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A. Introduction to Photosynthesis
Life on earth would not be possible without the energy of the sun, which powers
photosynthetic processes. All organisms on earth depend directly or indirectly on this
transformation of sunlight into chemical energy. Even the great industrial
developments of our society are directly related to this process, since fuels like coal,
petroleum, natural gas, etc. come from decomposition of organic material, which
contains the energy captured from the sun long ago.
The definition of photosynthesis has changed as knowledge was acquired about the
process. Changes to the definition of both anoxygenic and oxygenic photosynthesis
are reviewed by Howard Gest (Gest, 2002). His own definition (Gest, 1993) is as
follows:
“Photosynthesis is a series of processes in which electromagnetic energy is
converted to chemical energy used for biosynthesis of organic cell materials; a
photosynthetic organism is one in which a major fraction of the energy required for
cellular syntheses is supplied by light.”
In the case of oxygenic photosynthesis, the definition should include the main
substrates (CO2 and H2O) and products (sugars and O2).
Eukaryotic (higher plants and algae) as well as various prokaryotic organisms can
convert sunlight into chemical energy, but only cyanobacteria, algae and higher plants
can use water as an electron donor, with the subsequent release of oxygen. Plants
contain a specialized organelle, the chloroplast, to which photosynthesis is confined.
The chloroplast is thought to have evolved from an ancient cyanobacterium after an
endosymbiotic event. Figure 1 compares a chloroplast model with its different
structures and compartments to a cyanobacterial cell.
In my thesis, I will focus on oxygenic photosynthesis, and particularly on the “light
reactions”, the first part of the process that leads to the synthesis of adenosine
triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH).
These compounds are later used in the “dark reactions” (independent of sun light) to
power the incorporation of inorganic carbon (CO2) to organic molecules.
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Figure 1. Plant chloroplasts and cyanobacteria cell. A: Schematic representation of the plant
chloroplast and its compartments (Michael W. Davidson, The Florida State University). B:
Transmission electron micrograph (TEM) of a chloroplast (by Dr. Eldon Newcomb, University of
Wisconsin) C: TEM of a cyanobacterial cell (Synechocystis sp. PCC 6803, taken by Dr. Allison
Van De Meene, Arizona State University).

1. Light-dependent reactions
The first step in the photosynthetic process is the absorption of sunlight carried out by
special molecules (pigments). For optimal energy absorption, many pigments bound
to proteins act as light-harvesting antennas localized within or on the thylakoid
membrane. The collected energy is passed from pigment to pigment by fluorescence
resonance energy transfer (FRET) from the distal antennas to the reaction center of
one of the two photosystems (PSI and PSII). In the reaction center of the
photosystems the light energy is then used for charge separation, which initiates an
electrochemical gradient. PSI and PSII are functionally connected by the
plastoquinone (PQ) pool, cytochrome b6f complex (cyt b6f), and the soluble electron
carriers plastocyanin (PC) and/or cytochrome c6 (cyt c6) (Fig. 2). In oxygenic
photosynthetic organisms, these three major complexes, as well as the PQ pool are
localized in the thylakoid membrane. PC and cyt c6 are found in the soluble space
formed by the thylakoid membranes – the lumen (Fig. 1, 2). Each of these complexes
will be described below in the order they comprise the “linear” electron transport
chain.
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Figure 2. Schematic representation of the linear photosynthetic electron transport chain. The main
components are shown. Drawn using available crystal structural data from PDB files: 3bz1
(PSII); 1jb0 (PSI); 2zt9 (Cyt b6f); 1c6s (Cyt c6); 1bxv (PC); 1frr (Fd); 1sm4 (FNR); 1c17, 1e79,
2a7u, and 1l2p (ATPase).

2. Photosystem II
PSII is characterized by the overall reaction:

Light absorbed by pigments in the antenna complexes is funnelled to the central core
of PSII. The core complex of PSII in plants and cyanobacteria contains a special
chlorophyll pair, called P680 (primary donor) due to its maximal absorbance at this
wavelength. This special pair is bound to the central protein subunits of the reaction
center, D1 and D2. A pheophytin (Pheo) molecule in close proximity to P680 then
accepts an electron from the chlorophyll (P680+) becoming negatively charged. Pheopasses the electron to a plastoquinone (PQ) called quinone A (QA), and then QA
reduces the loosely bound PQ, quinone B (QB). Contrary to QA, QB can accept two
electrons (e-). Once QB is reduced by the first electron it becomes more tightly bound,
ready to accept the second electron from QA. QB2- reacts with two protons (H+),
forming plastoquinol (PQH2) which diffuses freely into the membrane, forming part
of the so-called PQ pool. The mobility of PQ through the membrane allows
interaction with different complexes (Fig. 2).
2.1. P680, Tyrosine Z and the oxygen evolving complex
In close proximity to the central chlorophyll pair (P680), there are two tyrosine (Tyr)
residues TyrZ (part of D1) and TyrD (part of D2) (Faller et al. 2001). While TyrD is
stable during the redox reactions and therefore is thought to be the evolutionary relic
after duplication of the prehistoric D1 protein, TyrZ has been found to be redox active
and oxidized by P680+ at an early stage during charge separation. The tyrosyl radical
(TyrZ ) is quickly reduced by an electron delivered from the manganese cluster
(Mn4Ca), located in the oxygen evolving complex (Barry et al. 2006; Mino and
Kawamori, 2008).
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Oxygen is produced after four sequential redox reactions generated by four photons,
illustratively explained by Kok in the form of a cycle of flash-induced transitions
states (S-states) (Joliot et al. 1969, 1971; Kok et al. 1970; Joliot and Kok, 1975).
Many mechanisms have been proposed to explain water oxidation (reviewed in
McEvoy and Brudvig, 2004; Messinger, 2004). The exact mechanism by which the
water associates with the different states of the Mn4Ca cluster (Yano et al. 2006) and
the disposition of the four manganese ions (Mn4+) and the calcium ion (Ca2+) still can
not be resolved in crystal structural data (Guskov et al. 2009).
3. Cytochrome b6f complex
Once QB leaves PSII as PQH2 and becomes part of the PQ pool, it is free to move
around in the membrane until it docks onto the Cyt b6f, consisting of eight
polypeptide subunits, forming a dimeric complex. Cyt b6f works as an intermediate
electron acceptor, it also contributes to the formation of the electrochemical gradient
by pumping protons from the stroma/cytoplasm to the lumen. This electrochemical
gradient will drive the synthesis of ATP by the ATP synthase (ATPase) in a process
called photophosphorylation.
Cyt b6f is able to accept electrons via the non-cyclic photophosphorylation from water
split by PSII, as well as via the cyclic pathway around PSI. In the non-cyclic pathway,
the electron is transferred from PQH2 to the Rieske iron-sulfur [2Fe-2S] protein (ISP),
entering the high-potential transfer chain formed by the two proteins localized on the
lumenal side, the ISP protein and the cytochrome f. Cytochrome f reduces one of the
lumenal electron carriers (PC or Cyt c6).
Most of our knowledge of the Cyt b6f comes from its crystal structure (Kurisu et al.
2003 ) and its similarity to the cytochrome bc1. A detailed description of this complex
is given in Baniulis et al. 2008 and 2009.
Cyt b6f also participates in the cyclic photo-phosphorylation which will be described
later.
4. Plastocyanin and cytochrome c6
PC and cyt c6 differ in the metal atom responsible of the redox reaction; with copper
present in PC and iron in cyt c6. PC is highly conserved in higher plants, green algae
and most cyanobacteria (some cyanobacteria do not contain PC, e.g.
Thermosynechococcus elongatus). For a long time, cyt c6 was thought to be unique to
cyanobacteria, however, it has also been detected in eukaryotic algae (Sandmann et al.
1983; Kerfeld and Krogmann, 1998).
After accepting an electron from the cyt b6f, PC or Cyt c6 diffuse through the lumen to
PSI (Fig. 2). In cyanobacteria, an alternative pathway is the electron transfer from Cyt
c6 to the respiratory electron transport chain through cytochrome c oxidase (Lockau,
1981).
5. Photosystem I
Compared to PSII, PSI has changed more during evolution from cyanobacteria to
algae and higher plants. The system is composed of 12 to 14 different polypeptides in
6

cyanobacteria and around 16 in plants (Nelson and Yocum, 2006). Crystal structures
of this complex are available from the cyanobacterium Thermosynechococcus
elongatus at 2.5 Å (Jordan et al. 2001), the higher plant Pisum sativum at 4.4 Å (BenShem et al. 2003) and at 3.4 Å (Amunts et al. 2007).
While cyanobacterial PSI forms trimers (Jordan et al. 2001), in plants only the
monomeric form has been detected (Amunts et al. 2007). This oligomeric state, as
well as the connection to an intrinsic antenna in plants vs. an extrinsic cyanobacterial
phycobilisome, results in a different set of polypeptides in the periphery of the
reaction center proteins PsaA and PsaB.
PsaA and PsaB are the reaction center subunits and – similar to D1 and D2 in PSII –
appear to have evolved from a homodimer (43% amino acid sequence identity)
(Murray et al. 2006). Their sequences are highly conserved among oxygenic
photosynthetic organisms. However, while in PSII the reaction center proteins D1 and
D2 are surrounded by specialized chlorophyll a binding core-antenna proteins (CP47
and CP43), in PSI core antenna and reaction center are combined in the two proteins
PsaA and PsaB. Particularly interesting is the fact that the molecular weight of PsaA
or PsaB is comparable to the weight of the sum of D1 plus CP47 or D2 plus CP43
proteins, respectively (Murray et al. 2006).
Similar to PSII, PSI uses light energy to power the redox reactions in its intricate
structure. In the reaction center, one electron of the chlorophyll pair (P700) gets
excited and is transferred to an acceptor chlorophyll a molecule (A0), passing to the
phylloquinone (A1) and three [4Fe-4S] clusters, called FX, FA, and FB. P700+ will then
accept an electron from PC or cyt c6 (Bottcher et al. 1992).
FB is the component of the electron transport chain closer to the cytoplasmic (in
cyanobacteria) or stromal side (in chloroplast) of the thylakoid membrane. On this
side of the membrane, FB donates its electron to ferredoxin (Fd) – a soluble protein
not part of PSI. Reduced Fd is a strong reductant and provides electrons in a variety of
reactions, including the NADPH production catalyzed by the enzyme ferredoxinNADP+-reductase (FNR). NADPH is used as reducing power in anabolic reactions
(“dark reactions”) that allow incorporation of inorganic carbon from CO2 into
carbohydrates (Zelitch, 1975).
5.1. Cyclic photophosphorylation
In cyclic photophosphorylation, PSI functions independently of PSII. Fd donates the
electron to the PQ pool rather than to FNR and from there it is transferred to the two
b-hemes of the cyt b6f. Alternatively, it can also be transferred to plastosemiquinol
(PQH-) in the so called “Q-cycle”. The electrons will then follow the same pathway as
in the non-cyclic photophosphorylation, ending with Fd.
The goal of this cyclic redox reaction is to provide cyt b6f with electrons to power the
pumping of H+ in the lumenal cavity, which will be used to increase the amount of
cellular ATP (reviewed in Allen, 2003b, and Shikanai, 2007).
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B. Light harvesting antenna structures and pigments
Pigments are chemical structures that absorb light energy of a certain wavelength;
changing the composition of the reflected light so they look coloured. Photosynthetic
organisms use pigments to harvest sunlight and funnel energy to the photosynthetic
reaction center, where it is converted into chemical energy. To ensure a wide use of
the light spectrum, different photosynthetic organisms contain various pigments with
different optical properties (Fig. 3), however, chlorophyll (or bacteriochlorophyll) are
the main pigments in all photosynthetic organisms. Often the pigments are covalently
or non-covalently bound to proteins to keep them in their proper location and
orientation, and to fine-tune their absorption maximum. These light-harvesting
proteins form intrinsic or extrinsic antenna complexes that ensure an efficient
transport of the absorbed energy to the reaction centers. Contrary to the reaction
centers, light-harvesting structures display a wider evolutionary variability; some are
membrane integral, others peripheral. In this thesis, I will focus on the antenna
complexes of oxygenic photosynthetic organisms.

Figure 3. Absorption spectra of some of the different pigments found in photosynthetic organisms.
Modified from Life: The Science of Biology, 4th Edition, by Sinauer Associates and WH Freeman.

1. Antenna complexes
1.1. Phycobilisome, an extrinsic antenna complex
Cyanobacteria (except prochlorophytes), cyanelles (plastids from glaucocystophyte)
and red algae contain a photosynthetic antenna formed by phycobiliproteins called
phycobilisome (PBS). PBSs are water-soluble macromolecular complexes located on
the cytoplasmic (cyanobacteria) or stromal (chloroplast) surface of the thylakoid
membrane.
Phycobiliproteins in cyanobacteria consist of two distinct subunits, α and β, organized
either as trimeric (αβ)3 or, in most cases, as hexameric discs (αβ)6. Each αβ unit
covalently binds up to three phycobilins (linear tetrapyrrole chromogenic molecules).
Phycobiliproteins complement the chlorophyll absorption spectra, absorbing mainly in
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the green-yellow area (Fig. 3), depending on the phycobilin content. PBS can be
divided in three distinct classes, the hemi-discoidal, hemi-ellipsoidal, and the rod-like
PBS (reviewed in Sidler, 1994). The best studied is the hemi-discoidal PBS, widely
distributed among red algae, cyanobacteria, and cyanelles (reviewed in MacColl,
1998; Scheer and Zhao, 2008). It is formed by a core composed of (αβ)3 discs of
allophycocyanin (APC) surrounded by cylindrical rods composed of (αβ)6 discs,
forming a semicircle. The core can be composed of 2, 3 or 5 cylinders depending on
the species (MacColl, 1998). The phycobiliprotein content of the rods varies between
different species, but in many freshwater cyanobacteria, e.g. Synechocystis sp. PCC
6803, phycocyanin constitutes the whole rod. In PBS-containing marine
cyanobacteria, e.g. Synechococcus, and red algae, the rod also contains phycoerythrin,
located furthest from the thylakoid membrane. The pigments are arranged according
to their absorption maximum, allowing directed energy transfer from the outside of
the phycobilisome to the core and further to the PSI or PSII reaction center
(Mullineaux, 1994). PBS can diffuse from PSI to PSII depending on the light
conditions (state transition) as shown by spectrofluorometric measurements and
visualized under the microscope using FRAP (fluorescence recovery after
photobleaching) (Mullineaux et al. 1997). The PBS core contains, besides the APC
(αβ)3, three specialized proteins: LCM (core-membrane linker), β16 (unknown function)
and αB. These proteins also bind chromophores, LCM and αB being the terminal
acceptors, enabling the energy transfer to the reaction center.
The PBS assembly-disassembly and structure is an example of how the pigment
environment can change its optical properties (Kupka and Scheer, 2008). Contrary to
free chlorophyll pigments, which can cause photodamage to the cell, free bilins or
denatured biliproteins have a low absorption of light and the energy absorbed is
rapidly dissipated as heat.
It is interesting to note that Cryptophytes, photosynthetic eukaryotes that acquired
chloroplasts by secondary endosymbiogenesis from red algae, also use
phycobiliproteins as extrinsic antenna. The phycobiliproteins differ from those from
red algae and cyanobacteria in their location (they are densely packed at the lumenal
side of the thylakoid membrane), subunit structure and the occurrence of only one
type of phycoerythrine or phycocyanine in a species (Mirkovic et al. 2009).
1.2. Integral membrane antenna complexes
PSI and PSII, in higher plants and green algae, have a chlorophyll a binding core and
a chlorophyll a/b binding peripheral light harvesting system to ensure the continuous
supply of energy to the reaction center.
1.2.1. PSI and PSII core-antenna proteins
The chlorophyll a binding PSII core-antenna proteins, CP43 and CP47, resemble with
their six membrane spanning helices, the N-terminal transmembrane helices of the
PSI proteins, PsaA and PsaB. Five histidine residues involved in chlorophyll binding
are conserved between PsaA and CP43, and seven between PsaB and CP47 (Fyfe et
al. 2002). Overlapping the available crystal structures indicates that at least 11 and 13
(respectively) chlorophyll molecules are oriented similarly, even though the amino
acid residues have not been conserved along evolution (Vasil'ev et al. 2004).
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Nevertheless, the number of core-antenna chlorophylls varies between PSII (~40) and
PSI (~100).
CP43-like proteins in prochlorophytes and cyanobacteria
In cyanobacteria and in prochlorophytes, antenna proteins related to CP43 can be
observed, which I will call CP43-like proteins after Murray et al. (2006). These
proteins, termed CP43’ or IsiA (Iron-stress induced protein A) in cyanobacteria and
Pcb (prochlorophyte chlorophyll-binding protein) in prochlorophytes, have very
similar primary structures. They both lack the large loop found between helix 5 and 6
in CP43 and CP47 (Roche et al. 1996). IsiA and Pcb have been shown to interact with
PSI and/or PSII (Bibby et al. 2003a; Bibby et al. 2003b; Chen and Bibby, 2005; Chen
et al. 2005b).
IsiA genes are expressed under several stress conditions, not only during low iron
levels (Laudenbach and Straus, 1988; Vinnemeier et al. 1998; Vinnemeier and
Hagemann, 1999; Geiss et al. 2001a; Geiss et al. 2001b; Li et al. 2004; Havaux et al.
2005; Foster et al. 2007). However, the lack of immunological data makes it difficult
to judge whether the IsiA protein also accumulates in the membrane.
During iron depletion, cyanobacterial cells reduce their amount of PSI, the remaining
PSI trimers are then surrounded by a ring of IsiA (normally formed by 18 monomers)
to increase their capacity to capture light (Bibby et al. 2001; Boekema et al. 2001).
This additional antenna allows the cell to reduce the ratio of PSI to PSII, without
jeopardizing the energetic balance of the cell. IsiA might also function as a
chlorophyll storage protein under iron limitation (Riethman and Sherman, 1988) or be
involved in non-photochemical quenching (Park et al. 1999; Sandstrom et al. 2002).
Similar to its relatives CP43 and CP47, IsiA binds chlorophyll a. Pcb of
prochlorophytes, however, can bind chlorophyll a, but also chlorophyll b or d. Pcb
can form a circle around the PSI trimers, similarly to IsiA, or incomplete circles,
interacting with PSII dimmers (Bibby et al. 2003a; Bibby et al. 2003b; Bumba et al.
2005; Chen and Bibby, 2005; Chen et al. 2005a). The number of pcb genes varies
between strains, e.g. the high-light adapted Prochlorococcus MED4 contains one
copy while Prochlorococcus SS120 adapted to low light has eight pcb genes
(Partensky et al. 1999; Hess, 2004).
1.2.2. Chlorophyll a/b binding (Cab) proteins, LHCI and LHCII
The genes coding for the peripheral antenna complexes of PSI and PSII in plants,
belong to the extended Lhc gene family (Lhc stands for light-harvesting complex).
They are denominated Lhca or Lhcb depending on whether the corresponding mature
proteins interact with PSI or PSII, respectively. Besides carotenoids, the proteins bind
chlorophylls a and b, and therefore also are known as chlorophyll a/b binding (Cab)
proteins. Most of our knowledge about this family derives from studies performed on
the PSII “major” antenna complex – light harvesting complex II (LHCII), probably
the most common membrane complex on earth.
Light harvesting complex II
LHCII from spinach and pea have been crystallized and resolved at 2.7 Å (Liu et al.
2004) and at 2.5 Å (Standfuss et al. 2005), respectively. LHCII is built of trimers,
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consisting of Lhcb1, Lhcb2 and Lhcb3 in various stoichiometries. The most abundant
polypeptide in these trimers is Lhcb1. It contains three transmembrane helices
(TMH1-3) (Kühlbrandt and Wang, 1991; Kühlbrandt et al. 1994), the N-terminus
facing the stromal side, and the C-terminus the lumenal side (Fig. 4). TMH1 and
TMH3 (as in Green and Pichersky, 1994) are tilted 32º relative to the thylakoid
membrane and are slightly twisted around each other. They cross at their middle point
and are stabilised by ion pairs between the charged residues
Arg70(TMH1)/Glu180(TMH3) and Glu65(TMH1)/Arg185(TMH3) (Kühlbrandt et al.
1994). The sequences of these two helices have high homology with each other,
pointing to a common evolutionary origin (Green and Kühlbrandt, 1995; Heddad and
Adamska, 2002; Garczarek et al. 2003). Both helices start with a proline at the
stromal side. TMH1 has a length of 51 Å (Pro55-Gly89) versus the 49 Å (Pro170Ile199) of TMH3. While TMH1 and TMH3 are proposed to have evolved from gene
duplication, the origin of TMH2 is not clear. TMH2 is the shortest (31 Å) of the three
transmembrane helices and is 9º titled with respect to the membrane plane
(Kühlbrandt et al. 1994). Besides these three transmembrane helices, the Lhcb
structure shows two short amphipathic α-helices on the lumenal side.
The Lhcb1 monomer binds eight chlorophyll a (Chla1-Chla8), six chlorophyll b
(Chlb1-Chlb6) and four carotenoids (two luteins, one neoxanthin, and one
violaxanthin) (Liu et al. 2004; Standfuss et al. 2005). The 14 chlorophyll molecules
interact with seven amino acid residues, two backbone carbonyls, four water and one
phosphatidylglycerol molecule (Liu et al. 2004).
Most of the residues involved in the binding of the six chlorophyll molecules located
closest to two crossing TMHs (termed a1 to a6, Fig. 4A), as well as the two central
luteins (Fig. 4B, C) are conserved throughout the Lhc family (Barros and Kühlbrandt,
2009). These two luteins surround the two central helices TMH1 and TMH3, sitting in
the helix grooves formed by the two TMHs (Fig. 4B, C). The binding site of the lutein
head groups in LHCII is a crown-like DP(L/A)G sequence at the N-terminal part of
TMH1 and TMH3 (stromal side) (Green and Kühlbrandt, 1995; Barros and
Kühlbrandt, 2009).
LHCII can associate with either photosystem, depending on the light characteristics.
This migration from PSII to PSI is called “state transition” (Allen, 2003a). Part of the
so called “minor” antenna (proteins CP29, CP26 and CP24) is involved in this process
(Reviewed in Aro and Ohad, 2003; Iwai et al. 2008). These “minor” antenna proteins
are located closer to the PSII core complex, funnelling light from the distal antenna to
CP43 and CP47. Lhcb4 (CP29) and Lhcb5 (CP26) are conserved among higher plants
and green algae, whereas Lhcb6 (CP24) is only present in higher plants. Due to the
high homology between LHCII and the “minor” antenna proteins in the TMH1 and
TMH3 region, they are thought to be similar in structure (Bassi et al. 1999). CP29, for
example, has been shown to bind six chlorophyll a molecules, two chlorophyll b, and
two xanthophyll molecules (Giuffra et al. 1997). However, in mutagenesis and
reconstitution experiments CP29 showed less specificity for chlorophyll b than LHCII
(Bassi et al. 1999) being able to refold with just chlorophyll a.

11

A

B

C

Figure 4. LHCII monomers. A: Schematic model of a LHCII monomer, modified from Green et al.
1996; B and C: LHCII monomer and pigments from crystal structure data. PDB file: 2DHB; NB: in
B chlorophyll b is shown in red to diferenciate if from chlorophyll a in green; whereas in C,
chlorophyll b is not shown. Luteins are shown in orange and neoxanthin in blue. Violaxanthin and
phosphatidylglycerol are not shown.

Light harvesting complex I
LHCI in plants is formed by five to six homologous transmembrane spanning Lhca
proteins; the main components being Lhca1-4 additional to low levels of Lhca5.
Lhca1 and Lhca4 co-purify as a dimmer, while Lhca2 and Lhca3 can be purified as
monomers, heterodimers or homodimers (review in Amunts and Nelson, 2008). In the
genome of the green alga Chlamydomonas reinhardtii genes coding for nine Lhca
proteins (Lhca1-9) have been detected (Jansson, 1999; Zolla and Rinalducci, 2002;
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Stauber et al. 2009). A recent study (Stauber et al. 2009) determined the quantitative
composition of the LHCI complex and the stoichiometry of LHCI and PSI in
C. reinhardtii using isotope dilution-MS. The authors concluded that six to nine Lhca
proteins are present in PSI: one copy of Lhca1, Lhca4, and Lhca7 per core complex;
substoichiometric amounts of Lhca2, Lhca5, Lhca6, Lhca8 and Lhca9, and Lhca3 at a
ratio higher than 1:1. PsaG, which is not present in cyanobacteria, mediates the
interaction of the Lhca subunits with the core complex through strong transmembrane
helix-helix interactions (Boekema et al. 2000).

C. The light-harvesting like (Lil) proteins
In all sequenced genomes of oxygenic photosynthetic organisms additional members
of the Cab family have been detected (Fig. 5). These genes code for proteins with four
transmembrane helices (PsbS) (Kim et al. 1992; Jansson, 1999), three TMHs (early
light induced proteins, ELIPs, LI818) (Meyer and Kloppstech, 1984; Grimm and
Kloppstech, 1987; Grimm et al. 1989; Richard et al. 2000), two TMHs (stressenhanced proteins, SEPs) (Heddad and Adamska, 2000) and one TMH (one helix
proteins, OHP, high light induced proteins, HLIP, small Cab-like proteins, SCPs)
(Dolganov et al. 1995; Funk et al. 1999; Heddad and Adamska, 2000; Jansson et al.
2000). These light harvesting-like (Lil) proteins are induced under high light (HL)
conditions – when the expression of the LHC proteins is repressed. This indicates a
function in HL protection in a broad sense; they might provide direct protection (as
shown for PsbS, Niyogi et al. 2005), have an effect on pigment stability and/or might
act as pigment carriers (Xu et al. 2002, 2004; Rossini et al. 2006), or have novel
functions, yet not detected. It is likely that they all bind pigments (chlorophylls and
carotenoids) (Funk, 2001), although undisputable evidence for this is lacking.

Figure 5. Alignment of Lil and Lhcb1 transmembrane helices. Stars show conserved amino acids.
Sequences from: Pisum sativum (Lhcb1 and ELIP), Arabidopsis thaliana (PsbS and SEP2),
Thalassiosira pseudonana (LI818), and Synechocystis sp. PCC6803 (ScpB). Sequences aligned using
ClustalW (http://www.ebi.ac.uk).

1. The eukaryotic Lil proteins
1.1. PsbS protein
PsbS (22 KDa) is the only known member of the Cab family with four predicted
transmembrane α-helices. It is nuclear, encoded by a single gene, and transported to
the chloroplast, as an integral protein of PSII in the thylakoid membrane (Kim et al.
1992; Jansson, 1999).
It is still open to discussion as to whether PsbS binds pigments or not. It has been
isolated from spinach with chlorophyll a and b attached to it (Funk et al. 1994; Funk
et al. 1995b), however the pigments are bound more weakly than in LHCII (Funk et
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al. 1995b) and it is also stable in the absence of pigments (Funk et al. 1995a). In vitro
studies have failed to reconstitute PsbS with pigments (Dominici et al. 2002). The
exact localization of this protein in the PSII particle is also widely debated. What
appears to be clear, is its role in non-photochemical quenching (NPQ) (Li et al. 2000;
Li et al. 2002), a role that will be discussed later in section 3.1.
1.2. ELIP proteins
ELIPs received their name due to their transient expression in peas during greening
(Meyer and Kloppstech, 1984; Grimm and Kloppstech, 1987; Grimm et al. 1989).
Later their accumulation in the thylakoid membrane was shown to be induced by
various stresses (Adamska et al. 1993; Wierstra and Kloppstech, 2000).
ELIPs, similar to LHCs, have three predicted trans-membrane α-helices, helices I and
III being highly homologous to the corresponding helices of LHCII (Grimm et al.
1989; Green and Kuhlbrandt, 1995; Jansson, 1999). Their N-terminus, as in LHCII, is
located at the stromal side and their C-terminus at the luminal side of the thylakoid
membrane (Grimm et al. 1989).
In the annual plant Arabidopsis thaliana two copies of Elip genes have been
identified, Elip1 and Elip2 (Jansson, 1999). They show different expression patterns
(Harari-Steinberg et al. 2001), and therefore differences in their functions are
surmised. Their expression pattern and their potential to bind pigments (Adamska et
al. 1999) suggest the role of these proteins is related to plastid development
(Adamska, 1997), acclimation to HL stress (Adamska et al. 1993; Hutin et al. 2002),
photoprotection (Hutin et al. 2003), and chlorophyll synthesis (Tzvetelina et al. 2007).
1.3. Stress enhanced proteins (SEPs) and One helix-proteins (OHPs)
In plants, e.g. Arabidopsis thaliana, also Cab genes coding for proteins with two
(stress-enhanced proteins, SEPs) or one TMH (one-helix proteins, OHPs) have been
characterized (Heddad and Adamska, 2000; Jansson et al. 2000). The first helix in
SEPs and the single helix in OHPs contain the chlorophyll a/b binding Cab motive
involved in pigment binding, and in the interaction between helix I and III in Lhc
proteins (Heddad and Adamska, 2000). After dimer formation, these proteins
therefore should be able to bind two chlorophyll a molecules (Eggink and Hoober,
2000), however, there is no evidence of interaction with pigments in plants.
2. Evolution of the Chlorophyll a/b binding proteins and their members in
cyanobacteria
Mitochondria and chloroplasts, both eukaryotic organelles, are believed to be the
result of endosymbiotic processes. Chloroplast morphology and internal structure
resemble that of unicellular cyanobacteria (Fig. 1). Cyanobacteria also are the only
prokaryotic organisms with photosystems of the type I and II, hence, the only ones
which perform oxygenic photosynthesis. This makes cyanobacteria a key phylum
when studying the evolution of chloroplastic proteins.
Cyanobacteria are chlorophyll a binding organisms. It was therefore surprising to
detect genes coding for Cab proteins (Dolganov et al. 1995; Funk and Vermaas, 1999)
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in the genomes of the cyanobacteria Synechococcus sp. PCC 7942 and Synechocystis
sp. PCC 6803. Instead of the multi-helix Cab proteins in plants, Lil proteins found in
cyanobacteria are mostly single-helix ones (Bhaya et al. 2002). They were initially
named high light-inducible proteins (HLIP) because their expression was induced
when saturating light was applied. After it was shown that other abiotic stresses
caused their induction as well, the alternative name “small Cab-like proteins” (SCPs)
was proposed. “Small” because their size is normally under 8 KDa and “Cab-like”
due to the conserved pigment binding domain similar to the one described for Lhc
proteins (Funk and Vermaas, 1999). Scp genes are present in all sequenced
cyanobacterial genomes. Their important function is evident in the discovery that the
much reduced genome of the HL ecotype Prochlorococcus marinus strain MED4
(belonging to a sub-group of cyanobacteria) encodes at least 24 scp-genes (Bhaya et
al. 2002). Relatives to the SCPs also have been identified and their expression
confirmed in cyanophages of marine cyanobacteria (Bailey et al. 2004; Lindell et al.
2005; Lindell et al. 2007).
Several phylogenetic studies have placed a one-helix Lil protein (SCPs or OHP) as the
origin of the Cab family. Fusions of genes, duplication and deletions, could explain
the multiple helices of other members of the Cab family (Green and Pichersky, 1994;
Jansson, 1999). This theory is supported by the recent finding of a two helix SCP in
Synechococcus sp. JA-2–3B’ (Kilian et al. 2008).
3. The fate of the excess light absorbed by antenna pigments
The fluorescence emitted after excitation of chlorophylls bound to antenna complexes
can provide information on the photosynthetic state of the cell (reviewed in Baker,
2008). Fluorescence emission will be higher or lower depending on the quenching
produced by the photochemical process in PSII or PSI (photochemical quenching, qP),
and by heat dissipation (non-photochemical quenching, NPQ). The amount of qP in
PSII varies depending on the redox state of QA. At low light intensities most PSII
centers are occupied by an oxidized QA (open PSII), while at high intensities, most of
the QA is reduced (close PSII). Hence, at HL intensities the size of the antenna can
produce an imbalance between light absorbed and the efficiency of the reaction center
to translate it into charge separation, which could lead to oxidative damage. Therefore
photosynthetic organisms have developed short term processes such as the migration
of LHCII from PSII to PSI (state transition, qT) and the rapid quenching of the
excitation energy (energy-dependent quenching, qE) via LHCII in plants (Horton and
Ruban, 2005) or via PBS in cyanobacteria (Review in Kirilovsky, 2007).
Photoinhibitory quenching (qI) is the final component in NPQ (reviewed in Baker,
2008).
3.1. Role of PsbS in NPQ
QE is a well studied process in NPQ, triggered by the accumulation of protons in the
lumen under saturating light conditions. This low pH produces the activation of a
lumen-localized violaxanthin de-epoxidase (VDE) enzyme and the protonation of
PsbS (Li et al. 2004). VDE is part of the xanthophyll cycle catalyzing the conversion
of violaxanthin to antheraxanthin and further to zeaxanthin (Niyogi et al. 2005).
Zeaxanthin, PsbS and the acidification of the lumen are necessary for qE in plants
(Dominici et al. 2002). The exact mechanism by which PsbS contributes to NPQ is
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not understood due to the lack of knowledge about its location and pigment binding
ability (see 1.1). The working hypothesis is that the protonated PsbS induces a
conformational shift in LHCII upon zeaxanthin binding. Whether zeaxanthin binds
directly to PsbS or in a PsbS-dependent manner remains to be clarified (Niyogi et al.
2005; Kiss et al. 2008; Bonente et al. 2008; Betterle et al. 2009).
3.2. NPQ in cyanobacteria
In cyanobacteria, NPQ of the PBS fluorescence has been studied in detail (reviewed
in Kirilovsky, 2007). Different to plants, it is not dependent on the acidification of the
lumen, on the excitation pressure on PSII, or on changes in the redox state of the PQ
pool. Neither it is found in cyanobacterial cells grown with red light illumination (El
Bissati et al. 2000; Scott et al. 2006; Wilson et al. 2006). Instead it is induced by blue
light, (Rakhimberdieva et al. 2004) and dependent on the orange carotenoid binding
protein (OCP) (Wilson et al. 2006), and the PBS core phycobiliprotein APC. OCP is a
soluble protein, binding non-covalently a carotenoid (3′-hydroxyechinenone). It is
located at the stromal side of the thylakoid membrane and is purified as a dimer
(Kerfeld, 2004). It has been proposed that the blue light absorbed by the carotenoid
molecule induces a conformational change in the OCP, allowing energy transfer from
APC to the carotenoid (Kirilovsky, 2007).
Cyanobacteria may carry out other NPQ mechanisms, involving IsiA, when grown
under iron starvation (Yeremenko et al. 2004; Ihalainen et al. 2005) or SCPs (Havaux
et al. 2003b, see section D, 2.4 in this thesis). However, more work is needed to
clarify the function of these proteins in NPQ.
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D. Focus of this thesis.
- Aim of the work
The cyanobacterium Synechocystis sp. PCC 6803 expresses five genes coding for
SCPs (scpA-E). Their high homology with the first and third transmembrane helix of
the plant chlorophyll a/b binding proteins, suggest that SCPs may also bind pigments.
This premise was the motivation for my thesis. In particular, the objectives were:
-

Sub-cellular localization of SCPs in Synechocystis sp. PCC 6803.
Identification of interaction partners of SCPs .
Demonstration of the capability of SCPs to bind pigments.
Characterization of deletion mutants to delimit possible functions.

In this section, I summarize the results of my experiments. Details of the materials
and methods and in depth discussions of specific results are found in the
accompanying papers.
1. Why Synechocystis sp. PCC 6803?
Although cyanobacteria do not posses multi-helix Cab proteins, they contain relatives
to this family – SCPs, which have a single transmembrane helix, low molecular
weight and contain a chlorophyll-binding domain. These SCPs are present in all
cyanobacteria genomes sequenced today. The copy number of scp genes differs
depending on the species and the ecotype (Bhaya et al. 2002). To find an independent
function for each of these genes seems daunting. However, the use of a cyanobacterial
species, like Synechocystis sp. PCC6803 with only five scp genes (Funk and Vermaas,
1999), provides a workable model for experimentation.
Synechocystis sp. PCC 6803, hereafter Synechocystis, is a unicellular cyanobacterium.
Initially isolated from a fresh water lake it was deposited in the Pasteur Culture
Collection (PCC) in 1968. Since then it has become a model organism for
photosynthesis-related studies. Some of the characteristics that make it an attractive
study object are:
-

The strain is naturally competent, integrating exogenous DNA into its
genome by homologous recombination (Grigorieva and Shestakov, 1982).
It can grow photoautotrophycally, as well as photoheterotrophycally,
providing the possibility to work with mutants impaired in photosynthesis.
It was the first photosynthetic organism in which the genome was
sequenced (Kaneko et al. 1996).
A high number of mutants is available.

2. Small Cab-like proteins
HliA, in Synechococcus sp. PCC 7942, was the first relative of the Cab gene family
identified in cyanobacteria. Since its transcript accumulated upon HL induction
(500 µmol·m-2·s-1) its gene product was called high light inducible protein (HLIP)
(Dolganov et al. 1995). Five genes with homology to the chlorophyll-binding Cab
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domain were detected in the Synechocystis genome sequence (Funk and Vermaas,
1999). Due to their resemblance to the first and third trans-membrane domain of the
plant Cab proteins, they were named small Cab-like proteins (SCP) A-E (coded by
scpA, scpB, scpC, scpD and scpE). The expression of scpB-E was induced not only by
light, but also by other environmental conditions (nutrient starvation, temperature,
osmotic stress, etc.) (He et al. 2001; Paithoonrangsarid et al. 2004). scpB-E code for
proteins with one predicted transmembrane helix (Fig. 6).

Figure 6. Comparison between SCPs predicted secondary structure and Lhcb1 known secondary
structure. Secondary structure created by PSIPRED protein structure prediction server. Stars (*)
indicate conserved residues between ScpB-E and Lhcb1 TMH3 from Pisum sativum.

ScpA is the C-terminal extension of the ferrochelatase protein. All oxygen-releasing
photosynthetic organisms contain a plastidic located ferrochelatase with a C-terminal
Scp-extension (ferrochelatase-ScpA). This is missing in ferrochelatases from non-
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photosynthetic organisms and mitochondria. In the chlorophyll/heme-biosynthesis
pathway ferrochelatase is the enzyme responsible for iron-insertion into the
tetrapyrrole ring, generating heme (Matringe et al. 1994). If instead of an iron atom,
magnesium is inserted (by the magnesium-chelatase), the chemical end-product is
chlorophyll. This hydrophobic C-terminal domain appears to be involved in the
regulation of the ferrochelatase activity, depending on the amount of free chlorophyll
in the membrane (Sobotka et al. 2008).
ScpB and ScpE are the smallest of the 5 proteins, with a theoretical molecular weight
of around 5 and 6 KDa, respectively. ScpC and ScpD are highly homologous,
differing in only eight of the 70 amino acids which comprise their sequence, with a
theoretical molecular weight of 7 KDa (Fig. 6). When the purified proteins are
separated on Glycine-SDS-PAGE (Laemmli et al. 1970), ScpE migrates to a higher
molecular weight than the theoretically calculated, even when the protein is
synthesized in vitro (unpublished data).
2.1. Gene regulation
In non-stressed cells, SCPs have been detected in very low amount in wild type (WT)
(He et al. 2001), however, in mutants lacking PSI or both PSI and PSII (Funk and
Vermaas, 1999), SCPs accumulate even during growth at low light conditions
(4 µmol·m-2·s-1). Additionally, overexpressed-mutants have been generated in which
certain scp genes have been modified to include a tag under the regulation of an light
inducible promotor, e.g. psbA2 (Promnares et al. 2006; Yao et al. 2007 – PAPER I)
and psbA3 promotor (Kufryk et al. 2008-PAPER II). These mutants show that ScpD
accumulates only in cells exposed to HL (Yao et al. 2007 – PAPER I) even when the
gene is regulated by the psbA2 promotor which is a strong promotor at low-medium
light intensities, whereas we detected the accumulation of ScpB in cells grown under
normal conditions. In these cells, ScpE also accumulated, indicating a co-regulation
with scpB (Kufryk et al. 2008 – PAPER II). Our data are supported by the findings of
He et al. (2001), who detected scpE transcript to accumulate only in the presence of
scpB after HL treatment of the cells.
The scp gene regulation appears to be controlled by the redox state of the PQ (He et
al. 2001; Salem and van Waasbergen, 2004). In Synechococcus and Synechocystis, the
hliA and scp genes have been found to be controlled by the sensor kinases NblS and
Hik33, respectively (Suzuki et al. 2001; Salem and van Waasbergen, 2004). The
conserved HLR1 (high light regulatory 1) sequence upstream of the scp genes
indicates that this regulation is also used in other cyanobacteria (Kappell et al. 2006).
ScpD co-transcribes with lilA (slr1544)
Scp genes are monocistronic (Funk and Vermaas, 1999), with the exception of scpD
(Kufryk et al. 2008 – PAPER II). In several cyanobacterial species, scpD orthologues
are co-localized with another gene, slr1544 and its orthologues (Fig. 7A). Through
performing a northern blot test with scpD and slr1544 we were able to show that in
Synechocystis both genes are co-transcribed (Fig. 7B). The ORF slr1544 codes for a
protein with low sequence similarity to SCPs, but with structural similarities. Both
proteins contain a long hydrophilic N-terminal region and a transmembrane Cterminal domain. In this transmembrane region, two residues are conserved that also
are found in the chlorophyll-binding domain (Fig. 7C). Based on this low homology,
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as well as the co-expression with the cyanobacterial Lil/SCP protein, we named the
slr1544 gene product LilA (light harvesting-like protein A) (Kufryk et al. 2008 –
PAPER II). The letter code (A) differentiates it from plant Lil proteins, which are
numbered (Klimmek et al. 2006).

Figure 7. scpD/lilA and their orthologues. A, Orthologue neighbourhood regions of five
cyanobacterial strains obtained using the Integral Microbial Genomes (IMG) genomic data
analysis system (DOE Joint Genome Institute). The gene slr1544 and its orthologs are labelled
in red and high-lighted together with scpD in the rectangle. B, northern blot probing against
scpD and slr1544. C, Transmembrane regions of ScpB-E, LilA, Lhcb3 and Elip1 aligned by
ClustalW (http://www.ebi.ac.uk). Stars (*) indicate conserved residues between ScpB-E, Elip1,
Lhcb3 and LilA (Slr1544). Modified from Kufryk et al. 2008 – PAPER II.

2.2. Localization
Results of immunoblotting supported the hydrophobic nature of the SCP proteins,
which are exclusively located in the thylakoid membrane (Funk and Vermaas, 1999;
Yao et al. 2007 – PAPER I; Hao et al. 2001). However, their exact location in the
thylakoid membrane and their association with one of the photosynthetic complexes is
controversial. Co-isolation (pull-down) experiments using His-tagged proteins
indicated the association of SCPs with either PSII or PSI, depending on the tag size
and location (N- or C-terminus) that was used. When we over-expressed His6-ScpD
using the psbA2 promotor, ScpD, ScpC and ScpB co-isolated with monomeric and
dimeric PSII (Promnares et al. 2006; Yao et al. 2007 – PAPER I). We were able to
show these interactions also by 2D – PAGE (BN/SDS PAGE) of wild type, the single
mutants ∆scpC, ∆scpD and the double mutant ∆scpC/D followed by immunostaining
of ScpC/D (Fig. 8, Yao et al. 2007 – PAPER I). Tagging ScpB with a different tag
(strep-tagII, IBA GmbH), also resulted in the co-purification of Strep-ScpB with ScpE
and PSII (Kufryk et al. 2008 – PAPER II). Neither the pull-down assays nor the
immune analyses indicated any interaction of the SCPs with PSI. Additionally, single
particle analysis confirmed that ScpD is located in close vicinity to CP47 and PsbH
(Promnares et al. 2006). Also SCPs are upregulated on gene and protein level in the

20

PSI-less strain, but not in mutants lacking PSII (Funk and Vermaas, 1999).
Nevertheless, using mutants with a C-terminal, and a longer histidine tag (His9) on
ScpB, ScpC, ScpD and ScpE, the proteins were co-purified with PSI (Wang et al.
2008). Further investigations will be necessary to determine the causes of these
contrasting results.

Figure 8. BN/SDS PAGE showing that ScpC and ScpD co-migrate with PSII. A, BN/SDS PAGE
of total membrane isolated from wild type (WT) strain and mutant strains ∆scpC/∆scpD, ∆scpB,
and ∆scpE. In the mutants, only the PSII region is shown. The image is an autoradiogram. B,
immuno detection using antibodies against ScpC/D. (Modified from Yao et al. 2007 – PAPER I).

2.3. Non-photochemical quenching and other possible SCP functions
The incapability of the SCP quadruple deletion mutant (∆scpBCDE) to grow at light
intensities above 500 µmol·m-2·s-1, together with the expression pattern of the scp
genes upon stress, indicates the importance of the SCPs during over-reduction of the
photosynthetic electron transport chain. Electron transport from PSII to the PQ pool is
slowed down during these conditions, increasing the probability of triplet state
chlorophyll formation and, thus, the formation of highly toxic singlet oxygen. Singlet
oxygen reacts mainly with proteins and lipids in the membrane. The degree of lipid
peroxidation is, therefore, one of the best ways to indicate oxidative damage in cells
(Vavilin et al. 1998). While Havaux et al. (2003a) did not find differences in lipid
peroxidation between wild type Synechocystis and the quadruple mutant at
900 µmol·m-2·s-1, Jantaro et al. (2006) detected strong (tripled) lipid peroxidation in
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the scp mutant grown even at low light (50 µmol·m-2·s-1). Havaux and co-workers
(2003) confirmed their data by thermoluminiscence measurements at high
temperatures (135ºC). They concluded that at least in short term experiments, the
quadruple mutant is not more sensitive to photooxidation or photoinhibition than WT.
The lethality of the quadruple mutant when grown in HL was suppressed by a
secondary mutation, affecting the locus sll1392, which codifies for a regulatory
protein, PfsR (photosynthesis, Fe homeostasis and stress response regulator). This
mutation results in miss-regulation of genes involved in iron homeostasis by reducing
the amount of free iron in the cell (up-regulation of bacterioferritin and downregulation of heme oxygenase ho1). Heme oxygenase catalyzes the conversion of
protoheme to biliverdin IX, an intermediate in the phycobilin biosynthesis pathway.
During fast turnover of photosynthetic complexes release of iron (II) is expected. This
iron (II) could react with hydroperoxides producing highly reactive hydroxyl radicals
(Jantaro et al. 2006).
Based on these data and on their homology to the higher plant Lil protein PsbS, SCPs
are thought to be involved in NPQ. However, different to plants cyanobacteria
perform a phycobilisome-associated NPQ mechanism (Wilson et al. 2006) and
therefore, we need to consider the differences in the phycocyanin/chlorophyll ratio
between the scp deletion mutants and WT.
2.4. Deletion mutants
Deletion of one or several scp genes in wild type background did not lead to any
obvious phenotype when the cells were grown at normal light conditions
(50 µmol·m-2·s-1) (Funk and Vermaas, 1999; He et al. 2001; Xu et al. 2004). In both
∆scpB and ∆scpE, we observed small changes in the chlorophyll/carotenoids ratio
using absorption spectroscopy of purified pigments under normal growth conditions
(Fig. 9, Storm et al. 2008 – PAPER III), that were not observed in ∆scpC and ∆scpD.
At high light intensity (500 µmol·m-2·s-1), however, the ∆scpC knock-out mutant as
well as the double mutants ∆scpC/D and ∆scpB/E were unable to compete with wild
type (He et al. 2001). A more drastic phenotype could be observed in the quadruple
mutant (∆scpBCDE) when grown at HL conditions: while chlorophyll and phycobilin
levels were decreased in this mutant, the amount of carotenoids accumulated (Havaux
et al. 2003a). Grown at light intensities above 500 µmol·m-2·s-1 cell division was
retained and the mutant died after 2 days (He et al. 2001). Different quadruple
mutants (∆scpABCD or ∆scpACBE) contained around 5-20% less chlorophyll,
whereas a strain lacking all five SCPs contained only 40-50% of the WT chlorophyll
amount (Xu et al. 2004). This effect was enhanced upon PSI deletion, which on its
own contained only 20% of the wild type chlorophyll (Xu et al. 2004). But the most
dramatic pigment reduction was observed after deletion of all five SCPs in a strain
lacking both photosystems, which contained 30 times less chlorophyll compared to
the PSI-less/PSII-less strain (Xu et al. 2004).
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Figure 9. Absorption spectra of methanol extracted pigments from different Synechocystis strains. The
spectra were normalized to 665 nm (A665 = 1 A.U.). Modified from Storm et al. 2008 – PAPER III.

2.5. Chlorophyll binding capacity of SCPs
The conserved chlorophyll-binding domain in the SCPs confers on them the capability
to bind chlorophyll (Jansson, 1999; Storm et al. 2008 – PAPER III). However, light
absorption by chlorophyll in the presence of oxygen also can lead to reactive oxygen
species (Fujimori and Livingston, 1957). To prevent the potentially damaging
photooxidative activity, chlorophylls always have to be in close proximity to
quenchers such as carotenoids (reviewed in Krieger-Liszkay et al. 2008). It is very
unlikely that a small protein consisting of a single transmembrane helix will bind
chlorophyll as well as carotenoids; therefore, SCPs should form at least dimers (Funk
and Vermaas, 1999). Based on their similar expression and their biochemical coisolation, interactions between ScpB and E, and between ScpC and D were proposed
(He et al. 2001; Xu et al. 2002, 2004; Yao et al. 2007 – PAPER I; Kufryk et al. 2008
– PAPER II). Moreover, when we expressed scpB under the control of the strong
psbA3 promotor, it led to an induction of scpE (Kufryk et al. 2008 – PAPER II),
suggesting these proteins form heterodimers, but the formation of homodimers cannot
be excluded (Storm et al. 2008 – PAPER III). Eggink and Hoober (2000) showed that
both synthetically created peptides (16-mers) containing the chlorophyll-binding
domain in the correct order (E-XX-H/N-X-R), or inverted (R-X-H-XX-E), were able
to bind chlorophyll. The central histidine (H) or asparagine (N) residues in the motif,
as well as the ion pair glutamate-arginine could provide the fifth ligand for the
magnesium atom in chlorophyll, as in LHCII (Kühlbrandt et al. 1994). Thus, proteins
with this sequence would have the potential to bind at least two chlorophyll molecules
(Fig. 10 inlet). Using in vitro reconstitution we were able to show the potential of
SCPs to bind pigments in a mix of chlorophyll a and carotenoids (Storm et al. 2008 –
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PAPER III). We monitored the fluorescence resonance energy transfer (FRET) from
tryptophan (W) (donor) to the bound chlorophyll molecules (acceptor) using a
fluorometer. The efficiency of this transfer depends on the distance and orientation
between the two molecules. We were able to observe a peak at 675 nm when ScpB/E
or ScpC were mixed with pigments extracted from Synechocystis, but not when a
control peptide was analysed, which did not contain the chlorophyll-binding domain
(Fig. 10). These results were also confirmed by CD spectra (Storm et al. 2008 –
PAPER III).

Figure 10. Fluorescence emission of a solution containing Synechocystis extracted pigments and
either ScpBE (____), ScpC (- - - ), or Melittin (…), after excitation of tryptophan in SCPs at 295 nm.
Inset: TMH1 and TMH3 from PDB file 2BHW, conserved residues in the chlorophyll-binding
domain and chlorophyll a bound to them are shown. Modified from Storm et al. 2008 – PAPER III.

2.6. Chlorophyll metabolism and SCPs
Even though the SCPs are able to bind pigments in vitro (Storm et al. 2008 – PAPER
II), in vivo evidence is still missing. SCPs do not seem to be involved in lightharvesting in vivo (Xu et al. 2004). However, they clearly influence the amount of
chlorophyll in the cyanobacterial cell and the stability of the chlorophyll-binding
proteins (Xu et al. 2002, 2004; Vavilin et al. 2007). The fact that the chlorophyll
concentration in SCPs mutants diminishes with the progressive deletion of the five
scp genes could indicate either that the SCPs are chlorophyll-binding proteins, or that
they have a regulative function on chlorophyll biosynthesis/degradation (Xu et al.
2002, 2004; Vavilin et al. 2005; Vavilin et al. 2007).
During chlorophyll biosynthesis a tight regulation must exist since cellular damage
could be produced by light absorption without adequate quenching of some of the
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intermediates. Usually regulatory sites in metabolic pathways are early reactions to
control the whole pathway or branch points. The concentration of heme, for example,
controls the activity of glutamyl-tRNA reductase in plants; at high levels of heme the
whole chlorophyll/heme pathway is down regulated (reviewed in Tanaka et al. 2007).
The concentration of heme in the cell is determined by ferrochelatase expression level
and activity. Mutants lacking the C-terminal ScpA domain accumulated ferrochelatase
to a lesser extent and showed diminished ferrochelatase activity. Moreover, they
accumulated intermediates of the chlorophyll synthesis in the cell and in the media
(Sobotka et al. 2008). The lack of ScpA did not alter the capacity of ferrochelatase to
interact with the membrane, but influenced its stability and function. Therefore, the
authors proposed a regulatory function for ScpA, inducing or repressing the
ferrochelatase domain upon interaction with chlorophyll or a chlorophyll-precursor
(Sobotka et al. 2008).
Another important control point in the chlorophyll biosynthetic pathway is the
conversion of protochlorophyllide to chlorophyllide. Beside the light-dependent
NADPH-protochlorophyllide oxidoreductase enzyme, cyanobacteria, algae and
gymnosperms also contain a light-independent enzyme complex, the
protochlorophyllide reductase. This enzymatic complex is built by three subunits
ChlL, ChlB and ChlN (Fujita et al. 1992, 1993; Suzuki and Bauer, 1992). Deletion of
ChlL (∆chlL) in Synechocystis led to a mutant which is unable to synthesize
chlorophyll in the dark (Wu and Vermaas, 1995). Additional deletion of individual
scp genes did not show any apparent phenotype when the cells were grown under
continuous light exposure (Xu et al. 2002). In darkness (LAHG; light-activated
heterotrophic growth, since Synechocystis is not able to grow in complete darkness),
the content of chlorophyllide and chlorophyll was highly reduced compared to the
control strain after deletion of scpB or scpE. In fact the whole tetrapyrrole
biosynthetic pathway appeared to be affected and cells grew much slower than control
cells. The amount of chlorophyllide in both mutants recovered after addition of δaminolevulinic acid, hence ScpB and ScpE might regulate chlorophyll biosynthesis at
an early step, prior to the formation of δ-aminolevulinic acid; chlorophyll or one of its
precursor could act as an inductive signal (Xu et al. 2002).
Chlorophyll stability is reduced in mutants lacking any of the SCPs. Since PSII is
more sensitive to photo-oxidation than PSI this effect was more obvious in strains
lacking PSI (Vavilin et al. 2005, 2007). The fact that chlorophyll bound to PSI is very
stable (Vavilin et al. 2007) makes it more likely that chlorophyll-storage/stabilizing
proteins are needed around PSII; the function of chlorophyll stabilization during PSII
recycling has been proposed for SCPs (Vavilin et al. 2007). The co-purifications of
ScpB, ScpC, ScpD and ScpE with PSII (Promnares et al. 2006; Yao et al. 2007 –
PAPER I; Kufryk et al. 2008 – PAPER II) support this proposal.
Our pull-down experiments (Fig. 11) showed that the closest neighbour of His-ScpD
was CP47 (Yao et al. 2007 – PAPER I). This localization is in agreement with a
position close to PsbH (Promnares et al. 2006) and Psb28 (Dobakova et al. 2009)
(Fig. 12). Interestingly, a mutant lacking Psb28 showed a lower chlorophyll synthesis
rate, lower chlorophyll concentration per cell, accumulated protoporphyrin IX in the
growth medium, performed higher PSII-mediated oxygen evolution, and contained a
higher PSII/PSI ratio (Dobakova et al. 2009). The phenotype of the ∆psb28 mutant is
very similar to the quadruple and quintuple scp deletion mutants. Psb28 thought to
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affect the stability of the newly synthesized chlorophyll and to assist chlorophyllbinding to CP47 (Dobakova et al. 2009). Psb28 and SCPs therefore could have
complementary functions: while the SCPs could facilitate the incorporation of
chlorophyll molecules that already are present in the membrane, Psb28 would
facilitate the access of newly synthesised ones when needed. This hypothesis still
needs to be tested.

Figure 11. Identification of the closest neighbours of ScpD. Protein complexes co-purified
with His-ScpD separated by BN/SDS-PAGE. Proteins identified by mass spectrometry and/or
by immuno detection are indicated on the gel. Modified from Yao et al. 2007 – PAPER I.
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ScpD

Figure 12. Possible position of ScpD and Psb28 with respect to CP47, deduced from pull-down
experiments (Yao et al. 2007 – PAPER I; Dobakova et al. 2009 ). The images are 180º rotations of
CP47 and PsbH modelled from the crystal structure published by Loll et al. 2005.
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E. Summary
 ScpB, C, D and E are associated with Photosystem II during stress conditions. The
closest neighbour of ScpD is CP47 (Yao et al. 2007 – PAPER I and Kufryk et al.
2008 – PAPER II).
 ScpB, C, D and E do not co-migrate with Photosystem I components in wild type
and in various deletion mutants (Yao et al. 2007 – PAPER I and Kufryk et al.
2008 – PAPER II).
 Overexpression of ScpB leads to co-accumulation of ScpE (Kufryk et al. 2008 –
PAPER II).
 While ScpD only accumulates in the cell during stress conditions, ScpB and ScpE
were detected in cells grown at normal conditions after overexpression (Kufryk et
al. 2008 – PAPER II).
 ScpC as well as the complexes ScpC/D, and ScpB/E bind chlorophyll and
possibly also carotenoids in vitro (Storm et al. 2008 – PAPER III).
 ScpD is co-transcribed with another protein, LilA, which also is expressed in
stressed cells (Kufryk et al. 2008 – PAPER II).
 LilA is present in Photosystem II enriched fractions (Kufryk et al. 2008 – PAPER
II).
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F. Future perspectives
There are many aspects of SCPs that are still intriguing; below I outline some of the
main avenues of research yet to be explored.
The conserved chlorophyll-binding domain in SCPs appears to indicate a potential
role related to chlorophyll metabolism and/or photosynthetic processes; however
strains with point mutations in this domain are still lacking, and would provide a
better understanding of the role of the Lil proteins, and also help elucidate the
evolution of all light-harvesting proteins.
Exact details of the stoichiometry of the SCPs within PSII, as well as the closest
neighbours for LilA, ScpB, ScpC and ScpE remain unknown. However, the recently
published phenotype of the ∆psb28 mutant (Dobakova et al. 2009) aroused my
interest, since I was able to show that Psb28 is the closest neighbour of ScpD. This
mutant should be studied with respect to the SCPs and their potential complementary
functions (as described in part D 2.6). Of special interest are ScpB and ScpE and their
relation to each other, since deletion mutants lacking one or both of these proteins had
more pronounced phenotypes compared to other scp mutants. The expression of scpE
in a ∆scpB mutant and/or stability of these proteins in the respective knockout mutant
would elucidate their possible complementation.
Cyanobacterial ferrochelatase forms a complex with protoporphyrinogen IX oxidase
(Masoumi et al. 2008). In vitro functional studies of this complex in relation to the
presence or absence of chlorophyll a should be performed to clarify a possible
modulation of the ferrochelatase activity by ScpA. Further on it will be important to
study the possible pigment-binding ability of ScpA.
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