
reception of UV-B. It is assumed that H,pterins can act as chromophores of some UV photoreceptors BIEL, The
photoreceptors themselves have not yet been isolated and studied, however, it is known that Hycyanopterin (6-[1-
(4-O-methyl-(a-D-glucuronyl)-(1,6)-(B-D-galactosyloxy]a-methyl-5,6,7,8-tetrahydropterin) is responsible for the
phototaxis of cyanobacteria in response to UV radiation. The photoreceptor containing cyanopterin has been
shown to suppress negative phototaxis in response to UV and blue light B2 The pgtA mutants (the pgtA mutant
lacks the pteridine glucosyltransferase enzyme, which is related to the cyanopterin biosynthetic pathway) have the
same positive phototaxis in response to red and green light as in the wild-type Synechocystis sp. PCC 6803.
However, in response to the effect of white light, pgtA mutants are disoriented, cells move in a fan-like manner: in
all directions with a slight positive phototaxis. A similar reaction is observed when exposed to UV and blue light.
Notably, when Synechocystis sp. PCC 6803 is exposed to UV, cyanobacteria remain still, while pgtA mutants

exhibit negative phototaxis 22,

Evidently, H,Bip is also a photoreceptor molecule: the action spectra of UV-B-induced anthocyanin accumulation in
carrot cells indicated that H,Bip is involved in the regulation of anthocyanin synthesis 1. In addition, the UV-B-
induced activity of phenyalanine ammonium lyase (PAL), an enzyme that catalyzes the conversion of
phenylalanine to ammonia and cinnamic acid, was suppressed by N-acetylserotonin (an inhibitor of
tetrahydrobiopterin biosynthesis). The addition of H,Bip or Bip partially restored the UV-B-induced PAL activity in
cells treated with N-acetylserotonin. It was assumed that there is a UV-B photoreceptor different from the UVR8

photoreceptor protein, in which the role of a chromophore is played by tetrahydropterin 11,

Thus, it has been established that Hypterins play the role of chromophores in certain UV-B receptors; however,
these UV-B receptors themselves have not yet been isolated and studied. According to a hypothesis, the DASH
cryptochrome is responsible for UV reception in cyanobacteria B% whereas H,cyanopterin plays the role of a
chromophore along with flavin 22, The action spectrum of Synechocystis sp. PCC 6803 coincides with the action
spectrum of the DASH cryptochrome. The action spectrum has three main peaks: the peaks at 300 nm and 380 nm
correspond to pterins, the peak at 440 nm is characteristic for flavins. The peaks at 380 nm and 440 nm are also
found in the fluorescence excitation spectrum of cryptochrome Ccryl (the DASH cryptochrome of cyanobacteria)
from Synechocystis sp. PCC 6803 31, If this hypothesis is not confirmed, it could be assumed that a new UV

photoreceptor with Hypterin as a chromophore will be discovered in the near future.

As is known, Hypterins do not fluoresce and, therefore, cannot transmit a light signal by means of dipole-dipole
energy transfer according to the Foster mechanism. Hypterins most likely do not form triplet forms and excited

states with a long lifetime B4, It could be assumed that the transmission of the light signal occurs as a change of
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molecular conformation followed by structural changes in the UV-B receptor apoprotein similar to the UVRS, for

example 35,

2. The Role of Pterin Coenzymes in the Photoregulation of
Metabolism

The significance of pterin photochemistry for the metabolism regulation will be assessed using vitiligo pathology as
an example. Vitiligo is a pigmentation disorder, which is expressed in the disappearance of melanin and the
appearance of depigmented skin areas. The etiology of vitiligo is still not known, but, it is believed to be associated
with the metabolic functions of phenylalanine hydroxylase (PAH), an H,Bip-dependent enzyme of the initial stage of
melanogenesis, and tyrosinase (EC 1.14.18.1)) 8187 as well as with photochemical reactions of H,Bip and

oxidized pterins B89, Moreover, it has been shown that pterin can oxidize a-melanocyte-stimulating hormone 49,

One of the most likely causes of vitiligo is a disorder of tyrosine (Tyr) metabolism (Tyr is a precursor of melanin).
During the catalytic oxidation of Phe to Tyr, H,Bip is oxidized to 4a-OH-tetrahydrobiopterin (carbinolamine).
Dehydration of carbinolamine to quinoid dihydrobiopterin (gqH,Bip) is catalyzed by pterin-4a-carbinolamine
dehydratase (PCD) (EC 4.2.1.96). gH,Bip has a strong inhibitory effect on PCD, while 7,8-dihydrobiopterin (H,Bip)
does not. In the absence of PCD, dehydration of carbinolamine proceeds non-enzymatically and leads to the
formation of both H,Bip and 7-Hjbiopterin, or dihydroprimapterin Y. 7-H,Bip, in contrast to 4a-OH-
tetrahydrobiopterin, has an inhibitory effect on PAH 42, Finally, the conversion of qH,Bip to H,Bip occurs with the
participation of dihydropteridine reductase in a NADH-dependent reaction. Thus, the regeneration of H,Bip is
necessary for the metabolism of phenylalanine, since: (1) a constant supply of H,Bip is required for the functioning
of PAH; and (2) the accumulation of metabolites resulting from the non-ezymatic rearrangement of 4a-OH-

tetrahydrobiopterin is unfavorable.

H4Bip directly regulates tyrosinase activity. The H,Bip binding site in tyrosinase has a sequence homologous to the
H,4Bip binding sites in PAH and PCD 4!, Under the low concentrations of Phe, H,Bip inhibits PAH 43, In order to
control tyrosinase activity by H4Bip, the presence of L-tyrosine is required. If L-DOPA acts as a substrate for
tyrosinase, H,Bip has no inhibitory effect on the enzyme. H,Bip and Bip (products of H,Bip oxidation) do not have
a significant inhibitory effect on tyrosinase, which means that the reaction of tyrosine hydroxylation to DOPA is
controlled by the H,Bip/Bip ratio and can be initiated by H,Bip photooxidation 248 |t has been shown that H,Bip
can function as a UV-B switch for de novo melanogenesis, since photoinduced oxidation of H,Bip can “remove” its

inhibitory effect on tyrosinase 47,

It has been established that oxidative stress develops in vitiligo cells 484350 and hydrogen peroxide accumulates
at millimolar concentrations. Under oxidative stress conditions, tyrosinase is activated by low concentrations of
hydrogen peroxide (<0.3 x 10~ M), but is deactivated when the peroxide concentration is in the range of 0.5-5.0 x
10-3 M Bl Under the oxidative stress conditions, the work of PCD can be inhibited by hydrogen peroxide, which
leads to disruption of the H,Bip regeneration cycle [43l. The hypothesis that vitiligo is caused by a violation of the

H4Bip regeneration cycle is one of the most developed and substantiated to date. Peroxide concentrations of less
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than 30 uM increase DHPR activity, but concentrations above 30 pM inactivate DHPR, which occurs through the
oxidation of Met146 and Met151 protein sequences and leads to a disruption of the NADH-dependent active site of
the enzyme 2. PCD inactivation leads to nonenzymatic dehydration of 4a-OH-tetrahydrobiopterin, which proceeds
with the formation of H,Bip and 7-H,biopterin 41, Enzymatic reduction of H,Bip and 7-H,biopterin with the
participation of dihydropteridine reductase (DHPR) proceeds with the formation of 6(R,S)-5,6,7,8-
tetrahydrobiopterin and 7(R,S)-5,6,7,8-tetrahydrobiopterin, accordingly, since DHPR has low stereospecificity 23,
The Michaelis constant for the interaction of (6S)-5,6,7,8-tetrahydro-L-biopterin (6S-H,Bip) and PAH is 2 times
higher than for (6R)-5,6,7,8-tetrahydro-L-biopterin 4; 7(R,S)-5,6,7,8-tetrahydro-L-biopterin (7-H,Bip) inhibits PAH
[55]

GTP-cyclohydrolase | (GTPCH) converts GTP to 7,8-dihydroneopterin-3’-phosphate (Figure 4), which is the
limiting reaction for H,Bip biosynthesis. Inhibition of PAH by the feedback mechanism leads to a three to five-fold
increase in the activity of GTPCH. An increase in GTPCH activity leads to excessive de novo synthesis of
(6R)-5,6,7,8-tetrahydrobiopterin B8I57]. Excessive synthesis of H,Bip, in turn, leads to the complete inhibition of

tyrosinase 44, thus, tyrosine is not formed and, as a result, melanogenesis in epidermal cells stops.
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Figure 4 A simplified scheme of guanosine triphosphate (GTP) transformation to 7,8-dihydroneopterinphosphate, a

precursor of H4Bip 42,

The products of H4Bip oxidation, biopterin, and primapterin, accumulate in the depigmented epidermis cells
(evidently, as a result of nonenzymatic oxidation of H»Bip and H4Bip by molecular oxygen) and exhibit
characteristic fluorescence under ultraviolet irradiation 2852 photolysis of biopterin under aerobic conditions leads
to the formation of additional amounts of peroxide in vitiligo €U |n addition to Bip and primapterin, epidermal
cells accumulate 6-carboxypterin, a product of biopterin oxidation, which also effectively sensitizes the formation of
ROS under UV exposure 621 This circumstance makes H4Bip (H4Bip accumulates in depigmented skin as a result
of excessive de novo synthesis) sensitive to UV radiation and leads to the addition generation of ROS sensitized

by oxidized pterins—A “snowball” effect. The study of the process of photooxidation and photosensitized oxidation
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of H4Bip is significant for understanding the etiology and course of the disease, as well as for developing methods
of vitiligo therapy (2811391461

| 3. Evolutionary Aspects of Pterin Photochemistry

Recently, it has become known that pteridines (pterins and flavins) are chromophores of photoreceptor proteins:
photolyases, cryptochromes and so on. Pteridines can participate in redox processes and, on the other hand,
function as ultraviolet and blue light receptors B3l. In the first instance, such wide functionality can be associated
with their resistance to UV radiation. UV radiation and the blue part of the spectrum of the Sun were the most
important sources of free energy during the period of pre-biological and early biological evolution on Earth. During
this period, those substances that were available from abiogenesis were probably used. It has been shown that
pterins and isoalloxazines (flavins) can be formed upon thermal condensation of abiogenic amino acids [64165[66]
In the period of pre-biological evolution, chromoproteinoids containing pteridines (pterins and flavins) as
chromophores could function as catalysts in dark redox reactions and as photosensitizers in photoinduced
processes. The availability of this group of compounds may indicate their antiquity and possible participation at all

stages of evolution.

The second important evolutionary aspect of pterin photochemistry is the pteridines and the “RNA world” (671681,
The existing set of bases in nucleic acids is the product of evolution and selection. A variety of heterocycles could
participate in the selection. It has been shown that pteridines are sterically suitable and can be inserted into
nucleotide sequences 2. Flavins and pterins could enrich the catalytic and photocatalytic capabilities of primitive
polyribonucleotides lacking redox functions. Under conditions of abiogenesis, pteridines could absorb UV and
function as photocatalysts of free radical processes leading to the synthesis of compounds for further pre-biological
evolution 9. Under non-oxidative conditions of pre-biological and early biological evolution, the structural similarity
of pterins and purines may have allowed pterins to be incorporated into proto-RNA. In the absence of significant
amounts of free oxygen in the atmosphere, Hopterins and Hypterins conjugated into proto-RNA could function as
electron and hydrogen donors in various processes of the complication of carbon compounds on the way to life,

including processes associated with the storage of free energy.

With the oxygenation of the environment and appearance of the ozone layer, the functions of pteridines also
changed. The pyrazine part of the pterin structure became oxidized, and the 1t-electrons of its double bonds began
to significantly affect the electronic configuration and redox properties of pterins. Oxidized pterins are dominated by
the processes of fluorescence, S-T intercombination conversion, as well as the processes of energy transfer to
molecular oxygen with the formation of singlet oxygen, which is dangerous for polyribonucleotides and other
molecules. Herein, the main photoreception of UV energy and its storage as the reaction products have passed to
more specialized chromophores—porphyrins, which possessed hydrophobicity, localization in membranes, and
absorption of light in the visible part of the spectrum. At the same time, pteridines retained their UV chromophoric
functions as a part of photoregulatory proteins. The catalytic redox functions of pteridines also appear to be

conserved throughout the evolution.
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Another evolutionary aspect of pterin photochemistry is the possibility of the participation of Hypterins in the

photoprotection of cyanobacteria during the early stages of biological evolution. Prior to the Great Oxidation Event,

oxygen was absent in the environment, whereas cyanobacteria were among the first living organisms on the Earth

more than 2.4 billion years ago 72 H,pterins are found in high concentrations (at a ratio of 1:1.6 towards

chlorophyll a) in cyanobacterial cells (8], Since Hypterins have high photostability and an ultrashort lifetime of the

excited states along with low ionization potential 4! this makes them an ideal candidate for the role of

photoprotectors and antioxidants.
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