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Abstract

Optogenetics initially used plant photoreceptors to monitor neural circuits, later 
it has expanded to include engineered plant photoreceptors. Recently photorecep-
tors from bacteria, algae and cyanobacteria have been used as an optogenetic tool. 
Bilin-based photoreceptors are common light-sensitive photoswitches in plants, algae, 
bacteria and cyanobacteria. Here we discuss the photoreceptors from cyanobacteria. 
Several new photoreceptors have been explored in cyanobacteria which are now 
proposed as cyanobacteriochrome. The domains in the cyanobacteriochrome, light-
induced signaling transduction, photoconversion, are the most attractive features for 
the optogenetic system. The wider spectral feature of cyanobacteriochrome from UV 
to visible radiation makes it a light potential sensitive optogenetic tool. Besides, cya-
nobacterial phytochrome responses to yellow, orange and blue light have more appli-
cation in optogenetics. This chapter summarizes the photoconversion, phototaxis, 
cell aggregation, cell signaling mediated by cyanobacteriochrome and cyanophyto-
chrome. As there is a wide range of cyanobacteriochrome and its combination delivers 
a varied light-sensitive response. Besides coordination among cyanobacteriochromes 
in cell signaling reduces the engineering of photoreceptors for the optogenetic system.

Keywords: cyanobacteriochrome, cyanophytochrome, photoswitch, photoreceptor, 
cell signaling transduction

1. Introduction

Photoreceptors in cyanobacteria are diverse in their spectral character from ultravi-
olet to visible wavelength. Plant photoreceptors were widely used in optogenetics, but 
their responses to specific wavelengths need more revision. When compared to these 
photoreceptors cyanobacteriochromes (CBCRs) receive more attention as a versatile 
optogenetic tool. Several photoreceptors respond to a wide range of light, photoconver-
sion ability and photoswitches for dual light are new approaches and powerful tools 
for optogenetics [1]. Engineering of these photoreceptors will develop more versatile 
CBCR to alleviate the conventional methods like mutation and recombination [2]. 
Optogenetics in mammalian tissue adopted far-red illumination and adjacent infra-red 
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radiance to visualize and activate responses in the cell. The CBCRs with linear tetrapyr-
role is very sensitive to red and far-red light. Utilization of these infra-red sensitive and 
red light responsive CBCRs raised their application in optogenetics. So far phytochro-
mobilin is used in mammalian cells recently cyanobacterial phytochrome 1 (CPH1) has 
been applied in mammalian cells proven its benefit in synthetic biology [3].

1.1 Cyanobacteria

Cyanobacteria are evolutionarily ancient phototrophic Gram-negative bacteria 
widely distributed in terrestrial, freshwater and marine environments. They are 
oxygenic photosynthesizers having major photosynthetic pigment chlorophyll-a and 
light-harvesting pigments phycobiliproteins. They survive in many extreme environ-
ments, such as hot and cold deserts, hot springs, and hypersaline environments [4].

1.2 Cyanobacteriochrome

Light is an important factor for their nutrition and growth, therefore, it has a 
multitude photosensory complex that responds to a wide array of illumination. 
Each chromophore is a response to a particular wavelength based on the incident 
light it changes the arrangement and composition of pigments in the photon captur-
ing antenna. This rearrangement of pigments to the incident light is the process of 
complementary chromatic acclimation. Cyanobacteria possess phototaxis move-
ments it means they can move towards or away from specific light. Photoreceptors in 
cyanobacteria are commonly referred to as CBCRs [5].

1.3 Phytochromes

Generally, Phytochromes are photoreceptors that have been found in plants, algae, 
and bacteria. These photoreceptors are broadly utilized in biosensors and optoge-
netics to screen and regulate diverse intracellular cycles like phosphorylation, gene 
activation, degradation of protein and change of calcium ions [6].

1.4 Phytochromes from cyanobacteria

Phytochromes are photochromic photoreceptors, generally responding to red 
and far-red radiation in the visible spectrum. Bilin is the most important portion 
in the chromophore and it is distributed in three different forms. Phytochrome 
in plants made of phytochromobilin, whereas in cyanobacteria it is in the form of 
Phycocyanobilin. Further Phytochromes in plants, algae and cyanobacteria constitute 
linear tetrapyrrole biliverdin [7]. The chromophore part in plant phytochrome has 
cysteine at the N terminal site of the protein. The phytochrome in plants differs from 
cyanobacteria by having biliverdin in the chromophore part. Evolutionary develop-
ment in cyanobacteria brings out cysteine linked with biliverdin in the GAF domain 
and formed as phycocyanobilin also referred to as phytochromobilin. The transforma-
tion of phytochrome into CBCR is due to changes in the molecular level.

1.5 Phytochrome classification

Phytochromes were primarily arranged into three subfamilies dependent on the 
number of domains in their photosensory core module (PCM). Phytochrome has 
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three domains in their core structure, for example, PHY - phytochrome-explicit area, 
PAS - Per-Arnt-Sim, and GAF - cGMP phosphodiesterase-adenylate cyclase-FhlA. 
Even though the amino acid groupings of these domains have a dissimilar sequence, 
their structures were similar. Further subfamilies are cyanobacterial phytochromes 
(Cph), lack an N-terminal PAS area, and CBCRs, which contain a solitary GAF 
domain [8]. The domain proteins of PAS, GAF and PHY were interconnected to form 
homo and heterodimers [9].

1.6 Features of cyanobacteriochrome

Phytochrome in plants and algae has the sensitivity to the different light spectrum. 
Plant phytochromes are sensitive to red radiance furthermore, it performs red and 
far-red photoreversible photocycle. The phytochrome with bilin photoreceptors in 
eukaryotic green algae and prokaryotic cyanobacteria are sensitive to the visible 
spectrum [10–12].

The CBCRs are photoreceptors involved in the regulation of phototaxis. The pho-
toreceptors SyCcaS, SyPixJ1, TePixJ, AnPixJ, SyCikA are now proposed to be CBCRs 
due to the presence of chromophore binding GAF domain.

• The domain GAF is enough for photoconversion

• chromophore in GAF domain varies from phytochrome GAF

• The GAF domain binds to linear tetrapyrrole pigments like phycoviolobilin or 
phycocyanobilin

• The chromes are responsive to a wide range of light from ultraviolet to the 
red region

2. CBCR in cyanobacteria

2.1 AnPixJ

The cyanobacterial genomes of Anabaena and Nostoc harbor PixJ homologs, 
having chromophore-linked GAF domains and domain MCP. The PixJ-GAF domains 
of Anabaena and Nostoc were distinct from the blue-shifted complex of CBCR TePixJ 
and CBCR SyPixJ1 [13]. The four GAF domains of PixJ are continuously arranged 
in AnPixJ of Anabaena sp. PCC 7120 (Figure 1A) that possess reversible photocon-
version between red (648 nm) Pr[AnPixJ] to green (543 nm) absorbing form Pg 
(AnPixJ) [14]. Acidic denaturation of AnPixJ in Anabaena sp. PCC 7120 affected the 
gliding motility of hormogonia and phototaxis.

2.2 SyCcaS

Chromatic acclimation is an adaptive mechanism in some cyanobacteria capable of 
modifying their photosynthetic system reaction to the incident radiance. The phy-
cocyanin content in Synechocystis sp. PCC 6803 is chromatically synchronized under 
red and green-orange light. The cells irradiated with red light produced a higher 
quantity of phycocyanin [15] than the cells exposed to green-orange light. The red 
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light condition activated the gene cpcG2 which encodes the synthesis of phycocyanin 
linker protein. Under red light CcaS, photoreceptor and transcriptional regulator 
CcaR induced the expression of the cpcG2 gene [16]. It has a single GAF domain 
 followed by PAS and PAC domains (Figure 1B).

2.3 FdRcaE

Fremyella diplosiphon harbor photoreceptor RcaE_GAF sector is homologous 
to SyCcaS_GAF. Genetic studies on FdRcaE revealed that it is a red light receptor, 
involved in the expression of operon cpc2 encode synthesis of phycocyanin, [17] 
FdRcaE domain structure GAF, PAS and His kinase (Figure 1C), are parallel to 
SyCcaS (Figure 1B). Though the GAF domain is analogous to FdRcaE_ and SyCcaS, 
their light response is different in which the SyCcaS is a green light receptor. In  
F. diplosiphon, the green light has been used to activate genes for phycoerythrin post-
translational modification and its linker polypeptides through the second signaling 
pathway by CBCR [18, 19]. The modern genome sequencing project would reveal the 
genetic background of the whole complementary chromatic acclimation process.

2.4 SyCikA

The chromophore-binding GAF domain of CikA in Synechococcus elongatus sp. 
PCC 7942, (Figure 1D) plays a crucial role in resetting the circadian rhythms [20]. 

Figure 1. 
Domain architecture of common cyanobacteriochromes (A) AnPixJ (B) SyCcaS (C) FdRcaE (D) SyCikA and 
their specific domains GAF with additional signaling domains are HAMP, methyl accepting chemotaxis protein 
(MA), PAS (PAS+ PAC- Photoswitchable adenyl cyclase), histidine kinase (HisKA+HATPase) and response 
regulator receiver domains (REC).
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Generally, the cyanobacterial chromophore is ligated with cysteine residue but it lacks 
the chromophore-tied Cys residue is parallel to other CikA homologs. Interconnection 
between the C-terminal pseudo-receiver domain and quinone is essential for the 
phase synchronizing of the rhythms [21]. CikA GAF domain of Synechococcus is com-
parable to the SyCikA_GAF of Synechocystis sp. PCC 6803. The properties of SyCikA 
are extremely uncommon however appear to be viable with the idea of circadian 
rhythms.

3. Functions of CBCR

3.1 Coordination of the cyanobacteriochromes

The photo biochemical properties of SesA holoprotein from the cyanobacte-
rium Thermosynechococcus vulcanus have a blue light-responsive DGC (Diguanylate 
cyclase) activity. The SesB holoprotein isolated from T. vulcanus exhibited a revers-
ible photoconversion system. It becomes blue light (417 nm) capturing form to a 
teal light (498 nm) assimilator. Another homologous CBCR from T. vulcanus is SesC 
which photoconverts a blue light (415 nm) assimilator to a green light (522 nm) 
absorber. These three CBCR proteins (SesA, SesB, and SesC) have phycoviobilin 
(PVB) and phycocyanobilin (PCB). These CBCR proteins were genetically expressed 
in E. coli which contains both PVB and phycocyanobilin [22, 23]. The SesA and SesB, 
perform independent photo conversion in E. coli in contrast when it is expressed 
in cyanobacteria it shows single photoconversion (Figure 2). Even though their 
spectral wavelength is different they coordinate and expressed single photocycle 
conversion.

SesB has GGDEF- type DGC (Diguanylate cyclase) domain (Figure 3B) and SesC 
has EAL- type PDE domain to deliver the c-di-GMP signal (Figure 3C). The SesB 

Figure 2. 
Three different CBCR individually expressed to reveal different c-di-GMP signals. Ses A-produces c-di-GMP 
under blue light, Ses B- degrades c-di-GMP under teal light, Ses C- produces c-di-GMP under shorter wavelength 
and degraded c-di-GMP at the longer wavelength. These CBCR were coexpresses in Thermosynechococcus revealed 
c-di-GMP signal binds with cellulose synthase domain and promoted cell aggregation.
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DGC for c-di-GMP signal degraded under teal light, in contrast, expressed higher 
in blue light. In Ses, A c-di-GMP is higher under blue light and lowered in teal blue 
light. SesC DGF activity is maximum in blue light and minimum in green light. This 
is a chrome-responsive cyanobacterial c-di-GMP signaling coordination of (Ses –A, B 
and C) CBCRs.

i. SesA a blue light-responsive DGC

ii. SesB a teal light-responsive and GTP sensitive PDE

iii. SesC, a dual-active CBCR having blue light-sensitive DGC and green  
light-responsive PDE activity

3.2 Cyanobacteriochrome in cell aggregation

The cell aggregation signaling molecule Cyclic dimeric guanosine monophosphate 
(c-di-GMP) is unique to cyanobacteria and bacteria [24]. Light is a key factor in 
controlling c-di-GMP signaling [25, 26]. The domain (GGDEF) for the synthesis 
and (EAL/HD-GYP) (Figure 3A and B) destruction of the c-di-GMP is higher in the 
CBCR GAF structure of freshwater cyanobacterial genomes. The CBCR induces the 
c-di-GMP signaling pathway. The CBCR—GAF domain of SesA (Figure 3A) from 
the thermophilic cyanobacterium Thermosynechococcus elongatus is activated by blue 
light irradiation, and disordering of T. vulcanus SesA inhibited cell aggregation.

Thermosyncechococcus spp., genomes possess five CBCR genes, three homologous 
CBCRs involved in the clumping of cyanobacterial cells are SesA (Tlr0924), SesB 
(Tlr1999), and SesC (Tlrtml). This CBCR has a photosensory domain with a c-di-
GMP protein production/destruction domain. The CBCR-GAF domain of these three 
CBCR is involved in the light-controlled cell accumulation. There is a coordinated 
system of cell accumulation by c-di-GMP signaling via, Ses (A, B and C) CBCR 
(Figure 2) [27, 28].

Figure 3. 
Domain architecture of cyanobacteriochromes Ses A, Ses B and Ses C-GAF photosensitive domain and cell 
signaling domain PAS (Per/Arnt/Sim), GGDEF, EAL capped with a.a-amino acids.
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3.3 Cyanobacterial photobiological responses

Prokaryotic photosynthetic organisms, cyanobacteria, depend on bilin-linked 
phytochromes (Cphs) and CBCRs, photoreceptors which are structurally and func-
tionally vary from plant photoreceptors. The CBCRs are made of light-absorbing 
domains with various color-tuning and signal transmission processes, that make 
cyanobacteria capture a wide wavelength of light from UV–visible to far-red lights. 
The genome of filamentous cyanobacteria has a different type of CBCRs with wide 
chromophore-linked selectivity and photocycle protochromicity. The Cph lineage can 
absorb a wide range of light from blue-violet to yellow-orange light. This chapter also 
emphasized the color-sensitive diversity [29, 30] and signal transmission process of 
Cphs and CBCRs, concerning optogenetic.

Bilin-linked phytochrome Cphs and plant phytochromes (Phys) are similar in 
structure, with an N-terminal photosensory core module (PCM) and a C-terminal 
output regulatory module. The PCM contains the following domains PAS (Period/
Arnt/Single-minded), GAF(C-GMP phosphodiesterase/Adenylylcyclase/FhlA), 
and PHY (phytochrome-specific). The GAF domain is necessary for forming the 
bilin cross-linking; PAS and PHY structures are involved in bilin lyase activity [31]. 
Cyanobacteria have two types of bilin-linked photoreceptors Cphs, and CBCRs. In 
contrast to Cphs with PAS and PHY domain, CBCRs (lack PAS and PHY) absorb a 
wide array of light, by the GAF structure [32]. This wide array of light absorption by 
CBCR is called a color or spectral tuning mechanism.

3.4 CBCR in photobiological responses

Growth of the cyanobacterium Synechocystis PCC 6803 in red (R) and far red (FR) 
light is regulated by Cph1 and Cph2 in an antagonistic method. Modification in Cph1 
negatively affects the Synechocystis growth in FR light, further destruction of Cph2 
hinders its growth in red light [33]. Mutation in Cph2 transformed the growth rate 
and exopolysaccharide biofilm formation, involved in the control of the principal 
energy metabolism [34]. Under unusual light environments, the bilin conformation 
of the cyanobacterial antenna with light-absorbing phycobilisomes rearrangement is 
known as chromatic acclimation (CA). This process allows cyanobacteria to neutralize 
the proportion of light absorption between the photosystems [35, 36].

3.5 Dual light system

The CBCR response to two different light systems is mediated by the histidine 
(His) kinase domain. In Leptolyngbya sp. JSC-1, His domain is found in the proteins of 
Cph, RfpA, whereas CcaS in Synechocystis and Nostoc punctiforme, RcaE and DpxA in 
Fremyella diplosiphon, act as sensor kinase [35].

3.6 Phototaxis

The non-flagellated cyanobacteria adapt phototaxis in response to light. In 
Synechocystis, move towards light [37] and away from light [38] phototaxes are 
achieved by PixJ and UirS CBCRs. The CBCR- PixJ-GAF domain in Synechococcus 
elongatus, can respond to the direction of illumination by wavelengths that induce 
both progressive and refusal phototactic movements [39]. Other similar CBCR viz., 
SyPixJ [37], TePixJ [40], and AnPixJ [41] are commonly involved in phototaxis.
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3.7 Photoinhibition

In some cyanobacteria, photoinhibition light conditions trigger the synthesis of 
photoprotective pigments. For example, intense radiation or UV radiation, accumu-
late mycosporine-like amino acids and scytonemins [30, 42]. Cyanobacteria, like 
Nodularia sp., Euhalothece sp. Microcoleus sp., and Scytonema hofmanii [43, 44] pos-
sess bilin photoreceptors, Cphs and CBCRs. These photosensitive receptors facilitate 
photobiological reactions by sensing and delivering signaling compounds.

3.8 Circadian clock

Cyanobacteria are responsive to diurnal photoperiods by adjusting their photosyn-
thesis and respiration. In S. elongatus PCC 7942, the circadian clock controls the genes 
using promoters in light and dark conditions. Control of promoters is time-depen-
dent, which sequentially maintains energy metabolism, cell division, and chromo-
some structure. Some CBCR domain (KaiABC), CikA (circadian input kinase A) and 
PsR in the S. elongatus oscillator become natural sensors that identify the change from 
light to dark by detecting the redox condition of the quinone pool [45].

3.9 Biofilm

Cyanobacteria form biofilms, which favor attachment on a surface to grow and 
produce extracellular polymers. This biofilm development in Thermosynechococcus 
is intervened by the cyclic diguanosine monophosphate (c-di-GMP) a bacterial 
secondary messenger [46]. Three CBCRs, SesA, B and C, in the blue/green light 
(ON/OFF) - c-di-GMP switch control non-motile and motile in planktonic  
networks [26, 47].

4. Photosensitive features of CBCR

4.1 Color sensing by Cphs and CBCRS

Cyanobacterial proteins contain the accompanying regions PAS-GAF-PHY [48]. 
Entire genome sequencing of cyanobacterial species, for example, Microcoleus IPAS 
B373 [49], Euhalothece Z-M001 [44], and Tolypothrix PCC7910 [50] are devoid of 
gene HY2, for phytochromobilin (PФB) synthase. Further, these cyanobacteria 
have pcyA gene that encodes phycocyanobilin (PCB): ferredoxin oxidoreductase 
that catalyzes the conversion of biliverdin (BV) to PCB, a significant cofactor of 
Cphs and CBCRs [32, 51]. The quantity of Cphs and CBCRs differ among cyano-
bacteria, Euhalothece has 3 numbers, Synechocystis (8), Microcoleus IPAS B353 (9), 
Acaryochloris marina (12), N. punctiforme (18), and Tolypothrix PCC 7910 (36). In 
cyanobacterium, the complete number of bilin photoreceptors relies upon the size 
of its genome [49]. Besides, CBCRs are more plentiful in cyanobacteria, than Cphs, 
and the proportion of CBCRs for blue to red is corresponding to the environmental 
light conditions. For example, Microcoleus IPAS B353 grown in UV light developed 
only violet CBCRs than red/green and green/red CBCRs. Generally, UV light is 
recommended to develop and improve the quantity of short wavelength responsive 
CBCR [49].
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4.2 Dual cays residues in CBCR for dual photocycle

Some CBCRs with exceptionally unchanged DXCF motif or the feebly rationed 
CXXR/K motif have extra Cys amino acids in the insertion loop (embed - Cys) via 
second thioether bond at the C10 atom under dark phase [52]. This sort of double Cys 
CBCRs, with a second thioether bond, is fragile and light-labile. These CBCRs are 
extremely responsive to capture violet or blue light in dark phase but it absorbs green, 
yellow, orange or greenish-blue light in the light phase. The cyanobacterial CBCRs are 
primarily linked to PCB yet some may link to phycoviolobilin (PVB) like Cphs [53, 54]. 
The change of PCB into PVB is unique to the DXCF-CBCRs subfamily [22]. The color 
tuning systems of CBCRs for far-red to orange (Fr/O) remain unidentified [55].

4.3 Signal transmission by CBCR

Cyanobacterial photoreceptors associated with signal transmission through phos-
phor transfer or c-di-GMP. Phosphorelay is a signal transmission process engaged 
with the autophosphorylation of His amino acid residue by His kinases, continued 
by phosphotransfer in association with reaction controllers. A film bound His kinase 
CBCR-UirS in Synechocystis accompanied with the reaction controller AraC family and 
UirR roles as a UV absorbing two-segment signaling framework [38]. Signaling in the 
chromophorylation process is regulated by the cystathionine beta-synthase (CBS) in 
the N-terminal of SesA. This in SesA can bind to ATP, ADP, and AMP which regulate 
the signaling process in chromophorylation.

4.4 Autolyase and autoisomerase in CBCR

Cyanobacterial photoreceptors are also called CBCRs that are similar to phyto-
chromes [56]. PixJ GAF, from a thermophilic cyanobacterium Thermosynechococcus 
elongatus, regulates phototaxis. The BP-1 bacterial photoreceptors (TePixJ_GAF) 
reveal reversible photoconversion between a blue light (433 nm) capturer and a green 
light (531 nm) capturer. TePixJ GAF chromoprotein expressed in Synechocystis was 
denatured using acidic urea (8 M urea/HCl, pH 2.0) and it was compared with the 
cyanobacterial phytochrome Cphl having chromophore phycocyanobilin (PCB). The 
PCB is not a chromophore part in TePixJ, but PCB is a part of its isomer, phycoviolobi-
lin (PVB). It confers the autolyase and autoisomerase property of GAF in TePixJ.

The primary CBCR for the phototaxis controller was recognized as PixJ. The CBCR 
SyPixJl of Synechocystis sp. PCC 6803 and TePixJ of Thermosynechococcus elongatus BP-1 
showed selective reverse photo transfiguration between blue absorber (425-435 nm) 
Pb to green (531–535 nm) absorber Pg [57, 58]. Genetic modification in the pixJ of 
SypixJl and SypixD lost progressive phototaxis, these CBCR in original structure 
perceive blue light and characterize the order of motility as a regulatory switch [59]. 
The anticipated secondary arrangement of SyPixJl has N-terminal transmembrane 
helices, two successive GAF domains and a C-terminal methyl-accepting structure 
[5]. Proteolytic destruction and mass spectrometric investigation of SyPixJ 1_GAF 
and TePixJ_GAF showed that a straight tetrapyrrole was covalently bound to a peptide 
connected with phytochrome, a moderated Cys-His motif [5].

At the point when His6-TePixJ_GAF was digested with acidic urea in the dark 
phase, the Pb peak (433 nm) was changed from native form to a peak at 594 nm with 
a shoulder at 565 nm. The PVB in TePixJ_GAF captures a shorter wavelength of light 
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than PCB. In any case, it ought to be noticed that the Pb absorb at 433 nm in native 
form is extraordinarily smaller than the urea-denatured PVB absorb at 594 nm. PVB 
is an isomer of PCB with a similar atomic mass, yet conjugated double bonds are 
detached at the C5 position. PVB with the apoprotein is accountable for the extraordi-
nary blue capturing structure Pb and photoreversible modifications. The PCB trans-
formation to PVB is because of the PecE and PecF proteins which are fundamental for 
ligation and isomerization.

5. Color-tuning mechanisms of cyanobacteriochromes

The term cyanobacteriochrome was first reported in 2004 by Dr. Ikeuchi in his 
paper about photoreceptor SypixJ1 [60]. This photoreceptor covalently binds a 
linear tetrapyrrole chromophore and performed reversible photoconversion between 
a blue-absorbing form (Pb) and a green-absorbing form (Pg). This protein has a 
cGMP-phosphodiesterase/adenylate cyclase/FhlA (GAF) similar to those of the 
Phytochromes. The GAF in cyanobacterial signals transduction proteins is identified 
as CBCRs. The GAF s of cyanobacteria are covalently linked to tetrapyrrole chro-
mophore. This chromophore can sense different light (UV–visible spectra). In some 
cyanobacteria, this GAF regulate phototactic motility, chromatic acclimation and 
light-dependent cell aggregation.

5.1 CBCR structure and diversity

In CBCRs, the GAF is essential for chromophore incorporation and photo-
conversion [61] CBCRs have N and C terminals in which GAF s are located at the 
N-terminus. Signal output s viz. (HisKA + HATPase_c), Methyl-accepting (MA), 
GGDEF, and EAL s located at the C- terminus. His kinase is frequently detected as 
signal output s.

5.2 Chromophore variation in color-tuning mechanism

Generally, four types of linear tetrapyrrole chromophores, phycocyanobilin 
(PCB), biliverdin (BV), phytochromobilin (PFB) and phycoviolobilin (PVB), have 
been identified in the CBCR GAF domain. The mixture of these chromophores in 
the GAF domain results in broad and diverse spectral features [54, 62]. These chro-
mophores are arranged in an order from a longer wavelength absorbing system to 
a shorter wavelength absorber (BV > PFB > PCB > PVB). The longer wavelength of 
light is absorbed by the longer length chromophores. Sometimes, the PCB isomer-
izes to PVB at the GAF region. This sort of PVB linked GAF area in CBCR has been 
distinguished from the cyanobacterium Acaryochloris marina [54]. The chromophore 
binding species should possess a UV-to-blue absorber.

The absorption of the Cys-free form is highly affected by the linked species of 
chromophores. The chromophore PCB in AM1_1186g2 revealed a reversible photo-
conversion between a Cys-free red-absorber (Pr) and a Cys-dependent blue absorber 
Pb [63], while covalently linked PVB in TePixJg showed reversible photoconversion 
between a Cys-free Pg absorber to a Cys-linked Pb absorber [62, 64]. The Cys-linked 
Pb absorber in the CBCR GAF s is the same as the blue to green reversible, but the 
Cys-free teal-absorber (Pt) is often shifted to blue absorber in association with 
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the typical green absorber Pg. A twist in the D ring of the conserved Phe residues in 
the Pt absorber contributes to the blue-shift [65, 66]. The conversion of the Pt form 
into the typical red-shifted Pg form is mediated by the loss of these Phe residues [66]. 
Likewise in the XRG lineage, CBCR GAF s have red to green reversible photoconver-
sion. Blue-shift of the Pg form to red absorbing Pr caused a small twist in the A and 
D ring [67]. This photocycle is mediated by the proton donor and the acceptor is Glu 
amino acid.

5.3 Dark reversion

The two distinctive light-harvesting types of the CBCR GAF domain are generally 
constant under the dark phase, thus these CBCR GAFs can detect the proportion of 
two wavelengths. Further, in some CBCR GAF showed unidirectional photoconver-
sion and rapid dark reversion. This can identify the concentration of certain colors of 
light [68]. Some XRG CBCR GAF s are unidirectional photoconversion from Pr-to-Pg 
in dark conditions, and after 4–25 s it rapidly undergoes dark reversion from Pg-to-Pr 
[68]. The kinetics of these GAF s of the dark reversion is highly dependent on higher 
temperature [53, 69, 70]. Light and temperature were indulged in the regulation 
of these GAFs. These characteristics may be physiologically relevant to sense light 
intensity for efficient photosynthesis because the same light intensity with lower 
temperatures severely inhibited photosynthesis.

5.4 Engineering

Several CBCRs have been designed to change the color-tuning interaction and 
output activity. Inclusion of the second Cys residue and modifications of PCB-binding 
in the GAF s caused reversible photoconversion from red/green into blue/green. This 
is due to the isomerization of PCB to PVB by the incorporation of the second Cys resi-
due which attaches to the chromophore in the reversible form [70, 71]. The twisted 
geometry of the D ring can also be removed [66]. The output activity of the native 
GAF was modified with other lineage s by adenylate cyclases [72–74] that respond to 
various light. Changing the length of the CBCR GAF linker region in CcaS and HisKA 
turns the light receptiveness of the green to red lineage [75].

6. Conclusions

Optogenetics, is a new branch of synthetic biology, is generally defined as the 
engineering of particular light-induced cellular reactions. This study was initiated 
with light-sensitive Phytochromes and bacteriochromes experimented in bacteria 
and mammalian neurons. Recently this research field is sensational due to the CBCRs 
from cyanobacteria are widely used as signaling components. These CBCRs in optoge-
netic systems performed the regulation of cellular responses spatially and temporally 
by precisely applying and removing light. A cyanobacterial photoreceptor-based 
optogenetic system was implemented to study the protein interaction and cell signal-
ing in cyanobacteria, bacteria and mammalian cells. The application of CBCRs in 
optogenetic systems extends their usage in developing potential new therapeutics. 
Smaller size photosensory regions and autocatalytic activity of CBCRs are more 
advantageous than other photoreceptors.
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Abbreviation

CBCRs Cyanobacteriochromes
CPH1 Cyanobacterial phytochrome 1
PCM Photosensory core module
PAS Per-ARNT-Sim
GAF cGMP phosphodiesterase-adenylate cyclase-FhlA
PHY Phytochrome-specific
Cph Cyanobacterial Phytochromes
DGC Diguanylate cyclase)
Phys Phytochromes
UV Ultraviolet
nm Nanometer
Cys Cysteine
PCB Phycocyanobilin
PVB Phycoviobilin
(PФB) Phytochromobilin
PFB Phytochromobilin
Glu Glutamine
Phe Phenylalanine
BV Biliverdin
MA Methyl acceptor
ATP Adenosine triphosphate
ADP Adenosine diphosphate
AMP Adenosine monophosphate
CBS Cystathionine beta-synthase
His Histidine



13

Cyanobacterial Phytochromes in Optogenetics
DOI: http://dx.doi.org/10.5772/intechopen.97522

Author details

Sivasankari Sivaprakasam1*, Vinoth Mani2, Nagalakshmi Balasubramaniyan3  
and David Ravindran Abraham3

1 Department of Microbiology, Jawaharlal Nehru College for Women, 
Thiruvalluvar University, Tamil Nadu, India

2 Department of Botany, Sri Vijay Vidhyalaya College for Arts and Science, 
Periyar University, Tamil Nadu, India

3 Department of Biology, Gandhigram Rural Institute-Deemed to be University, 
Tamil Nadu, India

*Address all correspondence to: san.s41190@gmail.com

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Epigenetics to Optogenetics - A New Paradigm in the Study of Biology

14

[1] Fushimi K, Narikawa R. 
Cyanobacteriochromes: photoreceptors 
covering the entire UV-to-visible 
spectrum. Current opinion in structural 
biology. 2019;57:39-46. DOI:10.1016/j.
sbi.2019.01.018

[2] Bedbrook CN, Yang KK,  
Robinson JE, Mackey ED, Gradinaru V, 
Arnold FH. Machine learning-guided 
channelrhodopsin engineering enables 
minimally invasive optogenetics. 
Nature methods. 2019;16:1176-1184. 
DOI:10.1038/s41592-019-0583-8

[3] Müller K, Engesser R, Timmer J, 
Nagy F, Zurbriggen MD, Weber W. 
Synthesis of phycocyanobilin in 
mammalian cells. Chemical 
communications. 2013;49:8970-8972. 
DOI:10.1039/C3CC45065A

[4] Ho MY, Soulier NT, Canniffe DP, 
Shen G, Bryant DA. Light regulation of 
pigment and photosystem biosynthesis in 
cyanobacteria. Current opinion in plant 
biology. 2017;37:24-33. DOI:10.1016/j.
pbi.2017.03.006

[5] Ikeuchi M, Ishizuka T. 
Cyanobacteriochromes: a new 
superfamily of tetrapyrrole-binding 
photoreceptors in cyanobacteria. 
Photochemical &Photobiological 
Sciences. 2008;7:1159-1167. DOI:10.1039/
B802660M

[6] Chernov KG, Redchuk TA, 
Omelina ES, Verkhusha VV.  
Near-Infrared Fluorescent Proteins, 
Biosensors, and Optogenetic Tools 
Engineered from Phytochromes. 
Chem Rev. 2017; 117:6423-6446.

[7] Piatkevich KD, Subach FV, 
VerkhushaVV. Engineering of bacterial 
phytochromes for near-infrared imaging, 

sensing and light-control in mammals. 
ChemSoc Rev. 2013; 21;42:3441-3452.

[8] Giraud E, Verméglio A. 
Bacteriophytochromes in anoxygenic 
photosynthetic bacteria. Photosynth. 
Res. 2008;97:141-153. DOI: 10.1007/
s11120-008-9323-0.

[9] Anders K, Essen LO. The family of 
phytochrome-like photoreceptors. 
Diverse,complex and multi- colored, but 
very useful. Curr. Opin. Struct. Biol. 
2015;35:7-16. DOI: 10.1016/j.sbi.2015. 
07.005.

[10] Takala H, Bjorling A, Linna M, 
Westenhoff S, Ihalainen JA. Light-
induced changes in the dimerization 
interface of bacteriophytochromes. J. 
Biol. Chem. 2015; 290:16383-16392. 
DOI: 10.1074/jbc.M115.650127.

[11] Takala H, Björling A, Berntsson O, 
Lehtivuori H, Niebling S, Hoernke M, 
Kosheleva I, Henning R, Menzel A, 
Ihalainen J.A., et al. Signal 
amplification and transduction in 
phytochromephotosensors. Nature. 
2014;509:245-248. DOI: 10.1038/
nature13310.

[12] Bellini D, Papiz MZ. Structure of a 
bacteriophytochrome and light-
stimulated protomer swapping with a 
gene repressor. Structure. 2012;20:1436-
1446. DOI: 10.1016/j.str.2012.06.002.

[13] Nultsch W, Schuchart H, Höhl M. 
Investigations on the phototactic 
orientation of Anabaena variabilis. 
Archives of Microbiology. 1979;122: 
85-91. DOI:10.1007/BF00408050

[14] Narikawa R, Fukushima Y, 
Ishizuka T, Itoh S, Ikeuchi M.A novel 
photoactive GAF of cyanobacterio-
chromeAnPixJ that shows reversible 

References



15

Cyanobacterial Phytochromes in Optogenetics
DOI: http://dx.doi.org/10.5772/intechopen.97522

green/red photoconversion. Journal of 
molecular biology. 2008;25;38:844-855. 
DOI:10.1016/j.jmb.2008.05.035

[15] Sivasankari S, Vinoth M, 
Ravindran D, Baskar K, Alqarawi AA, 
Abd_Allah EF. Efficacy of red light 
for enhanced cell disruption and 
fluorescence intensity of phycocyanin. 
Bioprocess and Biosystems 
Engineering.2020;4:1-0. DOI:10.1007/
s00449-020-02430-5

[16] Ikeuchi M, Ishizuka T. 
Cyanobacteriochromes: a new 
superfamily of tetrapyrrole-binding 
photoreceptors in cyanobacteria. 
Photochemical &Photobiological 
Sciences. 2008;7:1159-67. D OI:10:1039/
B802660M

[17] Seib LO, Kehoe DM. A turquoise 
mutant genetically separates expression 
of genes encoding phycoerythrin and its 
associated linker peptides. Journal of 
Bacteriology. 2002;15;184:962-970. 
DOI: 10.1128/jb.184.4.962-970.2002

[18] Li L, Kehoe DM. In vivo analysis of 
the roles of conserved aspartate and 
histidine residues within a complex 
response regulator. Molecular 
microbiology. 2005;55:1538-1552. 
DOI: 10.1111/j.1365-2958.2005.04491.x

[19] Li L, Alvey RM, Bezy RP, Kehoe DM. 
Inverse transcriptional activities during 
complementary chromatic adaptation are 
controlled by the response regulator 
RcaC binding to red and green light 
responsive promoters. Molecular 
microbiology. 2008;68:286-297. DOI: 
10.1111/j.1365-2958.2008.06151.x

[20] Schmitz O, Katayama M, 
Williams SB, Kondo T and Golden SS. 
CikA, a bacteriophytochrome that resets 
the cyanobacterial circadian clock, 
Science, 2000, 289, 765-768. DOI: 
10.1126/science.289.5480.765

[21] Ivleva NB, Gao T, LiWang AC and 
Golden SS. Quinone sensing by the 
circadian input kinase of the 
cyanobacterial circadian clock, Proc. 
Natl. Acad. Sci. USA, 2006, 103, 17468-
17473. DOI: 10.1073/pnas.0606639103

[22] Rockwell NC, Martin SS, 
Gulevich AG, Lagarias JC. 
Phycoviolobilin formation and spectral 
tuning in the DXCF cyanobacterio-
chrome subfamily. Biochemistry. 2012; 
21;51:1449-1463. DOI: 10.1021/bi201783j

[23] Enomoto G, Hirose Y, Narikawa R, 
Ikeuchi M. Thiol-based photocycle  
of the blue and teal light-sensing 
cyanobacteriochrome Tlr1999. 
Biochemistry. 2012; 10;51:3050-8. 
DOI:10.1021/bi300020u

[24] Hirose Y, Shimada T, Narikawa R, 
Katayama M, Ikeuchi M. Cyanobacterio-
chromeCcaS is the green light receptor 
that induces the expression of 
phycobilisome linker protein. 
Proceedings of the National Academy 
of Sciences. 2008;15;105:9528-9533. 
DOI:10.1073/pnas. 0801826105

[25] Savakis P, De Causmaecker S, 
Angerer V, Ruppert U, Anders K, 
Essen LO, Wilde A. Light-induced 
alteration of c-di-GMP level controls 
motility of Synechocystis sp. PCC 6803. 
Molecular microbiology. 2012;85:239-251. 
DOI: 10.1111/j.1365-2958.2012.08106.x

[26] Enomoto G, Nomura R,  
Shimada T, Narikawa R, Ikeuchi M. 
CyanobacteriochromeSesA is a 
diguanylatecyclase that induces cell 
aggregation in Thermosynechococcus. 
Journal of Biological Chemistry. 
2014;5;289(36):24801-9. DOI: 10.1074/
jbc.M114.583674

[27] Barends TR, Hartmann E, Griese JJ, 
Beitlich T, Kirienko NV, Ryjenkov DA, 
Reinstein J, Shoeman RL, Gomelsky M, 



Epigenetics to Optogenetics - A New Paradigm in the Study of Biology

16

Schlichting I. Structure and mechanism 
of a bacterial light-regulated cyclic 
nucleotide phosphodiesterase. Nature. 
2009;459(7249):1015-1018. DOI:10.1038/
nature07966

[28] Agostoni M, Koestler BJ, Waters CM, 
Williams BL, Montgomery BL. 
Occurrence of cyclic di-GMP-modulating 
output s in cyanobacteria: an 
illuminating perspective. MBio. 
2013;30;4. DOI: 10.1128/mBio.00451-13

[29] Vinoth M, Sivasankari S, 
Ahamed AK, Al-Arjani AB, Abd_
Allah EF, Baskar K. Biological soil crust 
(BSC) is an effective biofertilizer on 
Vignamungo (L.). Saudi Journal of 
Biological Sciences. 2020;272325-32. 
DOI:10.1016/j.sjbs.2020.04.022

[30] Hirose Y, Rockwell NC, Nishiyama K, 
Narikawa R, Ukaji Y, Inomata K, 
Lagarias JC, Ikeuchi M. Green/red 
cyanobacteriochromes regulate 
complementary chromatic acclimation 
via a protochromicphotocycle. 
Proceedings of the National Academy of 
Sciences. 2013; 26;110:4974-4979. DOI: 
10.1073/pnas.1302909110

[31] Rockwell NC, Lagarias JC. 
Phytochrome diversification in 
cyanobacteria and eukaryotic algae. 
Current opinion in plant biology. 
2017;37:87-93. DOI:10.1016/j.
pbi.2017.04.003

[32] Fushimi K, Narikawa R. 
Cyanobacteriochromes: photoreceptors 
covering the entire UV-to-visible 
spectrum. Current opinion in structural 
biology. 2019;1;57:39-46. DOI:10.1016/j.
sbi.2019.01.018

[33] Fledler B, Broc D, Schubert H, 
Rediger A, Börner T, Wilde A. 
Involvement of Cyanobacterial 
Phytochromes in Growth Under 
Different Light Qualitities and 

Quantities. Photochemistry and 
photobiology. 2004;79:551-555. 
DOI:10.1111/j.1751-1097.2004.tb01275.x

[34] Schwarzkopf M, Yoo YC, 
Hückelhoven R, Park YM, Proels RK. 
Cyanobacterial phytochrome2 regulates 
the heterotrophic metabolism and has a 
function in the heat and high-light stress 
response. Plant physiology. 
2014;164:2157-2166. DOI:10.1104/
pp.113.233270

[35] Sanfilippo JE, Garczarek L, 
Partensky F, Kehoe DM. Chromatic 
acclimation in cyanobacteria: a diverse 
and widespread process for optimizing 
photosynthesis. Annual review of 
microbiology. 2019;73:407-433. 
DOI:10.1104/pp.113.233270

[36] Wiltbank LB, Kehoe DM. Diverse 
light responses of cyanobacteria 
mediated by phytochrome superfamily 
photoreceptors. Nature Reviews 
Microbiology. 2019;17:37-50. 
DOI:10.1038/s41579-018-0110-4

[37] Yoshihara S, Ikeuchi M.  
Phototactic motility in the unicellular 
cyanobacteriumSynechocystis sp. PCC 
6803. Photochemical &Photobiological 
Sciences. 2004;3:512-518. DOI:10.1039/
B402320J

[38] Song JY, Cho HS, Cho JI, Jeon JS, 
Lagarias JC, Park YI. Near-UV 
cyanobacteriochromesignaling system 
elicits negative phototaxis in the 
cyanobacteriumSynechocystis sp. PCC 
6803. Proceedings of the National 
Academy of Sciences. 2011;28;108: 
10780-10785. DOI:10.1073/pnas. 
1104242108

[39] Yang Y, Lam V, Adomako M, 
Simkovsky R, Jakob A, Rockwell NC, 
Cohen SE, Taton A, Wang J,  
Lagarias JC, Wilde A. Phototaxis in a 
wild isolate of the cyanobacterium 



17

Cyanobacterial Phytochromes in Optogenetics
DOI: http://dx.doi.org/10.5772/intechopen.97522

Synechococcuselongatus. Proceedings of 
the National Academy of Sciences. 
2018;26;115:E12378- 87. DOI:10.1073/
pnas.1812871115

[40] Ishizuka T, Shimada T, Okajima K, 
Yoshihara S, Ochiai Y, Katayama M, 
Ikeuchi M. Characterization of cyano 
bacteriochrome TePixJ from a thermo 
philiccyanobacterium Thermo synecho 
coccuselongatus strain BP-1. Plant and 
cell physiology. 2006;1;47:1251-1261. 
DOI:10.1093/pcp/pcj095

[41] Narikawa R, Fukushima Y, 
Ishizuka T, Itoh S, Ikeuchi M.A 
novel photoactive GAF of 
cyanobacteriochromeAnPixJ that shows 
reversible green/red photoconversion. 
Journal of molecular biology. 
2008;25;380:844-55. DOI:10.1016/j.
jmb.2008.05.035

[42] Rastogi RP, Sinha RP, Moh SH, 
Lee TK, Kottuparambil S, Kim YJ, 
Rhee JS, Choi EM, Brown MT, Häder DP, 
Han T. Ultraviolet radiation and 
cyanobacteria. Journal of 
Photochemistry and Photobiology B: 
Biology. 2014;1;141:154-169. 
DOI:10.1016/j.jphotobiol.2014.09.020

[43] Sinha RP, Häder DP. UV-protectants 
in cyanobacteria. Plant Science. 
2008;1;174(3):278-89. DOI:10.1016/j.
plantsci.2007.12.004

[44] Yang HW, Song JY, Cho SM, 
Kwon HC, Pan CH, Park YI. Genomic 
survey of salt acclimation-related genes 
in the halophilic Cyanobacterium 
euhalothece sp. Z-M001.Scientific 
reports. 2020;20;10(1):1-1.DOI:10.1038/
s41598-020-57546-1

[45] Cohen SE, Golden SS. Circadian 
rhythms in cyanobacteria. Microbiology 
and Molecular Biology Reviews. 
2015;1;79(4):373-85. DOI:10.1128/
MMBR.00036-15

[46] Agostoni M, Waters CM, 
Montgomery BL. Regulation of biofilm 
formation and cellular buoyancy through 
modulating intracellular cyclic di-cGMP 
levels in engineered cyanobacteria. 
Biotechnology and bioengineering. 
2016;113(2):311-319. DOI:10.1002/
bit.25712

[47] Enomoto G, Narikawa R, Ikeuchi M. 
Three cyanobacteriochromes work 
together to form a light color-sensitive 
input system for c-di-GMP signaling of 
cell aggregation. Proceedings of the 
National Academy of Sciences. 
2015;30;112:8082-8087. DOI:10.1073/
pnas.1504228112

[48] Yeh KC, Wu SH, Murphy JT, 
Lagarias JC. A cyanobacterialphyto-
chrome two-component light sensory 
system. Science. 1997;5;277(5331): 
1505-8. DOI:10.1126/science.277. 
5331.1505

[49] Cho SM, Jeoung SC, Song JY, 
Kupriyanova EV, Pronina NA, Lee BW, 
Jo SW, Park BS, Choi SB, Song JJ, Park YI. 
Genomic survey and biochemical 
analysis of recombinant candidate 
cyanobacteriochromes reveals 
enrichment for near UV/violet  
sensors in the halotolerant and 
alkaliphiliccyanobacteriumMicrocoleus 
IPPAS B353. Journal of Biological 
Chemistry. 2015;20;290:28502-28514. 
DOI: 10.1074/jbc.M115.669150

[50] Song JY, Lee HY, Yang HW, Song JJ, 
Lagarias JC, Park YI. Spectral and 
photochemical diversity of tandem 
cysteine cyanobacterial phytochromes. 
Journal of Biological Chemistry. 
2020;8;295:6754-6766. DOI:10.1074/jbc.
RA120.012950

[51] Fujita Y, Tsujimoto R, Aoki R. 
Evolutionary aspects and regulation 
of tetrapyrrole biosynthesis in 
cyanobacteria under aerobic and 



Epigenetics to Optogenetics - A New Paradigm in the Study of Biology

18

anaerobic environments. Life. 2015;5: 
1172-1203. DOI:10.3390/life5021172

[52] Cho SM, Jeoung SC, Song JY, Song JJ, 
Park YI. Hydrophobic residues near the 
bilin chromophore-binding pocket 
modulate spectral tuning of insert-Cys 
subfamily cyanobacteriochromes. 
Scientific reports. 2017;17;7:1-2. 
DOI:10.1038/srep40576

[53] Fushimi K, Nakajima T, Aono Y, 
Yamamoto T, Ikeuchi M, Sato M, 
Narikawa R. Photoconversion and 
fluorescence properties of a red/green-
type cyanobacteriochrome AM1_
C0023g2 that binds not only 
phycocyanobilin but also biliverdin. 
Frontiers in microbiology. 2016;26;7:588. 
DOI:10.3389/fmicb.2016.00588

[54] Narikawa R, Nakajima T, Aono Y, 
Fushimi K, Enomoto G, Itoh S, Sato M, 
Ikeuchi M. A biliverdin-binding 
cyanobacteriochrome from the 
chlorophyll d–bearing cyanobacterium-
Acaryochloris marina. Scientific reports. 
2015;22;5:1-0. DOI:10.1038/srep07950

[55] Rockwell NC, Martin SS, Lagarias JC. 
Identification of cyanobacteriochromes 
detecting far-red light. Biochemistry. 
2016;19;55:3907-3919. DOI:10.1021/acs.
biochem.6b00299

[56] Ohmori M, Ikeuchi M, Sato N, 
Wolk P, Kaneko T, Ogawa T, Kanehisa M, 
Goto S, Kawashima S, Okamoto S, 
Yoshimura H. Characterization of genes 
encoding multi- proteins in the genome 
of the filamentous nitrogen-fixing 
cyanobacterium Anabaena sp. strain PCC 
7120. DNAresearch. 2001;1;8:271-284. 
DOI:10.1093/dnares/8.6.271

[57] Yoshihara S, Katayama M, Geng X, 
Ikeuchi M. Cyanobacterialphytochrome-
like PixJ1 holoprotein shows novel 
reversible photoconversion between 
blue-and green-absorbing forms. Plant 

and Cell Physiology. 2004;15;45:1729-
1737. DOI:10.1093/pcp/pch214

[58] Ishizuka T, Shimada T, Okajima K, 
Yoshihara S, Ochiai Y, Katayama M, 
Ikeuchi M. Characterization of cyano 
bacteriochrome TePixJ from a thermo 
philiccyanobacterium Thermosynecho 
coccuselongatus strain BP-1. Plant and 
cell physiology. 2006;1;47:1251-1261. 
DOI:10.1093/pcp/pcj095

[59] Gan F, Zhang S, Rockwell NC, 
Martin SS, Lagarias JC, Bryant DA. 
Extensive remodeling of a cyanobacterial 
photosynthetic apparatus infra-redlight. 
Science.2014;12;345(6202):1312-7. DOI: 
10.1126/science.1256963

[60] Yoshihara S, Katayama M, Geng X, 
Ikeuchi M. Cyanobacterialphytochrome-
like PixJ1 holoprotein shows novel 
reversible photoconversion between 
blue-and green-absorbing forms. Plant 
and Cell Physiology. 2004;15;45(12): 
1729-37. DOI:10.1093/pcp/pch214

[61] Anders K, Essen LO. The family of 
phytochrome-like photoreceptors: 
diverse, complex and multi-colored, but 
very useful. Current Opinion in 
Structural Biology. 2015;1;35:7-16. 
DOI:10.1016/j.sbi.2015.07.005

[62] Ishizuka T, Narikawa R, Kohchi T, 
Katayama M, Ikeuchi M. 
CyanobacteriochromeTePixJ of 
Thermosynechococcus elongates harbors 
phycoviolobilin as a chromophore. Plant 
and cell physiology. 2007;1;48:1385-1390. 
DOI:10.1093/pcp/pcm106

[63] Narikawa R, Enomoto G, Fushimi K, 
Ikeuchi M. A new type of dual-
Cyscyanobacteriochrome GAF found in 
cyanobacterium Acaryochloris marina, 
which has an unusual red/blue reversible 
photoconversion cycle. Biochemistry. 
2014;12;53:5051-5059. DOI: 10.1021/
bi500376b



19

Cyanobacterial Phytochromes in Optogenetics
DOI: http://dx.doi.org/10.5772/intechopen.97522

[64] Ishizuka T, Kamiya A, Suzuki H, 
Narikawa R, Noguchi T, Kohchi T, 
Inomata K, Ikeuchi M. The 
cyanobacteriochrome, TePixJ, isomerizes 
its own chromophore by converting 
phycocyanobilin to phycoviolobilin. 
Biochemistry. 2011;15;50:953-961. 
DOI:10.1021/bi101626t

[65] Rockwell NC, Martin SS, Lagarias JC. 
Mechanistic insight into the 
photosensory versatility of DXCF 
cyanobacteriochromes. Biochemistry. 
2012;1;51:3576-3585. DOI:10.1021/
bi300171s

[66] Rockwell NC, Martin SS, 
Gulevich AG, Lagarias JC. Conserved 
phenylalanine residues are required for 
blue-shifting of cyanobacteriochrome 
photoproducts. Biochemistry. 
2014;20;53:3118-3130. DOI:10.1021/
bi500037a

[67] Lim S, Yu Q, Gottlieb SM, 
Chang CW, Rockwell NC, Martin SS, 
Madsen D, Lagarias JC, Larsen DS, 
Ames JB. Correlating structural and 
photochemical heterogeneity in 
cyanobacteriochrome NpR6012g4. 
Proceedings of the National Academy of 
Sciences. 2018;24;115:4387-4392. 
DOI:10.1073/pnas.1720682115

[68] Rockwell NC, Martin SS, Lagarias JC. 
Red/green cyanobacteriochromes: 
sensors of color and power. Biochemistry. 
2012;4;51:9667-9677. DOI:10.1021/
bi3013565

[69] Hasegawa M, Fushimi K, Miyake K, 
Nakajima T, Oikawa Y, Enomoto G, 
Sato M, Ikeuchi M, Narikawa R. 
Molecular characterization of DXCF 
cyanobacteriochromes from the 
cyanobacteriumAcaryochloris marina 
identifies a blue-light power sensor. 
Journal of Biological Chemistry. 
2018;2;293:1713-1727. DOI:10.1074/jbc.
M117.816553

[70] Rockwell NC, Martin SS, Lagarias JC. 
There and Back Again: Loss and 
Reacquisition of Two Cys Photocycles in 
Cyanobacteriochromes. Photochemistry 
and photobiology. 2017;93(3):741-754. 
DOI:10.1111/php.12708

[71] Fushimi K, Ikeuchi M, Narikawa R. 
The expanded red/green 
cyanobacteriochrome lineage: An 
evolutionary hot spot. Photochemistry 
and photobiology. 2017;93:903-906. 
DOI:10.1111/php.12764

[72] Fushimi K, Enomoto G, Ikeuchi M, 
Narikawa R. Distinctive Properties of 
Dark Reversion Kinetics between Two 
Red/Green Type Cyanobacteriochromes 
and their Application in the 
Photoregulation of cAMP Synthesis. 
Photochemistry and photobiology. 
2017;93:681-691. DOI:10.1111/php.12732

[73] Hu PP, Guo R, Zhou M, Gärtner W, 
Zhao KH. The Red/GreenSwitching 
GAF3 of Cyanobacteriochrome Slr1393 
from Synechocystis sp. PCC6803 
Regulates the Activity of an Adenylyl 
Cyclase. ChemBioChem. 2018;4;19:1887-
1895. DOI:10.1002/cbic.201800323

[74] Blain-Hartung M, Rockwell NC, 
Moreno MV, Martin SS, Gan F, Bryant DA, 
Lagarias JC. Cyanobacteriochrome-based 
photoswitchable adenylyl cyclases 
(cPACs) for broad spectrum light 
regulation of cAMP levels in cells. Journal 
of Biological Chemistry. 2018;1;293:8473-
8483. DOI:10.1074/jbc.RA118.002258

[75] Nakajima M, Ferri S, Rögner M, 
Sode K. Construction of a miniaturized 
chromatic acclimation sensor from 
cyanobacteria with reversed response to 
a light signal. Scientific reports. 
2016;24;6:1-8. DOI: 10.1038/srep37595


