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et al. 1999) (Figures 8C-E). Thus, the higher photosensitivity in koLhcb4 could be the effect of a less stable PSII 

supercomplex: indeed the extreme photosensitivity of Arabidopsis mutants such as ch1 (Dall'Osto, L. et al. 2010) can be 

ascribed to the absence of light-harvesting complexes surrounding the PSII reaction centre, leaving the PSII core 

complex exposed to the lipid phase, where radical chain reactions of peroxy-lipids occur during photo-oxidative stress.  

4.6 The role of Zeaxanthin-Lhcb4 interaction in PSII photoprotection.  

Measurement of lipid peroxidative damage by thermoluminescence in intact leaves of WT vs. koLhcb4 and koLhcb4 

npq1 plants showed that Zea and Lhcb4 are synergically active in protection from photodamage (Figure 7). Therefore, it 

appears that a specific effect for Zea in providing efficient photoprotection is preferentially amplified when bound to 

Lhcb4. This observation is consistent with a previous report of a protective effect of Zea (Dall'Osto, L. et al. 2010) 

additional to qE enhancement (Niyogi, K. K. et al. 1998) and to ROS scavenging in the lipid phase (Baroli, I. et al. 

2003, Baroli, I. et al. 2004, Havaux, M. et al. 2007, Havaux, M. and Niyogi, K. K. 1999). Upon light induced synthesis,  

Zea enters the protein-bound xanthophyll pool by binding to the L2 site of minor Lhc (Avenson, T. J. et al. 2008) and to 

the V1 site of LHCII (Caffarri, S. et al. 2001), in addition to the accumulation in the lipid phase. The molecular 

mechanism of enhanced resistance to photoxidation by Zea is not yet clear. The hypotheses include: (i) draining 

excitation energy from PS core complexes by xanthophylls bound at the interface with Lhcbs; (ii) quenching 3Chl* 

energy from RC, possibly by the Dexter exchange mechanism (Nayak, L. et al. 2002) by Zea located in site L2 on 

specific Lhcs; (iii) preferential scavenging of 1O2 by zeaxanthin into site V1 of LHCII (Johnson, M. P. et al. 2007). 

Although we cannot exclude any of these hypotheses, we favor the view that it forms a protective shield partly covering 

the PSII reaction centre, thus subtracting PSII core complexes from radical chain reactions of peroxy-lipids during 

photo-oxidative stress.  

4.7 Effect of the accumulation of the individual isoforms on koLhcb4 phenotype  

The attenuation of the F0 and NPQ phenotypes produced by the triple koLhcb4 mutations is different depending on 

which Lhcb4 gene is in double koLhcb4 mutants. Retention of Lhcb4.1 restores Fv/Fm and NPQ to WT levels, while 

Lhcb4.2 is only partially effective in this function; Lhcb4.3 is completely inefficient (Figure 4D, Figure 6, Table I). 

Indeed, plants retaining Lhcb4.3 only show the same reduction in Chl a/b ratio (Table I), increased photosensitivity 

(Figure 6) and delayed NPQ kinetic as measured in triple koLhcb4. Although we cannot exclude that Lhcb4.1, 4.2 and 

4.3 gene products are intrinsically different, the penetration of the phenotype appears to be essentially due to the level of 

the gene product: indeed, levels of Lhcb4.1, Lhcb4.2 and Lhcb4.3 in plants retaining only the corresponding genes 

reacahes the stoichiometry of 1, 0.6 and 0, respectively, per PSII RC (Supplemental Table II). In fact, although Lhcb4.3 

is transcribed under stress conditions (Alboresi et al 2010 unpublished results), we were unable to detect the 

corresponding protein even by keeping plants under a variety of stress conditions, implying it is either non translated or 

rapidly turned-over. It should be noted that our antibody is effective in detecting recombinant Lhcb4.3 expressed in E. 

coli (Supplemental Figure 5).  

The Lhcb4.3 gene appeared recently in plant genome.  Its sequence is not present in algal genomes and no orthologous 

were found in the moss Physcomitrella patens; therefore, it appeared only at later stages in the evolution of the green 

lineage (Alboresi, A. et al. 2008). It seems unlikely that a new gene conserved in higher plants has no function or is not 

translated at all. EST data from Arabidopsis show that Lhcb4.3 is expressed at very low levels (Jansson, S. 1999), and 

its transcription seems to be confined to dicots (Goff, S. A. et al. 2002, Yu, J. et al. 2002); furthermore, clustering 

analysis of Lhc superfamily expression data (Klimmek, F. et al. 2006) confirmed that Lhcb4.3 is regulated in an 

opposite way with respect to Lhcb4.1 and Lhcb4.2. The putative Lhcb4.3 protein is shorter than other Lhcb4 isoforms 
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and its sequence is considerably different from both Lhcb4.1 and Lhcb4.2 isoforms, suggesting it might have a different 

function in the stress conditions in which this gene is actively transcribed. We cannot, however, exclude that Lhcb4.3 

isoform might be accumulated in special and still un-investigated environmental/developmental conditions; so far, the 

role of this isoform remains elusive.  

 

We have shown that Lhcb4 has a specific function in protecting PSII from photoinhibition, which accounts for the 

koLhcb4 higher sensitivity to high-light stress. This was possible as this gene product, different from any other PSII 

antenna component, cannot be replaced by homologous subunits as a building block of the PSII-LHCII supramolecular 

complex. This leads to the formation of incomplete PSII particles with a gap in the position normally occupied by 

Lhcb4, they also have a modified shape and a lower stability in favor of the dissociated form of pigment-protein 

complexes in green gels. This is consistent with evidence that a “core” group of antenna proteins developed prior to 

green algal diversification (Koziol, A. G. et al. 2007) and included Lhcb4 protein associated with PSII RC. The weaker 

interaction between PSII-LHCII components leads to a faster migration of LHCII complexes to stroma membrane upon 

phosphorylation, similar to the case of koLhcb6 and koLhcb3. Although PSII activity is not impaired in moderate light 

conditions, there is a lower level of PSII RC in grana membranes probably because PSII core complex is less strongly 

retained within grana discs, because one of the two monomeric Lhcbs that bridges it to LHCII is missing. Under stress 

conditions koLhcb4 is photoinhibited and this effect is selectively enhanced in the absence of Zea, which is active in 

preventing synthesis of ROS species and promoting their scavenging. We propose that Lhcb4, by binding in between 

LHCII trimers and the CP47 subunit of PSII, is crucial for the protection of PSII RC from ROS produced during 

photosynthesis either by neighbor damaged PSII complexes (Krieger-Liszkay, A. et al. 2008) or by overexcited light 

harvesting antennas (Mozzo, M. et al. 2008, Santabarbara, S. et al. 2002). We show that the absence of a specific 

antenna subunit, although it does not restrict light harvesting and photosynthetic electron transport rate, produces and 

impairs PSII photoprotection capacity through its effect in the assembly of supercomplexes. This is a clear example of 

optimization of the building blocks of photosynthetic complexes and the tuning of their interactions with each other 

towards overcoming the inhibitory effect of increasing oxygen concentration over evolution time.  Non-photochemical 

quenching is affected in koLhcb4 because two of the quenching sites, namely Lhcb4 itself and Lhcb6 which is 

destabilized in koLhcb4 (Avenson, T. J. et al. 2008), are missing. Nevertheless, although a quenching activity is 

delayed, it is still high suggesting that LHCII, the only component remaining in the outer antenna domain, might have a 

quenching activity in vivo. A detailed fluorescence lifetime analysis is required in order to further clarify this issue.  
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5. SUPPLEMENTAL DATA 
 

 
Supplemental Figure 1. Transmission electron micrographs of plastid from mesophyll cells of wild type and 
mutants. Ultrastructure of chloroplasts from 5 weeks old WT (A), koLhcb4 (B), koLhcb4.2/Lhcb4.3 (C), 
koLhcb4.1/Lhcb4.3 (D) and koLhcb4.1/Lhcb4.2 (E) plants was analyzed by electron microscopy. Representative thin 
sections are shown. The scale bar indicates 1 µm. The number of grana, discs per grana stack, stroma lamellae and end 
membranes was counted (at least 15 chloroplasts per genotype) and reported in Supplemental Table I. 
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Supplemental Figure 2. Biochemical characterization of koLhcb4 mutants. Thylakoid pigmented complexes were 
separated by non-denaturing Deriphat-PAGE upon solubilization with 0.6% α-DM. 25 mg of chlorophyll were loaded 
in each lane.  
 
 
 

 

Supplemental Figure 3. P700 measurements: cyclic electron transport (CEF) and PSI functional antenna size. A. 
The reduction of P700+ was followed upon a 400-ms flash of saturating red light (3000 µmol photons m−2 s−1) in leaves 
of WT and koLhcb4 infiltrated with 50 µM DCMU. Leaves were infiltrated in the presence of 150 mM sorbitol, to avoid 
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osmotic effects. The decay followed a complex curve, as described previously (Johnson, G. N. 2005). The fast 
component in this decay has previously been attributed to CEF and the slower reduction phases are thought to indicate 
the slower processes of redox equilibration occurring in the chloroplast. B. P700 oxidation of leaves illuminated with a 
far-red background light (140 µmol photons m−2 s−1) after the application of a saturating flash of red light (3000 µmol 
photons m−2 s−1). 
 

 
Supplemental Figure 4. PSII repair efficiency under photoxidative stress. PSII repair efficiency was quantified on 
WT e koLhcb4 plants by measuring Fv/Fm recovery in low light (15 µmol photons m-2 s-1, 4°C) after photoinhibitory 
treatment (900 µmol photons m-2 s-1, 4° C). Data are expressed as means ± S.D. (n = 4). 
  

 
 

 
Supplemental Figure 5. Insights on the Lhcb4.3 expression and function. Thylakoids were isolated from WT, 
koLhcb4 and koLhcb4.1/4.2 plants either grown in control conditions (100 µmol photons m-2s-1, 24° C) or  at the end of 
stress treatments (500 µmol photons m-2s-1, 4° C for 2 days; 900 µmol photons m-2s-1, 4° C for 10 days; 1600 µmol 
photons m-2 s-1, 24° C for 10 days); protein content was analyzed by immunoblotting using an antibody that recognize 
all Lhcb4 apoproteins. Thylakoid samples corresponding to 1 µg of chlorophyll were loaded for each sample. Top 
panel: Ponceau-stained nitrocellulose filter for check of equal loading; Lower panel: immunoblot assay. rLhcb4.x, 
recombinant proteins. 
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Supplemental Figure 6. Insights on the PSII supercomplexes composition. Grana membranes were isolated from 
WT and koLhcb4 plants as described in methods. In order to determine the protein composition of PSII supercomplexes 
found in koLhcb4, grana membranes from WT and mutant plants were solubilized with a very low concentration of α-
DM (0.3% α-DM) and different complexes were separated by non-denaturing Deriphat-PAGE (Panel A); a pattern of 
green bands similar to that recently described by (Caffarri, S. et al. 2009) was obtained. Fractions from B6 to B11 
contained PSII supercomplexes with increasing Lhc content, as determined by SDS-PAGE (Panel B) and absorption 
spectra of bands 6-11 (not shown). Lanes containing Lhca complexes are marked (*). According to previous result of 
single particle image analysis (Caffarri, S. et al. 2009), bands 10 and 11 in wild-type contained homogeneous PSII 
populations, respectively C2S2M1 and C2S2M2 supercomplexes; the amount of these complexes were extremely reduced 
in koLhcb4, showing a 86% decrease in C2S2M1 and 91% reduction in C2S2M2 amounts. Residual C2S2M1 complexes 
were extracted from acrylamide matrix and protein composition were determined by quantitative western blot (Panel 
C). In the fraction from koLhcb4, the amounts of CP26 and LHCII are not significantly different than wild-type, 
suggesting that these subunits are bound in a similar stoichiometry to the PSII core of both genotypes. 
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Supplemental Figure 7. Schematic panel of WT and koLhcb4 PSII supercomplexes composition. Model based on 
the results described in (Caffarri, S. et al. 2009) of PSII supercomplexes from WT and koLhcb4 genotypes for bands 6–
12. C, core; S, LHCII trimer strongly bound; M, LHCII trimer moderately bound. 
 

 

 
 

No. of grana              
No. of discs               
per granum

No. of stroma 
lamellae

No. of end 
membranes

WT 36.1 ± 3.7a 6.5 ± 2.7b 42.5 ± 4.9c 26.5 ± 4.2d

koLhcb4 33.5 ± 4.7a 6.3 ± 3.2b 41.6 ± 7.8c 27.6 ± 7.6d

koLhcb4.2/4.3 35.2 ± 4.1a 6.5 ± 3.0b 38.1 ± 7.3c 25.4 ± 4.4d

koLhcb4.1/4.3 35.3 ± 6.0a 6.2 ± 2.5b 39.2 ± 6.5c 24.8 ± 1.9d

koLhcb4.1/4.2 34.1 ± 4.5a 6.4 ± 3.5b 40,2 ± 7.8c 25.5 ± 5.0d

 
 
Supplemental Table I. Quantitative analysis of thylakoid morphological traits. Data were obtained by analysis of  
transmission electron micrographs of plastid from mesophyll cells of wild type and mutants. Values for 95% confidence 
interval in a single column with the same superscript letters a, b,c or d do not differ significantly (Student’s t test, 
n>15). 
 

Lhcb4 Lhcb5 LHCII Lhcb6

WT 100.0 ± 10.0 100,0 ± 12,0 100,0 ± 14,4 100,0 ± 4,6

koLhcb4.1/4.3 58,4 ± 3,7 * 111,1 ± 11,4 118,0 ± 19,9 53,3 ± 5,1*

koLhcb4.2/4.3 87,8 ± 8,8 103,7 ± 15,7 112,0 ± 22,8 102,1 ± 11,5

koLhcb4.1/4.2 nd 99,0 ± 25,0 122,0 ± 11,0 nd
 

 
Supplemental Table II. Polypeptide composition of thylakoid membranes from wild-type and KO mutant 
expressing single Lhcb4 isoform. Western blotting used for the quantification of photosynthetic subunits in WT and 
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koLhcb4 thylakoids. Immunoblot analysis were performed with antibodies directed against individual gene products: 
minor antenna proteins, LHCII subunit, PSII core subunit PsbB (CP47). Thylakoid samples corresponding to 0.25, 0.5, 
0.75, and 1 µg of chlorophyll were loaded for each sample. All samples were loaded on a single SDS-PAGE slab gel. 
Data of PSII antenna subunits were normalized to the core amount, PsbB content. For each sample, linear fit of points 
were verified. Significantly different values (Student’s t-test) with respect to WT  are marked (*). 
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Light-harvesting chlorophyll a/b-protein complexes are the most abundant membrane proteins in green plants, and its 

degradation is a crucial process for the acclimation to high light conditions and for the recovery of nitrogen (N) and 

carbon (C) during senescence. However, the molecular mechanism of antenna breakdown is largely unknown and it is 

still unclear whether chlorophyll degradation precedes the degradation of the protein moiety or whether protein 

degradation is the first event. 

Recently chlorophyll b reductase mutant has been isolated (Kusaba, M. et al. 2007). This enzyme is responsible for the 

first step of chlorophyll degradation pathway, the conversion of Chlorophyll (Chl) b in Chl a and the mutant is called 

“stay-green”, because of PSII antenna retention upon leaf senescence induction (Horie, Y. et al. 2009). We 

characterized the response of Chl b reductase ko mutant to acclimation in high light. The mutant showed a slower 

antenna size reduction with respect to WT. This enzyme is upregulated during HL acclimation. In vitro assay with 

recombinant Chl b reductase demonstrated that its activity is higher when zeaxanthin, which accumulate during stress, 

is bound to PSII antenna complexes. 

 

1. INTRODUCTION 

Photosynthesis is a indispensable process for plants to generate chemical energy for biological processes in which 

chlorophyll plays a central role by harvesting light energy (Green, B. R. and Durnford, D. G. 1996) and driving electron 

transfer (Fromme, P. et al. 2003). This pigment is bound to proteins, forming complexes that can be divided into two 

groups (Barber, J. et al. 2000). The first group consists of the core antenna complexes, which include CP43/CP47 of 

Photosystem II (PSII) and P700-chlorophyll a-protein complexes of Photosystem I (PSI). The composition and 

organization of these complexes is conserved in oxygenic phototrophs. The second group consists of peripheral antenna 

moieties, which harvest and transfer light energy to the core antenna complexes. These proteins, called LHC (Light 

Harvesting Complexes)  are less conserved and display diversity depending on evolutionary and environmental issues 

(Alboresi, A. et al. 2008, Jansson, S. 1999). LHC proteins bind chlorophyll a and b and account for >60% of the total 

chlorophyll in plants and green algae. Nevertheless,  their relative amount with respect to Core protein complexes varies 

depending on developmental stages and on light intensity (Ballottari, M. et al. 2007). Biogenesis and degradation of 

antenna proteins appear to be crucial for the acclimation of plants allowing survival in  their highly  variable 

environment.  

Besides chlorophylls, oxygenated carotenoids, called xanthophylls: Lutein, Lut; Violaxanthin, Vio; Zeaxanthin, Zea are 

also ligands for LHC proteins, acting in  modulating antenna function  and  favoring energy dissipation by quenching  

(Dall'Osto, L. et al. 2005, Formaggio, E. et al. 2001, Moya, I. et al. 2001). Zeaxanthin plays a special role in this 

dynamic behaviour because  it accumulates only under excess light conditions, upon synthesis from Vio in the so-called 

xanthophyll cycle (Yamamoto, H. Y. et al. 1967), and its presence leads to an increased level of resistance to light stress 

(Ballottari, M. et al. 2007, Niyogi, K. K. et al. 1998).  

Antenna proteins biogenesis has been extensively studied by using ko mutants and/or transgenic plants down-regulated 

in LHC accumulation in various species. LHCs cannot accumulate in chlorophyll b-less mutants, because Chl a-only 

complexes are unstable (Havaux, M. et al. 2004). In contrast, LHCII level of accumulation increases when chlorophyll 

b synthesis is accelerated by the overexpression of chlorophyllide a oxygenase (Tanaka, A. et al. 1998).  

Conversely, LHC degradation mechanisms are largely unknown. Several evidences indicated that such a degradation 

occurs when photosystems re-organizes upon changes of light intensity and during leaf senescence. Degradation of  
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antenna complexes implies two distinct processes: one is the proteolitic degradation of the protein moiety, and the 

second is chlorophyll degradation. It is still unclear whether chlorophyll degradation precedes the degradation of the 

protein moiety or whether protein degradation occurs first  (Hortensteiner, S. 2009).  

Chlorophyll degradation pathway is common in higher plants and all chlorophyll catabolites derive from chlorophyll a 

(Krautler, B. et al. 1991). The conversion of chlorophyll b to 7-hydroxymethyl chlorophyll a is the first step of 

chlorophyll degradation and is catalyzed by Chlorophyll b Reductase (CbR) enzyme. The non-yellow coloring1 (nyc1) 

stay-green mutant was recently isolated (Kusaba, M. et al. 2007a, Takahashi, S. et al. 2009), which retained PSII 

antenna complexes after induction of leaf senescence. This mutant is defective in the Nyc1 gene encoding CbR and 

phylogenetic analysis has revealed the presence of Nyc1-like (Nol) protein as the most closely related protein to Nyc1 

in plants.  

In this work we show that CbR activity is upregulated in HL acclimated plants of Arabidopsis thaliana. In order to 

analyze the molecular details of the mechanisms, we constructed a in vitro system using isolated thylakoid membranes  

using which, we could  determine the effect of  zeaxanthin on the  activity of CbR. We conclude that, besides it 

important for photoprotection zeaxanthin has a role in up-regulating the CbR activity and thus increasing the turnover 

rate of antenna complexes. 

 

2. MATERIAL AND METHODS 

2.1 Plant Materials and Growth Conditions Arabidopsis thaliana (Columbia ecotype) was grown at 23 °C under 

continuous light in a chamber equipped with white fluorescent lamps at a light intensity of  100 µmol/m-2s-1. For the 

dark-induced leaf senescence experiments, 4-week-old Arabidopsis plants were kept in darkness at 23 °C for 2, 4, 6, 

and 8 days. The T-DNA insertion mutants, lacking either AT4G13250 (SALK 091664) (NYC1) or AT5G04900 

(AL759262) (NOL) or both in the case of the double mutants, were  kindly provided by prof. Ayumi Tanaka (Institute 

of Low Temperature Science, Hokkaido University, Japan).  

2.2 Expression and Purification of Recombinant Nol The expression plasmid containing the coding region of Nol gene, 

kindly provided by prof. Ayumi Tanaka (Horie et al., 2009) was introduced into Escherichia coli Rosetta DE3 

(Novagen) cells. Two milliliters of an overnight culture of the transformed E. coli was diluted with 300 ml of Luria-

Bertani medium containing kanamycin (50 µg/ml) and chloramphenicol (10 µg/ml). The culture was grown at 37 °C 

until the optical density at 600 nm reached 0.6. The expression of the Nol gene was induced with 0.1 mM IPTG for 2 h. 

After incubation, the culture was harvested by centrifugation at 8000 g for 10 min at 4 °C. The collected cells were 

resuspended in 100 mM phosphate buffer (pH 7.8) containing 300 mM NaCl and disrupted by sonication. Triton X-100 

was added at a final concentration of 1%, and the mixture was incubated for 1 h at room temperature. It was then 

centrifuged at 8000 g for 20 min at 4 °C to remove the cell debris. The soluble fraction containing recombinant NOL 

was loaded onto a nickel column (Novagen) pre-equilibrated with the buffer (20 mM Tris-HCl, pH 7.9, 500 mM NaCl, 

5 mM imidazole, and 0.8% Triton X-100). The unbound proteins were washed out with the buffer used for equilibration 

of the column. 

Subsequently, the recombinant proteins were eluted with 20 mM Tris-HCl, pH 7.9, 500 mM NaCl, 300 mM imidazole, 

and 0.8% Triton X-100. The purified protein was stored at 4 °C and used within 24 h of purification. 
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2.3 Pigment analysis.  HPLC analysis was performed as described (Gilmore, A. M. and Yamamoto, H. Y. 1991). The 

Chl/carotenoid and Chl a/b ratios were determined independently by fitting the spectrum of acetone extracts to the 

spectra representing individual purified pigments (Croce, R. et al. 2002). 

2.4 Membrane isolation  Unstacked thylakoids were isolated from dark-adapted or HL-treated leaves as previously 

described (Bassi, R. et al. 1988). 

2.5 Gel Electrophoresis and Immunoblotting SDS-PAGE analysis was performed with the Tris-Tricine buffer system 

(Schägger, H. and von Jagow, G. 1987). For western-blot analysis, antibodies against Nol and Nyc proteins were kindly 

provided by  prof . Ayumi Tanaka. 

 

3.RESULTS 

It has been recently reported (Ballottari, M. et al. 2007) that Arabidopsis thaliana modulates the PSII antenna size 

depending on light exposure: in particular, acclimation to high light (HL) conditions causes a reduction of the 

abundance of antenna complexes per PSII core. PSI antenna system, instead, is unaffected by growth conditions.  

We investigated the relation between HL stress response and degradation of  PSII antenna complexes by analyzing the 

pigment composition of HL acclimated leaves of Arabidopsis thaliana WT. In these conditions we observed the 

emergence of a new peak in the HPLC chromatogram (Figure 1A-B), that is not detectable in plants grown in control 

conditions. This pigment is hydroxy-methyl chlorophyll a (HMCa), an intermediate produced by the first reaction of 

chlorophyll degradation pathway, that is the conversion of Chlorophyll b (Chlb) to Chlorophyll a (Chla) (Kusaba, M. et 

al. 2007b, Takahashi, S. et al. 2009): indeed the same pigment is found  upon in vitro enzymatic assay with the 

chlorophyll b reductase (CbR) enzyme (Horie et al., 2009), which will be discussed further below. 
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Figure 1. HPLC-chromatogram of thylakoid pigments at 430nm. A. Analysis of the pigments extracted from high 
light acclimated leaves (straight line) leads to the emergence of a new species from the ellipse high-lighted peak. The 
same pigment is produced after the enzymatic assay with the Chlorophyll b Reductase enzyme, whose products are 
represented by dotted chromatogram. This corresponds to hydroxy-methyl chlorophyll a (HMCa) pigment (Folly and 
Engel, 1999). B. Absorption spectra of HMCa between 350 and 750 nm. 

 

This finding suggests that HMCa is detected in a condition where plants are subjected to prolonged stress and it is 

linked to antenna complexes degradation. We thus investigated the ability of CbR enzyme mutants to acclimate to 

different light conditions.  

The chlorophyll b reductase enzyme is encoded by two homologous, but not redundant, genes in Arabidopsis thaliana 

Nyc1 and Nol (Takahashi, S. et al. 2009). The corresponding proteins are expressed at different stages of plant growth. 

Western blot analysis  indicates that Nol protein is characterized by a basal level of expression in normal growth 

conditions, and gradually disappears during senescence (Figure 2A, Tanaka A. personal comunication). Nyc1 enzyme is 

instead involved in the senescence response (Horie et al., 2009), indeed it is not present during development, but 

accumulated during leaf senescence, as shown by western-blot analysis, determining senescence induced  antenna 

degradation (Figure 2B-C). 
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Figure 2. Nyc and Nol functonal role upon senescence induction A. Western blot analysis of leaf extracts at different 
time of growth in light or dark adaptation using antibodies against Nol (above) and Nyc1 (below) proteins (Tanaka A., 
personal comunication). The first part (left, light) of the figure shows the signal from plants grown at 100 µE for 10, 20 
and 30 days. On the right (dark) the expression of the same proteins in senescent plants, which are placed in the dark 
for 2, 4, 6, 8 days is shown. DDI = Day Dark After Induction. B. Comparison between control plants (left) and 7 days 
senescent plants (right). In each panel starting from the top left with anti-clockwise sense: WT, nol, nyc1 and nol/nyc1 
double mutant plants.  
 

 

Figure 2B clearly shows that mutants deleted in Nyc1 gene are characterized by  pale green leaves without yellowing 

upon 7 days of dark-induced senescence, due to antenna complex retention. Instead, WT and nol mutant leaves looks 

older because of  chlorophyll degradation during natural senescence.   

In order to further investigate the role Nol enzyme with respect to light acclimation, we investigated its expression in 

HL acclimated plants (2 weeks – 1000 µE). Thus we purified thylakoid membranes and then proteins has been analyzed 

using western-blot technique, with an antibody specific for Nol protein. Nol had a basal expression in control plants 

grown at 100 µE and it is upregulated during HL treatment, using as a reference CP47 amount, a component of PSII 

(Figure 3). 

 

 

 

Figure 3. Nol protein expression in HL acclimated plant. Western-blot analysis on thylakoids extracted from WT 
plants grown in control conditions (100 µE) and held for 2 weeks in high light (~1000 µE) using anti-Nol and anti-
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CP47 antibody, a component of the PSII core used as a reference. A range of chlorophyll concentrations was loaded in 
order to have a linear signal (between 1.4 and 0.5 ug of Chls). 

 

Up-regulation of Nol upon HL acclimation with respect to control plants suggested that this protein could be important 

for antenna size regulation under environmental stress conditions. We investigated CbR function during HL acclimation 

by analyzing the behavior of mutant lacking the two homologous enzymes. The seeds of double knock-out insertional 

mutants for Nol (At5g04900) and Nyc (At4g13250) genes (Horie et al. 2009) were kindly provided by the laboratory of 

Professor Tanaka (Institute of Low Temperature Science, Hokkaido University, Kita-ku, Sapporo) and these mutants 

were grown in growth-chamber under controlled condition showing no defects in growth or changes of morphology 

with respect to WT plants (data not shown).  

WT and the nol/nyc double mutant have been acclimated to different HL intensities as described before and the 

stoichiometric Chla / Chlb ratio by RP-HPLC system was determined. This parameter is directly related to the 

stoichiometry between photosystems core complexes and antenna moieties, since Chl b is bound to the latter only 

(Figure 4).
 

 

 

 

 

 

Figura 4. HL acclimation of nol/nyc double mutant. Plot and table of Chla/Chlb ratio of wild type (WT) and nol/nyc 
double mutant plants in control condition (100 µE, control) and acclimated to HL for 10 and 15 days (1000 µE), 
determined by HPLC analysis. 
 

 control 10 days 15 days 

wild type 2.53 ± 0.1 3.35 ± 0.26 3.05 ± 0.38 

nol/nyc1 2.51 ± 0.03 2.84 ± 0.12 2.67 ± 0.47 
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After 10 days of acclimation mutant shows a minor increase in Chla / Chlb ratio as compared to WT. In the long term, 

after 15 days of acclimation, Chla / Chlb ratio reaches WT level, indicating that the lack of CbR slows the rate of 

acclimation process but does not prevent it.. 

Zeaxanthin (Zea) has a fundamental role in plants photoprotection activity (Dall'Osto, L. et al. 2005, Moya, I. et al. 

2001, Niyogi, K. K. et al. 1998), by determining Lhc proteins conformational change between energy conserving and 

energy-dissipative (quenching) conformations. This xanthophylls is strongly accumulated during HL acclimation, thus 

we decided to investigate if Zea-induced conformational change can also affected Nol activity. 

 The plasmid containing Nol coding sequence was kindly provided by the working group of Professor Tanaka (Institute 

of Low Temperature Science, Hokkaido University, Kita-ku, Sapporo) and the recombinant Nol protein was obtained 

by expression in E. coli. Because of the inability to conserve the enzyme in its active form (it is denatured by freezing), 

we had to use it immediately after purification so that it was impossible to carefully quantify the purified protein in 

order to use the enzyme at a constant concentration for the different essays. We thus decided to standardize synthesis 

and purification steps in order to obtain approximately the same amount of enzyme in different preparations. In order to 

make comparison possible, samples to be compared were treated with aliquots from the same expression event.  It 

should be noted that the results were very reproducible in different repetitions of this experiment. In order to study the 

degradation of pigment-protein moieties, the assay was performed on native complexes, inserted in the membranes or 

purified by sucrose gradient fractionation of solubilised thylakoid complexes. 

We compared complexes binding Vio or Zea in the L2 carotenoid binding site of antenna complexes (Formaggio, E. et 

al. 2001). The enzymatic reaction occurred at 25° C for times of 15 and 45 minutes, following which we analyzed the 

aceton extracts by RP-HPLC in order to determine pigments stoichiometry in samples subjected to enzymatic assay. 

Thylakoids from WT and npq2 plants were isolated and further quantified by their chlorophyll content using a Unicam 

spectrophotometer. The assay was performed using NADPH as cofactor (Takahashi, S. et al. 2009). 

 

 

Figura 5. Enzymatic assay on unstacked thylakoids isolated from WT and npq2 plants, incubated with 
concentrated Nol for 15 and 45 minutes at 25°C (2ug of Chls). Control samples have been incubated for 45 min at 25°C 
without enzyme. Data are normalyzed to the amount of chlorophyll b of the untreated sample. 
 

 

Plot in Figure 5 shows, that  enzyme is able to convert Chl b bound to native complex inserted in thylakoid membranes 

to HMCa. Samples isolated from npq2 plants are also characterized by a faster conversion of chlorophyll b with respect 

to WT. This higher activity of CbR is not due to a different level of the endogenous enzyme present within thylakoid 



SECTION D 

163 

 

from WT and npq2 plants.  Figure 6, in fact, shows that there is no significant difference in protein accumulation 

between the two genotypes. 

 

 

 

 

Figure 6. Western blot on thylakoids extracted from wild type and npq2 plants. The immunodetection was 
performed with anti-Nol and anti-CP47 antibody (used as reference). 
 

Thus, the differential activity of Nol is not associated to different level of the endogenous enzymes. Indeed there is no 

detectable activity of endogenous Nol in the condition used for the enzymatic assay on thylakoids (data not shown). We 

conclude that the observed conversion of chlorophyll b is associated to the unique activity of the exogenous enzyme 

that we used for enzymatic assay. 

The relation between presence of Zea and Nol activity has been more deeply studied by comparing WT and npq2 

samples treated for different time lengths with HL, in order to analyze Nol activity using samples characterized by 

different level of bound zeaxanthin (Figure 7). 

 

 

Figure 7. Relation between presence of Zea and Nol activity.  A. Enzymatic assay on unstacked thylakoids (2ug of 
Chls) isolated from WT and npq2 plants, dark adapted (0m) or treated for 30 minutes (30m) or 5 hours (5h) at 1000 uE, 
incubated with concentrated Nol for 15 and 45 minutes at 25°C. Control samples have been incubated for 45 min at 
25°C without enzyme. Data are normalyzed to the amount of chlorophyll b of the untreated sample. B. Correlation 
between Nol enzyme activity and amount of zeaxanthin present in samples treated for 15 minutes. 
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The activity of Nol enzyme is directly dependent on Zea amount, as evidenced in Figure 7. In particular it was observed 

a faster Zea-related activity of Nol after 15 minutes of reaction, instead after 45 min the reaction was close saturation 

and the differences between the analyzed samples were smaller. 

We finally analyzed samples containing mixture of monomeric Lhcbs (monLhcbs)or trimeric LHCII, purified upon 

sucrose gradient centrifugation of WT and npq2 solubilized thylakoid membranes. Monomeric Lhcbs fractions are 

composed by monomeric antenna proteins Lhcb4, Lhcb5, Lhcb6 and by components of trimeric LHCII monomeric by 

the detergent treatment (Bassi and Dainese, 1992). Figure 8 shows that monomeric antenna fraction are more 

susceptible to CbR activity with respect to trimeric LHCII, confirming that Zea affected the activity of Nol enzyme. 

 

 

Figura 8. Comparison between monomeric and trimeric Lhcb fractions. Enzymatic assay on sucrose gradient 
fractions from solubilized WT and npq2 thylakoid membranes. Fractions containing mixture of monomeric Lhcb 
complexes (monLhcb) and trimeric LHCII are incubated with concentrated Nol for 15 and 45 minutes at 25°C (2ug of 
Chls). Control samples have been incubated for 45 min at 25°C without enzyme. Data are normalized to the amount of 
chlorophyll b of the untreated sample. 
 

 

4. DISCUSSION  

Nol  and Nyc1 are two closely related genes that encode Chlorophyll b Reductase enzyme (Fromme, P. et al. 2003, 

Horie, Y. et al. 2009, Hortensteiner, S. 2009, Krautler, B. et al. 1991, Kusaba, M. et al. 2007b, Park, S. Y. et al. 2007, 

Takahashi, S. et al. 2009); Horie et al. 2009), which is responsible for the first step of Chlorophyll (Chl) degradation 

pathway, promoting Chlb conversion into Chla. nol and nyc mutant are called “stay green”, because of their retention of 

antenna complexes upon induction of senescence (Hortensteiner et al., 2009).  

Preliminary expression data of CbR protein (Figure 2A, Tanaka A. personal communication) lead to hypothesize a 

specific expression of Nyc1 during leaf senescence, while the enzyme Nol would be expressed in all stages of plant 

development but senescence. Nyc1 involvement in senescence is evident in Figure 2B, because plants deleted for this 

gene retained antenna complexes during senescence, without yellowing of leaves. Based on these results it seemed 

interesting to further investigate functional properties of Nol with respect to light response, in order to study the relation 

between high light (HL) stress and PSII antenna complexes degradation. We verified by western blotting that Nol 

accumulates under HL acclimation (Figure 3), thus strengthening the idea that this enzyme is involved in HL 
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acclimation and its HL-related upregulation promotes the mobilization and conversion of Chlb in Hydroxy-methyl Chla 

(HMCa) (Figure 1).  

Thus we tested nol/nyc1 double mutant for its ability to acclimate to HL and it was grown for 15 days at 1000µE 

together with WT and we evaluated HL acclimation phenotype, observing no significant differences in terms of plants 

dimension and anthocyanins synthesis (data not shown) between WT and mutant. We then measured Chla /Chlb ratio, 

indicative of the ratio between reaction centers of photosystems and antenna complexes: the ratio is usually increased in 

HL acclimated plants following the reduction of the antenna associated to the photosystems, which bind chlorophyll b 

(Bailey et al, 2004; Ballottari et al., 2007). In the case of nol /nyc1 mutant, the relationship grows more slowly than in 

the wild type, indicating slower antenna reduction (Figure 4). These data support the hypothesis of a key role of Chlb 

mobilization in promoting antenna proteins degradation, not only during senescence but also during the acclimation 

(Kusaba et al. 2007).  

Despite this, in the continuing adaptation, double mutant reached a Chla / Chlb ratio comparable to WT. This indicates 

the presence of degradation mechanisms that compensate for the lack of Chlorophyll b Reductase (CbR). In particular, 

it is known that chlorophyllase  enzymes are able to convert, although with lower efficiency, Chlb in chlorophyllide b 

and phytol, a different substrate for the enzyme than Chla  (Hörtensteiner S. 1999). It can be assumed, therefore, that 

chlorophyllase  reacts also with Chlb, although with less efficiency, due to a) the low affinity for Chlb than Chla, b) its 

stromal localization, which requires the transport of pigment out from thylakoid membranes. Chlorophyll b Reductase 

(CbR) is instead anchored to thylakoid membranes (Kusaba et al., 2007), allowing a high efficiency in their functional 

role.  

Furthermore, despite much research, very little is known about the proteases involved in antenna moieties degradation. 

Chlorophyll degradation is a necessary step for antenna degradation, as determined by the analysis of several stay green 

mutants (Hortensteiner, S. 2009, Krautler, B. et al. 1991, Kusaba, M. et al. 2007b, Park, S. Y. et al. 2007, Sener, M. et 

al. 2003, Yamaji, M. et al. 2009); however we cannot exclude that proteases are able to degrade antenna without 

pigments destabilization upon prolonged stress, for instance HL acclimation.  

Plants exposed to HL convert violaxanthin (Vio) to zeaxanthin (Zea), which increases their photoprotection ability 

(Demmig-Adams, B. 1990). Zea is also accumulated during HL acclimation, in which antenna complexes are degraded 

to obtain antenna size reduction (Ballottari, M. et al. 2007). It is well known that Zea binding causes conformational 

change of antenna complexes into a quenched state (Ahn, T. K. et al. 2008, Dall'Osto, L. et al. 2005, Morosinotto, T. et 

al. 2003). It could be hypothesized that this Zea-induced conformational reorganization could affect the substrate 

properties such as the interaction with CbR activity, the first step known for chlorophyll degradation (see above). It is 

clear, in fact, that in HL the Zea binding to antenna complexes favors their degradation: this has been observed for 

example by analysis of mutants that constitutively accumulate Zea (npq2, npq2lut2): they have a lower amount of 

antenna complexes, particularly LHCII trimers (Havaux, M. et al. 2004). 

The in vitro enzymatic assay by using recombinant Nol protein expressed in E. coli and thylakoid membranes from 

npq2 and WT plants (Figure 5) was useful to assess whether the binding of Zea to the complexes makes them more 

sensitive to CbR activity. We could first show the ability of CbR to work with natural complexes inserted in thylakoid 

membranes implying that CbR activity is not dependent on denaturation on antenna complexes or to their extraction 

from the membrane. We further observed that the thylakoids from npq2 were more susceptible to degradation of 

chlorophyll b bound, as compared to WT, suggesting that Zea-induced conformational change could facilitate CbR 

activity. A more detailed experiment allowed to determine that in vitro CbR activity is really affected by the presence of 

Zea and it is characterized by a direct relation as shown in Figure 7. 
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Subsequently, CbR activity was evaluated on complex isolated from sucrose gradient fractions, particularly fractions 

containing mixtures of monomeric Lhcb proteins (monLhcbs) and LHCII trimers (LHCII) (Caffarri, S. et al. 2001). The 

enzyme is active on both fractions, demonstrating its ability to degrade chlorophyll b bound to the complex, as reported 

in Horie Y. et al., 2009. The activity was significantly higher for fraction containing monomeric Lhcbs. Thus, 

monomers are more susceptible to degradation of chlorophyll b bound than LHCII trimers. Moreover, this experiment 

confirmed that fractions purified from npq2 are more sensitive to the activity of CbR, as compared to fractions from 

WT: thus, Zea binding seems to promote Chlb degradation, in particular in monomeric antenna complexes. The 

monomerization of LHCII trimers is, in fact, the first step necessary for their proteolytic degradation (Yang, D.-H. et al. 

2000), and it is promoted during HL acclimation with accumulation of Zea (Ballottari, M. et al. 2007, Havaux, M. et al. 

2004). LHCII are probably made more accessible to the attack of CbR upon monomerization and proteolytically 

degraded because of Chlb removal. This hypothesis is supported by the results of in vitro LHC protein renaturation 

experiments, which determine that Chlb is fundamental to obtain a stable complex (Giuffra, E. et al. 1996) and the Lhc 

complexes instability in Ch1mutant, that lacks of Chlb (Havaux, M. et al. 2007).   
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CONCLUSIONS 

Thylakoid membranes are the site in which light is absorbed and converted into chemical energy. Photosynthetic 

organisms like higher plants are subjected to a extremely wide range of environmental conditions which extend to 

stress. Plant need to develop ad-hoc mechanisms in order to cope with these stresses and survive.  

One important conclusion of this thesis work is the understanding that plants evolved rapid and dynamic defense 

systems for reversibly switch from an energy conserving to an energy-dissipating physiological condition of their 

photosynthetic apparatus. The common issue of many stressing conditions is the production of ROS, particularly singlet 

oxygen, in all conditions in which photosynthetic electron transport cannot use all the energy associated to the absorbed 

light. In these conditions the lumenal pH decreases because ATPase is blocked by lack of ADP and Pi substrates. This 

pH drop is the trigger by at least two signaling pathways starting with: 

A) Violaxanthin De-Epoxidase activation 

B) PsbS protonation 

VDE is responsible for zeaxanthin synthesis when plants are exposed to stress. This xanthophyll plays a central role in 

the response to high light stress. Mechanisms by which its function is fulfilled are several: 

i) Up-regulates qE and qI components of NPQ. This is obtained by binding to site L2 of monomeric Lhcb 

complexes, particularly Lhcb6 and Lhcb5.  

ii)  Up-regulates Ros scavenging activity with respect to the molecule (violaxanthin) present in low light. 

In section A.1, I investigate the role of zeaxanthin upon binding to the PSII antenna complex Lhcb6 (CP24). Our results 

showed that, upon activation of the xanthophyll cycle, zeaxanthin rapidly accumulates and Lhcb6 binds it into inner L2 

site faster and to a larger extent than any other pigment–protein complex. The higher affinity of Lhcb6 for zeaxanthin 

and the faster exchange of violaxanthin with respect to the other antenna complexes is important in understanding the 

functional role of Lhcb6. This minor antenna complex is an evolutionarily recent addition to the photosynthetic 

apparatus, appearing only in land plants. In particular, Lhcb6 is absent in photosynthetic organisms like algae, which 

grow in water environments which are not subjected to continuous variations like emerged land. The presence of Lhcb6 

into plant photosynthetic apparatus appears to be crucial for the concurrent activation of defensive responses upon 

exposure to stress. In fact, Lhcb6 is essential for the reorganization of PSII which both triggers qE and decreases the 

antenna size of PSII (Section B). The mechanism for qE enhancement has been elucidated recently (Ahn et al. 2008): 

zeaxanthin binding to site L2 is needed for the activation of Charge Transfer quenching process, which is characterized 

by a zeaxanthin radical cation (Z●+) formation and subsequent charge recombination at the ground state, dissipating 

excitation energy. The special arrangement of two chlorophyll a and one zeaxanthin interacting is found in monomeric 

Lhcbs while the more abundant LHCII trimers cannot undertake this mechanism since one of the chlorophylls involved 

is chlorophyll b thus making difficult the formation of Charge transfer states.  

Recently, other molecular models has been proposed for qE, which are based on different principles with respect to CT 

quenching. Aggregation Dependent Quenching is a mechanism based on experimental evidences that similar spectral 

changes has been observed upon in vitro aggregation of isolated LHCII trimers and upon NPQ induction in vivo. So far 

this model has been developed focusing mainly for LHCII. One major objection is that while zeaxanthin is a major 

factor modulating qE, LHCII is unable to bind this xanthophyll on site L2 but only to site V1. It should be noticed that  

binding to site V1 is not efficient in quenching (Caffarri et al. 2001).  
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This problem was discussed in section A.2 in which we studied ADQ in both monomeric and trimeric Lhcb proteins, 

investigating the activities of each antenna subunit. In vitro analysis showed that monomeric Lhcb proteins undergo 

stronger quenching than LHCII. In addition it is enhanced in the presence of zeaxanthin, as it occurs during NPQ in 

vivo. We also showed that ADQ in LHCII becomes zeaxanthin-dependent when Lhcb6 is added to the system. This 

result is interesting because the process of domain reorganization that we have studied (Section B) leaves LHCII 

together with Lhcb6, implying that Lhcb6 might be the element conferring quenching properties to this domain.  

Findings shown in Section B can help to answer to this question. We observed that PsbS, which is the trigger of NPQ 

activated by the protonation of two lumenal exposed glutamate residues, is responsible for the light induced dissociation 

of a specific pentameric PSII supercomplex, composed by the minor antenna complex Lhcb4 and Lhcb6 and by a trimer 

LHCII. This dissociation, which is also promoted by zeaxanthin binding to Lhc proteins, leads to a reorganization of 

complexes inside grana membranes. Our suggestion, strenghtened by consistent findings by prof. Alfred Holzwarth 

research group, is that upon dissociation of the pentameric supercomplex two distinct quenching domains are formed: 

one associated to the antenna complexes that remains strictly bound to PSII core (one LHCII trimer, Lhcb5 and Lhcb4, 

which are constitutively associated to PSII core, even under chronic PSII over-excitation) and one composed by 

segregated LHCII trimers associated to Lhcb6, and several mechanisms including CT quenching and ADQ may be 

involved for fully induction of energy dissipation state.  

 

 

Figure 1 Scheme of NPQ induction based on the results shown in this work of thesis. Upon light exposure 
Violaxanthin De-Epoxidase is induced by lumenal acidification and promote zeaxanthin binding to Lhcb6 (CP24), 
inducing a conformational change that is recognized by PsbS, which interact with PSII, determining a dissociation of a 
penthameric supercomplex and the formation of two quenching domains, one associated to PSII core and one to 
detached antenna complexes.  
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Minor antenna complexes that remain associated to PSII core during stress exposure are essential for PSII 

phototoprotection. In section C, we deeply characterized Lhcb4 (CP29) functional properties in Arabidopsis thaliana: 

this antenna protein, which is part of the pentameric supercomplex described in the previous section, has a fundamental 

role for protecting PSII from photo-inhibition, confirmed by the evidence that lack of Lhcb4, unlike that of any other 

Lhcb subunit, increases photosensitivity to strong light stress. These data further support the view that monomeric 

antenna complexes are essential for photoprotection, and Lhcb4, in particular; acts as a defensive shield for PSII core, 

protecting from ROS diffusing in the lipid membrane. In non stressing conditions, Lhcb4 is important for structurally 

bridging dimeric PSII core complexes to the major trimeric LHCII antenna. Indeed in its absence, a large fraction of the 

LHCII becomes badly connected to the reaction centre and PSII supercomplexes are destabilized.  

In the last section of this thesis, we studied the relationship between antenna degradation and plant photoprotection. Our 

data shows that the first enzyme of the chlorophyll degradation pathway, chlorophyll b reductase, is important for the 

regulation of PSII antenna size upon acclimation to high light, indeed Arabidopsis thaliana mutants that lack of this 

protein show a higher retention of antenna proteins in excess light conditions, leading to overexcitation and 

photodamage. These findings suggest that antenna complexes degradation relies firstly on destabilization of chlorophyll 

ligands and only subsequently on apoprotein degradation. It should be noticed that this area of research is still very far 

from being elucidated: in continuous strong light conditions antenna complexes degradation proceeds even in the 

absence of chlorophyll b reductase, although more slowly. Interestingly, we observed that the presence of zeaxanthin 

determined a higher activity of chlorophyll b reductase. Thus this xanthophylls is not only important as a modulator of 

NPQ, but appears  also to be important for the regulation of protein turnover as it was previously suggested based on the 

strong reduction of antenna size in zeaxanthin-only mutants (Havaux et al. 2004).  

In conclusion, in this work of thesis I described mechanisms that are essential during short and long term response to 

excess light exposure, involving a strict interaction between protein subunits, small molecules and supercomplexes of 

the photosynthetic apparatus, acting at different levels. Indeed, I showed the importance of the presence of zeaxanthin, 

which modulates antenna complexes properties and modulates the PsbS-related reorganization of PSII upon light 

exposure. We also suggest that this regulation of PSII supercomplex assembly is part of a control cycle connecting short 

term energy dissipation to long term regulation of PSII antenna size upon acclimation. This network must be rigorously 

regulated in order to be the most effective as possible and to ensure plant survival in unfavorable conditions.
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GLOSSARY 

Antenna system: component of photosystems 

responsible for light harvesting and energy transfer to 

the reaction centre. For both PSI and PSII two antenna 

systems are present: an inner antenna system located in 

the core complex and a peripheral antenna system 

composed by LHC proteins. In particular the peripheral 

antenna systems are formed by Lhca and Lhcb proteins 

for PSI and PSII respectively. Antenna systems are 

responsible for light harvesting and photoprotection. 

ATP:  Adenosine 5'-triphosphate. It is a multifunctional 

nucleotide that is most important in intracellular energy 

transfer. In this role, ATP transports chemical energy 

within cells for metabolism. It is produced as an energy 

source during the processes of photosynthesis and 

cellular respiration and consumed by many enzymes 

and a multitude of cellular processes including 

biosynthetic reactions, motility and cell division 

ATP-ase: a multimeric complex involved in the light 

phase of photosynthesis: this complex is responsible 

for ATP production, coupling ATP synthesis with 

transmembrane proton movement. During 

photosynthetic electron transport, protons are pumped 

in the lumen compartment: the transmembrane ∆pH 

formed constitutes a proton motive force used by ATP-

ase to produce ATP. ATP-ase is characterized by 

stromal and transmembrane regions that are known as 

CF1 and CF0, respectively, and represents a molecular 

motor that is driven by proton movement across the 

membrane. Proton movement through CF0 is coupled 

to ATP synthesis/hydrolysis.  

PSII-C2S2: the basic unit of PSII supercomplex 

composed by a PSII dimer, and the subunits CP26, 

CP29 and a trimeric LHCII bound to each PSII core. 

Calvin cycle: the series of reactions in which 

atmospheric CO2 is reduced to carbohydrates, using the 

chemical free energy (ATP and NADPH) produced 

during the light reactions. These reactions occur in the 

stroma compartment of the chloroplast. 

Car●+: carotenoid radical cation. The formation of this 

species, and in particular zeaxanthin radical cation, has 

been correlated to qE induction and belongs to a charge 

separation in a heterodimer composed by a chlorophyll 

a and a carotenoid. The subsequent charge 

recombination allows the thermal dissipation of the 

energy used for charge separation, in a mechanism 

called Charge Transfer quenching. Carotenoid radical 

cation is characterized by absorption in the NIR at 

~1000nm 

Ch1: mutant of Arabidopsis thaliana lacking the 

chlorophyll a oxygenase, resulting in absence of 

chlorophyll b production. Absence of chlorophyll b 

leads to an impairment in the assembly of Chl b-

containing light-harvesting complexes. 

1Chl*: singlet chlorophyll excited states. This specie is 

formed upon light absorption or excitonic energy 

transfer; singlet chlorophyll excited states can decay to 

the ground states through several pathways: 

fluorescence emission, heat production, intersystem 

crossing or photosynthetic reactions 

3Chl*: triplet chlorophyll excited states. This specie is 

formed through intersystem crossing from singlet 

chlorophyll excited states. Triplet Chl excited state is a 

long-lived state (~ms time scale) and thus can react 

with triplet oxygen, converting it to singlet oxygen 

(1O2), a highly reactive oxygen specie. Carotenoid have 

a determinant role in 3Chl* quenching  

Core complex: the inner part of the photosystems 

binding the reaction centre and the co-factors involved 

in electron transport. Core complexes are composed by 

the products of the genes denominated Psa and Psb 

respectively for PSI and PSII. Among them there are 
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both nuclear and chloroplast encoded polypeptides. At 

the reaction centre level a chlorophyll special pair 

undergo charge separation after being excited by the 

excitonic energy. Core complexes have also an inner 

antenna system responsible for light harvesting and 

energy transfer to the reaction centre. 

CP24: Lhc antenna protein, named also Lhcb6. This 

protein is one of the PSII antenna minor complexes and 

it’s found in monomeric form in Photosystem II. 

CP26: Lhc antenna protein, named also Lhcb5. This 

protein is one of the PSII antenna minor complexes and 

it’s found in monomeric form in Photosystem II. 

CP29: Lhc antenna protein, named also Lhcb4. This 

protein is one of the PSII antenna minor complexes and 

it’s found in monomeric form in Photosystem II. 

CP43: PSII core complex subunit encoded by the 

plastidial gene psbC. This subunit binds 14 

chlorophylls a and forms with CP47 the inner antenna 

of photosystem II 

CP47: PSII subunit encoded by the plastidial gene 

psbB. This subunit binds 14 chlorophylls a and forms 

with CP47 the inner antenna of photosystem II 

CT quenching: mechanism of thermal dissipation of 

absorbed light energy by chlorophylls trough 

carotenoid radical formation. When this mechanism is 

activated the absorbed energy is used for charge 

separation  in a heterodimer composed by a chlorophyll 

a and carotenoid heterodimer. The subsequent charge 

recombination allows the thermal dissipation of the 

energy. 

Cyclic electron transport: electrons from ferredoxin 

are transferred (via plastoquinone) to a proton pump, 

cytochrome b6f. They are then returned (via 

plastocyanin) to P700. This cycle does not produce 

reducing power, NADPH, but ATP. 

Cytochrome-b6f: a multiproteic complex involved in 

the light phase of the photosynthesis. Cytochrome-b6f 

is a plastoquinol—plastocyanin reductase located in the 

thylakoids. It transfers electrons between the two 

reaction center complexes of oxygenic photosynthetic 

membranes, photosystem I and photosystem II, and 

participates in formation of the transmembrane 

electrochemical proton gradient by transferring protons 

from the stromal to the internal lumen compartment. It 

is minimally composed of four subunits: cytochrome 

b6, carrying a low- and a high-potential heme groups 

(bL and bH); cytochrome f with one covalently bound 

heme c; Rieske iron-sulfur protein (ISP) containing a 

single [Fe2S2] cluster; and subunit IV (17 kDa protein). 

D1: PSII subunit forming dimers with D2 subunit. D1 

and D2 subunits bind the PSII reaction centre P680. D1 

subunit is encoded by the plastidial psbA gene. 

D2: PSII subunit forming dimers with D1 subunit. D1 

and D2 subunits bind the PSII reaction centre P680. D1 

subunit is encoded by the plastidial psbD gene. 

Dark phase: the photosynthesis phase in which the 

ATP and NADPH produced during light phase are used 

in order to produce biomass trough CO2 fixation. The 

reactions constituting the dark phase are indicated as 

the Calvin cycle. 

Ferredoxin: iron-sulfur protein that mediate electron 

transfer during light phase of photosynthesis. The 

chloroplast ferredoxin is involved in both cyclic and 

non-cyclic photophosphorylation reactions of 

photosynthesis. In non-cyclic photophosphorylation, 

ferredoxin is the last electron acceptor, being reduced 

by PSI, and reduces the enzyme NADP+ reductase, 

which finally produces NADPH. Ferredoxins are small 

proteins containing iron and sulfur atoms organized as 

iron-sulfur clusters. These biological "capacitors" can 

accept or discharge electrons, the effect being change 

in the oxidation states (+2 or +3) of the iron atoms. 
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Ferredoxin-NADP+ reductase:  enzyme that catalyzes 

the reduction of NADP+ to NADPH. This enzyme is 

present in the stroma compartment and it’s reduced by 

ferredoxin.  

Gap chlorophylls: chlorophylls found at the interface 

between LHCI complex and PSI core complex. 

Grana: the stacked structures formed by thylakoids 

L1: carotenoid binding site, located in the inner part of 

antenna proteins close to helix A. L1 site is prevalently 

filled by lutein in all plant species and in all LHC 

proteins. 

L2:  carotenoid binding site, located in the inner part of 

antenna proteins close to helix B. L2 sites is 

prevalently filled by lutein in LHCII trimers, while in 

monomeric antenna proteins L2 can be occupied by 

lutein, violaxanthin, neoxanthin and zeaxanthin, 

depending by several factors, as environmental 

condition, plant species, protein properties. L2 in LHCI 

and Lhcb minor complexes binds the product of the 

xanthophyll cycle. 

LHC proteins: antenna proteins of photosystem I and 

II. These proteins are responsible for light harvesting 

and photoprotection; LHC proteins bind chlorophyll a, 

chlorophyll b and xanthophylls. Lhc proteins are 

encoded by nuclear genes forming a multigenic family. 

The structure of Lhc proteins is similar. 

Lhcb proteins: members of the Lhc antenna proteins 

family associated to Photosystem II. Lhcb proteins are 

divided into two classes: the more abundant LHCII 

trimers, constituted by Lhcb1, 2, 3 subunits and the 

monomeric minor complexes constituted by Lhcb4, 5, 

6 subunit. The amount of Lhcb protein associated to 

PSII depends from environmental conditions and the 

plant species. The subunit Lhcb7 and Lhcb8 are only 

rarely expressed and their role is still uncertain. 

Lhcb1: Lhc antenna protein associated to PSII. It’s a 

subunit of the heterotrimeric antenna complex LHCII 

Lhcb2: Lhc antenna protein associated to PSII. It’s a 

subunit of the heterotrimeric antenna complex LHCII 

Lhcb3: Lhc antenna protein associated to PSII. It’s a 

subunit of the heterotrimeric antenna complex LHCII 

Lhcb4: Lhc antenna protein, named also CP29. This 

protein is one of the PSII antenna minor complexes and 

it’s found in monomeric form in Photosystem II. 

Lhcb5: Lhc antenna protein, named also CP26. This 

protein is one of the PSII antenna minor complexes and 

it’s found in monomeric form in Photosystem II. 

Lhcb6: Lhc antenna protein, named also CP24. This 

protein is one of the PSII antenna minor complexes and 

it’s found in monomeric form in Photosystem II. 

Lhcb7: rarely expressed antenna protein similar to the 

Lhcb4-6 subunit associated to PSII 

Lhcb8: rarely expressed antenna protein similar to the 

Lhcb4-6 subunit associated to PSII 

LHCI: antenna complex associated to PSI. It’s 

composed by Lhca1, 2, 3 and 4 subunits and it’s 

positioned in a half-moon shape at one side of PSI. 

LHCII: the trimeric more abundant antenna complex 

associated to PSII. Each trimmer is a heterotrimer with 

different levels of Lhcb1, 2, 3 subunits. The structure 

of each monomer is constituted by three 

transmembrane and one amphypathic helices, indicated 

respectively as A-C and D. Each monomer binds 14 

chlorophylls and 4 carotenoids. 

LHCII-L:  LHCII trimers forming the outer layer of 

antennae protein bound to PSII core. LHCII-L amount 

per PSII core depend from environmental condition. 
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LHCII-S:  LHCII trimers bound to the basic unit of 

PSII, the C2S2 particle. LHCII-S amount per PSII core 

doesn’t depend from environmental condition. 

Light phase: the photosynthesis phase in which 

sunlight is absorbed by photosynthetic pigments 

(chlorophylls and carotenoids); absorbed energy is 

subsequently transferred to the reaction centre where 

charge separation occurs, thus converting light energy 

into chemical energy. Photosystems I and II, 

Cytochrome b6f and ATP-ase are the proteic complexes 

involved in the light phase. During light phase a water 

molecule is consumed in order to produce O2, ATP and 

NAPH 

Linker:  chlorophylls found at the interface between 

LHCI subunits. 

Lumen: the soluble compartment in the chloroplast 

delimited by thylakoids: in the lumen protons are 

pumped during photosynthetic light phase, forming a 

transmembrane ∆pH which constitutes the force used 

by ATP-ase to produce ATP. 

Minor complexes: monomeric antenna proteins 

associated to PSII. Minor complexes are composed by 

CP24, CP26 and CP29 antenna proteins and bind 2-3 

carotenoids per molecule. They are located between 

PSII core and the peripheral LHCII trimers. 

N1: carotenoid binding site, located close to helix C of 

antenna proteins. N1 site is present in LHCII and it’s 

specific for neoxanthin, even if violaxanthin or lutein 

binding was found therein. N1 site is stabilized by a 

Tyrosine residue which can form hydrogen bounds 

with the carotenoid therein. N1 site is also stabilized in 

LHCII by the chlorophylls located near Helix C and D. 

The presence of N1 site also in CP26 and CP29 has 

been suggested recently and it’s discussed in this 

thesis. 

NADPH:  Nicotinamide adenine dinucleotide 

phosphate. This specie is used in anabolic reactions, 

such as lipid and nucleic acid synthesis, as a reducing 

agent. NADPH is the reduced form of NADP+, and 

NADP+ is the oxidized form of NADPH. In 

chloroplasts, NADP+ is reduced by ferredoxin-NADP+ 

reductase in last step of the electron chain of the light 

reactions of photosynthesis. The NADPH produced is 

then used as reducing power for the biosynthetic 

reactions in the Calvin cycle of photosynthesis. 

NPQ: Non Photochemical Quenching. It’s a light-

induced photoprotective process by which plants are 

able to rapidly dissipate the excess absorbed energy as 

heat. When light is absorbed in excess the 

photosynthetic electron transport establish a low 

lumenal pH, which activate the mechanisms inducing 

NPQ. NPQ is detectable monitoring the decrease of 

leaf fluorescence during illumination. NPQ is 

characterized by a fast component called qE with 

relaxation time within minutes, and a slower 

component called qI, correlated to photoinhibition, 

which has relaxation time of hours. 

Npq1: double mutant of Arabidopsis thaliana lacking 

the Violaxanthin de-epoxidase enzyme. This mutant is 

impaired in xanthophyll cycle and cannot convert 

violaxanthin to zeaxanthin. 

Npq2: mutant of Arabidopsis thaliana lacking the 

Zeaxanthin epoxidase enzyme. This mutant 

constitutively accumulates zeaxanthin but not 

violaxanthin and neoxanthin. 

Npq4: double mutant of Arabidopsis thaliana lacking 

the PsbS protein. This mutant is constitutively impaired 

on NPQ induction.  

OEC: Oxygen Evolving Complex. It’s a multiproteic 

complex characterized by the presence of four 

manganese ions cluster. This complex it’s associated to 

PSII and extracts electrons from water producing O2 
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and H+ , through redox reactions with the manganese 

cluster. Electrons extracted from water reduce the 

oxidized P680
+. On the lumenal side of the complex, 

three extrinsic proteins of 33, 23 and 17 KDa (OEC1-

3) compose the oxygen evolving complex and have a 

calcium ion, a chloride ion and a bicarbonate ion as 

necessary cofactors. 

P680: the chlorophyll special pair constituting the 

reaction centre of PSII. These chlorophylls are 

characterized by absorption at 680nm and upon 

excitation undergo charge transfer, transferring one 

electron to the electron acceptors located in PSII. The 

oxidized P680
+ is reduced by a Tyrosine residue named 

TyrZ, which was previously reduced by the Oxygen 

Evolving Complex (OEC). 

P700: the chlorophyll special pair constituting the 

reaction centre of PSI. These chlorophylls are 

characterized by absorption at 700nm and upon 

excitation undergo charge transfer, transferring one 

electron to the electron acceptors located in PSI. The 

oxidized P700
+ is reduced by a plastocyanin which was 

previously reduced at the cytochrome b6f level. 

Photoinhibition: reduction of photosynthetic 

efficiency in plants due to damages deriving from light 

energy absorbed in excess. When light is absorbed in 

excess and photosynthetic pathway become saturated, 

the energy can diverted to produce ROS, which causes 

damage through oxidation of lipids, proteins and 

pigments, reducing the photosynthetic efficiency. 

Photoprotection: the whole mechanisms developed by 

photosynthetic organisms in order to avoid 

photoinhibition. Photoprotective mechanisms can be 

divided into two different classes, depending on the 

time-scale of action: a) short-term photoprotective 

mechanisms and b) long-term photoprotective 

mechanisms. 

Photorespiration: an alternate pathway for production 

of glyceraldehyde 3-phosphate, an intermediate of the 

Calvin cycle, by RuBisCO. Although RuBisCO favors 

carbon dioxide to oxygen, (approximately 3 

carboxylations per oxygenation), oxygenation of 

RuBisCO occurs frequently, producing a glycolate and 

a glycerate. This usually occurs when oxygen levels are 

high; for example, when the stomata (tiny pores on the 

leaf) are closed to prevent water loss on dry days. It 

involves three cellular organelles: chloroplasts, 

peroxisomes, and mitochondria. Photorespiration 

produces no ATP, but consumes ATP and NADPH: it 

may function as a "safety valve", preventing excess 

NADPH and ATP from reacting with oxygen and 

producing free radicals. 

Photosystems: multiproteic complexes involved in the 

light phase of photosynthesis. Photosystems are 

responsible for light absorption and its conversion into 

chemical energy trough charge separation at the 

reaction centre level. In higher plants are present two 

photosystem : photosystem I (PSI) and photosystem II 

(PSII). Both photosystem are composed by a core 

complex where is located the reaction center and an 

antenna system. 

Plastocyanin: a monomeric copper-containing protein 

involved in photosynthetic electron-transfer. 

Plastocyanin functions as an electron transfer agent 

between cytochrome f of the cytochrome b6f complex 

from photosystem II and P700
+ from photosystem I. 

PsbS: an integral membrane protein component and 

member of the Lhc-protein superfamily, even if it 

doesn’t bind pigments. Its presence is fundamental for 

NPQ induction, and in particular for the qE component. 

PsbS has two conserved glutamic acid exposed to the 

lumen (Li, X. P. et al. 2002) which substitution results 

is PsbS inactivation.  
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Pseudocyclic electron transport: called also water-

water cycle, consists in an alternative electrons 

transport pathway with direct reduction of O2 by PSI. 

This pseudocyclic pathway, in which electrons 

produced from water oxidation into PSII are used to 

reduce O2 to H2O, allows generation of a ∆pH for ATP 

synthesis without production of O2 or NADPH that act 

as another important photoprotective mechanism. 

PSI: Photosystem I. It’s one of the multiproteic 

complexes responsible for the light phase of the 

photosynthesis and it is mainly located in the unstacked 

stroma lamellae membranes. PSI is a light-dependent 

plastocyanin-ferredoxin oxidoreductase. PSI is 

composed by a core complex and a peripheral antenna 

system. The core complex is constituted by 12 about 

subunits, encoded by the psa genes and binds the 

reaction center P700  and the primary electron acceptors 

A0 (chlorophyll-a), A1 (phylloquinone) and FX (a Fe4–

S4 cluster). The oxidized P680
+ is reduced by the 

plastocyanin at the lumen exposed side, while 

ferrodoxin is reduced at the stroma exposed side. The 

inner antenna system of PSI is constituted of 97 

chlorophylls a while the outer antenna system, the 

LHCI complex, is constitutes of 56 Chls bound by 

Lhca1-4 subunits. 9 “gap” chlorophylls are present at 

the interface between LHCI ad PSI core. PSI is 

characterized by the presence of the “red forms”. 

PSII: Photosystem II. PSII is water–plastoquinone 

oxidoreductase. It’s one of the multiproteic complexes 

responsible for the light phase of photosynthesis and it 

is mainly located in the stacked grana membranes. 

PSII is composed by a core complex and a peripheral 

antenna system. The core complex is constituted by 16 

subunits, encoded by the psb genes and binds the 

reaction center P680 and the primary electron acceptors: 

pheophytin and the quinones QA and QB. The oxidized 

P680
+ is reduced by a TyrZ residue, which is reduced by 

electrons extracted from water by the Oxygen Evolving 

Complex. The final electron acceptor of PSII is the 

plastoquinone pools. Reduced plastoquinones 

(plastoquinols) migrates to cytochrome b6f. The inner 

antenna system of PSII is constituted by CP43 and 

CP47 subunits, while the outer antenna system is 

composed by the Lhcb proteins. The amount of Lhcb 

proteins bound to PSII core depends from 

environmental conditions and plant species. 

PSI-LHCI *: PSI-LHCI complex with a reduced 

amount of Lhca antenna proteins bound. PSI-LHCI* 

complex is mainly found in mutants of Arabidopsis 

thaliana lacking Lhca1, Lhca2, Lhca3 or Lhca5 

proteins (∆a1, ∆a2, ∆a3, ∆a5 plants). Lhca4 depleted 

plants (∆a4) have a PSI supercomplex with almost no 

Lhca proteins bound. 

qE: the faster component of leaf fluorescence decrease 

due to NPQ induction; it’s associated to the reduction 

of lumenal pH upon extreme electron transport 

reactions as a consequence of light absorption in 

excess. qE depends from the presence of the PSII 

associated protein PsbS and from zeaxanthin 

accumulation. qE component of NPQ has relaxation 

time of few minutes. 

qI : the slower component of NPQ. When leaves are 

placed to dark, after being illuminated to activate NPQ, 

their fluorescence level is lower than the initial level: 

this difference represents the qI component of NPQ, 

which has a relaxation time of hours. qI is associated to 

photoinhibition events and to zeaxanthin accumulation, 

which takes hour to be re-converted to violaxanthin 

and activates some long-term photoprotective 

mechanisms. 

Red forms : low-energy absorption forms associated to 

photosystem I. Photosystem I, respect to Photosystem 

II, is characterized by absorption forms at long-

wavelengths, over 700 nm. This absorption forms are 

called “red forms” and are mainly located in the 
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antenna system LHCI. “Red forms” originate from an 

excitonic interaction between chlorophylls located in 

A5 and B5 chlorophyll binding sites. In particular 

Lhca3 and Lhca4 show the red-most shifted 

absorptions, determined by the modulation of the A5-

B5 excitonic interaction given by the presence of an 

asparagine residue in A5 chlorophyll binding sites. 

ROS: Reactive Oxygen Species. These reactive species 

are byproduct of photosynthesis and their products is 

increased during abiotic stresses which impair the 

photosynthetic reactions. The main classes of ROS 

present in the chloroplast are: singlet oxygen, 

superoxide anion, hydrogen peroxide or hydroxyl 

radical. ROS production has mainly three different 

sites in the thylakoids: LHC proteins of PSII, PSII 

reaction centre and PSI acceptor side. Singlet oxygen is 

produced mainly at LHC proteins level when light is 

absorbed in excess and cannot be transferred to the 

reaction centre: in this case 3Chl* is formed, which can 

convert O2 to singlet oxygen. Singlet oxygen can be 

produced also at P680
+ level, since it can become a 

triplet P680 (3P680) due to charge recombination and 

other back-reactions of PSII. Superoxide anion, 

hydrogen peroxide or hydroxyl radical are mainly 

produced at PSI acceptor side. ROS accumulation 

causes damages to the photosynthetic apparatus though 

oxidation of lipids, proteins and pigments. Their 

accumulation induce a situation known as oxidative 

stress 

RuBisCO:Ribulose-1,5-bisphosphate carboxylase/ 

oxygenase. It is an enzyme that is used in the Calvin 

cycle to catalyze the first major step of carbon fixation, 

a process by which the atoms of atmospheric carbon 

dioxide are made available to organisms in the form of 

energy-rich molecules such as sucrose. RuBisCO 

catalyzes either the carboxylation or oxygenation of 

ribulose-1,5-bisphosphate (also known as RuBP) with 

carbon dioxide or oxygen. 

State transitions: migration of Lhcb proteins from 

PSII to PSI, in order to balance the PSI and PSII 

excitation here LHCII can transfer the energy absorbed 

to PSI, rather than PSII. The state transition takes 

several minutes to be activated, since it involves also 

the migration of LHCII from grana to stroma lamellae 

Stroma lamellae: the interconnecting regions of 

thylakoids between grana. 

Stroma: the soluble compartment of the chloroplast. In 

the stroma are present the enzymes involved in the dark 

phase of photosynthesis, that use the ATP and NADPH 

produced during light phase in order to produce 

biomass. 

Thylakoids: the inner membranes of the chloroplast. 

The complexes involved into the light phase of the 

photosynthesis (PSI, PSII, ATP-ase, Cytochrome b6f) 

are located in the thylakoids membranes. Thylakoids 

are organized into two membrane domains: 1) 

cylindrical stacked structures called grana, and 2) 

interconnecting regions, the stroma lamellae. 

Thylakoids confine a compartment called lumen: in the 

lumen protons are pumped during photosynthetic light 

phase, forming a transmembrane ∆pH which 

constitutes the force used by ATP-ase to produce ATP. 

Transfer-to-Trap limited kinetics: theoretical model 

in order to explain the energy trapping kinetics of 

photosystems. Light is absorbed by photosystems and 

converted into chemical energy through charge 

separation at the reaction center level (the “energy-

trap”). The energy trapping kinetic is “transfer-to-trap-

limited” when the diffusion of the absorbed energy to 

the reaction center is the slowest phase of the whole 

process from light harvesting to charge separation.  

V1: carotenoid binding site, located at the peripheral 

part of antenna proteins LHCII. V1 site is a specific 

site for violaxanthin and it’s involved in xanthophyll 

cycles product binding in LHCII.   
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VDE: Violaxanthin de-epoxidase enzyme. This 

enzyme catalyzes the xanthophyll cycle reactions: it 

de-epoxidates violaxanthin to antheraxanthin and 

finally to zeaxanthin. VDE has a maximum active at 

low pH (~5.2 pH): in this way the xanthophyll cycles 

and the photoprotection mechanisms correlated, are 

activated only when photosynthesis reaction are 

saturated, inducing a strong reduction of the lumenal 

pH, the compartment where VDE enzyme is localized.  

Xanthophyll cycle: a series of enzymatic reactions by 

which the carotenoid violaxanthin is de-epoxidated to 

zeaxanthin, through the intermediate antheraxanthin. 

These reactions are catalyzed by the Violaxanthin de-

epoxidase enzyme (VDE), which is activated at acid 

pH around 5.2. When photosynthetic reactions are 

saturated the lumenal pH is reduced by proton 

pumping: this event activates VDE enzyme which 

induces the xanthophyll cycle. Accumulation of 

zeaxanthin is responsible for activation of several 

photoprotective mechanism as NPQ, 3Chl*  quenching 

and ROS scavenging. 

Z●+: zeaxanthin radical cation. The formation of this 

species has been correlated to qE induction and 

belongs from charge separation in a heterodimer 

composed by a chlorophyll a and zeaxanthin 

heterodimer. The subsequent charge recombination 

allows the thermal dissipation of the energy used for 

charge separation, in a mechanism called Charge 

Transfer quenching. Zeaxanthin radical cation is 

characterized by absorption in the NIR at ~1000nm 

ZE: Zeaxanthin epoxidase enzyme. This enzyme 

catalyzes the zeaxanthin epoxidation to produce 

violaxanthin through antheraxanthin intermediate.
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