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Abstract Scytonemin is a lipid-soluble, highly stable,
yellow—brown-coloured secondary metabolite that is
accumulated in the extracellular polysaccharide sheath of
several but not all members of cyanobacteria. Chemically,
scytonemin is an indole alkaloid composed of two hete-
rocyclic units symmetrically connected through a carbon—
carbon bond. Thus, scytonemin is unique among natural
products due to its special structure, location in a cell, as
well as strong absorption maxima in UV-A in addition to
the violet-blue region. Traditionally, scytonemin is a well-
established photoprotective compound against ultraviolet
radiation. Its accumulation in the cyanobacterial sheath has
been suggested to be a strategy adopted by several
cyanobacteria to protect their cellular components against
damaging effects of UVR. Additionally, recent studies
have also established the importance of scytonemin in
reactive oxygen species scavenging as well as in control-
ling the growth of cancerous cells. Thus, scytonemin is
both ecologically as well as pharmaceutically important

Significance Statement This review highlights the recent
advancements made in the study of a cyanobacterial photoprotective
compound called scytonemin. The biochemistry and genetics of
scytonemin production have been discussed in detail. The roadmap
for scytonemin production using metabolically engineered strains and
rate-limiting steps for scytonemin biosynthesis have been presented.
Also, it emphasizes the various application of scytonemin in different
industries for human welfare.

P Shailendra P. Singh
spsingh@bhu.ac.in

Laboratory of Photobiology and Molecular Microbiology,
Centre of Advanced Study in Botany, Institute of Science,
Banaras Hindu University, Varanasi 221005, India

Centre of Advanced Study in Botany, Institute of Science,
Banaras Hindu University, Varanasi 221005, India

metabolite. Recent developments made in the biochemistry
and genetics of this compound have paved the way for its
application and commercialization for human welfare. This
review aims to present a brief history of the compound with
chronological developments made in the study of scy-
tonemin and emphasizes its physiochemistry, analytical
chemistry, biochemistry, and genetics. We provide a sep-
arate section for metabolic engineering and potential
applications of scytonemin, mainly as sunscreen and anti-
cancerous drugs. We also discuss the future research
directions which need to be worked out.
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Introduction

Scytonemin is exclusively biosynthesized by several but
not all cyanobacteria in response to mainly ultraviolet-A
(UV-A; 315400 nm) radiation stress. It is a lipid-soluble
and yellow—brown-coloured secondary metabolite that acts
as a photoprotective compound [1, 2]. Several other stress
factors such as salinity, oxidative stress, desiccation,
nitrogen limitation, and high temperature have been also
found to influence the biosynthesis of scytonemin in
cyanobacteria [3, 4]. Thus, the biosynthesis of scytonemin
in cyanobacteria may be regulated as a part of a complex
stress response where more than one stress factors can
affect its biosynthesis. The well-known habitats for scy-
tonemin-biosynthesizing cyanobacteria are intertidal mats,
biofilms attached to rocks, monuments, the bark of trees,
and soil surfaces with cyanobacterial crusts in arid or semi-
arid ecosystems [2, 5, 6]. Thus, cyanobacteria growing in
brightly lit habitats with a recurring cycle of desiccation,
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Table 1 Concentration of scytonemin in different environmental samples. All concentrations are given as mg g~ ' dry weight

Habitat Scytonemin References
Lichen desert soil crusts 0.76-79.84 [6]
Intertidal microbial mat communities 2.7 [5]
Terrestrial cyanobacterial colonies 2.8 [10]
Biological crusts on buildings and monuments 0.01-0.062 [2]

nutrient limitation, and high temperature are the good
source of scytonemin. Table 1 shows the concentration of
scytonemin found in different environmental habitats.
Scytonemin accumulates in the extracellular matrix secre-
ted by cyanobacterial cells where it forms a stable protec-
tive layer that absorbs incoming UV-A radiation and
therefore provides passive protection to the cellular com-
ponents [1, 7-9]. Thus, scytonemin acts as a barrier for
incoming UV-A radiation without any further energy
investment after its synthesis.

The dry cyanobacterial mats survive under harsh con-
ditions by minimizing their biological activities while
accumulating very high levels of scytonemin [11]. The
accumulation of high levels of scytonemin has been pro-
posed to be responsible for the survival and reversal of
normal biological activities, including photosynthesis and
growth, on rehydration of cyanobacterial mats [11]. Thus,
scytonemin supports long-term survival at the expenditure
of a minimal amount of cellular energy under extreme
stress conditions. The production of scytonemin has been
proposed to be one of the ancient and crucial photopro-
tective mechanisms developed by cyanobacteria to protect
their cellular components when there was no ozone layer in
the Earth’s atmosphere to filter the lethal dose of incoming
ultraviolet radiation (UVR) [5, 7]. Thus, scytonemins are
evolutionary important molecules that supported life in the
absence of the ozone layer and led to the development of
oxygenic photosynthesis and aerobic life by protecting the
ancestors of cyanobacteria [12]. Also, the antioxidant
activity of scytonemin provides additional protection to
cellular components by neutralizing the reactive oxygen
species (ROS) which are produced in the presence of
various abiotic stressors, including UV-A radiation [10].

The importance of scytonemin in cyanobacterial sur-
vival and its role in the development of existing life is well
documented. However, recent researches have shown that
this ancient secondary metabolite is also important to
humans as a drug. Scytonemin is well known for its anti-
inflammatory and anti-proliferative activities, which
necessitate its large-scale production in the pharmacy
industry for its application as a potent anti-cancerous drug
[13, 14]. The recent advancements in the genetics of scy-
tonemin have led to the development of genetically
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engineered Escherichia coli (E. coli) strain expressing
genes of cyanobacteria for scytonemin biosynthesis [15].
The large-scale production of scytonemin using the above-
mentioned metabolically engineered production strain or
cyanobacteria can be combined with biofuel production to
support the production cost and economic sustainability of
such ventures [16]. The commercial production of scy-
tonemin in heterotrophic mode could be economically
challenging. Therefore, the production of scytonemin in
phototrophic and/or mixotrophic mode together with other
valuable chemicals and biofuel can be an option for the
economic viability of biorefinery [17]. Additionally, the
presence of scytonemin in stromatolitic mats and other
extremophilic cyanobacterial mats has led to the develop-
ment of the proposition that scytonemin can be used as a
biomarker for the detection of life in scientific projects
aiming astrobiological exploration of life on other planets
[18, 19].

Thus, scytonemin has both ecological and economic
importance in addition to its potential to be utilized in
various branches of biology, including pharmacology and
astrobiology. In this review, we have summarized and
discussed the findings related to the discovery, physio-
chemistry, biosynthetic pathway, and commercial appli-
cations of scytonemins while giving comprehensive
information on recent developments made in the genetics
and biochemistry of scytonemin biosynthesis.

A Brief History of Scytonemin

In 1849, Swiss botanist Carl Négeli observed yellowish-
brown cyanobacterial sheath colouration [20] and coined
the name “scytonemin” in 1877 for this coloured pigment
[21]. Garcia-Pichel and Castenholz [1] were the pioneer
workers who studied the scytonemin in several cyanobac-
terial species from laboratory cultures as well as natural
populations, including crusts, mats, and colonies. After
more than 100 years of its discovery, Proteau et al. [8] for
the first time solved the chemical structure of scytonemin
which was found to be a novel dimeric molecule of indolic
and phenolic subunits. The structure of scytonemin is
unique among all known natural organic substances.
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Proteau et al. [8] gave the name “the scytoneman skeleton”
to the carbon skeleton of this unique secondary metabolite.
Based on their findings, it was proposed that scytonemin is
formed by condensation of tryptophan and phenyl-
propanoid-derived subunits. Another breakthrough in the
field of scytonemin study was made when Balskus and
Walsh [22] cracked the genetics of this valuable com-
pound. However, the mechanistic insight of abiotic stres-
sors sensing and signalling pathway(s) involved in the
biosynthesis of scytonemin is still lacking.

Physiochemistry of Scytonemin

Scytonemin, the most common member of aromatic indole
alkaloids, is a relatively small molecule (molecular formula
C36H20N,04; molecular weight 544.566 g/mol). Scytone-
min is consisting of two identical condensation products of
tryptophanyl and tyrosyl-derived subunits which are linked
through a carbon—carbon bond [8]. Its ITUPAC name is
3-[(4-oxocyclohexa-2, 5-dien-1-ylidene) methyl]-1-[2-oxo-
3-[(4-oxocyclohexa-2, 5-dien-1-ylidene) methyl]-4H-cy-
clopenta [b] indol-1-yl]-4H-cyclopenta [b] indol-2-one
[23]. Depending on the redox state, scytonemin is found in
two inter-convertible forms. A predominant oxidized yel-
lowish-brown form of scytonemin is insoluble in water and
less soluble in organic solvents such as pyridine and
tetrahydrofuran. However, the reduced form is compara-
tively more soluble in organic solvents and characterized
by a bright red colour [1, 8]. In addition to oxidized and
reduced forms, several other derivatives of scytonemin
have been also reported. Dimethoxy and tetramethoxy
scytonemins are derivatives of reduced scytonemin where
one or both of the ethenyl groups in the molecule have been
saturated by two or four methoxy groups, respectively
[24, 25]. Another derivative of the scytoneman skeleton is
scytonemin-3a-imine in which C-3a atom of scytonemin is
attached with a 2-imino-propyl radical [26]. Only the
structure of scytonine deviates substantially from the
dimeric scytoneman skeleton due to the loss of one para-
substituted phenol group and ring openings of both
cyclopentenones where successive methoxylation and
secondary cyclizations take place [24]. The spectral and
structural characteristics of scytonemin derivatives known
so far are shown in Table 2 [9, 26-28].

Scytonemin is exclusively produced by cyanobacteria
which are capable of producing extracellular polysaccha-
ride (EPS) (Fig. 1a). The complex ring structure of scy-
tonemin permits strong absorption broadly across the UV-
C, UV-B, and UV-A-violet-blue spectral regions with a
maximum of around 370 nm in vivo [8]. In addition to
significant absorbance at 252, 278, and 300 nm, purified
scytonemin absorbs maximally at 386 nm (Fig. Ic). The

large extinction coefficient (¢=2501g"' cm™' at
384 nm) of scytonemin makes it an efficient photoprotec-
tive compound [8]. Furthermore, the long-term stability of
scytonemin in cyanobacterial biocrusts or dried mats,
which are exposed to intense solar radiation, suggests its
exceptionally high photo-stability and utilization in the
cosmetic industry [3, 7, 29].

Factors Affecting the Biosynthesis of Scytonemin

A few cyanobacteria produce indole-alkaloid scytonemin
on exposure to long wavelengths of UVR [1, 30]. In
addition to UVR, nutrient limitation, mainly nitrogen, iron,
or magnesium limitation, is also known to induce the
biosynthesis of scytonemin in cyanobacteria [4, 31]. Sev-
eral other stress factors such as heat, salinity, osmotic, and
oxidative stress alone or in combination with UVR can also
affect the biosynthesis of scytonemin in cyanobacteria
[4, 32, 33]. Fleming and Castenholz [3] showed that
hydration of Nostoc punctiforme ATCC 29133/PCC 73102
(hereafter, N. punctiforme) filaments for 2 days followed
by intermittent desiccation periods results in higher scy-
tonemin biosynthesis as compared to the filaments which
were hydrated for 1 day. However, the contradictory
results were found in Chroococcidiopsis where periodic
desiccation inhibited scytonemin biosynthesis. In conclu-
sion, scytonemin biosynthesis is regulated by several abi-
otic factors, and its accumulation in a cell helps in
maximizing the fitness of organisms under various stres-
sors. Soule et al. [34] investigated the relationship between
scytonemin and EPS production under UV-A stress. EPS
production was measured following exposure of wild-type
(WT) N. punctiforme and non-scytonemin-producing strain
SCY59 to UV-A and oxidative stress. Under UV-A expo-
sure, SCY59 produces significantly more EPS than the
unstressed controls and the WT, while both SCY59 and
WT strains produce more EPS under oxidative stress
compared to the controls [34]. These findings suggested
that EPS secretion occurs in response to oxidative stress
which is a by-product of UV-A irradiation rather than as a
direct response to UV-A radiation. The exact mecha-
nism(s) of scytonemin induction are still unclear, but
multiple environmental signals could act together to
determine the level of this compound in selected species of
cyanobacteria.

The biosynthesis of scytonemin in different environ-
mental samples can vary greatly indicating the metabolic
status of organisms under different environmental condi-
tions (Table 1). Generally, photosynthetically active cells
have the carbon pool to divert it towards the biosynthesis
of scytonemin in response to environmental signals.
The allocation of carbon pool towards L-tryptophan and

@ Springer



470 J. Pathak et al.

Table 2 Molecular structure, absorption maxima, and extinction coefficients of various forms of scytonemin found in cyanobacteria. Based on
information from Simeonov and Michaelian [9] and references therein

Compound Structure Amax (nm) eM 'em™) References
Reduced scytonemin 246 30000 [27]
276 14000
314 15000
378 22000
474 14000
572 7600
Dimethoxyscytonemin 316 18143 [27]
422 23015
Tetramethoxyscytonemin 562 5944 [27]
Scytonemin-3a-imine 237 NA [26]
366
437
564
Scytonine 225 37054 [27]
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Table 2 continued

Compound Structure

Amax (nmM) eM 'em™) References

Oxidized scytonemin

Scytonemin A

270 22484

265 16200 [27]
278

374

393

682

670

NA NA [28]

NA not available

L-tyrosine synthesis increases the biosynthesis of scytone-
min [15]. Once synthesized, highly stable scytonemin can
protect an organism for a long time without further
requirement for its biosynthesis. Thus, metabolically active
cells with a sufficient amount of nutrients and carbon pools
are required for the production of scytonemin. As shown in
Table 1, intertidal microbial mats or terrestrial cyanobac-
terial colonies possess the highest amount of scytonemin.
This could be explained by the fact that these mats possess
several layers of metabolically active and inactive cells.
The upper metabolically active layer of cells performs
active photosynthesis and accumulates the highest amount
of scytonemin in comparison with the lower layer of cells
which is metabolically and photosynthetically inactive
[5, 10]. Therefore, in addition to the metabolic status of
cells, the above-mentioned inducers of scytonemin
biosynthesis are required for the maximum accumulation/
production of scytonemin.

Genetics and Biochemistry of Scytonemin
Biosynthesis

Elucidation of the genetic and biochemical basis of scy-
tonemin biosynthesis is of great interest because of its
unique structure, place of partial biosynthesis, and accu-
mulation in a cell, i.e., in the periplasmic space of Gram-
negative cell wall. The genetics of scytonemin biosynthesis
was solved after a long period of its discovery in the
cyanobacterium N. punctiforme using a random transposon
mutagenesis approach [35]. In N. punctiforme, the genomic
region (Table 3) associated with scytonemin biosynthesis
contains an 18-gene cluster (Npun_R1276 to Npun_R1259)
[35]. The chemical structure of scytonemin and initial
feedback inhibition, as well as radiotracer studies, had
earlier suggested tyrosine and tryptophan as the biosyn-
thetic precursors of the scytonemin [8]. Interestingly, the
identified gene cluster possesses genes encoding proteins
involved in the shikimic acid pathway (aroB and aroG) as
well as proteins involved in the biosynthesis of tryptophan

@ Springer



472

J. Pathak et al.

Absorbance (relative units)

pay

0.000F—r—r—r—rr=
0.00 1.00

|J| LN I B N B e N R B R B R B R R R R
2.00 3.00 4.00 5.00
Retention time (minute)

4

6.00

(2}
o
=)
a

0.03 1

0.02 4

Absorbance (0.D.)

0.01 A

0.00

250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 1 Scytonemin biosynthesis in cyanobacteria. Photograph (40 x)
showing the false branching in the filament of Scyfonema sp. with
sheath containing brown-coloured UV-protective pigment scytonemin
(indicated by black arrow) (a). HPLC chromatogram of partially
purified scytonemin obtained from Scytonema sp. showing retention
time (RT) of 1.7 min (indicated above peak) for this compound (b).
The absorption spectrum of purified scytonemin extracted from
Scytonema sp. showing absorption maxima at 252, 278 and 386 nm

(c)

(trpE, trpC, trpA, trpB, and trpD) and tyrosine (tyrP)
[35, 36]. Further genomic analysis revealed the presence of
an additional copy of genes encoding AroB, AroG, TrpE,
TrpC, TrpA, TrpB, and TrpD and TyrP proteins at different
places in the genome of N. punctiforme. This suggested
that identified genes (Table 3) are exclusively dedicated to
the biosynthesis of scytonemin by providing the precursor
amino acids [35, 36]. Thus, it appears that N. punctiforme
has duplicated certain genes of the shikimic acid pathway
in its genome to produce enough amount of raw materials
needed for the essential amino acids and scytonemin
biosynthesis. Furthermore, during the evolution of this
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strain, these duplicated genes managed to cluster with other
genes exclusively involved in the synthesis of amino acids
or scytonemin.

The comparative genomic analysis revealed the pres-
ence of genes associated with scytonemin biosynthesis in
other cyanobacterial species such as Lyngbya sp. PCC
8106, Anabaena sp. PCC 7120, Nodularia sp. CCY 9414,
and Chlorogloeopsis sp. CCMEE 5094 [35, 36]. Table 4
gives an overview of the occurrence of scytonemin and its
derivatives in different cyanobacteria from diverse habitats.
Additionally, six putative genes of the scytonemin gene
cluster in N. punctiforme (Npun_R1276 to Npun_R1271)
annotated as scyA, scyB, scyC, scyD, scyE, and scyF were
proposed to be involved in the assembly of scytonemin
from central metabolites [36]. Among newly identified
proteins, ScyA, TyrP, and NPR1259 possess transmem-
brane domain, while ScyD, ScyE, and ScyF possess export
signal domains, which suggest that biosynthesis of scy-
tonemin is compartmentalized between the cytoplasm and
periplasm [36]. A two-component regulatory system
(Npun_F1277/Npun_F1278) upstream of the scytonemin
biosynthetic genes has been identified in N. punctiforme
genome [36]. Based on the comparative genomic analysis,
these gene products have been proposed to be involved in
the regulation of scytonemin biosynthesis [36]. The gene
expression analysis of the identified 18-gene cluster sug-
gests that all 18 genes are upregulated by UV-A exposure,
confirming the involvement of UV-A radiation in the
induction of scytonemin biosynthesis. Furthermore, all 18
genes are co-transcribed as a single transcriptional unit in
N. punctiforme [37]. The in vitro characterization of ScyA,
ScyB, and ScyC proteins for their involvement in the early
stages of scytonemin assembly was demonstrated by
overexpression of corresponding genes in E. coli [38, 39].
ScyB (Npun_R1275), a leucine dehydrogenase homolog
which has been recently functionally characterized and
renamed as L-tryptophan dehydrogenase [40], catalyzes the
first biosynthetic step by oxidative deamination of L-tryp-
tophan to provide indole-3-pyruvic acid. TyrA
(Npun_R1269), a putative prephenate dehydrogenase, is
responsible for the oxidation of prephenate to p-hydrox-
yphenylpyruvic  acid [41].  Subsequently, ScyA
(Npun_R1276), a thiamine-dependent enzyme, mediates
the acyloin coupling of indole-3-pyruvic acid and p-hy-
droxyphenylpyruvic acid, producing the labile B-ketoacid
precursor [38]. Thereafter, ScyC (Npun_R1274) catalyzes
the cyclization and decarboxylation of B-ketoacid precur-
sor to form a ketone. The compound yielded by ScyC
further undergoes the oxidation process to form a scy-
tonemin monomeric precursor [39]. The detailed model for
the genetic and biochemical bases of scytonemin biosyn-
thesis in cyanobacteria is shown in Fig. 2.
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Table 3 Genetic components and encoded proteins of the genomic region identified for the scytonemin biosynthesis in Nostoc punctiforme
ATCC 29133. Based on information from Soule et al. [36, 37]

SN Gene Annotation Description

1 Npun_R1259 Unknown Transmembrane

2 Npun_R1260 aroG Shikimate pathway enzyme

3 Npun_R1261 trpD Tryptophan synthesis enzyme

4 Npun_R1262 trpB Tryptophan synthesis enzyme

5 Npun_R1263 tyrP Transmembrane

6 Npun_R1264 trpA Tryptophan synthesis enzyme

7 Npun_R1265 trpC Tryptophan synthesis enzyme

8 Npun_R1266 trpE Tryptophan synthesis enzyme

9 Npun_R1267 aroB Shikimate pathway enzyme

10 Npun_R1268 dsbA Disulfide isomerase

11 Npun_R1269 tyrA Prephenate dehydrogenase

12 Npun_R1270 Glycosyltransferase Glycosyltransferase

13 Npun_R1271 scyF Unknown, scytonemin biosynthesis enzyme, signal peptide
14 Npun_R1272 scyE Unknown, scytonemin biosynthesis enzyme, signal peptide
15 Npun_R1273 scyD Unknown, scytonemin biosynthesis enzyme, signal peptide
16 Npun_R1274 scyC Unknown, scytonemin biosynthesis enzyme

17 Npun_R1275 scyB Leucine dehydrogenase

18 Npun_R1276 scyA Acetolactate synthase (TPP binding) transmembrane

19 Npun_R1277 Sensor kinase Regulatory protein

20 Npun_R1278 Response regulator Regulatory protein

Table 4 List of scytonemin and scytoneman skeleton derivatives reported in cyanobacteria inhabiting diverse habitats. Source: Rastogi et al.
[42] and references therein

SN

Habitats of cyanobacteria

A W AW N

10
11

12
13
14

15
16

Moist rocks, Rheinfall, Schaffhausen, Switzerland

Indian Agricultural Research Institute, New Delhi, India
Indian Agricultural Research Institute, New Delhi, India
Indian Agricultural Research Institute, New Delhi, India
Hot spring in Pott’s Basin, Yellowstone National Park, USA

Sand flats, upper intertidal, Laguna Ojo de Liebre, Baja California,
Mexico

Thermal spring (35 °C), siliceous sinter, Yellowstone Lake,
Yellowstone National Park, USA

Assemblage on concrete, University of Oregon campus, Eugene, Oregon
Epilithic desert crust in Baja California, Mexico
Moistened rocks, Rheinfall, Schaffhausen, Switzerland

Lime-stone outcrops, Calafell, Catalonia, Spain

Indian Agricultural Research Institute, New Delhi, India
Granitic Outcrops, Cataviia, Baja California, Mexico

Rocky surface of a hypersaline pond, Guerrero Negro, Baja California,
Mexico

Upper intertidal rocky surface, Bermuda

Indian Agricultural Research Institute, New Delhi, India

Scytonemins Cyanobacteria References
SCY DMS TMS SC SI
+ - - — — Aphanocapsa/ [1]
Synechocystis sp.
+ - - — — Anabaena variabilis [43]
+ - - — — Aulosira fertilissima [43]
+ - - — — Anabaena ambigua [43]
+ - - — — Calothrix sp. [44]
+ - - — — Calothrix crustacea [45]
+ - - — — Calothrix sp. [1]
+ - - — — Calothrix parietina [1]
+ - - — — Chroococcidiopsis sp.  [3, 44]
+ - - — — Chlorogloeopsis sp. [1]
+ - - — — Chroococcus [1]
(Gloeocapsa) sp.
+ - - — — Cylindrospermum sp. [43]
+ - - — — Diplocolon sp. [1]
+ - - — — Entophysalis granulosa [1]
+ - - — = Gloeocapsa sp. [1]
+ - - — — Hapalosiphon [43]
fontinalis
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Table 4 continued

SN Habitats of cyanobacteria Scytonemins Cyanobacteria References
SCY DMS TMS SC SI
17 Trees barks, Kauai, Hawaii + - - — — Hapalosiphon sp. [1]
18 Bark of a mango tree + - - — — Lyngbya sp. [46]
19 Bark of a rain tree Albizia saman (Jacq) Merr, Bangkok, Thailand + - - — — Lyngbya sp. CU2555 [47]
20 Upper intertidal sand flats, Woods Hole, Massachusetts, USA + - - — — Lyngbya aestuarii [1, 48]
21 Intertidal rock, Bermuda + - - — — Lyngbya sp. [1]
22 Intertidal microbial mat, Little Sippewissett Salt Marsh, Falmouth + - - — — Lyngbya aestuarii [5]
23 Epilithic, Sao Fransisco do Sul, Brazil + - - — — Lyngbya sp. [11]
24  Chilika (brackish water lagoon) lake, Ramsar site, east coast of India  + - - — — Lyngbya aestuarii [32]
25 Fresh water pond fringe (0-10 °C), Bratina Is., Mc-Murdo Ice Shelf, + - - — — Nostoc commune [1]
Antarctica
26 River rocks, Salt Creek, Oregon + - - — — Nostoc parmelioides [49]
27 Kakuma Campus of Kanazawa University, Japan + - - — — N. commune [10]
28 Sandy soil in Ningbo University, China + - - — — N. commune [50]
29 NA + - - — — N. commune [51]
30 Hunan Province, People’s Republic of China + - - — — N. commune [52]
DRHI1
31 Fresh water pond fringe (0-10 °C), Bratina Is., Mc-Murdo Ice Shelf, + - - — — N. microscopicum [1]
Antarctica
32 Cold Spring, Southeastern Oregon + - - — — N. pruniforme [53]
33 NA + - - — — N. punctiforme [46]
PCC 73102
34  Macrozamia sp. root, Australia + - - — — N. punctiforme ATCC [36, 37]
29133
35 Indian Agricultural Research Institute, New Delhi, India + - - — — Phormidium sp. [43]
36 Concrete surface, University of Oregon campus, Eugene, Oregon + - - — — Pleurocapsa sp. [1]
37 Supralittoral rocks, Charleston, Oregon + - - — — Rivularia atra [1]
38 Rocky surface, McKenzie River, Oregon; Thermal spring, Yellowstone + - - — — Rivularia sp. [1]
National Park, USA
39 Hot water spring, Rajgir, India + - - — — Rivularia sp. HKAR-4 [54]
40 Leathery crust on sand dune slacks, Oregon + - - — — Schizothrix sp. [1]
41 Different parts of some countries + - - — — Scytonema sp. [55]
42 Dry crust in a periodically flooded marine sabkha in Bonaire, + - - — — Scytonema sp. [8]
Netherlands
43 Rocky surface of a garden, Honolulu International Airport, Hawaii + - - — — Scytonema sp. [1]
44 Mitaraka inselberg, French Guyana - + + + — Scytonema sp. [24]
45 Hot water spring, Rajgir, India + - - — — Scytonema sp. HKAR-3 [56]
46 Fresh water pond, Anand, Gujarat, India + - - — — Scytonema sp. RT7TDM  [57]
47 Subaerial wall, Sommerset, Bermuda + - - — — Scytonema javanicum  [1]
48 Carolina Biological Supply (North Carolina, USA) (in vitro + - - — + Scytonema hoffmani [26]
experiments)
49 Decaying plant matter, Waldo Lake, Oregon + - - — — Stigonema sp. [1]
50 Everglades National Park (Shark River Slough) and saline ponds on the + - - — + Scytonema sp. [26]
Island of Eleuthera, Bahamas
51 Indian Agricultural Research Institute, New Delhi, India + - - — — Tolypothrix tenuis [43]
52 Hillside Springs, Yellowstone National Park, USA + - - — — Tolypothrix sp. [58]
53 Indian Agricultural Research Institute, New Delhi, India + - - — — Westiellopsis prolifica  [43]

SCY scytonemin, DMS dimethoxyscytonemin, 7MS tetramethoxyscytonemin, SC

available, + present, — absent
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scytonine, S/ scytonemin-3a-imine, NA information not
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Fig. 2 Model for the biosynthesis of scytonemin in Nostoc puncti-
forme ATCC 29133 showing different biochemical steps and
corresponding gene products involved in the synthesis of photopro-
tective compound. ScyA, ScyB, and ScyC proteins encoded by scyA,
scyB, and scyC genes, respectively, lead to the accumulation of

Recently, heterologous expression of only three N.
punctiforme genes, i.e., sScyABC, in E. coli, resulted in the
production of monomer moiety of scytonemin upon sup-
plementation of tryptophan and tyrosine [15]. This finding
further confirms the involvement of scyABC gene products
in scytonemin biosynthesis and suggests that only ScyA,
ScyB, and ScyC proteins are required for the heterologous
production of scytonemin monomer in E. coli. The addi-
tional reaction required for monomer biosynthesis can be
carried out by the endogenous enzymes of the E. coli [15].
Furthermore, Ferreira and Garcia-Pichel [59] characterized
the role of ScyD, ScyE, and ScyF proteins in the biosyn-
thesis of scytonemin in N. punctiforme. The AscyE strain
was found to lack scytonemin production; however, this
strain did not accumulate any predicted intermediates of
scytonemin biosynthetic pathway. AscyD and AscyF
strains produce scytonemin similar to the WT; however,
scytonemin production in AscyF strain is slightly hampered
in comparison with WT [59]. These findings collectively
suggest that ScyD and ScyF are not essential for the last
steps of scytonemin biosynthesis in N. punctiforme and
could be redundant. The transcriptional analysis of two-
component regulatory system genes, i.e., Npun_F1277 and
Npun_F1278, suggested that these two genes are co-tran-
scribed and upregulated by scytonemin inducing condition,

monomer moieties of scytonemin in the cytoplasm. Monomers are
translocated into the periplasm by Ebo complex, encoded by eboF,
eboE, eboC, eboB, and eboA genes, where ScyE encoded by scyE
gene dimerizes the monomers to produce the final product scytonemin
[35, 38, 61]

i.e., UV-A exposure [60]. This finding further strengthens
the proposition that Npun_F1277 and Npun_F1278 prod-
ucts regulate the scytonemin biosynthesis. Naurin et al.
[30] studied the role of response regulator (RR) protein
encoded by Npun_F1278, which was earlier identified by
the comparative genomic study and proposed to regulate
the biosynthesis of scytonemin. The mutant strain of
Npun_F1278 of N. punctiforme completely lacks scytone-
min even after induction by UV-A [30]. This suggests that
RR Npun_F1278 is essential for scytonemin biosynthesis
and participates in the signal transduction pathway at least
for the UV-A-mediated biosynthesis of scytonemin.
Taken together, the above-mentioned findings suggest
that scyA, scyB, and scyC gene products together with the
two-component regulatory system are essential for UV-A-
dependent biosynthesis of monomer moiety of scytonemin
in the cytoplasm (Fig. 2). The protein encoded by scyE is
essential for catalyzing the oxidative dimerization of
monomer moiety in the periplasm to finally produce the
scytonemin molecules (Fig. 2). However, how monomer
moieties of scytonemin are translocated into the periplasm
for their final assembly by ScyE was unknown until the
recent study by Klicki et al. [61]. They reported that the
Ebo complex is responsible for the transportation of
monomer moieties of scytonemin. The group of five highly
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conserved genes (Npun_F5232 to Npun_F5236) are loca-
ted at a different location from that of the scytonemin
operon in the genome of N. punctiforme. However, the
expression of this gene cluster is coordinated with the
expression of scytonemin operon after induction with UV-
A radiation [36, 37, 61]. This highly conserved five-gene
cluster is also found in several bacteria as well as in the
plastid genome of eustigmatophyte algae and therefore
named as eustigmatophyte/bacterial operon or ebo [61, 62].
Interestingly, ebo genes are found within scytonemin
operons of several scytonemin-producing cyanobacteria
[61]. The products encoded by ebo gene cluster helps in
transportation of monomer moiety of the scytonemin from
the cytoplasm to periplasm. The knockout of any individual
gene of ebo cluster or removal of whole ebo cluster from
the genome of N. punctiforme results in the accumulation
of monomer moiety of scytonemin in the cytoplasm.
However, in AscyE strain, monomer moieties are accu-
mulated in the periplasm [61]. These findings collectively
suggest that Ebo complex encoded by ebo gene cluster
plays a crucial role in the export of scytonemin monomers
to the periplasm for their final dimerization by ScyE
(Fig. 2). In summary, research in the field of scytonemin in
the last decade has significantly advanced our knowledge
about the genetics, biochemistry, and regulators of scy-
tonemin biosynthesis. This information can be useful for
the large-scale production of scytonemin for its commer-
cial application in different areas by fine-tuning its
biosynthesis using metabolically engineered strains as well
as in understanding the evolutionary significance of scy-
tonemin. It can also be utilized to produce non-cyanobac-
terial commercial strain for scytonemin production by
installing the missing genes in the strain using synthetic
biology tools.

Metabolic Engineering of Scytonemin Biosynthesis

Recent advancements in the field of genetics of scytonemin
biosynthesis have paved the way for the development of
metabolically engineered strains producing scytonemin for
commercialization. All the essential enzymes and sub-
strates required for the production of scytonemin are now
well known (Fig. 3). Scytonemin biosynthesis requires
products of the shikimate pathway, i.e., L-tryptophan and L-
tyrosine, which enters the scytonemin biosynthesis path-
way through the action of cyanobacterial genes coding
ScyB and ScyA proteins, respectively. These steps are rate
limiting for the synthesis of scytonemin as exogenous
addition of L-tryptophan and L-tyrosine substrates increases
the production of monomer moieties of scytonemin in a
metabolically engineered strain of E. coli [15]. Therefore,
diversion of more carbon flux towards L-tryptophan and L-
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tyrosine biosynthesis from chorismic acid could potentially
increase the scytonemin biosynthesis by providing the two
substrates in enough quantity. ScyB product is a tryptophan
dehydrogenase that catalyzes the conversion of L-trypto-
phan to indole-3-pyruvic acid [40]. However, ScyB of N.
punctiforme is catalytically inefficient and protein engi-
neering using error-prone PCR method has been suggested
to increase its efficiency by directed evolution [40]. In this
approach, different mutant versions of ScyB are selected
against higher efficiency of indole-3-pyruvic acid produc-
tion. A similar approach can be taken for other enzymes to
increase the stability of enzymes and scytonemin produc-
tion. Installation of cyanobacterial genes encoding ScyA,
ScyB, ScyC, and ScyE proteins in E. coli resulted in the
production of monomer moieties of scytonemin [15].
However, the production of scytonemin was not achieved
even after providing all essential proteins which are
required for the synthesis of scytonemin in N. punctiforme
[15]. This could be explained by the fact that ScyE protein
of N. punctiforme, which catalyzes the dimerization of
monomer moieties to give scytonemin, contains a target
peptide sequence for targeting this enzyme to periplasm
[36]. Thus, monomer moieties of scytonemin, which are
produced in the cytoplasm in engineered strain, might not
get transported to periplasm for their dimerization by ScyE
enzyme [15]. A recent discovery of the Ebo FECBA
complex could solve this problem as this complex is
responsible for the transportation of monomer moieties of
scytonemin to periplasmic space [61]. Therefore, the
installation of Ebo FECBA complex in a metabolically
engineered strain of E. coli, which accumulates ScyA,
ScyB, ScyC, and ScyE proteins, could be required for the
production of scytonemin. In summary, ScyA, ScyB, ScyC,
ScyE, and Ebo FECBA, which are cyanobacterial in origin
(shown in the green box in Fig. 3), could be installed in any
organism possessing shikimate pathway (shown in a white
box in Fig. 3) to give rise to engineered strain. Once scy-
tonemin production is achieved, substrate supplementation
and/or protein engineering approach can be used for
maximizing its production.

Extraction and Analysis of Scytonemin

Generally, after the initial screening with a spectropho-
tometer, high-performance liquid chromatography (HPLC)
equipped with a reverse-phase column is utilized for the
detection of characteristic UV wavelengths (252, 300 and
384 4+ 2 nm). Thus, a particular scytonemin is identified
using the distinctive nature of its absorption spectrum and
retention time (RT) (Fig. 1b, c¢). However, the identification
of scytonemins using HPLC becomes difficult for unknown
compounds having similar RT and absorption maxima.
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purified fraction showing the prominent peak at m/z 545 of
scytonemin

Therefore, techniques such as ESI-MS (Fig. 4) and NMR
are commonly utilized to examine the structural diversity in
scytonemin. Scytonemin is usually extracted in methanol:
ethyl acetate (1:1 v/v) by overnight incubation at 4 °C.
Other organic solvents such as 100% acetone, 100%
tetrahydrofuran, 100% ethyl acetate, and dimethylsulfoxide
have also been used for the extraction of scytonemins

proteins are required for connecting the two pathways. ScyC, ScyE,
and Ebo FECBA proteins are required for the successful production of
scytonemin by metabolically engineered strain. Substrates and
enzymes shown in bold letters are essential and rate-limiting steps
for the biosynthesis of scytonemin [15, 35, 38, 61] (colour
figure online)

[1, 46]. Preliminary spectroscopic analysis is carried out
between 200 and 800 nm using a UV-Vis spectropho-
tometer to observe the characteristic peaks at 384, 300, 278,
and 252 £ 2 nm. Further analysis of extract can be carried
out using HPLC/TLC, ESI-MS, FTIR, MALDI-TOF MS,
Raman spectroscopy, or NMR system [1, 10, 15, 63, 64].
Column chromatography on silica gel, ODS, or Sephadex
can also be used to yield different forms of scytonemin [65].
In HPLC analysis, which is commonly used for purification,
the flow rate of elution is usually maintained to
1.5 ml min~"' using the mobile phase of solvent A (ultra-
pure water) and solvent B (acetonitrile: methanol: tetrahy-
drofuran, 75:15:10 v/v). A 30-min gradient elution program
is set with 0—15 min linear increase from 10% solvent A to
100% solvent B and 15-30 min at 100% solvent B. The
detection wavelength is set at 380 nm, and the PDA scan
wavelength ranges from 200 to 800 nm. The concentration
of scytonemin can be determined using a trichromatic
equation given by Garcia-Pichel and Castenholz [1]. It can
also be quantified in terms of peak area of HPLC chro-
matograms of purified compound [57]. The commercial
standards for various forms of scytonemins are unavailable.
Therefore, the mass spectral information provides a mea-
sure to identify and characterize various forms of scytone-
mins based on their fragmentation pattern. Online UV/Vis
spectra and mass spectra are available for the identification
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of UV-protective compounds such as scytonemin and
mycosporine-like amino acids [64, 66].

Qualitative identification of different forms of scytone-
mins can be achieved by Raman spectroscopy, which is
based on fundamental vibration modes that can be assigned
to specific chemical functional groups. Recently, using
Raman spectroscopy, a novel structure of scytonemin has
been identified where two scytonemin molecules interact
with iron (III) to form sandwich complexes [67]. Thus,
Raman spectroscopy can be a useful technique for solving
the structure of scytonemin molecules forming a complex
with other ions. Therefore, this technique has the potential
for the identification of past or present extraterrestrial life
on other planets using scytonemin as one of the signature
molecules [68]. Similarly, coherent anti-Stokes Raman
scattering (CARS) microscopy has been recently used for
successful identification and visualization of scytonemin in
the sheath of the living cells of Nostoc commune [69]. The
intracellular localization of scytonemin and its monomer
can also be achieved by fluorescence confocal microscopy
using excitation and emission wavelengths of 405 nm and
410 nm, respectively [61].

Application of Scytonemin

The photoprotective role of scytonemin has been studied in
the number of cyanobacteria inhabiting various ecological
niches [1, 7, 46]. Furthermore, the UV sunscreen role of
scytonemin  in  the  terrestrial cyanobacterium
Chlorogloeopsis sp. has been well documented [7, 8].
Scytonemin is highly stable and performs its screening
activity without further metabolic investment in extreme
stressful physiological conditions such as desiccation and
high temperature when other photo-repair mechanisms are
not operational [46, 52]. The increasing interest of the
scytonemin use for pharmaceutical applications might lead
to a higher demand for this pigment [70]. Scytonemin
shows fairly good radical scavenging activity and hence
could be utilized as a natural antioxidant. Scytonemin
extracted from N. commune showed quenching of an
organic radical in vitro and account for up to 10% of the
total activity of an ethanol extract of the cyanobacterium
[10]. This demonstrates that scytonemin could be poten-
tially utilized as UV sunscreen and antioxidant in the
cosmetic industry. Furthermore, the hydrophobic property
of the scytonemin may greatly increase its penetration into
the skin where it can protect against UVR-related damages.
The maximum absorption of scytonemin in the spectral
range of UV-A radiation further strengthens its application
as a UV-A sunscreen [8].

Scytonemin is equally important for the treatment of
several hyperproliferative disorders, and furthermore, its
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structural properties such as lack of chirality, multiple
dissection points, and phenolic groups easily allow its
modification for the development of a new generation of a
pharmacophore. The reduced form of scytonemin (R-scy-
tonemin) can induce ROS production and mitochondrial
dysfunction, which ultimately results in type II pro-
grammed cell death of human T-lymphoid Jurkat cells [65].
R-scytonemin also possesses the anti-tumour activity and
checks the nitric oxide production induced by
lipopolysaccharide and interferon-y in murine macrophage
RAW264 cells [51]. Scytonemin is known to alter the
activity of cell cycle-related kinases such as serine/thre-
onine kinase, protein kinase A, tyrosine kinase, Mytl,
checkpoint kinase 1, cyclin-dependent kinase 1/cyclin B,
and protein kinase Cbeta2 [13]. Collectively, these reports
strongly support the application of scytonemin for the
treatment of hyperproliferative and hyper-inflammatory
disorders. Scytonemin A possesses calcium antagonistic
properties, and therefore, it can also be used as calcium
channel blocker [28]. Scytonemin is a potential candidate
for the treatment of multiple myeloma as it inhibits the
activity of polo-like kinase [14]. Thus, scytonemin is a
valuable molecule and its production together with the
biofuel production could substantially support economic
viability by adding the value to biorefinery [16]. However,
screening of cyanobacterial strains capable of producing
scytonemin that could also act as a feedstock for biofuel
production will be a challenge for the industry. Moreover,
synthetic biology tools could be applied for developing
novel strains of cyanobacteria combining desired traits of
energy and valuable chemical production.

Conclusion and Future Research Directions

The research conducted over the past few decades has
significantly contributed to the advancement of our
knowledge regarding the biosynthesis, genetics, biochem-
istry, and importance of scytonemin. Therefore, future
research should pave the way to commercialize this valu-
able compound for various applications. Scytonemin is
known to be only produced by some but not all
cyanobacterial species, and therefore, identification and
development of novel strains are required for scytonemin
production at large scale. Significant advancement has been
made in the genetics and biochemistry of scytonemin
biosynthesis. However, the signal transduction pathway
and photoreceptor for UV-A dependent induction of scy-
tonemin, or other signalling molecules or regulators
involved in the biosynthesis of scytonemin, are still to be
identified. Several studies mentioned above have shown the
therapeutic importance of scytonemin. Therefore, these
observations need to be strictly verified and taken to the
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next level for the successful development of scytonemin as
a potential anti-cancerous drug. Scytonemin is also
important as a biosignature molecule and can be useful in
the exploration of life on other planets. Additionally, the
question of why only a few cyanobacterial species produce
scytonemin still needs to be answered. The revelation of
the genetic basis of scytonemin biosynthesis could help in
answering this important question.
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