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A B S T R A C T   

Orange carotenoid proteins (OCPs) are unique photoreceptors that are critical for cyanobacterial photo-
protection. Upon exposure to blue-green light, OCPs are activated from a stable orange form, OCPO, to an active 
red form, OCPR, which binds to phycobilisomes (PBSs) and performs photoprotective non-photochemical 
quenching (NPQ). OCPs can be divided into three main families: the most abundant and best studied OCP1, 
and two others, OCP2 and OCP3, which have different activation and quenching properties and are yet 
underexplored. Crystal structures have been acquired for the three OCP clades, providing a glimpse into the 
conformational underpinnings of their light-absorption and energy dissipation attributes. Recently, the structure 
of the PBS-OCPR complex has been obtained allowing for an unprecedented insight into the photoprotective 
action of OCPs. Here, we review the latest findings in the field that have substantially improved our under-
standing of how cyanobacteria protect themselves from the toxic consequences of excess light absorption. 
Furthermore, current research is applying the structure of OCPs to bio-inspired optogenetic tools, to function as 
carotenoid delivery devices, as well as engineering the NPQ mechanism of cyanobacteria to enhance their 
photosynthetic biomass production.   

1. Introduction 

Since the dawn of life, approximately 1039–1040 cells have existed on 
Earth, with cyanobacteria standing as the most abundant organism 
(Crockford et al., 2023). Cyanobacteria are a phylum of gram-negative 
bacteria having the characteristic ability to perform oxygenic photo-
synthesis (Flores and Herrero, 2005). Their photosynthetic activity plays 
a central role in the global production of oxygen and organic matter, and 
thus, they are the most important primary producers on Earth (San-
chez-Baracaldo et al., 2022). 

To carry out photosynthesis, photons are absorbed by pigments 
within phycobilisomes (PBSs), major light-harvesting complexes in 
cyanobacteria (Arteni et al., 2009; Bryant et al., 1979; Domi-
nguez-Martin et al., 2022; Glazer, 1989; Glazer et al., 1983). The har-
vested light energy is transferred to the chlorophyll pigment P680 in 
photosystem II, where it is converted into chemical energy by promoting 
charge separation (Vinyard et al., 2013). This chemical energy eventu-
ally leads to the production of the reductant NADPH and the energy 
currency ATP which are used for the carbon fixation reactions 

(Nikkanen et al., 2021). 
Although light is essential for photosynthesis, an excess of it can be 

detrimental. When a photosynthetic pigment molecule is excited, there 
are multiple possible pathways to return to the ground state. Under 
normal photosynthetic operation, the energy is transferred to the 
photosynthetic reaction center. However, when the reaction center 
cannot accept incoming light energy, for example in high-light condi-
tions, in which light-harvesting outpaces the kinetics of photosynthetic 
downstream reactions, the energy can be emitted as fluorescence. Still, 
there is also a chance that it can be transferred onto oxygen leading to 
the creation of reactive oxygen species (ROS). This can cause repairable 
dysfunction of the photosynthetic machinery (photoinhibition), per-
manent damage (photoinactivation), or even cell death (Derks et al., 
2015; Melis, 1999; Rastogi et al., 2014) (Fig. 1A). Like other photo-
synthetic organisms, cyanobacteria have evolved mechanisms to protect 
themselves against the toxic consequences of excess light absorption. 
These range from enzymatic repair of photodamage, ROS scavenging 
and non-photochemical quenching (NPQ) (Fig. 1A–D). (Derks et al., 
2015; Muller et al., 2001; Pathak J et al., 2019; Rastogi et al., 2014). 
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NPQ is the conversion of excitation energy into heat and thereby pre-
vents the possibility of ROS formation under high-light conditions 
(Pathak J et al., 2019). In cyanobacteria, NPQ is facilitated by the orange 
carotenoid protein (OCP) (Wilson et al., 2006) (Fig. 1C–D). As the name 
suggests, it contains a single carotenoid, typically a ketocarotenoid, 
giving it its characteristic orange color in the inactive resting form 
(OCPO). Upon absorption of strong blue-green light, OCP transitions 
from OCPO to its red active conformation (OCPR) (Fig. 1C). In this state, 
OCPR binds to the PBS, and the light energy harvested by the antenna 

pigments is transferred to the ketocarotenoid within OCP, where it is 
converted into heat (Dominguez-Martin et al., 2022; Liguori et al., 
2022). Once the light intensity decreases and OCP-mediated excitation 
energy quenching is no longer needed, the 13 kDa fluorescence recovery 
protein (FRP) (Boulay et al., 2010; Sutter et al., 2013) back-converts 
OCPR into inactive OCPO, which again allows for normal energy flow 
from antenna pigments to PSII to operate photosynthesis (Boulay et al., 
2010; Sluchanko et al., 2018) (Fig. 1D) 

In this graphical review, we illustrate the structure and function of 

Fig. 1. Overview of photoprotection mechanism in cyanobacteria. A. Strategies to cope with excess light and its effects. High light intensity can cause 
adverse effects in cyanobacteria, either directly or indirectly through the production of ROS. Some of these damages can lead to mutations, photoinhibition, and 
photoinactivation, or even cell death. Photoprotective mechanisms that cyanobacteria possess include light avoidance (through movement, synthesis of various 
compounds, etc.), electron sinks, antioxidant enzymes or compounds, and finally NPQ. B. The PBS and its role in NPQ. The PBS is a complex structure that acts as a 
light-harvesting antenna for cyanobacteria. Under normal light conditions, the pigments in this structure transfer the harvested light energy to the reaction center of 
PSII (Top). When light is received in excess photodamage, and ROS formation can occur (Bottom). C. Schematic of the OCP activation process under high-light 
conditions. In cyanobacteria, NPQ is mainly carried out by OCP, a photoactive protein that is activated when it receives a certain amount of blue-green light. OCP 
then transforms from its inactive state, OCPO, to its active state, OCPR. D. Scheme of the NQP mechanism and its recovery. Under high-light conditions, OCP is 
activated, as the carotenoid absorbs a blue-green light quantum. In its active conformation, a carotenoid that normally resides symmetrically within the N-terminal 
domain (NTD) and C-terminal domain (CTD) is partially exposed and pulled toward the NTD. This red active form of OCP associates with a PBS. This leads to effective 
quenching of harvested light-energy as heat, which reduces the energy reaching the reaction center of PSII to prevent photodamage and ROS formation. When the 
light intensity drops, FRP dimers bind to OCPR, causing its dissociation from PBS and back-conversion into OCPO. Additionally, FRP is also able to act on free OCPR, 
which is not bound to a PBS (Bao et al., 2017; Sluchanko et al., 2018; Sutter et al., 2013). The asterisk panel shows a cartoon of the OCPR bound to the core of the PBS 
(Dominguez-Martin et al., 2022): T means Top and B1 and B2 bottom cylinders. To simplify the scheme the interaction of OCP is shown in one of the cylinders. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Cyanobacterial species containing orange carotenoid proteins (OCPs) and the fluorescence recovery protein (FRP). The data were obtained from the 
supplementary information of (Bao et al., 2017) filtered only for OCP and FRP content. The gene content is divided into all morphological subsections with available 
cyanobacterial genome sequences: Subsection I (Chroococcales), Subsection II (Pleurocapsales), Subsection III (Oscillatoriales), Subsection IV (Nostocales), Sub-
section V (Stigonematales) (Shih et al., 2013). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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the families of OCPs and highlight that the photoprotection mechanism 
in cyanobacteria is not as simplistic as it might seem. 

2. Phylogenetic distribution of OCP paralogs 

Phylogenomic analysis has revealed that there are at least three 
paralogous families of OCP: OCP1, OCP2, and OCPx (or OCP3) (you can 
find both names in the literature, hereafter OCPx(3)) (Bao et al., 2017). 
Among these phylogenetically distinct groups, the well-characterized 
OCP from Synechocystis PCC 6803 is the most widespread and is 
referred to as OCP1. Members of this family are found in almost every 
phylogenetic subclade of cyanobacteria (with the exception of Pro-
chlorococcus), and always co-occur with FRP (Fig. 2). In contrast, 
OCP2-containing genomes never contain a gene encoding FRP unless an 
OCP1 gene is also present, indicating that FRP is not required to inac-
tivate OCP2 (Bao et al., 2017). A potential third clade of OCPs most 
distantly related to OCP1 is OCPx(3). Members of this family rarely 
co-occur with OCP1 and occasionally co-occur with OCP2. OCPx(3) can 
be divided into at least three subfamilies (OCPx(3)a, OCPx(3)b, OCPx(3) 
c). It has been shown that OCPx(3)a from the most ancient cyanobac-
teria group, Gleobacter is the most primitive and it has been hypothe-
sized that it is most closely related to the common OCP ancestor 
(Slonimskiy et al., 2022). 

3. The structural modularity of the OCP 

OCPs are structurally and functionally modular proteins organized 
into two domains: an all-helical N-terminal domain (NTD) is connected 
with an α/β C-terminal domain (CTD) by a flexible linker of about 25 
amino acids (Fig. 3A). While the fold of the NTD (Pfam09150), con-
sisting of two discontinuous four-helix bundles, is unique to cyanobac-
teria, the CTD (Pfam02136) consists of a structure similar to the nuclear 
transport factor 2 (NTF2)-like superfamily found in a wide range of 
organisms (Kerfeld et al., 2003; Wilson et al., 2010). A non-covalently 
bound ketocarotenoid spans the two domains (Fig. 3) which functions 
as a light-sensor. The light absorption properties and thereby photo-
activation and NPQ function of OCPs are tuned by the precise carotenoid 
molecule it carries, which can be canthaxanthin, echinenone or 
3-hydroxyechinenone (Fig. 3D) (Punginelli et al., 2009). The NTD is the 
effector domain capable of performing NPQ, while the CTD seems to act 
as a regulator for photoactivation. This has been demonstrated by 
expressing the NTD separately, without the CTD, which was able to 
quench phycobilisome fluorescence (Leverenz et al., 2014). 

The inactive OCPO form is stabilized by NTD/CTD interactions at the 
major interdomain groove, including the salt bridge between Arg155 
and Glu244 (Synechocystis PCC 6803 numbering) in the NTD and CTD 
respectively (Fig. 3B). Further stabilization is caused by the N-terminal 
extension (NTE) attached to the CTD β-sheet (Kerfeld et al., 2003) 
(Fig. 3A). Additionally, a short helix on the C-terminus, the C-terminal 
tail (CTT), was identified as a potentially important control element that 
docks on the C-terminal domain β-sheet in the OCPO state (Harris et al., 
2018) (Fig. 3A). The carotenoid keto group is coordinated by H-bonds 
with the side chains of the conserved Tyr201 and Trp288 residues 
(Synechocystis PCC 6803 numbering) in the CTD (Kerfeld et al., 2003) in 
the resting form OCPO (Fig. 3C). 

4. OCP function 

4.1. OCP photoactivation 

The photocycle commences upon absorption of strong blue-green 
light (450–560 nm) (Fig. 4). This leads to isomerization of the carot-
enoid C9′-C8′and C7′-C6′single bonds, inducing structural changes in the 
NTD, which propagate to the CTD, causing disruption of the H-bonds 
between the carotenoid β1 ring keto group and the CTD amino acids 
Trp288 and Tyr201 (Chukhutsina et al., 2022). After this event, several 

red intermediate states occur between the ps to second time-scaled, the 
carotenoid translocates 12 Å into the NTD, then the NTE and CTT un-
fold, and the two domains, NTD and CTD fully dissociate (Gupta et al., 
2015; Konold et al., 2019; Leverenz et al., 2015) (Fig. 4). 

Notably, comparing the active form of the structure of the OCPR-PBS 
complex with the inactive OCP, it showed a 60 Å displacement of the 
CTD. This exposes the surface of the NTD that binds to the PBS (β1 
surface), enabling the carotenoid to convert the incoming light energy 
into a harmless heat (Dominguez-Martin et al., 2022). The CTD di-
merizes with a CTD from a second activated OCP, forming a PBS bound 
OCP dimer (Dominguez-Martin et al., 2022). However, it is yet unclear if 
OCPR dimerization occurs prior to PBS binding, after, or simultaneously. 

4.2. Interaction of the OCP with the PBS 

The role of OCP binding to the PBS was shown almost two decades 
ago (Wilson et al., 2006); however, the specific site of the binding and 
the stoichiometry have been a dispute topic in the field (Gwizdala et al., 
2011; Harris et al., 2016; Jallet et al., 2012; Stadnichuk et al., 2012; Tian 
et al., 2011). Recently, the structure of the OCPR-PBS complex from the 
model organism, Synechocystis PCC 6803 has been elucidated (Domi-
nguez-Martin et al., 2022) and showed, that four OCPR molecules ar-
ranged as two dimers bind to the PBS core in the quenched complex. 
This is in contrast to previous hypotheses suggesting only 1 or 2 OCPR 

per PBS (Gwizdala et al., 2011; Squires et al., 2019). Likewise, there 
were several mutually exclusive models about where OCPR binds to the 
PBS (Jallet et al., 2012; Tian et al., 2012; Tian et al., 2011). However, the 
structure of PBS in complex with OCPR revealed that OCPR interacts 
mostly with the outermost ApcA and ApcB disc in the Top cylinder. On 
the bottom cylinder, OCPR is bound to the two ApcA and ApcB trimers 
with only a minor interaction with an ApcB from the ApcABEF trimer. 
Furthermore, the structure showed that OCPR interacts with the CpcG1 
rod–linker. 

The majority of OCPR residues involved in the interaction with PBS 
are within the β1 face of the NTD. This includes the conserved positively 
charged Arg155 in the center of the interaction surface next to the 
carotenoid confirming its crucial role in binding OCP to the PBS 
(Dominguez-Martin et al., 2022; Wilson et al., 2012). 

Furthermore, it is shown that mutants of the cyanobacteria Syn-
echocystis PCC 6803 lacking OCP are more sensitive to high light or 
white light (Wilson et al., 2006). 

4.3. OCP and singlet O2 quenching 

Besides being essential for the NPQ process, OCP is able to quench 
1O2 (Kerfeld et al., 2003; Sedoud et al., 2014). This quenching activity is 
retained even in OCP mutants which prevent photoactivation and/or 
bind non-keto-carotenoids (such as zeaxanthin) (Sedoud et al., 2014). 
Quenching of singlet oxygen is substantial when catalyzed by either the 
OCPO or OCPR form, as both showed activity largely exceeding that of 
smaller 1O2 quenchers, such as ascorbate, histidine or Trolox (a soluble 
carotenoid derivative (Sedoud et al., 2014)), and in the same range as 
other antioxidant proteins, such as superoxide dismutase (Kerfeld et al., 
2003). Thus, OCP not only prevents ROS formation by inducing NPQ but 
can also scavenge ROS, making it a multifunctional protein in the pho-
toprotection process of cyanobacteria. 

4.4. The role of individual residues in the OCP function 

There are several studies showing the specific roles or functional 
associations of amino acids in the light activation process, carotenoid 
selectivity, or NPQ mechanisms (Fig. 5). Using mutagenesis, the 
important role of Arg155 was elucidated before the structure of the OCP- 
PBS complex was obtained (Wilson et al., 2012; Wilson et al., 2010) 
(Fig. 5C). This method also revealed that Tyr44 is essential for the 
photoconversion of OCP (Wilson et al., 2010). Other site-directed 
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mutagenesis studies demonstrated the importance of the Trp288 and the 
Tyr201, when they are substitute with Histidine or Serine, the OCP lost 
the ability to photoconvert and also to quench the PBS (Wilson et al., 
2011). Interestingly, when Trp288 is substituted with Alanine, OCP 
becomes constantly active and the visual color is purple (Sluchanko 
et al., 2017). The role of the conserved residues Cys84 and Tyr129 was 
also shown when they were mutated to Alanine and Phenylalanine, 
respectively. These OCP mutants showed a faster dark recovery, and the 
PBS quenching efficiency was lower (Leverenz et al., 2015). Mutagenesis 
studies have focused on OCP1, and while some of the key residues in 
OCP1 are conserved in OCP2 and OCPx(3), others are not. For instance, 
the Arg155 is substituted in OCP2 with a Gln155. Thus, it is intriguing if 
these differences might critically modify absorption, activation, activity, 
or back-conversion properties in OCP2 and OCPx(3). 

5. Structural and functional comparison of the different OCPs 

Currently, OCP1 is the best characterized OCP. However, a few 
studies have begun to elucidate the functional and structural features of 

the new OCP families (Bao et al., 2017, Muzzopappa et al., 2019; Slo-
nimskiy et al., 2022; Sluchanko et al., 2024). OCPx(3) and OCP2 present 
fast deactivation and interact weakly with the PBS. In OCP1 the deac-
tivation is slower, and the interaction with the antenna is stronger, 
requiring FRP to detach from it (Bao et al., 2017; Muzzopappa et al., 
2019; Slonimskiy et al., 2022; Sluchanko et al., 2024). The oligomeric 
state of OCP remains controversial, OCP1 from Synechocystis PCC 6803 
has been described either as a monomer or a dimer. The reports suggest 
that the oligomeric state is an OCP family feature, with OCP1 and OCPx 
(3) being dimeric and OCP2 being monomeric (Bao et al., 2017; Muz-
zopappa et al., 2019). 

The overall architecture of the OCP1, OCP2 and OCPx(3) is similar 
(Fig. 3A and D). The CTT can adopt an unusual conformation in one of 
the OCP2 structures solved. The NTE is connected similarly in all of 
them, and the interdomain linker is the most variable part in OCP, 
contributing to the functionality of the different OCPs. 

Fig. 3. A. Structural features of the OCP family. Upper-left: modular structure of OCP1O from Synechocystis sp. PCC 6803 (PDB: 4XB5) containing canthaxanthin as 
the carotenoid chromophore. Upper-right: structure of OCP1R from Synechocystis sp. PCC 6803 (PDB: 7SCC), containing canthaxanthin. bottom-left: structure of OCP2 
from Crinalium epipsammum PCC 9333 (PDB: 8PYH), containing echinenone. Bottom-right: structure of OCPx(3) from Gloeobacter kilaueensis JS1 (PDB: 8A0H), 
containing echinenone. The NTD is shown in sandy brown (except for OCP1R, in which it is shown in red), the NTE is colored in maroon, the CTD is purple, the CTT is 
in magenta, and the linker is colored in grey. B. Residues involved in the salt bridge of the major interface for each OCP clade. The residues are highlighted in 
black, and the number of the residues for each OCP has been indicated. C. Residues involved in the H-bonds between the OCP apoprotein and the keto group of the 
carotenoid. The conserved Tyr and Trp are highlighted in black, and the number of the residues for each OCP has been indicated. The H-bonds between the apo-
protein and the carotenoid are shown as blue lines. D. Superposition of the 3 different OCP clades. The color for each OCP has been indicated on the right side of 
the panel as well as the color for each carotenoid. E. U-vis spectra of the inactive form of OCP1 (OCPO) and the active form of OCP1 (OCPR). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Scheme of the multi-step reaction of the photocycle of the OCP. Upon exposure to light, OCPO undergoes several changes that transform this inactive 
orange form into its active red version, OCPR. After the carotenoid isomerization and NTD rearrangement step, the two hydrogen bonds between the CTD and the 
carotenoid molecule break. After this disruption, the carotenoid moves towards the NTD, while some conformational changes occur in this domain. The complete 
repositioning of the carotenoid ends when the molecule has moved a total of 12 Å towards the NTD. After the translocation of the carotenoid, further conformational 
changes occur in the OCP, starting with the movement of the NTE and CTT. Finally, the NTD and CTD dissociate, and the protein is in its red active form, OCPR. OCPR 

has the ability to bind to the PBS (when the CTD is displaced 60 Å) and quench the excess energy of the antenna pigments. This energy is transferred to the 
ketocarotenoid and later converted to heat by vibrational relaxation. OCPR dissociates from the PBS upon the interaction with the active dimeric form of FRP. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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6. Concluding remarks 

In recent years, considerable progress has been made in under-
standing the mechanisms of OCP-mediated photoprotection in cyano-
bacteria. However, many questions remain unanswered, and new ones 
have emerged. For example, we don’t understand the structural basis of 
how FRP acts to deactivate OCP, or even what triggers FRP action. In 
addition, the discovery of several OCP families suggests that there are 
slightly different photoprotection mechanisms. It can be hypothesized 
that these mechanisms are presumably linked to the light-conditions 
that the cyanobacteria are encountering in the ecological niche they 
are inhabiting. For example, surface-dwelling marine cyanobacteria are 
exposed to much more rapidly changing light intensities than deep- 
dwelling species, and therefore require different NPQ activation and 
deactivation kinetics. However, more research needs to be done to fully 
understand the properties of the different OCP families and if/how they 
are linked to the habitat of cyanobacteria species. 
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mechanism in cyanobacteria, for their contributions to this amazing 
field. 

Glossary 

PSII Photosystem II 
ApcA/ApcB Allophycocyanin A/ B 
OCP Orange Carotenoid Protein 
NPQ Non-photochemical quenching 
PBS phycobilisome 
FRP Fluorescence recovery protein 
CTD C-terminal domain of OCP 
NTD N-terminal domain of OCP 
NTE N-terminal extension of OCP 
CTT C-terminal tail of OCP 
ROS Reactive Oxygen species 
OCPO Orange Carotenoid protein, inactive form 
OCPR Orange Carotenoid protein, active form 
OCPR-PBS complex of the Orange Carotenoid protein, active form, and 

the phycobilisome 
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