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a b s t r a c t

Carotenoids (CARs) are a group of pigments that perform several important physiological functions in all
kingdoms of living organisms. CARs serve as protective agents, which are essential structural components
of photosynthetic complexes and membranes, and they play an important role in the light harvesting
mechanism of photosynthesizing plants and cyanobacteria. The protection against reactive oxygen
species, realized by quenching of singlet oxygen and the excited states of photosensitizing molecules,
as well as by the scavenging of free radicals, is one of the main biological functions of CARs. X-ray crys-
tallographic localization of CARs revealed that they are present at functionally and structurally important
sites of both the PSI and PSII reaction centers. Characterization of a CAR-less cyanobacterial mutant
revealed that while the absence of CARs prevents the formation of PSII complexes, it does not abolish
the assembly and function of PSI. CAR molecules assist in the formation of protein subunits of the pho-
tosynthetic complexes by gluing together their protein components. In addition to their aforementioned
indispensable functions, CARs have a substantial role in the formation and maintenance of proper cellular
architecture, and potentially also in the protection of the translational machinery under stress conditions.

� 2013 Published by Elsevier Ltd.
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1. Introduction

CARs are ubiquitous protective agents in the membranes of all
photosynthetic organisms. Although several aspects of CAR func-
tions are still to be elucidated, a growing body of evidence suggests
that they play important roles in cyanobacteria and the chloro-
plasts and other organelles of green plants. In cyanobacteria and
plants that are capable of oxygenic photosynthesis the majority
of CARs are found in thylakoid membranes where the light reac-
tions of photosynthesis take place. Therefore it has been suggested
that these compounds perform important functions in the primary
processes of photosynthesis. Among CARs b-carotene and several
xanthophylls serve as constituents of functional multiprotein com-
plexes, such as photosystems I and II (PSI, PSII), cytochrome b6/f
complexes, and the light-harvesting complexes involved in photo-
synthetic electron transport. In these superstructures protein com-
ponents are surrounded by and bound together by specific CARs,
presumably by means of hydrophobic interactions.

The roles of various CARs in photosynthetic organisms have
previously been studied using either biochemical or molecular ge-
netic approaches. However, the information regarding their precise
functions is still limited. The recent identification of genes encod-
ing CAR biosynthetic enzymes in cyanobacteria and plants, and the
subsequent isolation of mutants defective in these functions, have
provided powerful molecular tools for studying the roles of indi-
vidual CAR species in these organisms. It has become apparent that
CARs are essential for the assembly and stabilization of protein
complexes in thylakoid membranes, and also for some non-photo-
synthetic processes. In this review we summarize recent findings
concerning the biosynthesis and functions of CARs in photosyn-
thetic organisms, primarily in cyanobacteria and higher plants.
We overview the effects of free, non-protein-bound CARs on mem-
brane microviscosity and the ways how these molecules can mod-
ulate membrane dynamics via CAR-lipid–protein interactions. We
also assess the structural changes observed in cyanobacterial CAR
mutants and highlight the photoprotective roles of CARs, especially
those of the orange carotenoid protein, in the defense mechanism
against various stress effects. Furthermore, we also discuss a CAR-
based mechanism that might have a role in protecting elongation
factors of the translational machinery from oxidative damage.

2. Biosynthesis of CARs

CARs belong to the huge family of terpenoids and, accordingly,
they are composed of the five-carbon units 2-methyl-1,3-butadi-
ene, also referred to as isoprene [1]. CARs are tetraterpenoids,
which are composed of eight condensed C5 isoprene precursors
that generate a C40 linear backbone (Fig. 1). They can be divided
into the class of hydrocarbons, the carotenes and their oxygenated
derivatives, the xanthophylls. The biosynthesis of CARs involves
successive condensations of the two interconvertible forms of ac-
tive isoprene: isopentenyl diphosphate (IPP) and its double-
bond-containing isomer dimethylallyl diphosphate (DMAPP).

There are two non-related biosynthetic pathways for the syn-
thesis of IPP and DMAPP, namely the mevalonic acid (MVA) and
the methylerythritol phosphate (MEP) routes. Cyanobacteria pos-
sess only the MEP pathway. Eukaryotic phototrophs acquired
MEP pathway genes by endosymbiosis with an ancient cyanobac-
terial lineage, the assumed ancestor of chloroplasts. Land plants
and some groups of algae retained both pathways, while green al-
gae (Chlorophyta) use only the MEP route. Among red algae there
are examples for both the presence and absence of the MVA path-
way. For a more detailed picture further studies are required, espe-
cially among the various groups of algae [2–5].

The MVA pathway is localized in the cytosol and it is responsi-
ble for the formation of steroids, sesquiterpenes, triterpenes, poly-
terpenes. It also supplies the IPP that is imported in the
mitochondria and serves as precursor for the prenyl side chain of
ubiquinones. The chloroplast-localized MEP pathway provides IPP
and DMAPP for the biosynthesis of prenylquinones, monoterpenes
and the phytyl side chain of chlorophylls (Chls). Although there is
considerable exchange between the common intermediates of the
two pathways, however, this is not sufficient for complementing
the loss of either of the two pathways [3,6].

2.1. The MEP pathway

The first step in this pathway is the formation of 1-deoxy-D-
xylulose 5-phosphate (DXP) by the condensation of pyruvate and
D-glyceraldehyde 3-phosphate (GAP). The carboxyl group of pyru-
vate is lost as CO2 (Fig. 2). The enzyme 1-deoxy-D-xylulose 5-phos-
phate synthase (DXS) catalyzing this reaction uses thiamine
diphosphate as cofactor and requires a divalent cation, such as
Mg2+ or Mn2+. The sequel enzyme, 1-deoxy-D-xylulose 5-phos-
phate reducto-isomerase (DXR, also referred to as MEP synthase),

Fig. 1. Isoprenoids, including carotenoids, are derived from isoprene, 2-methyl-1,3-
butadiene (A). b-Carotene is composed of eight five-carbon isoprenoid units (B). In
the structure of b-carotene the central linear conjugated system contains eleven
double bonds (shown in red) (C).
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