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Introduction 

 

1 Photosynthesis 

Oxygenic photosynthesis is one of the most fundamental processes on our planet. It is 
employed by cyanobacteria, algae and plants to power themselves for growing and 
proliferating. Generally speaking, photosynthesis is a complex process that includes light-
harvesting by photosynthetic pigments, the conversion of the solar energy into chemical 
energy, and the synthesis of carbohydrates accompanied by CO2 consumption and O2 
release via water splitting. It can be simply represented by the following equation: 

 

In plants, photosynthesis takes place in subcellular organelles called chloroplasts, located 
in the leaf cell (Figure 1A&B). The size of the chloroplast is only several micrometers and 
this organelle is surrounded by a double layer of membranes forming a closed 
environment separate from the cytoplasm. It is believed that chloroplasts evolved from 
photosynthetic bacteria that were integrated into a eukaryotic cell by endosymbiosis 1. 
The chloroplast still contains prokaryotic-like ribosomes and a circular DNA genome which 
encodes some of the proteins involved in photosynthesis. Inside of the chloroplast, a large 
amount of interconnected membranes containing proteins are found, which are called 
thylakoids (Figure 1C). Thylakoid membranes are not homogenous. Most of them are 
stacked as disk-like membranes, known as thylakoid grana (Figure 1C). The stacked grana 
cylinders are connected with protuberant membranes called stroma lamellae (Figure 1C). 
Thylakoid membranes form a closed system inside the chloroplast which separates the 
inner space, the lumen, from the outer space, the stroma. These separate spaces allow 
different processes to take place in each and, also, are used to create an action potential 
across the thylakoid membrane mainly through proton pumping. This proton gradient is 
used to power ATPase synthesizing ATP. Both spaces are filled with soluble proteins 
which, together with the membrane proteins, are essential for the chemical reactions 
inside the chloroplast. 

Traditionally, photosynthesis consists of two parts known as light reactions and dark 
reactions 2. In the light reactions, light energy is captured by the photosystems located in 
the thylakoid membrane and eventually stored in the form of ATP and NADPH in a process 
that involves water splitting and O2 release 3. In the dark reactions, also known as Calvin-
Benson Cycle, ATP and NADPH are used to fix CO2 into carbohydrates. 
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Figure 1. Depictions of a tobacco plant and chloroplasts in leaf cells 

(A) Tobacco (Nicotiana tabacum). (B) Leaf cells under the microscope. (C) Model of a chloroplast showing 
thylakoid membranes and circular DNA genome. 

The work presented in this thesis is focused on photosystems I and II (PSI and PSII) of 
plants, which are located in the thylakoid membrane and are involved in the light 
reactions (Figure 2). The light reactions begin when photons are captured by the 
chlorophylls (Chls) and carotenoids associated with proteins in the PSs. The harvested 
excitation energy is efficiently transferred inside of the photosystem to the reaction 
centers (RC), known as Chl P680 in PSII and P700 in PSI. In PSII, the energy is used by the 
water oxidizing complex to split water, resulting in release of electrons, protons and O2. 
The electron is transferred via P680 and several intermediates to the plastoquinone at the 
QB site. When this plastoquinone has accepted two electrons, it binds two protons from 
the stroma and is now in the reduced form plastoquinole (PQH2), which detaches from 
PSII and diffuses into the membrane. It is replaced by an oxidized plastoquinone at the QB 
site and the cycle is repeated 4. 

The proton and electron carrier PQH2 moves to the protein complex known as 
cytochrome-b6f (Cytb6f) (Figure 2). The electrons are unloaded onto Cytb6f and transferred 
to plastocyanin (PC), which is a water-soluble protein in the lumen. The protons are also 
released into the lumen, adding to the protons generated from the water splitting of PSII, 
and this creates a proton gradient between stroma and lumen across the thylakoid 
membrane which drives the ATP synthase machinery. The electron carried by PC is 
transferred to the RC of PSI, P700+. PSI absorbs light and this energy is used for re-
pumping the electron to ferredoxin, which usually transfers the electron to NADPH 
reductase to produce NADPH. Then ATP and NADPH are used in the Calvin-Benson cycle to 
fix CO2 and store their energy into carbohydrate molecules. 

https://en.wikipedia.org/wiki/Plastocyanin�
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Figure 2. Schematic diagram of the photosynthetic electron transfer pathway in plants 

The thylakoid membrane is shown in light purple, PSII and PSI with associated light-harvesting complexes (LHC) 
in gold and their pigments in green. Cytb6f and ATP synthase are in rainbow colors. Red arrows represent the 
linear electron flow pathway (dashes represent the cyclic electron flow). Blue circle depicts the CB-Cycle (the 
dark reaction). 3D structures shown in the diagram were generated with Chimera1.11.2 5 or PyMol based on the 
following PDB files: 3JCU 6 for PSII, 1Q90 7 for Cytb6f, 5L8R 8 for PSI, 5H5J 9 for Fd-FNR, 4DP7 10 for PC, 5ARE 11 for 
ATPase. (Cytb6f: Cytochrome b6f, PQ: plastoquinone pool, PC: plastocyanin, Fd-FNR: Ferredoxin-NADPH 
reductase complex, CB-Cycle: Calvin-Benson cycle.) 

2 Photosystems 

As mentioned above, photosystems located in the thylakoid membrane of chloroplasts are 
the sites where light energy is captured and charge separation occurs. Two types of 
photosystems are present in higher plants, PSI and PSII. These are large dynamic 
supercomplexes consisting of transmembrane proteins binding several pigments.  

2.1 Photosynthetic pigments 

In plants and algae, pigments are fundamental not only for light-harvesting, excitation 
energy transfer and charge separation, but also for protecting the photosynthetic 
apparatus from photodamage (more details in section 2). Two types of pigments are 
present in the thylakoid: chlorophylls and carotenoids. The Chl includes two subgroups: 
Chls a-f and bacteriochlorophylls (BChls) a-g, which are named in order of their discovery 
12. Carotenoids are a large family including hundreds of different types 13. 

Chlorophylls 
Although the chlorophylls are a big family, in land plants there are only Chl a and Chl b 14. 
As this thesis focuses on higher plants, here we only introduce Chl a and b. The chemical 
structure of Chl is composed of a cyclic tetrapyrrole which has a fifth ring and 
a phytyl chain (Figure 3A). A Mg2+ is located in the planar center of the tetrapyrrole and is 
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coordinated by 4 nitrogen atoms from the ring. The Mg2+ can be also coordinated by 
protein residues, water molecules and lipids, and these bonds are employed by Chl to 
associate with the protein. Chl a without a central Mg2+ is known as pheophytin and is 
used as an electron transport intermediary agent in the reaction center of PSII. The 
structures of Chl a and b are similar and the only difference is at position C7 (“R” in Figure 
3A), which is either a methyl group (Chl a) or formyl group (Chl b). This difference is 
responsible for the different absorption spectrum of Chl a and b (Figure 3B), and for the 
different hydrophobic property of the molecule, which allows us to separate them by 
chromatography. 

The y and x molecular axis are defined as passing through the nitrogen atom as shown in 
Figure 3A. As shown in Figure 3B, the absorption spectra of Chl a and b consist of two 
major bands: 1) the absorption in the orange and red region named Qx and Qy bands, 
respectively and 2) the absorption in blue and purple region known as Soret bands. The 
color of Chl and most plants appears green because the Chls strongly absorb purple, blue, 
orange and red light, but not green light, which is reflected or scattered. Upon absorbing 
light, Chls will be excited from the ground state to an excited state (Figure 3C). A higher 
excited state produced by absorbing high energy blue light decays very quickly (sub ps), 
with the energy lost as heat (known as internal conversion (IC)), to the lower excited state 
(Qy) which has a relative longer lifetime (ns). The excited molecule then returns to the 
ground state via several competing pathways in which the energy is 1) transferred to 
other Chl or used for charge separation, 2) emitted (fluorescence), 3) transformed into 
triplet state via intersystem crossing, or 4) dissipated as heat. The triplet Chl can release 
their energy by non-radiative relaxation or phosphorescence back to the ground state. The 
triplet state energy can also be transferred to an oxygen molecule creating reactive 
oxygen species (ROS) which is harmful to pigments, proteins, lipids, DNA and so on. 

 
Figure 3. Structural and absorption properties of Chlorophyll 

(A) Chemical structure of Chl a and b. (B) Absorption spectra of Chl a and b. The spectra are normalized to their 
molar extinction coefficient. (C) Simple version of Jablonski diagram. (IC: internal conversion, ISC: intersystem 
crossing, NRR: non-radiative relaxation, F: fluorescence, P: phosphorescence) 

Carotenoids 

http://www.scientistsolutions.com/forum/biochemistry-general-biochemistry-discussion/molar-extinction-coefficient-calculation�
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Carotenoids are a huge family including hundreds of types and are widely distributed in 
nature 13. However, the types of carotenoids involved in photosynthesis in higher plants 
are quite limited. Carotenoids in plants are C40 molecules whose biosynthesis is derived 
from the condensation of two geranylgeranyl pyrophosphate (GGPP) molecules, which are 
produced from a combination of isopentenyl diphosphate (IPP) and dimethylallyl 
diphosphate (DMAPP) 13. Next steps include a series of desaturation and isomerization 
events and the end product is lycopene 13. Lycopene is converted into α-carotene or β-
carotene via cyclization of its two ends (Figure 4). Carotenes are further hydroxylated to 
generate xanthophylls which include lutein, zeaxanthin and the downstream products of 
zeaxanthin (Figure 4). Of these carotenoids, only lutein, β-carotene, violaxanthin and 
neoxanthin are associated with the light-harvesting complex (LHC) of the photosystems in 
low light and normal light conditions. When the plants are illuminated with high light, the 
violaxanthin de-epoxidase (VDE), located in the lumen, is activated by the acidification of 
that compartment due to proton accumulation. This enzyme converts violaxanthin into 
zeaxanthin, which plays a key role in photoprotection 15. Another enzyme, zeaxanthin 
epoxidase (ZE), located in stroma, constantly converts zeaxanthin into violaxanthin at a 
relatively lower efficiency than VDE 16. Thus, when VDE is deactivated, zeaxanthin will be 
converted into violaxanthin again. These conversions are known as the xanthophyll cycle 
(Figure 4 rectangle), and is essential in photoprotection 15. 

 
Figure 4. Schematic diagram of the carotenoid biosynthesis pathway in higher plants 
and the absorption spectra 
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The spectra are normalized to their molar extinction coefficient. The conversion between zeaxanthin and 
violaxanthin shown in the dash rectangle is known as Xanthophyll Cycle. Plants deficient in zeaxanthin epoxidase 
and violaxanthin de-epoxidase are named as npq2 and npq1, respectively. 

The absorption spectra of the carotenoids in LHCs are shown in the left corner of Figure 4. 
Carotenoids mainly absorb the light between 350-550 nm which gives them the 
characteristic orange/red color. Each carotenoid has a unique absorption spectrum due to 
different modifications of the benzene ring or the stereoisomerism of the chain, which 
also gives the molecule different hydrophobic properties. In chromatography, the 
retantion time combined with the absorption spectrum are used to determine the identity 
of the carotenoid. 

Carotenoids are multifunctional in photosynthesis. First, they are involved in the 
formation of the LHCs and supercomplexes. Lutein, violaxanthin and neoxanthin have 
been found in LHCs of PSII 6,17,18, and lutein was confirmed to be essential for forming the 
trimers of the major antennae complexes of PSII, LHCII 19. The light-harvesting antenna 
complexes of PSI contain lutein, violaxanthin and β-carotene 20. β-carotene is found in 
both the PSI and PSII core (C) complexes 8,21 and it was reported to be necessary for PSII 
functional assembly 22,23. Moreover, the absence of vital plants lacking carotenes has 
suggested that they are essential not only for photosynthesis but also for the survival of 
the plant cell 24. In chapter 6, we will discuss a mutant tobacco that sustains 
photoautotrophic growth without any carotene. Second, not only do chlorophylls absorb 
the light used for photochemistry, carotenoids harvest light as well 25. The carotenoids 
located in L1, L2 and N1 sites of LHCII can transfer their excitation energy to chlorophylls 
also bound to LHCII 26,27. Third, lutein and zeaxanthin have been proposed to be directly 
involved in non-photochemical quenching (NPQ), a process which dissipates excess 
absorbed energy as heat in order to protect the photosynthetic membrane from 
photodamage 15,28,29. The hypothesis that lutein and zeaxanthin are involved in NPQ was 
supported by studies using time resolved absorption and two-photon excitation 
spectroscopy methods 30-34. However, no general consensus the mechanism of quenching 
has been reached 35,36. Fourth, carotenoids are able to quench triplet chlorophylls and 
scavenge singlet oxygen protecting proteins and lipids from damage 37-40. Last, but not 
least, neoxanthin and β-carotene are the precursors of abscisic acid (ABA) and 
strigolactones (SLs), respectively 41,42. These plant hormones regulate not only plant 
growth and development but also the interaction of plants with their environment. 

2.2 Light-harvesting complexes 

Pigments are the elements that directly capture the solar energy in photosynthesis, but 
pigments alone are not enough. The concentration of chlorophyll in the photosynthetic 
apparatus is as high as 0.5 M; a solution of Chls at such a high concentration would be 
fully quenched 43. Thanks to the light-harvesting protein scaffold, the distance and 
orientation of bound chlorophylls and carotenoids are set in such a way that the excitation 
energy can be transferred efficiently while quenching due to concentration is avoided. In 
addition to coordinating pigments, the light-harvesting complexes of plants regulate the 

http://www.scientistsolutions.com/forum/biochemistry-general-biochemistry-discussion/molar-extinction-coefficient-calculation�
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light-harvesting capacity of the photosystems. For example, in low light conditions, LHC 
function as antennae to increase the light absorbing capacity of the PS. Alternatively, in 
high light stress, LHC can switch to a confirmation that greatly reduces the number of 
photons channeled to the reaction centers 44. LHCs consist of multiple pigment-protein 
subunits known as Lhca1-4 in PSI, and Lhcb1-6 in PSII (for more details see PSI and PSII 
supercomplex sections). These subunits are connected to each other to form 
supercomplexes that serve as large arrays of light harvesting antenna. Both the sequence 
and 3D structure of Lhcas and Lhcbs are highly conserved 45,46. In this thesis, we focus on 
the light-harvesting complexes of PSII from higher plants, which are commonly referred to 
as Lhcbs.  

 

Figure 5. 3D structure of monomeric LHCII and Lhcb4 (CP29) 

(A) Structure of monomeric LHCII 47. (B) Structure of Lhcb4 (CP29) 6. The proteins are shown as grey ribbons and 
the carotenoids are shown in the following colors: Neo: magenta, Lut: dark orange, Vio: cyan. Chls a are shown in 
red and Chls b in green. Chl 612 and 603 (nomenclature from 47) are shown as sticks, other Chls are shown as 
lines. Structures were generated with Pymol. 

The crystal and EM structure of LHCII reveals precise pigment composition and location 
6,47,48. A monomeric Lhcbs coordinates 8-10 Chls a and 4-6 Chls b that are arranged in two 
layers within the thylakoid membrane along the stromal and lumenal sides. Some of these 
chlorophylls form excitonically coupled clusters. Over the years, biochemical and 
spectroscopic studies have shown that these clusters have different energy levels. All of 
the Lhcbs shared a common lowest energy position that is located at the chlorophyll 
cluster containing 612 (Figure 5A) (Nomenclature is from Liu, et al. 47) 49. According to the 
crystal structure of LHCII, two luteins are located inside of the protein (Figure 5A). These 
two positions are named L1 and L2 are present in all PSII antennas proteins. One 
neoxanthin located in the N1 position has been reported in Lhcb5 (CP26) and Lhcb4 (CP29) 
(Figure 5B). An extra position named V1 only exists in LHCII trimers and accommodates 
violaxanthin and lutein 47,50. 

A problem with the characterization of the antenna complexes is that their isolation from 
the membrane can lead to a loss of pigments. This is the case for the major LHCII (Lhcb1-
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3), which when purified by isoelectric focusing loses one Chl and one carotenoid 50. In the 
case of the minor antenna complexes (Lhcb4-6), several purification steps are necessary 
and the number of retained chlorophylls was always found to be lower than that of the 
major LHCII 51. In chapter 2, we will discuss a new method which can be used to purify 
minor antennas. 

2.3 PSI Supercomplex 

The quantum efficiency of PSI is very high, close to 100% 52. The electron delivered by 
plastocyanin from PSII is accepted by ferredoxin, which either transfers the electron to the 
NADPH reductase to produce NADPH, or to Cytb6f to increase the proton gradient 
between the lumen and stroma which powers the generation of ATP 53. These two 
processes belong to the linear electron flow and the cyclic electron flow, respectively. 

In higher plants, PSI has a molecular weight of around 600 kDa and consists of dozens of 
proteins/peptides, 155 chlorophylls and 35 carotenoids 20 (Figure 6). The entire complex 
can be divided into two parts: the core where the charge separation occurs, and the 
antennas which enlarge the absorption cross-section of the core. The core contains 98 
chlorophyll a and 22 β-carotenes, and most of these chlorophylls are associated with the 
two largest subunits in the core 20, PsaA and PsaB, which are encoded by the chloroplast 
genome 54. Six Lhca genes were identified but only Lhca1-4 have been found in the 
supercomplex. The expression of Lhca5 and Lhca6 was very low in all tested conditions 55. 
Lhcas bind chlorophyll a, chlorophyll b, lutein, violaxanthin, β-carotene but not neoxanthin 
20. The 4 antennas functionally organize into two dimers: Lhca1/4, and Lhca2/3 56. The 
recent structure shows that the distance between the Chls of Lhca4 and those of the core 
is large (Figure 6) suggesting that a direct energy transfer between them is difficult 20. 
Likewise, the closest chlorophyll a of Lhca2 is slightly too far (18 Å) to permit a direct 
energy transfer. This suggests the energy transfer between Lhca2 and Lhca4 to the core 
may be not very efficient. So, the excitation energy of Lhcas most likely is transferred to 
the core via Lhca1 and Lhca3, through the chlorophylls closest to the core (7-12 Å) 20. 
Although Lhcas and Lhcbs belong the same multigenic family 46 and their 3D structures are 
highly conserved, their spectroscopic properties differ substantially 45. In PSI, there are 
several unique chlorophylls located both in the core and the antennas that are able to 
absorb light at wavelengths longer than 700 nm. These chlorophylls are known as red 
chlorophylls 57. It is clear that the red chlorophylls extend the absorption capacity of the 
plants into the near infrared region, but other functions have not been completely 
clarified yet 58. 
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Figure 6. Plant PSI Supercomplex 

Structure of PSI from the stroma side (Based on PDB file: 5L8R 8). The PSI core is shown in red, Lhca1-4 in blue, 
Chls in green and carotenoids in orange. The 3D structure was generated by using PyMol 59. 

2.4 PSII Supercomplex 

The function of PSII is to reduce PQ and oxidize water by using light energy. A special 
chlorophyll pair located in the reaction center of PSII performs charge separation and has 
an absorption peak of 680 nm in the Qy region. 

The core complex of PSII is highly conserved in all photosynthetic organisms from 
cyanobacteria to land plants 6,21. It consists of many subunits: 1) the reaction center where 
charge separation occurs includes PsbA (D1) and PsbD (D2), which bind the primary 
electron donor and pheophytin 21, 2) the inner antennas PsbB (CP47) and PsbC (CP43), 
which coordinate most of the core’s chlorophylls, and 3) dozens of low molecular mass 
subunits, whose roles include, but is not limited to, stabilizing the core and PSII 
supercomplex, docking the oxygen-evolving complex, protecting PSII and facilitating PSII 
repair 60. 
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Figure 7. Map of PSII supercomplex 

Structural of PSII from the lumenal side (Base on PDB file: 3JCU 6 and the model proposed by Caffarri, et. al. 2009 
61). The dimeric PSII core is shown in red, minor antennas in blue, trimer S and M in cyan and purple, 
respectively, chlorophylls are in green and carotenoids in orange. Structure was generated with PyMol. 

The peripheral antennas complexes are composed of Lhcb1-6. Lhcb1-3 form hetero 
trimers which represent the majority of the light-harvesting complex and are collectively 
known as LHCII (major antenna). Lhcb4-6 are present as monomers and called CP29, CP26 
and CP24, respectively, based on their molecular weight. These are often referred to as 
the minor antenna. The LHCII trimer most tightly associated with the PSII core is named 
trimer S (“strong”) and contains a mix of Lhcb1 and Lhcb2 61. Another trimer containing 
Lhcb1 and Lhcb3 is bound to PSII core via CP29 and its more moderate association gives it 
the name trimer M 61. The largest PSII supercomplex that has been isolated and 
characterized from Arabidopsis thaliana is composed of two core subunits, two S trimers, 
and two M trimers, and termed C2S2M2 

61 (Figure 7). The electronic microscopy (EM) map 
of the PSII supercomplex from spinach and Chlamydomonas reinhardtii show the third 
type of LHCII trimer, which is loosely bound to PSII 62,63. CP29, trimer M and CP24 can be 
isolated as a distinct complex 64,65. In chapter 3, we discuss the functional organization of 
this complex. 

The antenna size of PSII is influenced by the growing light intensity 66. Additional LHCII 
trimers with the exception of S and M in Arabidopsis are defined as “extra” and associate 
with both PSII and PSI in all light conditions 66. At low light conditions, there is a relative 
increase of “extra” LHCIIs compared to high light conditions. These extra LHCIIs transfer 
excitation energy slower than trimers S and M to the reaction centers. Thus, the quantum 
yield of charge separation of this PSII is lower than the one from high light conditions 66. 
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3 Photoprotection 

The environment of photosynthetic oxygenic organisms is not always ideal. Fluctuations of 
the absolute amount of light or a shortage of photosynthetic substrates, e. g. water or 
CO2, can influence the balance of energy supply and consumption. For example, a sudden 
increase of light intensity can over saturate the photosynthetic electron transport chain 
and cause photodamage of the apparatus. As mentioned in the chlorophyll section above, 
an excited chlorophyll can convert from singlet into triplet state via intersystem crossing. 
The Chl in the triplet state can react with molecular oxygen creating ROS that are harmful 
to all life elements including pigments, amino acids, lipids, DNA, and so on. In addition, the 
reaction center of photosystems lose their function once they are damaged, which is 
known as photoinhibition. All photosynthetic organisms, from single cell organisms like 
cyanobacteria and algae to land plants, have developed multiple strategies to protect 
themselves and avoid photodamage 16. PSI and PSII have evolved specific photoprotection 
mechanisms. 

3.1 PSI Photoprotection 

Photoprotection of PSII has been well studied over the years, but less is known about PSI 
protective strategies. Photoinhibition of PSI rarely occurs in normal growing conditions. It 
is widely accepted that both P700 and P700+ are good quenchers 67, and because of this a 
NPQ-like photoprotective process that protect against too much light may not be needed 
for PSI. However, this does not mean that PSI does not need protection. Actually, in 
certain conditions such as cold temperatures, PSI is even more sensitive to photoinhibition 
than PSII. Damaged to PSI core is irreversible and the repair of PSI takes a long time (>1 
week) 68. PSI photoinhibition was first reported in 1966 69, but for a long time it could only 
be demonstrated in vitro in isolated thylakoid membrane or purified PSI complexes 70. PSI-
specific photoinhibition in intact leaves was first reported in 1994 in a study where 
cucumber leaves were illuminated at normal light intensity at 4 °C (chill stress) 71. A few 
years later, a protein called proton gradient regulation 5 (PGR 5) was found to be involved 
in cyclic electron flow around PSI and to be essential for photoprotection of PSI in 
Arabidopsis 72. PSI in the mutant without PGR5 was dramatically damaged in fluctuating 
light conditions. It was concluded that in fluctuating light conditions, the cyclic electron 
flow protects PSI from an over reduced state by transferring the electron to Cytb6f 73,74. 

It has been suggested that excess electrons supplied by PSII causes the iron-sulfur cluster 
of PSI to become over reduced, which can create ROS and subsequent iron-sulfur cluster 
damage 70. The exact nature of the ROS damage (type, location, and mechanism) is not 
fully clear. Recently, several papers were published examining the mechanism of PSI 
photoinhibition. One study, performed with a mutant that has a reduction of β-carotene, 
proposed that the β-carotenes in the PSI core prevent singlet oxygen formation 75,76. 
Another study proposed that the ROS involved in PSI photoinhibition is not only caused by 
singlet oxygen but also superoxide (O2

-) 77. 
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3.2 PSII Photoprotection 

Photodamage of PSII can occur in almost all oxygenic photosynthetic organisms, and the 
photoprotection of PSII is still a matter of open debate in photosynthesis research. In 
contrast with PSI, the photoinhibition of PSII occurs constantly, even in plants growing in 
low light conditions 78. The repair of PSII is  an efficient and ongoing process 79. But repair 
of PSII by itself is not enough to keep photosynthesis functioning efficiently. Additional 
photoprotective measures are needed. One important strategy employed by PSII is known 
as non-photochemical quenching 80. NPQ involves a number of processes on different 
time scales that serve to reduce photodamage. Once NPQ is activated, excess excitation 
energy is quickly dissipated in the form of heat. This is accompanied by a dramatic 
decrease or quenching, of the fluorescence of the chlorophyll a, which can be used to 
monitor the process 81. Exactly how this happens is the subject of many investigations. 
Several components, including a protein named PsbS and the xanthophyll cycle, have 
been shown to have essential roles in the NPQ of higher plants and are briefly introduced 
below 15,82. 

PsbS dependent quenching 
PsbS is a 22 kDa integral thylakoid membrane protein with homology to other members of 
the Lhc family 83,84. In the PsbS knock-out mutant, npq4, NPQ is absent which indicates 
that PsbS plays a key role in NPQ 82. Although PsbS belongs to the Lhc superfamily and has 
two conserved putative chlorophylls binding site, the crystal structure of PsbS at low pH 
showed that the monomeric PsbS does not bind any pigments 84. Only one chlorophyll was 
identified at the interface of the PsbS dimer 84. In contrast to other LHC proteins which 
span the thylakoid membrane 3 times, PsbS crosses the membrane 4 times 84 and it is 
highly hydrophobic. Upon exposure to high light, the electron transport rate increases and 
the lumenal pH decreases. PsbS senses this low pH and triggers the NPQ process 85, thus 
acting as a feedback regulator of the light-dependent reactions. Two glutamate residues in 
the lumenal exposed part of the protein have been identified as essential for the pH-
sensing 86. 

Because of its essential role, PsbS has been the subject of a large number of studies since 
2000. However, the molecular mechanism of the PsbS-dependent NPQ remains to be 
elucidated. One of the open questions is whether PsbS is active as a monomer or as a 
dimer. It has been proposed that PsbS in the inactive state is a homodimer and the 
activation process involves dimer-to-monomer transition 85,87. But the crystal structure 
from low pH, which should represent the active state, clearly showed it as a dimer 84. 
Another argument is whether PsbS is directly involved in the quenching of Chl or if it just 
facilitates the reorganization/aggregation of LHCII to accomplish quenching. Based on the 
studies on proteoliposomes, it has been proposed that LHCII and PsbS form a 
heterodimer, and zeaxanthin enhances the quenching independent of LHCII aggregation 
88. Another study showed that if the lumenal pH drops enough, quenching can be 
observed even without PsbS and zeaxanthin. Thus, it was proposed that PsbS just 
facilitates the LHCII reorganization/aggregation thereby decreasing the threshold of 
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quenching 89. The lack of pigments in the monomers of the crystal structure of dimeric 
PsbS supports the argument that PsbS is not the quencher itself. The identity of possible 
PsbS “partners” is a subject of active debate. Recently it was proposed that PsbS 
associates with Lhcb1 during quenching 90, while another study showed association also 
with the minor antennas 91. Clearly, the molecular mechanism of PsbS is still a mystery. 

 

Figure 8. Hypotheses of Zeaxanthin-dependent quenching 

(A) LHCII aggregation model for NPQ 80. Rectangles represent LHCII prior to quenching and the elliptics 
represents LHCII with conformation changes. Red arrows represent NPQ and the thickness of the arrow refers to 
the amount of the quenching. (B) Quenching model of minor antennas with zeaxanthin inside 33,92. The protein is 
shown with ribbon in grey, chlorophylls in green, and carotenoids as spheres. Lutein is in orange, violaxanthin in 
cyan and zeaxanthin in yellow. The wavy red arrows represent the dissipated heat. Lut: Lutein, Vio: violaxanthin, 
Zea: zeaxanthin. 

Zeaxanthin-dependent quenching  
Although it is clear that zeaxanthin is involved in NPQ, the molecular mechanism is not 
fully understood. There are two main hypotheses for the zeaxanthin-dependent 
quenching (Figure 8). High light conditions cause the lumenal pH to drop, which triggers 
the xanthophyll cycle and leads to the synthesis of zeaxanthin. Meanwhile, low lumenal 
pH was suggested to induce LHCII aggregation, which causes quenching. The binding of 
zeaxanthin to the V1 site enhances the aggregation of LHCIIs, thus increasing quenching. 
In this hypothesis, zeaxanthin acts as an allosteric effector 80. In an alternative hypothesis 
(Figure 8B), the violaxanthin in the L2 site in the minor antennas is replaced by zeaxanthin 
in high light conditions. In this case, zeaxanthin acts as the quencher directly, dissipating 
the excitation energy as heat via the formation of a radical cation 32,33. In chapter 4, we 
explore the molecular mechanism of zeaxanthin-dependent quenching in more detail. In 
chapter 5, we will discuss whether zeaxanthin-dependent quenching occurs in PSI. 

The molecular mechanisms of PsbS and zeaxanthin-dependent quenching remain elusive 
despite years of intense research efforts. It was also proposed that the NPQ mainly 
happened in PSII but is more important for the protection of PSI. In fluctuating light 
conditions the cyclic electron flow protects PSI from over reduction by transferring the 
electron to Cytb6f 73,74. In high light conditions, NPQ at the PSII site, not only protects PSII 
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from photodamage but also decreases the flow of electron donated to PSI, resulting in the 
protection of both photosystems. 


