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“Take time to enjoy the offerings of nature,
Make the best of each emerging day,

For life lingers like the delicate butterfly,

It sort of silently flutters away.”

Joseph T. Renaldi

1. Introduction

Wherever we look in nature there are alkaloids. They are ubiquitous, enthralling for their
benefits, spectacular in their structural diversity and biological properties, and some are disarming to
society. Their biosynthesis presents marvelous feats of chemical transformation under notoriously
precise enzymatic control evolved over the eons. They challenge each of our senses in profound ways
through sight (atropine, betalains), through taste (capsaicin and piperine), through smell (cadaverine),
through touch (lyngbyatoxins), and even through sound (dimethyltryptamine). They transform our
bodies through a myriad of healing properties (for cancer, infections, headaches, arrythmia, etc.), and
they produce some highly profound and deleterious biological effects (morphine, ergotamine,
cyclopamine). They alter our minds (psilocin and mescaline) and excite us (adrenaline, caffeine), they
bring us calm and tranquility (reserpine, glaziovine), they relieve us of pain (codeine), and they are
stunningly lethal (aconitine, batrachotoxin). Here, the focus will be on a small group of alkaloids that
stimulate our visual senses and bring us joy, the color principles of insects, and particularly butterfly
wings, as well as the colors of many other organisms. These same metabolites also function on behalf
of the host, for they are critical components of insect vision, as well as other aspects of their lives. As
climate change and habitat loss impacts the range and diversity of the producing organisms, so there is
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urgency to assess the chemical nature and the biological function of these important metabolites. This
review will provide a brief historical perspective of the studies that have led to a partial understanding
of how these alkaloids are formed by their diverse hosts.

2. Ommochromes

There are many color pigments in nature which are classified as alkaloids, the betalains of the
Centrospermae were mentioned, there are also the pterins, the melanins, and the derivatives of heme. In
insects and some other organisms, many colors originate from a group of alkaloid metabolites known as
the ommochromes. Reviews of their detection, chemistry, and biosynthesis, and their widespread
biological implications and ecological and physiological functions are available [1-4]; the latter review
is particularly important for a comprehensive, integrated discussion [4].

The early studies of ommochromes from ommatidia (radial eye elements) were initiated by
Becker in the 1930s [5,6], and further pursued by Butenandt’s group which explored the chemistry and
biogenetic pathway in Drosophila melanogaster, Ephestia kuchniella, Bombyx mori, and Apis mollifera
[1]. After these pioneering investigations, it was many years before studies were resumed by chemical
ecologists examining the ommochromes associated with vision [7-11], their role in developmental
biology and the exquisite patterns of coloring [12], in transcriptomic studies of insects [13-17], their
chemical reactivities [18,19], and in genomic editing [20,21]. Two groups of ommochromes are
recognized based on the structure of their heterocyclic core unit, those with a phenoxazine (1) (the
ommatins) or with a phenthiazine (2) (the ommins) core; almost nothing is known about a third group
of metabolites, the ommidins. One of the most well-studied of these metabolites is the yellow
xanthommatin (3) [4].

In addition to insect ommatidia, ommochromes are found in cephalopod eyes, and many
prostomian integuments [2]. Their colors range from the yellow (Amax 450 nm) of (3), to the red (Amax
495 nm) of dihydroxanthommatin (4), and the purple (Amax 520 nm) of ommin A (5) (Figure 1), whose
structure remains speculative [2,4]. As expected, given the nature of the chromophore, these Amax Values
are both solvent- and pH-dependent. The overall color response may also be affected through
interactions, of a presently uncharacterized nature, with other chromes, such as the pterins and melanins
[8,22-24]. Among several ecological roles, ommochromes are involved in color changes and
camouflage, including crypsis [11,25-27], in mimicry [28-30], and in sexual maturation [31,32]. It has
also been suggested that ommochrome formation is one pathway through which the toxic effects of
tryptophan are ameliorated [2].
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Figure 1. Structures of compounds 1-5
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Studies of eye-color mutants of D. melanogaster contributed significantly to understanding the
fundamentals of gene-enzyme relationships [33] and cellular interactions during development [34].
More recently, studies of ommochromes have led to a greater understanding of how animal color
patterns develop [12,35,36]. As analytical techniques have improved in the past twenty-five years other
sources of ommochromes have been discovered, including crab spiders [37], silkworms [38], dragonflies
[32], and cephalopods [27].

Ommochromes are challenging metabolites to study because of the minute quantities typically
available, and because they are difficult to solubilize, they also tend to aggregate, and readily undergo
both reversible and non-reversible transformations requiring rapid processing [2,3,39]. Extraction
techniques (e.g., acidic methanol) conducted in the air and at room temperature can induce degradation
in the ommochromes [2,4,31], especially resulting in decarboxylation of the pyridine ring [18,19].
Recent applications of HPLC [26,37] and mass spectrometric data have aided significantly in delineating
the authentic metabolites in extracts, as distinct from processing artefacts [27,32,40,41]. It was
suggested that a community-based library of MS data of ommochromes be created [42]. Because of
their instability, purified samples for biological evaluation are not commercially available, and thus
either de novo synthesis or isolation from specific sources (e.g., Calliphora erythrocephalis eyes for (3))
are necessary to conduct biological studies.

3. Ommochrome Biosynthesis

The ommochromes arise through the catabolism of L-tryptophan (6) [2,4]. However, only the
formation of xanthommatin (3) has been studied in detail. Three, widely distributed enzymes are
responsible for the catabolism of (6) to 3-hydroxykynurenine (7): tryptophan 2,3-dioxygenase (TDO),
kynurenine formamidase (KFase), and kynurenine 3-hydroxylase. 3-Hydroxykynurenine (7) is known
to be an intermediate in the formation of xanthurenic acid (8), and kynurenine (9) leads to kynurenic
acid (10). The former intermediate also leads to the papiliochromes (vide infra) [43], and to the
precursor of numerous alkaloids, anthranilic acid (11). These early pathway steps are summarized in

Scheme 1 [4].
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Scheme 1. Catabolism of L-tryptophan (6) to 3-hydroxykynurenine (7)

Studies on the biosynthesis of the ommochromes in insects were initiated in the late 1950s, by
Inagami who disclosed the presence of kynureninase [44,45], by Glassman who detected kynurenine
formamidase (KFase) in insect homogenates [46], and by Egelhaaf [47] and Baglioni [48] who showed
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the presence of tryptophan 2,3-dioxygenase (TDO) in Drosophila. These early studies were reviewed
in detail by Linzen [2] and are briefly summarized.

Steadily enhanced partial purification of tryptophan 2,3-dioxygenase (TDO, formerly
tryptophan pyrrolase) was achieved by various groups [49-52], and the Drosophila TDO enzyme was
estimated to be about 150 kDa [52]. The enzyme velocity was concentration-dependent, as had been
observed for the microbial enzyme [53]. Inhibition of the enzyme (> 50%) was observed in the presence
of Cu?, hydroxylamine, and 2-amino-4-hydroxy-6-hydroxymethylpteridine [2,4]. The specific activity
of the Drosophila enzyme was regarded as comparable to that from rat liver, although activities varied
between different strains of D. melanogaster [54,55]. The enzyme distribution pattern in the host is
quite different, however. Limited in vertebrates to the liver, in insects it has been found in many diverse
tissues and segments [2,4]. There is an indication of inducibility by the addition of (6) in Drosophila
[56-58], however, in Ephestia moths [59], Habrobracon wasps [60], and Phormia flies [2], this is not
the case. Also, as first reported by Glassman from Drosophila melanogaster and D. virilis [46],
kynurenine formamidase (KFase) was found in essentially every tissue of the cricket Gryllus
bimaculatus and the silkworm Bombyx mori that was examined (cited in ref 2). Although the enzyme
from rat liver was first purified in 1970 [61], it does not seem to have been compared directly with the
insect enzyme.

Kynurenine hydroxylase (or 3-monooxygenase) (KMO) was recognized as being light-sensitive
[62], and this hampered functional studies. Direct observations of activity were measured through the
injection of kynurenine (9) into Ephestia moths and monitoring of the product [59,63]. The enzyme is
localized in the mitochondria in many insect body parts [64,65]. There is a requirement for NADPH,
and strong inhibition by 3 was observed for a preparation from bees [2].

The ready availability of 2-aminophenols, a functional aspect of 7, led to many studies,
particularly by Butenandt’s group [2], of the different products derived from their oxidation under a
variety of conditions. Considering the diverse product outcomes, the enzymes should be highly specific,
for both the substrate and the regiospecificity of the reaction performed. The enzymes responsible for
these oxidations were initially obtained from microbial and plant [66-69], and vertebrate (rat liver) [70-
73] sources. An interesting observation made by Butenandt was that 7 in the presence of the tyrosinase
from the blow fly, Calliphora sp., yielded xanthommatin (3) only in the presence of DOPA [74].
Although a non-insect-derived tyrosinase could convert 7 to 3 in the absence of DOPA [75]. The
derivatives of dihydroxanthommatin (4), such as rhodammatin (12) and ommatin D (13), could arise
through the direct O-methylation and sulfonation of (4), respectively. Rhodammatin (12) was labeled
in the larvae of the butterfly Argynnis paphia by 3, although 13 was not [2].

The biosynthesis of the widely distributed ommins and ommidins, which contain a phenthiazine
ring [2,4,76], is poorly understood. Early efforts to identify unambiguously the source of the sulfur
atom (methionine, cysteine, sulfate, sulfide) were unsuccessful [77]. More recent investigations [4,78]
did indicate the possible involvement of methionine and cysteine as sources of the sulfur atom, but
where in the process and the mechanism of introduction are unknown. Studies on the eggs of the
silkworm B. mori indicated the significance of a heme-peroxidase-encoding gene in the concluding steps
of ommatin and ommin biosynthesis [38,79].

Since these seminal studies on the ommochromes and their biosynthesis there has been
significant progress made in understanding the enzymes and the processes involved. Two of the
pathway steps to (3) may not involve enzyme mediation, namely, the loss of the N-formyl group of N-
formylkynurenine (14), and the cyclization of the aspartyl-like chain of the kynurenine dimer. In this
latter regard, cold-extraction (butanol-acid) of insects (Apis, Musca), cephalopods (Octopus, Sepia,
Loligo), and crustaceans (Homarus) afforded a metabolite, possibly 15 (Amax 450, 430), which, at room
temperature, cyclized rapidly to the red dihydroxanthommatin (4) (Amax 498, 385), and then oxidized in
air to 3 (Amax 460, 385) [80]. The question therefore remains whether 3 is a metabolite or an artefact
derived during the processing of 15 as illustrated in Scheme 2. Discussion of this issue in the
biosynthesis of 3 has continued for at least 50 years [81-84].

An important aspect of the study of ommochrome biosynthesis has been the development of
mutant strains [2,4]. In the case of D. melanogaster, three gene mutants, vermilion, cinnabar, and
cardinal have been important [79]. A detailed summary of these mutants and their relationship to the
enzymes for the formation of 7 and its further development in insects is available [4]. These genes have
also been characterized in planarians (fresh-water flatworms) [85,86].
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The crystal structure of the tryptophan 2,3-dioxygenase (TDO), encoded by the vermilion gene,
was reported in 2013 [87] to be a tetrameric complex, and information regarding the conserved
sequences between variously sourced enzymes has been summarized [88]. For kynurenine formamidase
(KFase) there are no isolated mutants from insects, which may indicate that the deformylation step does
always require a catalyst, since 14 is unstable. The KFase enzyme was characterized from D.
melanogaster [89], where it possibly enhances the availability of 9. The cinnabar gene in D.
melanogaster acts to produce FADH>, which, in the presence of 9 forms 3-hydroxykynurenine (7) and
FAD for recycling [90]. The KMO enzymes from yeast and Pseudomonas have been crystallized [90-
92], however, there are no examples from insect sources. The KMO enzymes have drug discovery
potential for a number of important neurodegenerative or neuroinflammatory diseases, including
Alzheimer’s, Parkinson’s, and Huntington’s diseases [90]. The involvement of a phenoxazone synthase
(PHS) as the first committed step in ommochrome biosynthesis remains controversial [93], and some
studies have indicated that PHS is not involved in the dimerization of (7) [84]. Mutation of the cardinal
gene, which encodes for a heme peroxidase, in D. melanogaster, B. mori, and Tribolium castaneum led
to the accumulation of (7) [38,94], implying the presence of an enzyme processing for ommochrome
formation. The formation of dihydroxanthommatin (4) also is unclear, with several scenarios described,
including a possible specific reductase [95]. On the other hand, there has been no success in isolating a
reductase for the 3 to 4 transformation, while the reverse reaction is very rapid in air at room temperature.
The overall scheme for xanthommatin 3 and ommochrome biosynthesis is shown in Scheme 2 [4].

The location of the enzymes in various tissues is highly diverse. The soluble fraction of the
cells contains the TDO and the KFase, whereas the KMO is located in the outer membrane of the
mitochondria. This implies that transporters are available to move substrates between the various
organs. In the mosquito Aedes aegyptii, 3-hydroxykynurenine (7) is converted to xanthurenic acid (8)
during the larval development stage and is transported to the compound eyes during the pupal
development phase for ommochrome formation, which apparently occurs without enzyme assistance
[84].

Colorations of the eggs of the silkworm Bombyx mori are also different depending on the
encoded ommochrome enzymes. For example, genetic studies revealed that that the red egg (re) mutant,
having pale orange eggs, rather than brownish lilac eggs, was derived through the insertion of a
transposable element (Bm-re) which blocked the late stages of ommochrome biosynthesis [76].
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Homologs of the same gene were found in all insect genomes, except for Drosophila, and knockout
studies of the homologous gene produced eye colorant defects in the red flour beetle T. castaneum. The
gene involved in the pink-eyed white egg (pe) B. mori mutant was an ortholog of the peroxidase cardinal
gene in D. melanogaster [38]. Knock-out studies in T. castaneum also produced red compound eyes,
signifying the importance of the encoded cardinal gene product in ommochrome formation.

Using several egg color mutants and wild-type strains, ommochromes and their precursors were
detected in both diapause and non-diapause eggs. As expected, 3-hydroxykynurenine (7), and not the
ommochromes accumulated in the yellow egg mutants (w-2 and pe). During the diapause phase, the
levels of decarboxyxanthommatin (16) and 3 increased, and ommochrome pigments were converted into
their reduced forms [78]. Levels of 16 were typically higher than 3 in silkworm eggs.

The ommochromes are widespread in nature and have several species-specific biological
functions, including for vision, for cell homeostasis and amino acid detoxification, and for variable skin
coloration [4]. The nucleus offers synthetic chemists a potent scaffold for building a variety of
colorizing agents. More studies are needed which examine the interrelationships between different color
pigment pathways and how they are controlled, and how their individual and delicate chemistry has both
ecological and cell biology implications.

4. Papiliochromes

The spectacular coloration of butterfly wings had fascinated natural product chemists for a long
time. Nijhout [96] summarized how different butterfly families relied on structurally and
biosynthetically different alkaloids for their wing color pigments. The pterins were present in the
Pieridae, the ommochromes in the Nymphalidae, and the papiliochromes in the Papilionidae.

Initial studies on the wing color metabolites from swallow-tail butterflies in the Papilionidae
were conducted by Umebachi at Kanezawa University, Japan, beginning in 1954. In a seminal report,
it was disclosed that kynurenine (9) was present to a significant extent in a hot water extract of the
yellow scales of papilionid butterflies [97,98].

A series of papers followed with studies focused on the chromes of Papilio muthus, and the
presence of kynurenine (9) in other butterfly genera in the family was firmly established [99-104]. *C-
Labeled tryptophan (6) was incorporated into the wing metabolites in five species of Papilio [101], and
free and bound kynurenine (9) and tryptophan 2,3-oxidase (TDO, tryptophan pyrrolase) levels were
traced through the pupal stages of P. xuthus [105,106]. Notably, related metabolites of (9), including
N-formylkynurenine (14), N®-acetylkynurenine, kynurenic acid (10), and anthranilic acid (11),were
absent, and 3-hydroxykynurenine (7)was present only in small amounts.

Two other metabolites were shown to be present, the yellow papiliochromes Il and 111, which
were hydrolyzed with acid to afford 9 and a phenolic derivative [103]. Further studies [107] separated
each of these into two metabolites; the papiliochromes lla and Ilb had opposite circular dichroism
curves. Labeled tryptophan (6), DOPA (17), and dopamine (18) were injected into the prepupa, drawing
the conclusion that the papiliochromes were derived from dopamine (18) and kynurenine (9) [107].

On mild acid hydrolysis, the two isomers of papiliochrome 11 (19) each produce 9 and a second
product designated as SN-1 [107-110]. When subjected to more aggressive acid hydrolysis SN-1
afforded B-alanine (20) and a dopamine derivative [108]. SN-1 incorporated label from [**C]-B-alanine
(20) when injected at the pharate pupal stage. Further work substantiated these relationships, and
indicated that [**C]tryptophan (6) was incorporated into 19 and 9, and that [**C]dopamine 18 was
incorporated into 19, and SN-1 [111]. Finally, in 1984, after 30 years of study, the structure of
papiliochrome Il was deduced to be the two diastereomers of N*-[a-(3-aminopropionylaminomethyl)-
3,4-dihydroxybenzyl]-L-kynurenine (19) [112]. It was proposed that the yellow color was due to
interactions between the stacked aromatic ring systems. The isolation and chemical studies were
reviewed at this time [43].
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Figure 2. Structures of compounds 6,7,9,14, and 17-22

Metabolite studies by Ishizaki and Umebachi [113-115] indicated that kynurenine (9) and N-f-
alanyldopamine (21) are produced in the hemolymph, and then transported to the wings of P. xuthus for
19 formation. Attention then turned to the enzymes involved in the formation of 19. An enzyme
preparation from the colleterial gland of the praying mantis, Tenodera aridifolia sinensis, hydroxylated
the B-carbon of N-acyldopamine. In addition, incubation with N-B-alanyldopamine (21) and L-
kynurenine (9) afforded 19 [116], and silk and pupal cuticle preparations from the Japanese giant
silkmoth Dictyoploca japonica also possessed this activity.

The pale-yellow pigment, papiliochrome Il was identified in many other Papilio species,
including P. castor, P. dardanus, P. demoleus, P. helenus, P. polytes, and P. protenor. It forms L-
kynurenine (9) and N-B-alanylnoradrenaline (22) on mild acid hydrolysis [117]. Investigation of the
other pigments indicated that papiliochrome M [43,109] was also composed of 9, 18, and 20, with an
additional unit of 20 compared with 19 (Figure 2). No final structure was proposed, and similarly, the
structure of the reddish-brown analog papiliochrome R also remains unknown [117].

While Umebashi and colleagues had defined the structure and the precursor units of 19, the
mechanism of formation was unknown until Sugurmaran and co-workers examined the pathway
intermediates. Using N-acetylcysteine (23) as a trapping agent in the adult fleshfly Sarcophaga bullata,
N-B-alanyldopamine (21) was metabolized to the N-B-alanyldopamine-quinone-N-acetylcysteine adduct
(24) (Figure 3) and no N-B-alanylnoradrenaline (22) was produced [118].

H
L 0 0
H HN": H
sCOCHN3C0, I

Loon

23 H3COCHN";"CO,H

Figure 3. Structures of compounds 23 and 24
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The implication was that a quinone methide intermediate, such as 25, was involved as an
oxidized intermediate from 21. An enzyme isolated from the cuticle could conduct the same reaction,
and in the presence of 9 produced the diastereoisomers of 19. The apparent absence of enzymatic control
over this nucleophilic attack was noted. A two-step process from (21) was therefore proposed to involve
oxidation to the ortho-quinone (26) by a phenoloxidase, followed by a quinone isomerase (a
tautomerase) to generate the quinone methide (25) which is then susceptible to Michael-type addition
by the aromatic amino group of 9 [118]. Mushroom tyrosinase, in reaction with the quinone isomerase
and 21 in the presence of 9, also afforded the diastereoisomers of 19, indicating the last step as a non-
specific enzymatic process [119]. Parallel results were obtained for the formation of 19 using an enzyme
preparation from the cuticle of the tobacco hornworm, Manduca sexta [120]. The pathway for the
formation of the diastereoisomers of 19 from 18, 20, and 9 is shown in Scheme 3. Further study revealed
that the levels of B-alanyldopamine synthase (BAS), the enzyme which transfers B-alanine (20) to 18,
were high in females of P. glaucus when 19 formation was producing the yellow wing pigment, and that
DOPA decarboxylase was similarly high [121]. On the other hand, in the phenotype producing the
brown melanic wings, BAS was almost absent, and consequently it was proposed that BAS was a
regulator of 19 formation. A review of insect pigments offers a brief summary of papiliochrome
biosynthesis while discussing a broad range of insect chrome structures [122].

ENH2
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D/\/ 2 beta-alanine 20 D/\/ \[(\/ ’
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dopamine 18 N-beta-alanyldopamine 21

O CO,H
-|IH
NH,
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HO Y E NH 2 H
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HO = 0} 0
25

papiliochrome II 19

Scheme 3. Biosynthesis of papiliochrome 11 (19).

5. Conclusions

This summary of the historical background to studies of the formation of the ommochromes and
the papiliochromes has highlighted some aspects of the progress made in understanding the biosynthesis
of these alkaloids; metabolites which provide so many natural color pigments. As the chemical and
biological technologies have advanced so they have been applied in this area of natural product
chemistry. The result is a clearer comprehension of many of the fundamental processes for the formation
and the functioning of the ommochromes and papiliochromes. However, significant questions of detail
remain in the ommochrome biosynthetic pathway, particularly with respect to the final steps, and
establishing the evolutionary and ecological significance of these alkaloids at the gene level. There are
also important questions regarding the ommidins and their structures and functions, and of the biological
importance of the interactions between other color pigments and the ommochromes. For the
papiliochromes, the complexity of the metabolites, the diversity of the coloration patterns, and their
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stability merits exploration for potential stabilization and selective use as natural colorants. Finally, the
importance of these alkaloids in terms of species survival should be explored through integrated
approaches based on chemical biology as climate change and biodiversity losses affect the range and
the survival of their host species.
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