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Chapter 1: Introduction

1.1. Photosynthesis

Almost all life on earth is dependent on sun as the ultimate energy source, but only a limited number of 

living organisms are able to use energy directly from the sun in a process called photosynthesis. 

Photosynthesis is a process where organisms like plants, algae, cyanobacteria and photosynthetic 

bacteria absorb and use light to convert simple molecules like carbon dioxide and water into more 

complex carbohydrate products. These carbohydrates are the energy source for animals and humans, 

that  are  not  able to  use the sunlight  directly.  Moreover,  photosynthesis  releases oxygen,  another 

essential compound for oxygenic life.  

1.1.1. The Chloroplast

In higher plants the photosynthetic chloroplasts are located in the layers of mesophyll cells under the 

surface of the leaf. The chloroplast is semiautonomous and reproduces by fission. It also retains a 

genome that encode between 60 and 120 different proteins depending on the plant species (Sugiura 

1992). The internal structure of the chloroplast is complex and consists of a folded membrane system, 

the thylakoids,  surrounded by an  aqueous protein  solution,  the stroma.  A double  membrane,  the 

envelope, encloses the stroma. The thylakoid membrane consists out of stacks of disc-like vesicles, 

called grana connected to each other by non-stacked regions,  the stroma lamellae. The thylakoid 

membrane  encloses  an  interior  space,  called  lumen,  which  contains  about  80  soluble  proteins 

(Kieselbach  et  al.  1998;  Peltier  et  al.  2000;  Schubert  et  al.  2002).  Embedded  in  the  thylakoid 

membranes are four multi-subunit protein complexes: the photosystems I and II (PSI and PSII), the 

cytochrome b6f complex and the ATP- synthase.

Figure 1: Schematic and electron microscopic picture of a chloroplast. 
(from http://www.herbario.com.br/cie/universi/teoria/chloroplast.jpg and http://www.agri.huji.ac.il/~zacha/images/chloroplast.jpg)
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The photosynthetic  complexes  show lateral  heterogeneity.  The  majority  of  PSII  is  present  in  the 

appressed regions, this means in the inner part of grana, while PSI and the ATP-synthase are found in 

the nonappressed regions,  which include stroma lamellae and the outer  part  of  the grana stacks 

(Anderson and Andersson 1982). Cytochrome b6f is located in both in appressed and non-appressed 

membrane regions (Albertsson 2001).

1.1.1.1. Photosystem II 

PSII is a multisubunit complex that comprises more than 25 different subunits. The reaction center 

(RC) of PS II consists of the D1 and D2 proteins, each having five transmembrane helices, with the N-

terminal  on the stromal side of  the thylakoid  membrane (Svensson et  al.  1996;  Barber 1998).  In 

addition, the RC contains the cytochrome b559 protein composed of two subunits, alpha and beta 

(encoded by psbF and psbE genes), PsbI and some other low molecular weight proteins (Sharma et 

al. 1997). The two chlorophyll (chl)  a-binding proteins CP43 and CP47 are associated with the RC. 

The oxygen-evolving complex (OEC) located on the lumenal side of PSII is essential for the water 

splitting (Nixon and Diner 1994). The PSII core is surrounded by the antenna system composed of 15 

of the most abundant proteins of the thylakoid membrane, the chl  a/b-binding proteins building the 

light-harvesting complex II (LHCII) that forms monomeric and trimeric complexes (Hobe et al. 1995; 

Kuttkat et al. 1996). 

                        

This macromolecular dimer consists of the D1/D2/CP43/CP47 PSII core complex and several light-

harvesting proteins:  one copy of  the minor  monomeric  complexes CP26 (Lhcb5 gene)  and CP29 

(Lhcb4 gene), and one of the major trimeric complexes, LHCII. The major trimeric complex is encoded 

by Lhcb1 (five genes), Lhcb2 (four genes) and Lhcb3 (one gene) and the stoichiometry of the proteins 

in  the  complex  can  vary.  In  the  granal  membrane  of  the  chloroplast,  the  PSII  supercomplex  is 

Figure 2: Schematic view on Photosystem II 
A: Top view on PSII-LHCII supercomplex. “S” and “M” refer to strongly and moderately bound LHCII, respectively. The central 
part indicates the protein backbone of the membrane intrinsic part of the PSII core-complex. 
B: Location of the membrane-intrinsic (right) and membrane extrinsic (left) luminal parts of PSII. The numbers indicate the 14 
trans-membrane α-helices assigned to small proteins of which number 8 and 9 were identified as PsbE and PsbF subunits of 
the cytochrome b559.  (from Dekker and Boekema 2005) 
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associated  with  further  LHCII  trimers  and  the  monomeric  CP24  (Lhcb6 gene),  to  form 

‘megacomplexes’, which frequently display a semi crystalline order (Boekema et al. 2000). 

1.1.1.2. Photosystem I

The PSI is composed of a core complex consisting out of 13 different subunits, denoted from PSI-A to 

PSI-N (PSI-M is missing in most plants, but is found in cyanobacteria) and a light-harvesting complex 

(LHCI) (Scheller et al. 2001). LHCI is formed out of dimers of Lhca proteins encoded by six nuclear 

genes Lhca1-6 in Arabidopsis. The most essential part of PSI is formed by the three subunits PSI-A, 

PSI-B and PSI-C that bind the electron acceptors: A0 (chl a), A1 (phylloquinone) and Fx, FA, FB (4iron-

4sulfur clusters). Four different Lhca subunits are arranged in a semicircle between the PsaG and 

PsaK subunits of PSI around the side of where PsaF and PsaJ are located. There is a large cleft 

between the LHCI complex and PSI. The four subunits are arranged as two dimers with even spacing 

between the dimers and between dimer subunits (Ben-Shem et al. 2003) (see Figure 3). It is thought 

that energy transfer from the LHCI to the core complex takes place via PsaG, PsaK and PsaF, where 

the pigments are closely located to each other.

                          
                          

             

1.1.1.3. Photosynthetic electron transfer

The initial step in photosynthesis is the absorption of light by chl or carotenoid pigments attached to 

the  PSII-LHCII  and  PSI-LHCI  complexes  in  the  membrane.  The  energy  of  the  absorbed  light  is 

transferred to the RC of PSII or PSI, respectively. This leads to charge separation by the exciting the 

RC chl  (P 680)  to its  singlet  state  1P680*,  which then gives an electron to the primary acceptor 

Pheophytin (Phe). By this process the RCII becomes oxidised (P 680+). The electron lost by P 680 is 

replaced by an electron from water  transferred to  P 680+ via a  redox active tyrosine residue YZ, 

whereby water is converted to oxygen and protons. This “splitting” of water occurs on the luminal side 

of PSII in the OEC that harbours four manganese as the catalytic site. The electron from Phe is 

transferred to plastoquinon PQA and from PQA
- to PQB. After the resulting PQB

- is reduced by a second 

electron and protonated, the plastoquinol product, PQBH2, leaves PSII for the cytochrome b6f complex.

Figure 3: Structure of Photosystem I complexes
A: Structural model of the PSI backbone at 4.4-Å resolution. The positions of the 
four LHCI subunits flanking the core are indicated with a green overlayer.
B: Model  of  the  largest  determined  PSI-LHCI  complex  of  the  green  algae 
Chlamydomonas reinhardtii. (from Dekker and Boekma 2005)
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 The missing PQBH2  is replaced by an oxidised PQB from the pool present in the thylakoid 

membrane. PQH2 releases its bound electrons to cytochrome b6f complex and simultaneously releases 

its bound protons to the thylakoid lumen. The electrons are passed from the cytochrome b6f complex 

to PSI by plastocyanin (PC), a soluble copper protein in thylakoid lumen. The electron reaches the RC 

of  PSI  (P 700+)  in  its  charged  separated  state,  where  it  replaces  the  electron,  which  has  been 

transferred to the redox chain in PSI. This chain contains A0 a chl a molecule, A1 a phylloquinone and 

the three iron-sulphur clusters FX, FA and FB.  The final electron acceptor is

      

ferredoxin  (Fd)  on  the  stromal  side  of  the  thylakoid  membrane.  Thereafter,  ferredoxin-NADP+ 

oxidoreductase  (FNR)  reduces  NADP+ to  NADPH.  The  movement  of  electrons  is  coupled  to  the 

transfer of  protons across the thylakoid membrane, from stroma to lumen, forming a pH gradient 

across the membrane. The accumulated lumenal protons move along their  concentration gradient 

from the lumen to the stroma through the ATP-synthase complex, which couples proton movement to 

the synthesis of ATP (Boyer 1989). 

An alternative pathway for electron flow is a cyclic flow around PSI (Bendall and Manasse 

1995).  In  this  case  the  electron  never  reaches  the  NADP+,  instead  it  moves  back  through  the 

cytochrome b6f complex and thereby pumping protons from the stroma to the lumen. Cyclic electron 

transport is not accompanied by the production of NADPH or oxygen, only ATP is produced. The 

generated ATP and NADPH provide energy to drive the synthesis of carbohydrates in the stroma. The 

reactions that generate ATP and NADPH are directly dependent on light energy, while the conversion 

of CO2 is dependent on light in an indirect way.

Figure 4: Z-scheme describing the photosynthetic electron transport. 
Each carrier is shown in its oxidised and reduced state. For description 
see text (from Merchant and Sawaya 2005).
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1.2. The stressful environment

Stress affects all living organism and can be defined as a disadvantageous influence on an organism 

that  affects  factors  as  health,  fitness,  growth  and  survival.  The  stress  tolerance  of  an  organism 

depends, in part, on its evolutionary and genetic capacity for adaptation and, in part, on individual life 

history. 

Plants  growing  in  natural  environments  often  experience  extreme  conditions.  Plants  are 

sessile and cannot hide or escape when exposed to strong sunlight and/or freezing temperatures and 

herbivore attack.  Therefore, in the natural habitat,  the plant cell  must  integrate a variety of stress 

signals with metabolic processes and prioritize its response according to the prevailing conditions.

1.2.1. Light stress

As outlined before, light is an ultimate source of energy for all living organisms regardless of whether it 

is directly or indirectly used through photosynthesis. However, light is also an elusive substrate that 

fluctuates in quality, quantity and direction not only through different seasons but also within a single 

day. If the amount of absorbed light energy exceeds the amount, which is needed for photosynthetic 

metabolism it is called excess excitation energy (EEE). The main consequence of this process is the 

reduction of photosynthetic capacity, called photoinhibition (Osmond 1994; Andersson and Aro 2001). 

Another consequence of EEE is the increased production of reactive oxygen species ROS (Demmig-

Adams and Adams 1992; Mullineaux and Karpinski  2002),  which might  lead to the destruction of 

proteins, pigments and nucleic acids. 

1.2.1.1. ROS 

Light  can  also  generate  oxidative  stress  by  producing  ROS  as  inevitable  by-  products  of 

photosynthesis. Reduction of oxygen on the acceptor side of PSI, as a result of the photosynthetic 

transport  of  electrons,  leads  to  the  formation of  the superoxide  radical  (O2
−),  that  can be further 

converted  to  hydrogen  peroxide  (H2O2),  or  the  hydroxyl  radical  (˙OH)  (Asada 1999).  Transfer  of 

excitation energy from excited chls of the RC or LHC to oxygen leads to the formation of singlet-state 

oxygen (singlet oxygen;  1O2) (Knox and Dodge 1985; Zolla and Rinalducci 2002).  1O2 can also be 

produced from non-functional PSII in which the OEC has been damaged.

               

Figure  5:  Illustration  of  the  production  of  ROS  in  the 
photosynthetic machinery of the thylakoid membrane. 
Red arrows indicates the transport of electrons, black arrows the 
transfer of excitation energy. 
PC= plastcyanin; Fd= ferredoxin; OEC= oxygen evolving complex 
(from Nishiyama 2006).
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1.2.1.2. Photoinhibition

The process of photoinhibition in PSII occurs in two steps with primary damage by UV and strong blue 

light  occurring at  the OEC and secondary damage by light  absorbed by photosynthetic  pigments 

occurring at the RC of PSII (Ohnishi 2005). Release of manganese ions from the OEC is accompanied 

by photodamage to PSII, suggesting that disruption of the manganese cluster upon perception of light 

might be a primary event in photodamage (Hakala et al. 2005; Zsiros et al. 2006). Once the OEC is 

damaged, the supply of electrons from water to P680+ is blocked, and levels of P680+ remain high. 

Since P680+ is a strong oxidant, it damages the RC by oxidizing the surrounding amino acid residues 

of proteins and, in particular, of the D1 protein. Alternatively, the light-induced impairment of the OEC 

might allow the free access of oxygen molecules to P680, yielding in 1O2 or other ROS that can also 

damage the RC by oxidation (Andersson and Aro 2001). 

Photodamaged PSII is repaired in several steps, as follows: (i) proteolytic degradation of the 

D1 protein and de novo synthesis of the precursor of D1 protein (known as pre-D1), (ii) insertion of the 

newly synthesized pre-D1 into  the thylakoid  membrane concomitantly  with  the assembly of  other 

components of PSII, (iii) maturation of the D1 protein via the carboxy-terminal processing of pre-D1 

and, (iv) the assembly of the OEC machinery (Prásil et al. 1992 ; Aro et al. 1993; Ohad et al. 1984; 

Anbudurai 1994). Thus, repair of PSII can be traced by monitoring the turnover of the D1 protein. But 

the production of new pre-D1 can be inhibited by high concentrations of ROS on the translational level 

(Nishiyama et al. 2005; Nishiyama 2001). It seems that the elongation factor 2 is very sensitive to the 

H2O2  (Ayala et al. 1996; Parrado et al. 2003). During photoinhibition the elevated level of ROS does 

not inactivate the PSII directly, but in an indirect way, by inhibiting the repair cycle of photodamaged 

D1 protein.

1.2.2. Photoprotective mechanisms

Light energy is the fuel for photosynthesis but the intensity and quality of incoming light vary with 

different weather conditions and timescales, which results in seasonal fluctuations. To be able to tackle 

these changes and sometimes stressful conditions of high irradiance, plants have evolved different 

protective mechanisms.  These mechanisms could involve either physiological  responses,  such as 

movements of leaves away from light, or responses at cellular or molecular levels, where chloroplasts 

can avoid excess light by moving close to the cell wall perpendicular to the light source (Brugnoli and 

Björkmann 1992). The responses at the molecular level  include changes in antenna systems, the 

induction of antioxidants and light stress proteins (Elips, see chapter 1.2.2.4.) that offer protection for 

the photosynthetic machinery. 

1.2.2.1. Photoacclimation of the photosynthetic apparatus

The heterogeneity of the thylakoid membrane leads to a lateral separation of the two photosystems, 

with PSII found mainly in the grana stacks (Anderson and Andersson 1982). This arrangement limits 

spillover of excitation energy between the two photosystems (Anderson 1999). However, as response 

to  abrupt  changes in  the  light  environment  plants  can rebalance  differences  in  excitation energy 

between the two photosystems (Allen 1992). In a short-time process called state-transition (for review 

see Wollman 2001) the outer population of LHCII is phosphorylated, and migrates from the grana to 

the  stroma lamellae  of  the  thylakoid  membrane,  where  PSI  is  situated.  Phosphorylated  LHCII  is 
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suggested to dock to the subunit  H of  PSI (Lunde et  al.  2000)  to permit  energy transfer to  PSI. 

Thereby,  excitation energy will  be balanced between the two  photosystems.  Another  response to 

retain photosynthetic efficiency during changes in spectral quality and intensity of light is to rearrange 

the stoichiometry of the two photosynthetic RCs (Anderson et al. 1988; Walters and Horton 1995).

If high light conditions last for several days a long-term acclimation of the PSII antenna will 

take place expressed as a decrease in the chl a/b ratio. The decrease is achieved by the degradation 

of the outer part of the LHCII antenna (Lindahl et al. 1995b). Thereby the antenna size is decreased 

and less energy is captured. The amount of cytochrome b6f complexes and the PQH pool is increasing 

in parallel and also the ATPase levels are upregulated strongly with increasing irradiance.

1.2.2.2. Dissipation of excess absorbed light energy  

Under photoinhibitory conditions the excited S1 state of the chls in the LHCII, which is formed after 

absorption of a photon can not transfer its energy to the RC of PSII and thereby storing the energy in 

chemical compounds via charge separation and PET (see 1.1.1.3.). This situation can lead to the 

formation of the triplet state of the chl via intersystem crossing. This is problematic since the triplet-

state is able to transfer its energy to O2 thereby forming 1O2.

Under these conditions a mechanism of photoprotection called non-photochemical quenching 

(NPQ or qN) is induced in PSII (Horton et al. 1996; Müller 2001). qN leads to a dissipation of the light 

energy as heat and takes place in the antenna. qN can be divided into three components: qE (energy-

dependent quenching), depending on the formation of the transthylakoid proton gradient, qT that is 

due to state transitions and qI which occurs specifically under photoinhibtory conditions. The major 

component  is  qE,  but  under  photoinhibtory  conditions the qI  becomes more dominant.  There are 

several theories to explain what mechanism lies behind the qE. The most popular is the pH-dependent 

reversible  conversion  of  the  carotenoid  violaxanthin  into  zeaxanthin  by  de-epoxidation.  By  this 

introduction of two double bonds the S1 state is energetically so much lowered, that a direct energy 

transfer from the S1-chl to the carotenoid is possible. Zeaxanthin converts the energy then into heat 

(Demmig-Adams  and  Adams  1996;  Havaux  et  al.  1996).  Another  hypothesis  suggests  that  the 

decrease in lumenal pH during excess light conditions induces conformational changes of thylakoid 

membrane proteins by protonation of their side chains (Crofts and Yerkes 1994; Walters et al. 1996). 

1.2.2.3. Antioxidant systems

Life in an oxygenic atmosphere inevitably leads to the formation of ROS. The toxicity of these species 

resides in their ability to initiate cascade reactions that in the end damage the cell. Plants possess 

multiple means of minimizing the deleterious effects of ROS. These include an integrated array of 

antioxidant enzymes and metabolites that detoxify ROS. These mechanisms are summarized under 

the term antioxidant systems. Antioxidants can be generally divided into enzymatic, non-enzymatic 

and water or lipid soluble. 

Glutathione (GSH) and Ascorbate (AsA) are the major low molecular weight water soluble 

antioxidants involved in the redox control within the cellular compartments, since they are able to 

scavenge ROS (mainly the hydroxyl radical) and thereby preventing radical chain reactions (Foyer and 

Halliwell 1976; Asada 1999; Kiddle et al. 2003; Ball et al. 2004; Gomez et al. 2004; Mateo et al. 2004). 

These compounds can be recycled, which requires energy in form of NADPH (Wingsle and Karpinski 

1996).  Various enzymes that  catalyze ROS scavenging reactions use AsA and GSH as direct  or 
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indirect cofactors. These enzymes are located in different subcellular compartments. O2
-, which is an 

inevitable by-product of photosynthesis, is converted by into H2O2 by superoxid dismutase (SOD). The 

H2O2  is detoxified in the so called ascorbate-glutathione cycle. Ascorbate peroxidases (APX) convert 

H2O2  in a reaction with AsA into water and monodehydro- or dehydro-AsA and thus preventing the 

formation of the harmful ·OH. AsA is regenerated by dehydro ascorbate reductase (DHR) with help of 

GSH through the activity of glutathione reductase (GR) or directly with help of monodehydro ascorbate 

reductase (MDR) (Foyer  et  al.  1994;  Asada 1999;  Mullineaux and Karpinski  2002).  This  cycle  is 

regulated by the redox status of the chloroplast and by pathways of carbon metabolism (Asada 1999). 

Organic hydroperoxides as end products of radical chain reactions are detoxified by special isoforms 

of the glutathione-S-transferases (GST). 

Carotenoids and α-tocopherol work as lipophilic antioxidants and are localised in the thylakoid 

membrane. α-tocopherol reduces lipid peroxides and is regenerated non-enzymatically by AsA and the 

ascorbate-glutathione cycle (Niki et al. 1982). It is also able to scavenge  1O2 (Krieger-Liszkay and 

Trebst 2006). Carotenoids and especially the xanthophylls as pigment compounds in the membrane 

are able to reduce the production of ROS by energy dissipation or decrease their number by electron 

transfer. Since AsA is also essential for the deepoxidation of violaxanthin to zeaxanthin (see 1.2.2.2.) 

there is a close connection between low molecular lipophilic and hydrophilic antioxidants.

1.2.2.4. Elips- A family of light-induced proteins

The Elip family was first discovered during the greening of etiolated seedlings. The unusual rapid and 

transient accumulation of Elip transcripts during the transition from the dark to light of pea and barley 

seedlings led to the name “early light-inducible proteins” (Meyer and Kloppstech 1984; Grimm and 

Kloppstech  1987).  Since  no  Elip  transcripts  were  detected  in  mature  green  plants  grown  under 

ambient light conditions, it was assumed that the induction of  elip  genes was restricted to the early 

stage of seedling development and that the function of these proteins in higher plants is related to this 

process.

All higher plant Elips investigated so far were found to be nuclear-encoded and localised in 

thylakoid  membranes.  The  sequencing  of  elip genes  from pea  (Kolanus  et  al.  1987)  and  barley 

(Grimm  et  al.  1989)  revealed  a  high  degree  of  conservation  among  the  deduced  amino  acid 

sequences and high similarity in their primary and secondary structures with all Cab (chl a/b-binding) 

proteins (Grimm et al. 1989; Green et al 1991). The originally described Elip (Grimm et al. 1989) and 

Cab proteins contain three predicted α-helices with a conserved consensus sequence found in the first 

and the third helix (Green and Pichersky 1994; Green and Kühlbrandt 1995). The three-dimensional 

structure of one Cab family member was determined at 3.4 Å resolution by electron crystallography of 

two-dimensional crystals (Kühlbrandt et al. 1994; Liu et al. 2004) showing that two of the three  α-

helices are kept together by ion pairs formed by charged residues. Based on these data, Elips are 

expected to  show a similar  two-fold  symmetry  structure  since helices  I  and III  of  Elips  and Cab 

proteins are related to each other (Adamska 1997, 2001).

During the last years members that  span the membrane with one, two or even four helices have 

extended the Elip family. These are represented by the one-helix proteins (Ohps) (Andersson et al. 

2003) also called Hlips (high light-induced proteins) or Scps (small Cab-like proteins) (Adamska 2001),

two-helix  Seps  (stress-enhanced proteins)  (Heddad and Adamska 2000)  and  the  four-helix  PsbS 

protein of PSII (Funk 2001). 
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The presence  of  Elips,  however,  was  not  only  restricted  to  the early  stages  of  the  plant 

development,  but  also  exposure  of  mature  green  leaves  to  high  light  stress  led  to  the  transient 

accumulation of these proteins (Adamska et al. 1992b; Pötter and Kloppstech 1993). The expression 

of Elips under short- or long-term light stress correlated with the high light-induced degradation of D1 

protein  and a  massive reduction of  the antenna size of  PSII,  respectively  (Adamska et  al.  1993; 

Lindahl et al.  1997). A proteolysis of LHCII,  led to a release of considerable amounts of free chls 

creating a potential of photooxidative damage. The binding of free chls and the prevention of the 

formation  of  1O2 is  crucial  for  the  protection  of  the  thylakoid  membrane  components  against 

photooxidative damage. Based on their expression pattern transient pigment carrier or chl exchange 

functions were postulated for Elips. Indeed, Elips purified from pea leaves were to found to bind chl a 

and an  unusual  high  amount  of  the  carotenoid  lutein.  These pigments  were bound with  unusual 

characteristics, such as a low excitonic coupling between chl a molecules (Adamska et al. 1999). 

Furthermore, pea Elips were found to be localised in the non-appressed regions of thylakoids 

(Adamska and Kloppstech 1991) known to be the site for assembly and disassembly of pigment-

protein complexes. Additionally it was shown that chaos, an Arabidopsis mutant unable to accumulate 

Elips, is strongly susceptible to photooxidative stress and that its phenotype could be rescued by the 

constitutive expression of Elips (Hutin et al. 2003). These data allowed formulating the hypothesis that 

Elip1   ERINGRLAM    ASLVPLFKGIS      AELWNGRFAM
Sep2    ETISGRLAM    MGCAAMFAWLT
Ohp1    EISNGRWAM

Lhca1   ELIHCRWAM        AIEFLAIAFVE      KEIKNGRLAL
Lhcb1   EVIHSRWAM        ATQVILMGAVE      KELKNGRLAM

C

A B

Figure 6: The family of Elips
A:  Schematic overview of the Elip family members with the predicted secondary structure
B:  Tertiary structure of the Lhcb protein
       (from http://www.photosynthesis.uk.net/Research/Images/Figures/figure%201%20small.jpg)
C:  Alignment of the deduced amino acid sequences of Lhca, Lhcb, Elip1, Sep2 and Ohp 2 from A. thaliana.
      Red letters indicate amino acids potentially involved in chl-binding. 
Abbreviations:  Seps (stress-enhanced proteins),  Hlips (high-light  induced proteins,  Scps (small  cab like 
proteins, Ohps (one- helix proteins)
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Elips are more likely involved in energy dissipation during light harvesting (Montané and Kloppstech 

2000). On the other hand it was shown that an Elip knock-out line displayed no difference in lipid 

peroxidation  and  presence  of  uncoupled  chls  under  photoinhibitory  and  chilling  conditions  as 

compared to the wild type (Rossini et al. 2006).  These authors suggested an Elip role during a long-

term acclimation and zeaxanthin stabilising function.

1.3. Light (stress) sensing and transduction in plants

Light sensing is complicated process in the plant which involves a multitude of signalling pathways 

with different functions. There are photoreceptors, which sense certain wavelengths and which control 

developmental processes, like germination, phototropism or shading avoidance. Also a direct link from 

the chloroplast to the nucleus exists, which is known as retrograde signalling. This link consists of a 

complex network that transmits signals from the chloroplast to the nucleus and influences mainly the 

expression  of  nuclear-encoded  chloroplastic  proteins.  In  addition,  other  signalling  molecules  like 

hormones, sugars and nitric oxide (NO) have an influence on the light response of a plant and connect 

it thereby to the energetic and developmental status of the plant. 

1.3.1. Light receptors 

Plants sense fluctuations in light intensity, quality and direction through a complex system of light 

receptors.  Three types of  light  receptors  are known to act  as light  sensors and transducers.  The 

cryptochromes (Cashmore et al. 1999; Christie and Briggs 2001) and phototropins (Christie and Briggs 

2001) sense the UV-A and blue region of the light spectrum, whereas the phytochromes sense the red 

and far-red wavelengths (Quail, 2002). Five phytochromes (phyA, phyB, phyC, phyD and phyE), two 

cryptochromes (cry1 and cry2) and two phototropins (phot1 and phot2) are responsible for the light 

perception  in  A.  thaliana.  Phototropins  are  of  particular  importance  for  optimal  photosynthesis, 

controlling phototropism, chloroplast movements, and stomatal opening (Briggs and Christie 2002; 

Wada et al. 2003). 

Cryptochromes are playing a crucial role during de-etiolation, the transition of a dark-grown 

seedling living from its seed reserves to a photoautotrophically competent seedling (Lin and Shalitin 

2002;  Liscum  et  al.  2003).  In  addition,  this  class  of  photoreceptor  is  required  for  photoperiod-

dependent  flowering  induction and in  resetting of  the  circadian oscillator  (Cashmore  et  al.  1999; 

Yanovsky and Kay 2003). It is essential to point out that the cryptochromes act in coordination with the 

phytochromes. While seed germination and the shade-avoidance response are solely controlled by 

phytochromes  in  Arabidopsis (Casal  and  Sanchez  1998;  Neff  et  al.  2000),  other  physiological 

processes,  including  seedling  development  and  floral  induction,  are  controlled  by  interconnected 

networks of both phytochromes and cryptochromes.

1.3.2. Signals derived from the chloroplast

Besides light receptors, a complex network of signals coming from the chloroplasts and transduced to 

the nucleus has been identified (Rodermel 2001; Surpin et al.  2002). This is known as retrograde 

signalling.  Five  independent  pathways  have  been  identified  to  date.  One requires  plastid  protein 

synthesis, a second is based on chloroplast-generated 1O2, a third uses H2O2, a fourth employs the 
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redox poise generated by the photosynthetic electron transfer chains, and a fifth involves tetrapyrrole 

biosynthesis intermediates (Beck 2005).

1.3.2.1. Plastid-protein synthesis  

The  treatment  of  plants  with  chloroplast-specific  inhibitors  of  translation,  results  in  decreased 

expression levels of  nuclear-encoded proteins related to photosynthesis (Oelmüller et  al.  1986a,b; 

Adamska 1995; Gray et al. 1995; Sullivan and Gray 1999). Surprisingly, the inhibitors are effective in 

preventing nuclear gene expression only if applied within the first 2–3 days of seedling development 

(Oelmüller  et  al.  1986a,  b;  Bajracharya  et  al.  1987;  Gray  et  al.  1995).  This  suggests  that  the 

generation of the plastid signal must involve a product of the early plastid gene expression. Plastid 

protein synthesis seems to generate a signal  which is required for  the expression of  a subset  of 

nuclear genes.  These nuclear genes encode plastid constituents, but also proteins found in other 

cellular  compartments.  However,  it  is  still  unclear  whether  it  is  really  a  product  of  plastid  protein 

biosynthesis, which is directly involved, in plastid-to-nucleus signalling. To date, there is no indication 

of how an inhibition of plastid protein synthesis results in decreased expression of certain nuclear 

genes.

1.3.2.2 ROS

1.3.2.2.1. Singlet oxygen 

The flu mutant, which accumulates protochlorophyllid (a precursor of chl), produces 1O2 after a dark to 

light shift. The effect of 1O2 production on the gene expression was analyzed by DNA microarrays that 

comprised more than 95% of the total Arabidopsis genome. As a result, 70 genes were detected to be 

specifically upregulated and 9 genes, which were downregulated in dark-grown flu mutant exposed to 

light (op den Camp et al. 2003). Additionally this flu mutant line was subjected to a screen for lines, 

which no longer respond to the plastid-generated 1O2. One mutant line identified has a mutation in 

EXECUTER 1 leading to an abrogation of the stress response of Arabidopsis thaliana, caused by the 

release of  1O2 (Wagner et al. 2004).  Thus, this protein either enables plants to perceive  1O2  as a 

signal or is involved in the transduction of this signal from the chloroplast to the nucleus. 

1.3.2.2.2. Hydrogen peroxide

H2O2 is another ROS produced by chloroplasts. It accumulates upon a shift of plants, from moderate to 

high light intensities. Under these conditions, O2−are formed at PSI due to a hyperreduction of electron 

carrier chains leading to the reduction of oxygen (Mehler reaction). O2− dismutates to H2O2 and may 

accumulate in this form (Mullineaux and Karpinski 2002). The induction of the nuclear gene for APX2 

was linked to  plastid-produced H2O2 accumulation.  How and where the plastid generated H2O2 is 

sensed has not yet been elucidated. H2O2 is thought to diffuse as freely as water across biological 

membranes and therefore could directly interact with extraplastidic signalling components. This raises 

the  problem how cells  can  differentiate  between H2O2 generated  in  plastids  from H2O2  produced 

somewhere else, e.g., as a consequence of pathogen attack at the plasma membrane.

1.3.2.3. Redox signalling

Environmentally induced changes in the redox state of photosynthetic electron transport components 

act as signals that regulate expression of genes within the chloroplast (Pfannschmidt et al. 1999) and 
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of a subset of genes within the nucleus. Notably, photosynthesis contributes important information to 

the  regulation  of  nuclear  gene  expression  that  is  not  sensed  by  cytosolic  photoreceptors.  The 

chloroplast itself  serves as a sensor for changes in light quality and quantity and thus can induce 

physiological acclimation reactions. Clues towards an understanding of the underlying mechanism that 

mediates this regulatory pattern came from the application of compounds that inhibit the different steps 

of the electron transfer from PSII to the cytochrome b6/f complex. 

Treatment  with  the  PSII-specific  inhibitor  3-(3,  4-dichlorophenyl)-1,l-dimethylurea  (DCMU) 

resulted in an enhanced lhc gene transcription even in high light. In contrast, the partial inhibition of 

plastoquinol  oxidation with  2,  5-  di-bromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB) caused a 

repression of transcription at low light intensities (Escoubas et al. 1995; Maxwell et al. 1995; Durnford 

and Falkowski 1997). These results pointed towards a regulatory role of the redox state of the plastidic 

PQ pool. Initially, this regulatory system was considered as the general mechanism for the acclimation 

of the photosynthetic apparatus to changes in light intensity and various forms of environmental stress 

(Durnford and Falkowski 1997). However, in higher plants the redox poise of the PQ pool appears to 

play a minor regulatory role for nuclear genes since, so far, only two genes in tobacco, the PC gene 

(PetE) and the gene for cytosolic APX, and the ELIP2 gene of Arabidopsis were shown to respond to 

changes in its redox state (Pfannschmidt et al. 2001; Kimura et al. 2003; Yabuta et al. 2004). 

The transcription of other nuclear genes investigated, i.e., those encoding PSI components or 

nitrate  reductase,  although  also  coupled  to  photosynthetic  electron  transport,  appears  not  to  be 

controlled by the redox state of the plastidic PQ but rather via different redox systems. Studies with 

DCMU and DBMIB as well as the analysis of cytochrome b6/f-defective mutants indicated that redox 

signals involved in the regulation of these genes appear to originate downstream from this complex 

(Pfannschmidt  et  al.  2001;  Sherameti  et  al.  2002).  The route(s)  by  which the redox state  of  the 

thylakoid membrane is signalled to the nucleus, is poorly understood. If the PQ pool is the sensor, it 

might involve a phosphorylation cascade.

1.3.2.4. Signalling by tetrapyrrols

Physiological and genetic evidence suggests that tetrapyrrols represent one type of plastid signal. 

Tetrapyrrols  are  synthesized  within  the  plastid  and  represent  intermediates  of  heme  and  chl 

biosynthetic pathways (Surpin et al. 2002). Mg-protophorphyrin IX is one such intermediate that may 

be  transported  actively  or  passively  out  of  the  plastid  in  response  to  light  and  activates  the 

transcription of genes in the nucleus (Kropat et al. 1997). The subunit H of Mg-chelatase, an enzyme 

responsible for the insertion of Mg2+ into protoporphyrin IX, was shown to be involved in providing the 

signal from the chloroplast that regulates the expression of nuclear photosynthetic genes (Mochizuki et 

al. 2001).
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1.3.3. Influences on the photosynthetic process by hormones and sugars

1.3.3.1. Salicylic acid

Salicylic acid (SA) is a compound that can be found in all parts of a plant where it has a diversity of 

functions (Lee et al.  1995). It plays an important role together with ROS in the response to biotic 

stresses (Draper 1997; Durner et al 1997; Lamb and Dixon 1997; van Camp et al. 1998) and is also 

required for a process called systemic acquired resistance (SAR). SAR is defined as a resistance to 

subsequent pathogen attack that develops in the uninfected, pathogen-free parts of the plant after the 

initial inoculation (Ross 1961). Additionally, it has been shown that SA signalling is affected by EEE 

and that SA effects both photosynthesis and stomatal conductance (Genoud et al. 2002; Karpinski et 

al. 2003; Chaerle et al. 2004; Zeier et al. 2004). SA is also involved in long-term acclimatory processes 

(Karpinski  et  al.  2003).  These  observations  suggest  that  SA is  in  a  central  position  of  crosstalk 

between the signalling pathways of acclimatory and defence responses.      

1.3.3.2. Ethylene

Ethylene (ET) plays a vital role in several aspects of plant growth and development (Johnson and 

Ecker  1998)  and  is  particularly  important  regulator  of  stress  responses  (Wang  et  al.  2002).  Its 

synthesis  follows  via  a  well  defined  and  tightly  regulated  pathway  that  responds  to  several 

developmental and environmental stimuli. Furthermore, it plays an important role in cell death, such as 

senescence  (Hadfield  and  Benett  1997),  aerenchyma  formation  (Drew et  al.  2000)  and  in  ROS-

Figure 7: Schematic overview of the five retrograde signalling pathways
D,H,I refer to three subunits from the Mg2+-Chelatase (from Beck et al. 2005)
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induced cell death (Kangasjarvi et al. 2005). Additionally, ET interacts with SA signalling (Devadas 

2002)  indicating  its  role  in  biotic  stress  responses.  Studies  have  shown  that  ET  can  inhibit 

photosynthesis (Kays and Pallas 1980) and that nutrient status and leaf age can affect ET signalling 

(Legé  et  al.  1997).  It  is  discussed  that  ET plays  a  role  in  the  crosstalk  between  EEE and  the 

programmed cell death signalling pathway (Mühlenbock 2006).   

1.3.3.3. Nitric oxide

Another group of  signalling molecules involved in biotic and abiotic stress responses are reactive 

nitrogen species (RNS). The most conspicuous of them is the gaseous secondary messenger NO, 

also highly reactive with different biomolecules, in particular proteins (Neill et al. 2002). The role of NO 

as an antioxidant agent has been shown in a broad range of abiotic stress responses. This molecule 

increases  the  plant  tolerance  to  drought  (García-Mata  and  Lamattina  2002),  is  involved  in  the 

induction of salt resistance (Zhao et al. 2004) and protects from the oxidative stress derived from 

treatment  with  methylviologen  (Beligni  and  Lamattina  1999).  On  the  other  hand,  biotic  stress 

responses are also associated with NO production. Accumulation of NO occurs after infection with 

avirulent strains of plant pathogens (Delledonne et al. 1998; Wojtaszek 2000). As NO reacts with O2
−, 

peroxynitrite is formed (Stamler et al. 1992). Apparently, this NO derivative is not involved in plant cell 

death, as it was initially believed by analogy with the mammalian system. 

In fact, the high degree of reactivity between NO and O2
−is rather considered to accomplish 

ROS-scavenging or regulatory functions in planta (Beligni and Lamattina 1999; Delledonne et al. 2001; 

Delledonne et al. 2002; Romero-Puertas et al. 2004). NO itself also modifies thiol-containing residues 

in a process denominated S-nitrosylation. This capacity to modify proteins confers potential to trigger 

redox signalling. Moreover, NO is able to react with transition metal centres. Therefore, it affects the 

activity of heme- and iron-sulphur containing proteins such as mitochondrial cytochrome c, guanylyl 

cyclase and aconitase (Stamler et al. 1992; Yamasaki and Sakihama 2000).

1.3.3.4. Sugars 

In plants, sugars not only function as metabolic resources and structural constituents of cells, but they 

also act as important regulators of various processes associated with plant growth and development. A 

variety of genes, whose products are involved in diverse metabolic pathways and cellular functions, 

are either induced or repressed depending upon the availability of soluble sugars. In general, sugars 

favour  the  expression  of  enzymes  in  connection  with  biosynthesis,  use  and  storage  of  reserves 

(including  starch,  lipid,  and  proteins),  while  repressing  the  expression  of  enzymes  involved  in 

photosynthesis and reserve mobilization (Koch 1996).

In oxygenic photosynthetic organisms, especially higher plants, sucrose and all the array of 

enzymes and proteins related to its processing developed into a central role between photosynthesis, 

transport, and heterotrophic utilization (Salerno and Curatti 2003). Soluble sugars seem to assume a 

dual  role  with  respect  to  ROS.  Soluble  sugars can  be involved in,  or  related to,  ROS-producing 

metabolic pathways. In reverse, soluble sugars can also feed NADPH-producing metabolic pathways, 

such  as  the  oxidative  pentose-phosphate  pathway,  which  can  contribute  to  ROS  scavenging. 

However, an important ROS-producing situation, such as high photosynthetic activity is associated 

with accumulation of soluble sugars. Moreover, in reverse, accumulation of soluble sugars negatively 

regulates  photosynthesis  gene  expression  (Koch  1996;  Pego  et  al.  2000;  Rolland  et  al.  2002), 

15



including expression of Calvin cycle genes. This may cause, at least transiently,  poor recycling of 

NADP+  and  excessive  electron  transfer  that  may  lead  to  ROS  production,  even  under  ambient 

illumination. 

These relationships between excess light and sugar accumulation could be the basis for the 

selection of parallel induction of gene expression by light and sugar in plant cells. Moreover, these 

relationships between light and sugar are strongly compounded in situations of abiotic stress, such as 

chilling.  Chilling  promotes  both  photo-oxidative  damage  (Harvaux  and  Kloppstech  2001)  and  the 

accumulation of sugars, which are supposed to act as cold-stress protectants (Ciereszko et al. 2001). 

Indeed, this parallel induction of genes by excess light and excess sugar is verified for genes encoding 

proteins involved in excess photon removal, such as chalcone synthase, the pivotal step of flavonoid 

synthesis, or in ROS defence, such as SOD (Feinbaum et al. 1991; Koch 1996; Rossel et al. 2002). 
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1.4. Aim of this thesis

The main subject of this thesis is the family of Elips in the context of a light-stress response. The focus 

was laid on two main topics: 

• First to identify interaction partners of different Elip family members in A. thaliana and thereby make 

conclusion about the specific localisation of the different members. It was reported before that Elips 

and  Seps interact  with  the PSII  while  Ohps with  PSI.  However,  not  much was known about  the 

localisation of these proteins within various complexes. In chapter 2 the different localisation and the 

different expression patterns of Elip1 and 2 are discussed. In chapter 3 the different localisation of 

Elip1,Sep2 and Ohp2 in the thylakoid membrane are investigated. 

•  Second to elucidate elements of signal transduction pathway(s) leading to the expression of  elip 

genes. Although it was shown that Elips accumulated under various stress conditions, mainly high light 

stress, nothing was known about the signalling pathways, which were involved in the activation of the 

elip gene.  Therefore,  the  Elip  accumulation  was  tested  under  the  influence  of  various  signalling 

compounds  of  the  abiotic  and  biotic  signalling  pathways.  The  complexity  and  interconnection  of 

several signal transduction pathways are discussed for Elip1 in chapter 4 and 5. 
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1The abbreviations used: Cab, chlorophyll a/b-binding; chl, chlorophyll; DM, n-dodecyl -D-maltoside; 

Elip, early light-induced protein; Hli, high light-induced; Sep, stress-enhanced protein; Lhca and Lhcb 

light-harvesting  chlorophyll  a/b-binding  protein  of  photosystem I  and  II,  respectively;  LHCII,  light-

harvesting complex of PSII; mLhcb, monomeric Lhcb; OGP, n-octyl- ß -D-glucopyranoside; Ohp, one-

helix  protein;  PSI  and  PSII,  photosystem  I  and  photosystem  II,  respectively;  SAG,  senescence-

associated gene; tLhcb, trimeric Lhcb.
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2.1. Summary

The early  light-induced proteins (Elips)  in  higher  plants  are  nuclear-encoded,  light  stress-induced 

proteins  located  in  thylakoid  membranes  and  related  to  light-harvesting  chlorophyll  a/b-binding 

proteins from the photosystem I and II (LHCII).  A photoprotective function was proposed for these 

proteins. Here we studied localization and expression of two closely related Elips from  Arabidopsis 

thaliana, called Elip1 and Elip2.  We showed that  after 2 h exposure to light  stress both proteins 

accumulate  in  monomeric  (mLhcb)  and  trimeric  (tLhcb)  populations  of  the  major  LHCII  with 

comparable Elips/tLhcb and Elips/mLhcb ratios. Interestingly, a longer exposure to light stress resulted 

in an increased Elips/tLhcb ratio as compared to the Elips/mLhcb, due to a massive accumulation of 

Elips  and  decrease  of  tLhcb.  We  demonstrated  further  that  Elip1  and  Elip2  were  differentially 

expressed in green leaves exposed to light stress and this expression was regulated at the transcript 

level.  While  Elip1  transcript  and  protein  levels  increased  almost  linearly  with  increasing  light 

intensities,  much higher  photon fluency rates were required for  a  stepwise accumulation of  Elip2 

transcripts and proteins. The differential expression of Elip1 and Elip2 occurred also in light stress-

preadapted or senescent leaves exposed to high light intensities but this expression was regulated 

independently  at  transcript  and  the  protein  levels.  Based  on  pigment  analysis,  measurements  of 

photosystem II activity and assays of the oxidation status of proteins we propose that the discrepancy 

between high Elip transcript and low protein levels in light stress-preadapted or senescent leaves is 

related to a presence of photoprotective anthocyanins with a sunscreen function or to lower chlorophyll 

availability, respectively. 
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2.2. Introduction

The chlorophyll (chl)-binding proteins of pro- and eukaryota are located either in the core complexes of 

photosystem I (PSI) and photosystem II (PSII) or form light-harvesting antenna systems. The core 

complexes  in  higher  plants  and green algae consist  of  several  chloroplast-encoded chl  a-binding 

proteins represented by PSI and PSII reaction center heterodimers, such as A and B subunits of PSI 

reaction center or D1 and D2 proteins of PSII reaction center. The PSII contains two additional chl a-

binding proteins,  called CP43 and CP47 (Green and Durnford 1996).  The antenna complexes of 

higher plants consist of nuclear-encoded chl a/b-binding (Cab) proteins, which are associated with 

both  photosystems.  The  primary  function  of  Cab  proteins  is  the  absorption  of  light  through  chl 

excitation and transfer of absorbed energy to photochemical reaction centers. 

The Cab superfamily in Arabidopsis thaliana consists of 20 different proteins (Jansson 1999), 

out of which 14 are associated with PSII (Lhcb1-6 and their isomers) and 6 with PSI (Lhca1-6). The 

Cab proteins associated with PSII are organized in minor (Lhcb4-6) and major (Lhcb1-3) antenna 

systems. The major antenna is either tightly associated with PSII core complex or forms an outer pool 

at more distant locations relative to PSII that is loosely bound (Bassi and Dainese 1992). This pool can 

reversibly  dissociate/reassociate  with  PSII  during  the  process  called  state  transition  (Allen  and 

Forsberg 2001; Haldrup et al. 2001; Wollman 2001). Recent crystallization of spinach light-harvesting 

complex from PSII (LHCII) revealed that the basic structural and functional unit of the major antenna is 

the trimer  (Liu et  al.  2004).  However,  still  remains uncertain  whether  the mobile pool  consists  of 

monomers (mLhcb) or trimers (tLhcb) (Kouril  et  al.  2005). The monomerization of  tLhcb was also 

reported during the assembly (Dreyfuss and Thornber 1994) and during the disassembly of LHCII 

upon excess of light (Garab et al. 2002).

In  the past  years several  distant  relatives of  Cab protein  superfamily  with conserved chl-

binding residues and a transient expression pattern were found in PSI and PSII of pro- and eukaryota. 

These distant relatives belong to the Elip (early light-induced protein) family of light stress proteins 

(Montané and Kloppstech 2000; Adamska 2001). Three-helix Elips, two-helix Seps (stress-enhanced 

proteins)  and  one-helix  Ohps  (one-helix  proteins)  were  described  from A.  thaliana  (Heddad  and 

Adamska 2000; Jansson et al. 2000; Andersson et al. 2003). 

The Elip family members in higher plants and green algae are nuclear-encoded proteins that 

accumulate in thylakoid membranes in response to various abiotic stresses, when the expression of 

Cab proteins is down regulated (Montané and Kloppstech 2000; Adamska 2001). Therefore, it was 

proposed that Elip family members have a photoprotective role under light stress conditions either by 

transient binding of released chls and preventing the formation of free radicals and/or by participating 

in energy dissipation (Montané and Kloppstech 2000; Adamska 2001).

Previous studies showed that Elip from pea is located in the non-appressed regions of the 

thylakoid membrane in the vicinity of PSII (Adamska and Kloppstech 1991) and is associated into a 

multisubunit  complex together with unidentified polypeptides of  24-26 kDa (Adamska et  al.  1999). 

However, no detailed localization studies were performed for these proteins. 

Two closely related Elips (81.05% identity at the amino acid level), called here Elip1 and Elip2, are 

present  in  Arabidopsis,  thus  raising  the  question  about  their  redundant  physiological  function. 

Alternatively, Elip1 and Elip2 may perform their function at different intramembrane locations or during 
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different stages of light stress. Therefore, we investigated the localization of Elip1 and Elip2 in green 

light-stressed  leaves  of  Arabidopsis and  compared  their  expression  in  light  stress-preadapted  or 

senescing leaves exposed to low or high intensity light. No differences in the location of Elip1 and 

Elip2 were observed under light stress conditions and both proteins were found in isolated mLhcb and 

tLhcb populations. Interestingly, during the first two hours of light stress the ratio of Elips/tLhcb and 

Elips/mLhcb  was  almost  equal  but  a  longer  exposure  to  light  stress  resulted  in  a  much  higher 

Elips/tLhcb ratio as compared to Elips/mLhcb. We showed further that both proteins were differentially 

expressed in response to light stress in green, light stress-preadapted and senescing leaves and their 

expression  was  controlled  at  transcriptional  or/and  transcriptional/posttranslational  levels.  This 

suggests that Elip1 and Elip2 function at different phases of light stress.

2.3. Material and Methods

2.3.1. Growth of Plants and Stress Conditions

 Arabidopsis thaliana L. cv. Columbia and cv. Wassilewskaja were grown in a growth chamber at 20°C 

at a photon flux density of 100 µmol m-2s-1 under the light regime of 8 h dark/16 h light. Plants were 

cultivated either hydroponically (Norén et al. 2004) or on soil for 40-55 days prior to the collection of 

mature green leaves. 

For preadaptation to higher light intensities 50-60 days old low light-grown plants were transferred to a 

moderate light intensity of 300  µmol m-2s-1 for four days. A massive accumulation of anthocyanins 

occurred  during  this  period.  For  natural  senescence,  plants  were  grown  for  80-110  days  under 

conditions described above prior to collection of senescing leaves. During this period a massive loss of 

chls  occurred.  Detached  mature  green  leaves,  anthocyanins-containing  red  leaves  and  naturally 

senescing yellow leaves floating on water were exposed to light stress for 3 h at a photon flux density 

of  1.800  µmol  m-2s-1 provided  by  white  fluorescent  lamps  (Osram  Power  star  HQI-E  250W/D, 

Regensburg-Burgweinting, Germany). The spectrum of the lamp covered a visible light region from 

380 nm to 720 nm. The temperature of the water was kept constant between 22 and 25°C. Photon 

fluency rates were measured with a photometer  (Skye,  Techtum Laboratory AB, Umeå, Sweden). 

Control  leaves were incubated at  100  µmol m-2s-1 for the same time. After treatment leaves were 

frozen in liquid nitrogen and stored at –80 °C for further analysis.

2.3.2. Isolation and Assay of RNA

The total  RNA was isolated with a RNeasy kit (Qiagen, GmbH, Hilden, Germany), spotted on the 

Hybond-N+ membrane (Amersham Biosciences, Uppsala, Sweden) at four different concentrations, 

5.0 µg, 2.5 µg, 1.25 µg and 0.63 µg with a dot blot apparatus (Schleicher & Schuell, Dassel, Germany) 

and the membrane was used for hybridization as described (Heddad and Adamska 2000). The cDNA 

probe  was labeled  with  32α-dCTP using  a  megaprime DNA labeling  kit  (Amersham Biosciences, 

Uppsala, Sweden). The signals on the filter were analyzed with a Phosphorimager FLA3000 (Fujifilm, 

Fuji, Tokyo, Japan) or X-ray film (Cronex 5, Agfa, Mortsel, Belgium). For quantification, signals linear in 

intensity with exposure time (A600>0.8) were scanned at 600 nm (Personal Densitometer, Molecular 

Dynamics, Sunnyvale, CA, USA) using the Image-Quant 3.3 program. 
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For Northern blots  5 µg RNA was separated in  1.2% agarose gel  and transferred to Hybond-N+ 

membrane prior to the hybridization as described (Heddad and Adamska 2000).

2.3.3. Isolation of Polysomes 

The frozen plant material (5 g) was ground in liquid nitrogen and the resulting tissue powder was 

resuspended at 4°C in 50 ml polysome buffer containing 400 mM KCl, 50 mM Tris-HCl, pH 8.3, 10 mM 

Mg-acetate,  250  mM  sucrose,  2%  (w/v)  Triton  X-100  and  0.005%  (v/v)  ß-mercaptoethanol.  The 

suspension  was  filtrated  through  Miracloth  (Calbiochem,  Stockholm,  Sweden)  and  centrifuged  at 

15.000 x g for 10 min at 4°C. The supernatant was loaded onto a two step gradient containing 5 ml of 

0.7 M and 7 ml  of  1.7 M sucrose in polysome buffer and gradients were centrifuged for 17 h at 

200.000 x g and 4°C. The supernatant (containing free RNA) was collected and used for RNA isolation 

as described above. The pellet (containing polysomes) was resuspended in 2 ml of polysome buffer 

and centrifuged at 200.000 x g for 30 min at 4°C over a 0.5 mL 1.7 M sucrose cushion. The pellet was 

used for isolation of polysome-bound RNA as described above.

For investigations of polysome profiles 1-2 g of frozen leaves were ground in liquid nitrogen 

and resuspended in five volumes of buffer A (200 mM Tris-HCl, pH 8.9, 200 mM KCl, 35 mM MgCl2, 

0.6 M sorbitol, 12.5 mM EGTA and 15 mM DTT). After differential centrifugation at 10.000 x g and 

30.000 x g for 10 min, homogenate was filtrated through Miracloth (Calbiochem, Stockholm, Sweden). 

After  adding  Triton  X-100  to  a  final  concentration  of  2%  (w/v),  polysomes  were  pelleted  by 

centrifugation at 160.000 x g for 3.5 h at 4°C over a 1.5 M sucrose cushion in buffer B (40 mM Tris-

HCl,  pH 8.9,  20 mM KCl,  10 mM MgCl2,  5 mM EGTA and 5 mM DTT).  The pellets  were gently 

resuspended in buffer C (10 mM Tris-HCl, pH 7.6, 25 mM KCl and 5 mM MgCl2) and centrifuged at 

8.000 x g in the Eppendorf centrifuge. The polysome pellet was frozen in liquid nitrogen and stored at 

-80°C. In order to determine the polysomal profile, the polysomal suspension was loaded onto a linear 

15% to 55% (w/v) sucrose density gradient prepared in buffer C and centrifuged at 260.000 x g for 70 

min.  Gradient  fractions  containing  polysomes  and  monosomes  were  collected  by  the  monitoring 

absorption at 254 nm.

2.3.4. Isolation and Assay of Proteins

Leaves frozen in liquid nitrogen were homogenized in extraction medium containing 300 mM sorbitol, 

20 mM Hepes-NaOH pH 7.4, 5 mM MgCl2, 2.5 mM EDTA and 10 mM KCl. The homogenate was 

filtrated through Miracloth (Calbiochem, Stockholm, Sweden), mixed (1:1, v/v) with 3 x concentrated 

sample buffer (Laemmli 1970), proteins denatured at 70°C for 5 min and separated by SDS-PAGE 

according to Laemmli (1970) using 14 % polyacrylamide gels and a Hoefer mini gel system. The gels 

were loaded on an equal protein basis. 

Immunoblotting  was  carried  out  according  to  (Towbin  et  al.  1979)  using  a  polyvinylidene 

diflouride  PLUS  transfer  membrane  with  45-µm  pores  (PVDF,  Micron  Separations  Inc.)  and  an 

enhanced  chemiluminescence  assay  (ECL,  Amersham  Biosciences,  Uppsala,  Sweden)  as  the 

detection system. For quantification, signals linear in intensity with exposure time were scanned as 

described above. 

For isolation and assay of oxidized proteins leaves frozen in liquid nitrogen were homogenized 

in extraction medium as described above, supplemented with 2% (v/v) ß -mercaptoethanol and the 

protein oxidation was assayed using an OxyBlot Protein Oxidation Detection Kit (Intergen Company, 
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USA) after SDS-PAGE and immunoblotting. Oxidative modifications of proteins introduced carbonyl 

groups into protein side chains that were immunodetected with antibodies supplied in the OxyBlot Kit.

2.3.5. Fractionation of Thylakoid Membranes and Isolation of Photosynthetic Complexes 

Thylakoid membranes were prepared from fresh or frozen leaf material as described (Tidholm et al. 

2002). For isolation of photosynthetic complexes on sucrose density gradients thylakoid membranes 

(0.5 mg chl ml-1 corresponding to approximately 3.0 mg protein) were disrupted by 6 strokes of a glass 

homogenizer  in  the  presence  of  20  mM  n-dodecyl  ß  -D-maltoside  (DM,  Glycon  Biochemicals, 

Luckenwalde, Germany) in 25 mM MES pH 6.0, 10 mM NaCl, 5 mM MgCl2 and 2 M glycine betaine 

(MNMß buffer) as described in (Eshaghi et al. 1999). The homogenate (700 µl) was then loaded onto 

continuous sucrose density gradients. The sucrose density gradients were prepared by freezing and 

thawing of 8% (w/v) sucrose in MNCß buffer and 0.03% (w/v) DM. The mixture was kept in SW-28 

ultracentrifuge tubes at -80°C for at least 2 h. The thawing of the frozen mixture was initiated at room 

temperature using a water bath covering 2-3 cm of the tube bottom for 5-10 min. The tubes were then 

transferred to  the cold  room until  the thawing was completed and a  0-8% sucrose gradient  was 

formed. Centrifugation was carried out at 4°C using a SW40 rotor (Beckman Instruments) at 27.000 

rpm for 12-13 h. The gradient fractions (0.7 ml from a total gradient volume of 11 ml) were carefully 

collected using a peristaltic pump and the polypeptide composition in each fraction was analyzed on 

15% SDS-PAGE according to Laemmli (1970).

For isolation of pigment-protein complexes on green native gels thylakoids (0.5 mg/ml) were 

solubilized either with Triton X-100/LDS mixture (10% stock solutions were mixed 12:1, v/v) or with 2% 

(w/v)  DM  or  2%  (w/v)  OGP according  to  previously  published  data  (Peter  and  Thornber  1991; 

Dreyfuss and Thornber 1994) with small modifications. After 10 min of incubation on ice a volume 

corresponding  to  15  µg  chl  were  loaded  on  a  10%  native  gel  (Camm  and  Green  1980)  and 

elecrophoresis was carried out for 2 h at 4°C in the dark. Green bands containing mLhcb and tLhcb 

were excised from the gel, incubated in Laemmli buffer  for  30 min at 50°C and loaded onto a 15% 

denaturated SDS-PAGE (Laemmli 1970) as described above.

2.3.6. Isolation and Assay of Pigments

For extraction of pigments two leaf discs with 12 mm diameter were agitated gently in the dark for 24 h 

at 4°C in 1 ml of 80% (v/v) acetone (chls and carotenoids) or 3 M mixture of HCl/H2O/MeOH (1/3/16, 

v/v/v, anthocyanins) according to Gould et al. (2000). Absorption spectra were measured at A647 and 

A663 for chl a and b or at A470 for carotenoids using a spectrophotometer (Beckman DU 640, USA) 

and the concentration of pigments was calculated according to Lichtenthaler (1987). The anthocyanin 

level was calculated using an equation A530-0.24 A653 according to Murray and Hackett (1991). The 

anthocyanins absorbed maximally at 530 nm and the subtraction of 0.24 A653 compensated for the 

small overlap in absorbency with chls (Murray and Hackett 1991).

2.3.7. Measurements of the Photosynthetic Activity

Chlorophyll fluorescence induction kinetics were measured at room temperature on detached leaves 

using a FlurCam fluorimeter (PSI Instruments, BRNO, Czech Republic). Leaves were preadapted in 

the dark for 15 min and then exposed to a saturating 1 s light flash. The minimal fluorescence (Fo) and 

maximal fluorescence (Fm) was measured and the variable fluorescence (Fv=Fm-Fo) was calculated 
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as described (Butler  and Kitajima 1975).  The photochemical  yield  of  open PSII  reaction centers, 

commonly known as the relative variable fluorescence, was calculated as Fv/Fm. This value reflects 

the maximal efficiency of PSII that is measured in dark-adapted tissues.

2.4. Results

2.4.1. Location of Elip1 and Elip2 in PSII

Crosslinking  studies  indicated  that  Elip  in  pea  is  located  in  the  vicinity  of  PSII  reaction  center 

(Adamska and Kloppstech 1991). We explored the location of Elip1 and Elip2 in an isolated PSII-LHCII 

supercomplex from thylakoid membranes of light-stressed green  Arabidopsis leaves using a single 

step detergent solubilization and sucrose density gradient centrifugation as described (Eshaghi et al. 

1999). Two green bands were visible in the gradient after centrifugation (Figure 8, upper panel).

                                                       

Previous studies (Eshaghi et al. 1999) showed that the upper green band contained LHCII and the 

lower PSII-LHCII supercomplex. In order to confirm the identity of these complexes the immunoblot 

analysis were performed using collected gradient fractions.  The results revealed (Figure 8 bottom 

panel) that the majority of D1 protein used as a marker for PSII reaction center was present in the 

fraction 8 and the reduced amount of this protein was detected also in fractions 9-11. Immunoblot with 

anti-Lhcb2 antibodies used for the detection of LHCII complex showed that the vast amount of Lhcb2 

was present in fractions 11-13 and its smaller amount was distributed onto fractions 8-10 and 14. 

Figure 8: Localization of Elip1 and Elip2 in LHCII of Arabidopsis. Isolation of PSII-
LHCII  supercomplex  solubilized  with  DM  from  light  stress-treated  thylakoid 
membranes and separated by a sucrose density gradient centrifugation (upper panel). 
The  protein  composition  in  collected  gradient  fractions  was  analyzed  by 
immunoblotting using polyclonal antibodies raised against Elip1, Elip2, the D1 protein 
of PSII reaction center (D1) and the major chl a/b-binding protein of PSII (Lhcb2).

25



To investigate the distribution of Elips in collected gradient fractions anti-Elip1 or anti-Elip2 

antibodies were applied and the results revealed that both proteins were located mainly in fractions 11 

and 12 with lower amounts detected in the fraction 10 or 13, respectively. These data indicate that 

Elip1 and Elip2 colocalize with LHCII. 

When isolated from thylakoid membranes Lhcb1-3 proteins were mainly organized into homo- 

or hetero-tLhcb or mLhcb (Caffarri et al. 2004). To test whether Elip1 and Elip2 are located in mLhcb 

and/or  tLhcb  populations  we  isolated  both  Lhcb  forms  using  non-denaturating  green  gel 

electrophoresis and analyzed the location of Elips by immunoblotting. Detergents, such as Triton X-

100 in combination with LDS (not shown), OGP and DM were tested for the optimal solubilization of 

light-stressed thylakoid membranes and the separation of mLhcb and tLhcb populations. The results 

revealed that  independent of  the detergent used PSI,  tLhcb,  mLhcb and free pigments were well 

separated in the gel and visible as green bands, while PSII core complexes were almost invisible in 

some preparations and their amounts depended on the solubilization conditions (Figure 9A and 9C). 

To confirm the position of mLhcb and tLhcb in the gel we performed immunoblot analysis using 

anti-Lhcb2 antibodies. The results revealed (Figure 9A) that the ratio of isolated tLhcb/mLhcb varied 

depending on the detergent used. The best tLhcb/mLhcb ratio was obtained after the solubilization of 

thylakoid membranes with DM as compared with OGP (Figure 9A) or Triton X-100/LDS (not shown). 

Therefore, DM was used routinely for further analysis. To investigate the presence of Elip1 and Elip2 in 

mLhcb and tLhcb populations under control  and light  stress conditions we excised corresponding 

green bands from the gel  and subjected them to the denaturating gel  electrophoresis followed by 

immunoblotting. In agreement with previous reports (Heddad and Adamska 2000; Andersson et al. 

2003),  Elip1  and  Elip2  were  not  detected  in  control  leaves  kept  under  low  light  conditions  but 

accumulated in both Lhcb populations in response to light stress (Figure 9B). Much higher amounts of 

Elip1 and Elip2 (80-95% of the total amount) were detected in the mLhcb as compared to the tLhcb 

population  (5-20%).  However,  the  ratios  of  Elips/mLhcb  and  Elips/tLhcb  were  comparable  in  all 

preparations as assayed immunoblotting (compare Figure 9A with 9B).

It was reported that the tLhcb pool dissociates into the mLhcb population upon light stress 

(Garab et al. 2002). To investigate whether the distribution of Elip1 and Elip2 in mLhcb and tLhcb 

populations changes during the duration of  light  stress we isolated pigment-protein  complexes at 

various  time points  of  light  stress  exposure.  The  results  revealed (Figure 9C)  that  no  significant 

changes in amounts of PSI and mLhcb were observed during exposure of leaves to light stress for 3 h. 

In contrast, the amounts of tLhcb or PSII core complexes decreased almost linearly with the time of 

exposure to light stress. Immunoblot analysis showed that Elip1 and Elip2 were not detected in control 

leaves or leaves exposed to light stress for 1 h but their amounts increased drastically during a longer 

illumination period (Figure 9D). Similarly to data shown in Figure 9B, the Elips/tLhcb and Elips/mLhcb 

ratios were comparable after 2 h of illumination (Figure 9D) but after 3 h of the high light exposure a 

much higher Elips/tLhcb ratio as compared to the Elips/mLhcb ratio was detected, due to an increase 

in the Elip level and a strong decrease (50% of the initial value) of the tLhcb amount.
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2.4.2.Expression of Elip1 and Elip2 in Green Arabidopsis Leaves Exposed to Light Stress. 

To test whether Elip1 and Elip2 are differentially expressed under light stress conditions we analyzed 

the accumulation of both proteins and their transcripts in leaves exposed to increasing light intensities 

from 100  µmol  m-2s-1 (low  light  conditions)  to  2.000  µmol  m-2s-1 (severe  light  stress  conditions). 

Northern blot analysis revealed (Figure 10A) that although the transcript level for these two genes 

increased in a light  intensity-dependent  manner,  different  accumulation profiles  were observed for 

each of these mRNAs. While Elip1 transcripts accumulated almost linearly with an increasing light 

intensity  starting  from  500  µmol  m-2s-1 and  reaching  the  maximal  level  at  2.000  µmol  m-2s-1,  a 

comparable amount of Elip2 transcripts was induced at 500 µmol m-2s-1 and 1.000 µmol m-2s-1 (Figure 

10A). Exposure of leaves to 1.500  µmol m-2s-1 resulted in a 6-fold increase of Elip2 transcripts but 

higher light intensities did not influence significantly this level. In agreement with reports published for 

Figure 9: Localization of Elip1 and Elip2 in tLhcb and mLhcb populations. 
A: Thylakoid membranes were isolated from high light-treated (2 h at 1.800 µmol m-2 s-1) leaves, solubilized with n-octyl ß-D-
glucopyranoside (OGP) or  n-dodecyl ß-D-maltoside  (DM)  to release pigment-protein complexes that were separated on 
native green gels in the dark at 4°C (Gel).  Green bands corresponding to photosystem I complex (PSI), tLhcb, mLhcb and 
free pigments  (FP)  are  marked.  The identity  of  tLhcb and mLhcb was confirmed by  immunoblot  (WB) with  anti-Lhcb2 
antibody. 
B: Pigment-protein complexes were isolated from low light-treated control (C, 2 h at 100 µmol m-2 s-1) or high light-treated 
(HL,     2 h at 1.800 µmol m-2 s-1) leaves as described in (A) using DM as detergent.  Green bands containing tLhcb and 
mLhcb were excised from the gel, incubated in sample buffer (Laemmli, 1970) for 30 min at 50°C and loaded onto 15% 
denaturated SDS-polyacrylamid gels prior to immunoblotting with anti-Elip1 and anti-Elip2 antibodies.
C: Green leaves were exposed to high light (1.800 µmol m-2 s-1) for 0-3 h, the pigment-protein complexes were solubilized 
with DM and separated on native green gels as described in (A).
D: Bands containing tLhcb and mLhcb were excised from the gels and treated as described in (B) prior to immunoblotting.
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barley (Pötter et al. 1993) also in Arabidopsis the transcript level of Lhcb2 decreased almost linearly 

with increasing light intensities (Figure 10A).

      Immunoblotting analysis revealed that Elips accumulated in thylakoid membranes with kinetics 

resembling the accumulation pattern of their transcripts (Figure 10B). Similarly, the amount of Lhcb2 

protein followed its transcript level and decreased with an increasing light intensity (Figure 10B). The 

amounts of CF1-α/ß assayed as a control did not change significantly during the light stress treatment 

(Figure 10B).

Figure 10: Light Intensity-Dependent Accumulation of Elip1 and Elip2 in green Arabidopsis leaves exposed to 
light stress. 
Mature green leaves were exposed to increasing light intensities for 3 h prior to isolation of total RNA, polysome-bound 
and free mRNAs or total membrane proteins.
A: Northern blot. As a reference, the rRNA pattern in the gel, visualized by staining with ethidium bromide, is shown.
B: Immunoblot analysis. As a reference, the α and ß subunits of the CF1-ATP-synthase complex (CF1-α/ß) stained by 
Coomassie blue, are shown. 
C: Distribution of Elip1, Elip2 and Lhcb2 mRNAs between polysome-free and polysome-bound fractions assayed by dot 
blot hybridization. 
D: Analysis of translationally active (polysomes) and inactive (monosomes) ribosomes isolated after exposure of leaves 
to low light (Control, 100 µmol.m-2 s-1) or high light (Light stress, 1.800 µmol.m-2 s-1) conditions for 3 h. Polysomes and 
monosomes were separated on a linear 5% to 55% sucrose density gradient and their distribution was monitored by the 
measurement of absorption spectra at 254 nm.
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To assess how the increasing irradiance influences the translational activity of Elip1 and Elip2 

transcripts we analyzed the distribution of these mRNAs between polysome-bound and -free fractions. 

During the first step of protein synthesis in the cytoplasm mRNAs are integrated into the ribosomal 

complex and polysomes are formed. Analysis of the mRNA content of polysomes is assumed to be 

indicative of active protein synthesis. Our results revealed that the vast majority of Elip1 and Elip2 

mRNAs  were  detected  in  the  polysomal  fraction  indicating  their  simultaneous  translation  into 

corresponding proteins. The distribution of Lhcb2 transcripts, assayed for comparison, demonstrated 

(Figure 10C) that also these mRNAs were actively translated. Only traces of Elip1, Elip2 and Lhcb2 

transcripts were present in polysome-free fractions under all light intensities tested.

Interestingly, exposure of leaves to light stress resulted in a drastic decrease of polysomal 

complexes following by the enrichment in monosomes (Figure 10D). While under low light conditions 

the vast  majority of  ribosomes formed polysomes, under light stress conditions monosomes were 

predominantly  detected.  This  suggests  a  selective  translation of  induced Elip1  and Elip2 mRNAs 

under light stress conditions.

2.4.3.  Differential  Expression  of  Elip1  and  Elip2  in  Light-Stress  Preadapted  or  Senescent 

Arabidopsis Leaves Exposed to Light Stress

We investigated the expression pattern of  Elip1 and Elip2 transcripts  and proteins in  Arabidopsis 

leaves preadapted to moderate light stress conditions and in senescent leaves exposed to low or high 

light  conditions.  Exposure of  low light  acclimated  leaves  to  moderate  light  stress  conditions  was 

accompanied by a massive accumulation of anthocyanins (Merzlyak and Chivkunova 2000) in leaf 

vacuoles (red leaves). During natural senescence a dramatic loss of chls occurred and leaves turned 

yellow due to remaining carotenoids (Hörtensteiner 1999; Matile 2001) that were previously masked 

by chls (yellow leaves). For comparison, the expression of Elips in mature green leaves (green leaves) 

was  assayed  under  the  same  experimental  conditions.  The  results  revealed  that  no  significant 

amounts of Elip1 or Elip2 transcripts were detected in green, red and yellow leaves kept at low light 

intensity (Figure 11A). The exposure of green leaves to light stress resulted in the accumulation of 

comparable amounts of Elip1 and Elip2 transcripts, thus confirming our previous data (Figure 11A; 

Heddad and Adamska 2000). In red leaves exposed to light stress the mRNA level for Elip1 was 2-fold 

higher as compared to green leaves but only traces of Elip2 transcripts were detected in such leaves 

(Figure 11A). An approximately 6-fold or 2-fold higher level of Elip1 or Elip2 transcripts was observed 

in light-stressed yellow leaves as compared to green leaves, respectively (Figure 11A). 

The expression of SAG12 (senescence-associated gene) was assayed as a molecular marker for 

natural-induced senescence. This gene encodes a cysteine protease (Lohman et  al.  1994) and is 

expressed as a consequence of natural aging of tissues (Noh and Amasino 1999). As expected, a high 

level of SAG12 transcripts was detected in yellow leaves under low light conditions but their amounts 

were  strongly  reduced  after  exposure  of  such  leaves  to  light  stress  (Figure  11A).  The  SAG12 

transcripts  were  neither  detected in  red nor  in  green leaves,  both  under  low light  or  light  stress 

conditions (Figure 11A). 

Immunoblot  analysis  revealed  that  the  accumulation  of  Elip1  and  Elip2  in  thylakoid  membranes 

followed the induction of corresponding transcripts only in green leaves exposed to light stress but not 

in red or yellow leaves (compare Figure 11A and 11B). In red and yellow leaves exposed to light stress 

much lower amounts of Elip1 were detected in the thylakoid membrane as compared to green leaves, 
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although its transcripts were induced to a higher extent. Only traces of Elip2 were detected in thylakoid 

membranes of red and yellow leaves exposed to light stress, and these amounts did not correlate with

the high level of Elip2 transcripts induced in yellow leaves (compare Figure 11A and B). As expected 

no Elip1 and Elip2 were detected in green, red or yellow leaves exposed to low light intensity.

For comparison, the levels of Lhcb2 and D1 protein from PSII reaction center were assayed in 

green, red and yellow leaves under the same experimental conditions. The results revealed (Figure 

11B) that the amount of Lhcb2 decreased to a different extent in red and yellow leaves as compared 

with green leaves. While red leaves still contained the significant amount of Lhcb2, a strongly reduced 

level of this protein was assayed in yellow leaves. No significant differences in the amount of Lhcb2 

were detected in low or high light-treated green, red and yellow leaves (Figure 11B). Comparable 

amounts of D1 protein were detected in green and red leaves but its level was strongly reduced in 

yellow leaves (Figure 11B).  As reported before (Andersson and Aro 2001) the exposure of green 

leaves to light stress led to reduced amounts of D1 protein, when its degradation exceeded the rate of 

its de novo synthesis. A similar effect was assayed in yellow leaves where only traces of D1 protein 

Figure 11: Differential expression of Elip1 and Elip2 in green, red and yellow Arabidopsis leaves. 
Mature green (green), light stress-preadapted (red) or senescent (yellow) leaves were exposed to low light (C, control, 
100 µmol.m-2 s-1) or high light (HL, 1.800 µmol.m-2 s-1) conditions for 3 h.
A: Quantification of the transcript level assayed by dot blot hybridization. The amount of Elip1 and Elip2 transcripts 
detected  in  green  leaves  exposed  to  HL was  set  as  100%.  As  a  molecular  marker  for  natural  senescence  the 
accumulation of SAG12 (senescence associated gene 12, encoding a cysteine protease) transcript was assayed under 
the same conditions and the maximal value was set as 100%. 
B: Immunoblot analysis using thylakoid membranes isolated from green, red and yellow leaves. For comparison, the 
level of the major Lhcb2 and the D1 protein of PSII reaction center (D1), are shown. The level of 27 kDa unknown 
protein stained with Coomassie blue confirmed an equal gel loading. 
C: Analysis of polysome-bound (bound) and -free (free) RNAs for Elip1 and Elip2 assayed by dot blot hybridization. 
Signals obtained with 2.5 µg RNAs are shown in this panel. 
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were  detected  under  light  stress  conditions  (Figure  11B).  Surprisingly,  the  amount  of  D1  protein 

present in low light-exposed red leaves was unaffected by the light stress treatment. 

The discrepancy between transcript and protein levels for Elip1 and Elip2 in red and yellow 

leaves suggests the existence of a posttranscriptional control in the expression of both genes. This 

posttranscriptional  regulation  can  occur  at  translational  or  posttranslational  levels.  To  investigate 

whether  Elip1 and Elip2 transcripts  induced in  red and yellow leaves by  light  stress are  actively 

translated  we  analyzed  the  distribution  of  mRNAs  between  polysome-bound  and  –free  fractions 

(Figure 11C). For comparison, polysomal fractions from green leaves exposed to light stress were also 

analyzed. Our results revealed (Figure 11C) that the vast majority of Elip1 mRNAs induced by light 

stress in green and red leaves and Elip2 mRNAs induced in green and yellow leaves was found to be 

bound to polysomes and to be actively translated. Only traces of these transcripts were detected in the 

polysome-free fractions. However, in yellow leaves the significant amount of Elip1 mRNAs was found 

as free RNAs. 

2.4.4. Analysis of Pigments, PSII Activity and Oxidation of Proteins in Light Stress-Preadapted 

and Senescent Leaves

It was shown (Adamska et al. 2001) that the insertion of Elips into isolated membranes from barley 

depended on chl  a. Thus, low chl content in yellow leaves could explain low amounts of Elip1 and 

Elip2 as compared to an enhanced level of their transcripts under light stress conditions. It was also 

reported that  anthocyanins act  as a pigment  screen protecting the photosynthetic apparatus from 

excess light energy (Feild et al. 2001). This could be a reason for the low Elip2 content in red leaves. 

To  test  these  two  possibilities  we  performed  pigment  analysis  in  green,  red  and  yellow  leaves, 

measured the maximal PSII efficiency and assayed the oxidation status of proteins as an indication for 

photoprotection (Figure 12 A-D). 

Pigments (chls, carotenoids and anthocyanins) were isolated from control leaves and their 

identity  was  confirmed  by  the  measurement  of  absorption  spectra  in  80%  acetone  (chls  and 

carotenoids) or in a methanol-based solvent (anthocyanins) (Figure 12 A and B). Quantitative analysis 

of  pigments demonstrated (mean values for three independent experiments are given below) that 

green leaves contained 18.5 µg cm-2 chl a, 9.39 µg cm-2 chl b,  2.53 µg cm-2 carotenoids and 0.02 µg 

cm-2 anthocyanins. The pigments in red leaves consisted of 3.98 µg cm-2 chl a, 1.79 µg cm-2 chl b, 1.18 

µg cm-2 carotenoids and 1.42 µg cm-2 anthocyanins. Yellow leaves contained 2.03 µg cm-2 chl a, 1.19 

µg cm-2 chl b, 0.83µg cm-2 carotenoids and 0.21 µg cm-2 anthocyanins. This demonstrated that in red 

leaves  chl  and carotenoid  content  was reduced to  approximately  20% and 45%, respectively,  as 

compared to values assayed in green leaves. Even more drastic reduction of the pigment content was 

measured in yellow leaves, where only 10% of chl and 30% of carotenoid contents were assayed. Also 

the anthocyanin content differed between green, red and yellow leaves. While green leaves contained 

almost not detectable amounts of these pigments, their content in red leaves was very high (set as 

100%) and yellow leaves contained approximately 14% of the amounts measured in red leaves.

In order to test whether red leaves showed a better protection of photosynthetic apparatus 

against light stress due to the accumulation of anthocyanins we measured the photosynthetic activity 

before and after the exposure to light stress. The similar measurements were performed for green and 

yellow  leaves  for  comparison.  The  results  revealed  that  the  photosynthetic  activity  assayed  as 

changes in chl fluorescence induction kinetics and expressed as Fv/Fm was clearly reduced after 
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exposure of all three types of leaves to light stress (not showed). However, only minor differences 

were observed between green (6.5% of Fv/Fm decrease after light stress exposure) and red leaves 

(6.0% of  Fv/Fm  decrease  after  light  stress  exposure),  while  yellow  leaves  showed  a  significant 

decrease in the Fv/Fm ratio after light stress treatment (14.4%). 

Protein  oxidation  results  mainly  in  introduction  of  carbonyl  groups,  which  can  be  easily 

detected.  We measured the oxidation status of  proteins in green,  red or  yellow leaves that  were 

exposed at low or high light conditions (Figure 12C and D). The results revealed that several oxidized 

proteins were detected in green leaves and their  content increased dramatically in yellow leaves. 

Several additional oxidized proteins were detected in green leaves under high light conditions (Figure 

12C). Interestingly, only few oxidized proteins were detected in red leaves and their content did not 

change significantly after the light stress treatment. A Coomassie blue stained immunoblot membrane 

showed as a control confirmed that the equal amount of proteins was loaded in each line (Figure 12D). 

The diffused protein pattern in samples isolated from yellow leaves results from their modification by 

photooxidation.

Figure 12: Pigment analysis and oxidation status of proteins in green, red and yellow Arabidopsis leaves
A: Absorption spectra of chl and carotenoids. 
B: Absorption spectra of anthocyanins. Total pigments were extracted from leaf discs (12 mm diameter) excised 
from mature green (green), light stress-preadapred (red) or senescent (yellow) leaves and incubated in the dark for 
24 h at  4°C in  1  ml  of  80% acetone (chls  and carotenoids)  or  3 M mixture  of  HCl/H2O/MeOH,  1/3/16,  v/v/v, 
(anthocyanins). 
C: Oxyblot showing the oxidation level of proteins in green, red and yellow leaves exposed to low light (C, control, 
100  µmol.m-2 s-1) or high light (HL, 1.800 µmol.m-2 s-1) conditions for 3 h. Protein extracts were treated with an 
oxidation detection reagent (lanes 1) or a control reagent (lanes 2) included into the Oxyblot Kit according to the 
manufacturers protocol prior to the separation by a 14% SDS-PAGE and immunoblotting. 
D: Coomassie blue staining of the corresponding membrane as described in (C).

32



2.5. Discussion

2.5.1. Differential Expression of Elip1 and Elip2 in Green Arabidopsis Leaves Exposed to Light 

Stress Is Regulated at the Transcript Level

We showed that the accumulation of Elip1 and Elip2 transcripts and proteins was induced in a light 

intensity dependent manner but the induction kinetics differed for both genes. While Elip1 transcripts 

and  proteins  accumulated  almost  linearly  with  increasing  light  intensities,  the  induction  of  Elip2 

transcript  and  proteins  occurred  stepwise.  Furthermore,  much  higher  photon  fluency  rates  were 

required for elip2 than elip1 gene for a comparable expression level. While significant amounts of Elip1 

transcripts and proteins were induced already at 500  µmol  m-2 s-1,  a comparable amount of Elip2 

transcripts and proteins were detected only at 1.500 µmol m-2 s-1 (Figure 10). The induced Elip1 and 

Elip2  transcripts  were  simultaneously  translated  into  correspondent  proteins  that  accumulated  in 

thylakoid membranes.

The differential expression of four Hli (high light-induced) A-D proteins, related to higher plants 

Ohps, was reported for the cyanobacterium Synechocystis PCC6803 (He et al. 2001) and for Elip1 

and Elip2 during photomorphogenesis of  Arabidopsis seedlings (Harari-Steinberg et al.  2001). The 

HliA,  HliB  and HliC proteins rapidly  accumulated in  high light,  but  while  the level  of  HliC  protein 

remained high for at least 24 h, the level of HliA and HliB proteins began to decline already after 

9-12 h of light stress exposure. The HliD protein was transiently expressed in high light and was not 

detected 24 h after beginning of illumination (He et al. 2001). Thus, the differential expression of Elip 

family  members  under  light  stress  conditions  seems  to  be  very  conserved  for  prokaryotic  and 

eukaryotic organisms.

A differential expression of  elip1 and elip2 genes might be connected with the differences in 

their promoter regions. It was reported that the transcription factor HY5 promotes the light induction of 

elip1  but not  elip2 gene during greening of etiolated  Arabidopsis seedlings (Harari-Steinberg et al. 

2001).  HY5 is  a  bZIP transcription factor  that  binds directly  to  G-box  in  DNA sequences  of  light 

responsive  promoters  (Chattopadhyay  et  al.  1998).  Using  the  PlantCARE (Cis-Acting  Regulatory 

Elements)  database  (http://bioinformatics.psb.ugent.be/webtools/plantcare/html)  we  performed 

searches  for  cis-acting  elements  present  in  promoters  of  elip1 and  elip2 genes  that  have  been 

identified  as  components  of  light-responsive  elements  (LRE)  in  photosynthetic  genes.  It  was 

postulated that the combination of at least two elements is required to confer light responsiveness 

(Martínez-Hernández et al. 2002). We found the LRE composed of three GATA motifs located between 

the CCAAT (-875 bp) and TATA (-538 bp) boxes in elip2 but not in elip1 promoter region, which might 

explain different light stress responses assayed for both genes

2.5.2.  Differential  Expression  of  Elip1  and  Elip2  in  Light-Stress  Preadapted  or  Senescent 

Arabidopsis Leaves Exposed to Light  Stress Is  Independently  Regulated at  Transcript  and 

Protein Levels

We demonstrated that the transcript level for Elip1 in red and yellow leaves exposed to light stress 

increased  2-  or  6-fold,  respectively,  as  compared with  green leaves,  the protein  level  was  down 

regulated. Also the enhanced level of Elip2 transcripts present in yellow leaves exposed to light stress 

was not accompanied by the accumulation of the corresponding protein. These reduced amounts of 

Elip1 and Elip2 proteins were posttranslationally regulated since the majority of induced RNAs were 
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actively translated. It was shown in the past that chl  a is crucial for the stable insertion of Elips into 

plastid  membranes  of  barley  (Adamska  et  al.  2001).  Furthermore,  the  amount  of  inserted  Elip 

increased almost linearly with chl concentration. Thus, it is possible that a strongly reduced chl content 

in  red or  yellow  leaves  limited  the  accumulation  of  Elip1  and Elip2 in  thylakoid  membranes and 

promoted their degradation.

Investigation of the global gene expression pattern in naturally senescing leaves of  Populus 

tremula revealed  that  transcripts  for  Elips,  together  with  those  for  metallothioneins  and  cysteine 

proteases, were the most abundant (Bhalerao et al. 2003). Also significant amounts of Elip transcripts, 

but not proteins, accumulated in senescing leaves of some pea cultivars under low light conditions and 

the exposure to light stress resulted in a massive accumulation of Elip transcripts and proteins (Noren 

et al. 2003). Accumulation of Elip transcripts and proteins were reported also in artificially induced 

senescence of detached tobacco leaves kept at low light intensities (Binyamin et al. 2001). In contrast 

to these reports no Elip1 or Elip2 transcripts or proteins were detected in senescent yellow leaves of 

Arabidopsis under  low  light  conditions.  This  suggests  that  the  expression  of  elip genes  during 

senescence  is  a  species  specific  response  and  has  no  significal  physiological  relevance  in 

Arabidopsis.

Our data revealed that red leaves contained very high amounts of anthocyanins as compared 

with green or yellow leaves. Although the role of anthocyanins is not very well  understood, it was 

postulated that they could be involved in several protective mechanisms, including the modification of 

the quantity and quality of light (Barker et al. 1997), the protection from photoinhibition (Gould et al. 

1995;  Dodd  et  al.  1998)  and  the  scavenging  of  reactive  oxygen  intermediates  under  stressful 

environments  (Yamasaki  1997;  Sherwin  and  Farrant  1998).  It  is  also  believed  that  anthocyanins 

protect shade-adapted chloroplasts from brief exposures to high intensities of sunlight (Gould et al. 

2000).  Our  results  demonstrated  that  the  high  level  of  anthocyanins  in  red  leaves  protected  the 

photosynthetic  machinery  from light  stress  damage.  A much  lower  photoinactivation  of  PSII  was 

assayed by measurements of changes in variable chl fluorescence after exposure of such leaves to 

light stress as well as a lower degree of photodamage of D1 protein of PSII reaction center. Also the 

photooxidation status of proteins was much lower in red leaves as compared with green or yellow 

leaves. 

Anthocyanins absorb mainly light between 270 to 290 nm (UV-B), 310 to 320 nm (UV-A) and 

500 to 550 nm (green light) (Barker et al. 1997). It was previously reported that the induction of Elips in 

pea  leaves  exposed  to  light  stress  is  controlled  by  a  blue  light  receptor  of  cryptochrome-type 

absorbing blue and ultraviolet-A (UV-A) light (Adamska et al. 1992). A massive accumulation of Elips 

was reported also in pea plants exposed to low levels of UV-B (Sävenstrand et al. 2004). Thus, we can 

assume that low amounts of Elip2 transcripts in red leaves as compared with green or yellow leaves 

were a consequence of a reduced photon fluency rate reaching a photoreceptor that was sufficient for 

induction of elip1 but not for elip2 gene (see Figure 10).

2.5.4. Accumulation of Elip1 and Elip2 in mLhcb and tLhcb Populations

There is only very limited information available on the intrathylakoid location of Elip family members. It 

was demonstrated that Elip from pea is located in PSII (Adamska and Kloppstech 1991), while Ohp2 

from Arabidopsis is associated with PSI (Andersson et al. 2003). A high-molecular mass Elip complex 

of 100 kDa with unidentified thylakoid membrane components was reported to exist in barley under 
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combined light and cold stress conditions (Montane et al. 1999). A similar high molecular mass Elip 

complex  composed  of  several  unidentified  polypeptides  of  24-26  kDa  was  found  in  pea  leaves 

exposed  to  light  stress  (Adamska  et  al.  1999).  Here  we  demonstrated  that  Elip1  and  Elip2  in 

Arabidopsis are both located in LHCII and distributed with an equal ratio between mLhcb and tLhcb. 

On the basis of these data we can expect that the previously reported Elip complex might represent 

Elips/tLhcb. However, it is still unclear whether Elips are attached to the preexisting homo- or hetero-

tLhcb or/and form heterotrimers with Lhcb1, Lhcb2 or Lhcb3. 

Based  on  past  expression  and  localization  studies  it  was  proposed  that  Elips  might  be 

involved in binding of chls released during proteolytic degradation of photodamaged D1 protein from 

PSII (Adamska et al. 1991) and/or proteolysis of LHCII (Lindahl et al. 1997). Both, the outer population 

of LHCII and damaged PSII migrate from the grana stacks to the stroma lamellae of the thylakoid 

membrane and this is in agreement with the location of Elips in non-appreassed regions of thylakoid 

membranes (Adamska and Kloppstech 1991). 

It was shown that high intensity light induces the monomerization of tLhcb (Garab et al. 2002) 

prior to its degradation (Lindahl et al. 1995). It has been proposed that the trimeric form of Lhcb is 

protected  from degradation  due  to  a  close  interaction  between the  N-terminal  parts  of  the  three 

mLhcb, which hide the protease recognition site (Yang et al. 2000). Thus location of Elips in mLhcb 

(subjected to degradation)  and tLhcb (photodamaged) is consisted with the function proposed for 

these  proteins.  This  scenario  would  also  explain  a  higher  content  of  Elips  pro  tLhcb  during  the 

prolonged light stress treatment.

Based on our data we can assume that the function of Elip1 and Elip2 in Arabidopsis is not redundant 

but  connected  to  light  stress  protection  during  different  stages  of  the  light  stress  treatment.  Our 

expression data suggest that Elip1 is involved in more basic light stress defense than Elip2, which 

accumulates at much higher photon fluency rates.
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Chapter 3: Manuscript 2

LOCALISATION OF EARLY-LIGHT-INDUCED PROTEINS IN THE THYLAKOIDAL MEMBRANE 

Verena Reiser#, Dmitry Galetskiy*, Iuliana Susnea*, Roswitha Miller-Sulger#, Michael Przybylski* and 

Iwona Adamska#.

#Department  of  Physiology  and  Plant  Biochemistry,  University  of  Konstanz,  DE-78457 Konstanz, 

Germany,  *Department  of  Analytical  Chemistry  and  Biopolymer  Structure  Analysis,  University  of  

Konstanz, DE-78457 Konstanz, Germany.

3.1. Summary

Eukaryotic  photosynthetic  organisms  and  cyanobacteria  respond  to  light  stress  by  transient 

accumulation of light stress proteins from the Elip (early light induced protein) family. Elips in higher 

plants are nuclear-encoded proteins located in the thylakoid membranes and related to the chlorophyll 

a/b-binding proteins of photosystem I and II. The Elip-family consists of three types of proteins: Elips 

(early light-induced proteins),  Seps (stress-enhanced proteins) and Ohps (one-helix proteins).  It  is 

assumed that Elip-family members participate in binding of free chlorophyll molecules released during 

the degradation of pigment – protein complexes under stress conditions. Thereby they might prevent 

the formation of free radicals and / or are acting as sinks for excess excitation energy. Ohps are known 

associate with PSI and Elips and Seps with the Light-harvesting complex of PSII (LHCII). Here we can 

show a more detailed localisation of Elip family. We show that Ohp2 localise in the vicinity of the PSI 

core complex. Elip1 was found in the inner monomeric part of the LHCII, whereas Sep2 was bound in 

the outer trimeric antenna system. MS- analyses of the different Elip complexes revealed that also 

another stress-induced protein fibrillin was located in these complexes.  
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3.2. Introduction

The antenna of photosystem II (PSII) is composed of the core pigment-protein complexes, CP47 and 

CP43, and the light-harvesting complex II (LHCII)  (Green and Durnford 1996). The latter is divided in 

to minor monomeric antenna composed of Lhcb4 (CP29), Lhcb5 (CP26) and Lhca6 (CP24) and the 

major antenna composed of Lhcb1-3. The major antenna is either tightly associated with the PSII core 

complex or forms an outer pool at more distant locations relative to PSII that is loosely bound (Bassi 

and Dainese 1992; Drepper et al. 1993; Vink et al. 2004; Consoli et al. 2005). This pool can reversibly 

dissociate/associate with PSII during the process of state transition (Allen and Forsberg 2001; Haldrup 

et al. 2001; Wollmann 2001). Recent crystallization of spinach (Spinacia oleracea) LHCII revealed that 

the basic structural and functional unit of the major antenna is the trimer (Liu et al. 2004).

These trimers are composed of mixtures of Lhcb1-3 proteins and bind approximately 60% of 

the PSII chlorophyll (Peter and Thornber 1991). Each PSII reaction center is associated with two to 

four trimers depending on plant material and light conditions. The LHCII antenna is associated with a 

dimeric reaction center core (C2) to give rise to a highly conserved structural unit, the C2S2 LHCII-PSII 

supercomplex,  consisting of  two copies each of CP26,  CP29, and two LHCII  trimers (reviewed in 

Dekker and Boekema 2005). Further antenna complexes associate with this supercomplex to give rise 

to C2S2M2 supercomplexes, which contain in addition two copies of CP24 and two additional LHCIIb 

trimers. In the grana membranes, supercomplexes are associated to form various megacomplexes, 

sometimes in higher-order semicrystalline arrays (Boekema et al. 2000).

Past reports revealed that 20 different chlorophyll a/b binding (Cab) proteins are encoded by 

the genome of  Arabidopsis thaliana (Jansson 1999). Based on the three-dimensional (3D) structure 

determined at 3.4 Å (Kühlbrandt et al. 1994) and 2.72 Å (Liu et al. 2004) resolution for one member of 

the Cab family from higher plants, it was proposed that all Cab proteins in higher plants and green 

algae have three transmembrane α-helices, where helices I and III are evolutionarily related to each 

other and held together by ion pairs formed by charged residues.

Several distant relatives of the Cab protein family with conserved chlorophyll-binding residues 

and a transient  expression pattern related to  various stress conditions have been described from 

higher plants, algae and cyanobacteria (Adamska 2001). These distant relatives include: a four-helix 

PsbS protein of PSII (Funk 2001) and a family of proteins called Elips (early light-induced proteins) 

(Montané and Kloppstech 2000; Adamska 2001). The Elip family consists of three-helix Elips (Grimm 

et al. 1989), two-helix Seps (stress-enhanced proteins) (Heddad and Adamska 2000) and one-helix 

Ohps (one-helix proteins) (Jansson et al. 2000; Andersson et al. 2003), called also Hlips (high light-

induced  proteins)  (Dolganov  et  al.  1995)  or  Scps  (small  chl  a/b-binding-like  proteins)  (Funk  and 

Vermaas 1999) in prokaryotic organisms. While transcription of Elip genes and protein accumulation is 

only induced under light stress conditions, Seps and Ohps are present also in the absence of light 

stress but  their  transcript  and protein  levels  increased during illumination with  high intensity  light 

(Heddad and Adamska 2000; Andersson et al. 2003). The accumulation of Elips increased almost 

linearly  with  increasing  light  intensity  (Adamska  et  al.  1991;  Pötter  and  Kloppstech  1993)  and 

correlated with the degree of photoinactivation and photodamage of PSII reaction centers (Heddad et 

al. 2006). It was reported that other stress conditions trigger a transient induction of these proteins in 

various plant species (Adamska 2001).
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It  was demonstrated that  Elip1 and 2 in  A. thaliana are located within the light-harvesting 

complex (Lhc) of PSII (Heddad et al. 2006) while Ohp2 was found in PSI (Andersson et al. 2003). 

Recently,  it  was  reported  that  Scps  in  cyanobacteria  are  associated  with  the  monomeric 

photodamaged PSII (Yao et al. 2007). 

Isolation  of  Elip  from  light-stressed  pea  leaves  and  analysis  of  pigments  confirmed  the 

theoretical expectation that this protein binds chlorophylls (chls). Chl a and also lutein were detected in 

the purified Elip fraction (Adamska et  al.  1999).  However,  very  unusual  pigment composition and 

pigment-binding characteristics were reported for isolated Elips, such as a weak excitonic coupling 

between chl  a molecules and an extremely high lutein content as compared with other Cab proteins 

(Adamska et al. 1999). Based on these features it was proposed that Elips are not involved in light-

harvesting  but  play  a  protective  role  within  the  thylakoids  under  light  stress  conditions  either  by 

transiently binding free chl molecules and preventing the formation of free radicals and/or by acting as 

sinks for excitation energy (Montané and Kloppstech 2000; Adamska 2001). A similar photoprotective 

function was demonstrated for the PsbS protein (Li et al. 2000). 

Here, we investigated the localisation of different Elip family members within the thylakoidal 

membrane. We could confirm that Ohp2 is located in PSI. Sep2 and Elip1 were found to be located in 

different subcomplexes of the LHCII. Sep2 was mainly associated with Lhcb proteins from the outer 

trimeric antenna, whereas Elip1 proteins were found bound to the inner monomeric LHCII. In all of the 

Elip subcomplexes we also found another stress induced protein group, fibrillins.    

3.3. Material and Methods

3.3.1. Plant Growth and Stress Conditions

Arabidopsis thaliana L. ecotype Columbia were grown in a growth chamber on soil at 25°C at a photon 

flux density of 100 µmol of photons m-2s-1 at a light regime 8-h light/16-h dark. Light stress treatment 

was  performed  on  mature  leaves,  detached  from  4-  to  5-week-old-plants,  floated  on  water  and 

exposed to a light intensity of 2,000 µmol of photons m-2s-1 for different times as mentioned in figures 

using a fluorescent light source (HQI-E bulb, 400 W/D; Osram, Regensburg-Burgweinting, Germany). 

The spectrum of the lamp covered a visible light region from 380 nm to 720 nm. The temperature of 

the water  was kept  constant  between 22 and 25°C.  Photon fluency rates were measured with  a 

photometer (Skye, Techtum Laboratory AB, Umeå, Sweden).

3.3.2. Isolation of Elip1 and Sep2 Subcomplexes

Elip1 and Sep2 subcomplexes were isolated from one-month-old A. thaliana leaves exposed to a light 

intensity of 2,000 µmol m-2 s-1 (high light conditions) for 3 h. As a control, leaves were incubated under 

the same experimental conditions at a light intensity of 100 µmol m-2 s-1  (low light conditions). The 

thylakoid  membrane  preparations  were  performed  according  to  Eshagi  et  al.  (1999).  Obtained 

thylakoid membranes were resuspended  to 0.5 mg Chl/ml in buffer containing 25 mM MES, pH 6.0, 

10 mM NaCl, 5 mM MgCl2 and 2 M betaine supplemented with 20 mM n-dodecyl ß-D-maltoside (DM) 

and disrupted by 6 strokes of a glass homogenizer for 10 – 20 s. 700 µl of the homogenate was 

loaded on the top of the sucrose density gradient (0-8% w/v sucrose, 2 M betaine, 25 mM MES pH 
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5.7, 10 mM NaCl, 5 mM CaCl2  and 0.5% w/v DM) that was formed by a freezing (2 h at –80°C) and 

thawing (5-10 min at 25°C) cycles. After centrifugation at 27,000 rpm for 12 h at 4°C the gradient 

contained two green bands. The gradient fractions were collected in 1 ml aliquots, 100 µl of each 

aliquot were precipitated with 5% w/v TCA (final concentration) and analyzed for the Elip1 and Sep2 

content  using western blotting (see below).  The Elip1 and Sep2-containing fractions (upper green 

band)  were  pooled  together,  concentrated  by  size-exclusion  centrifugation  (vivaspin  columns; 

exclusion size 10 kDa, Satorius,  Epdsom, United Kingdom) and loaded on a gel  filtration column 

(Superdex 200 10/300 GL, Amersham). The complexes were eluted with the buffer containing 100 mM 

NaCl, 50 mM Tris/HCl pH 8.0 and 0.05% DM at the flow rate of 0.3 ml/min.  Three major peaks in 

terms of absorption at 280 nm were resolved during elution: one at the elution volume of 11 ml (peak 

1), a second of 12.6 ml (peak 2) and a third of 14.1 ml (peak 3). The fractions of each peak were 

pooled together, precipitated with 5% w/v TCA (final concentration) and examined for the Elip1 and 

Sep2 content. The results revealed that the peak 1 contained Sep2, whereas the peak 2 contained 

Elip1. For the two dimensional (2D) polyacrylamid gel electrophoresis (PAGE) and mass spectrometry 

(MS)-analysis  fractions  of  peak 1  and peak  2  were pooled separately  and concentrated by  size-

exclusion centrifugation as described above. The protein concentration of each peak was determined 

according to Bradford (1976). Aliquots of 60 µg protein were precipitated using the 2-D-gel purification 

kit (GE healthcare) according to the manual or were subjected to western blotting (see below).

3.3.3. Isolation of the Ohp 2 Subcomplex

The thylakoids were prepared as described above. Thylakoid membranes were resuspended in water 

at a chl concentration of 0.8 mg/ml, 10% (w/v) DM was added to a final concentration of 0.9% and the 

mixture was incubated for 20 min on ice. The solubilized thylakoids were centrifuged at 20,000 g for 20 

min (4°C) and the clear supernatant  (about 700 µl)  was loaded on 0-10 % (w/v)  sucrose density 

gradients containing 5 mM Tricine pH 8.0 and 0.05% DM. The gradients were centrifuged at 170,000 g 

(32.000 rpm in SW40Ti) for 17 h at 4°C. After centrifugation gradients showed two major green bands; 

the upper  band  contained the  PSII  complex  and the lower  band  the PSI  complex.  Western  blot 

analysis  revealed  that  the  Ohp2  was  found  in  the  PSI  band.  The  PSI-containing  fractions  were 

harvested,  concentrated  and  loaded  on  the  Superdex  200  gel  filtration  column.  Separation  was 

performed as described for the Elip1 and Sep2 complex above. Two main peaks in terms of absorption 

at 280 nm were resolved. Western blot analysis revealed that Ohp2 was detected in the second peak 

(peak 2).  The peak 2 fractions were pooled together,  concentrated and prepared for MS-analysis 

according to the manual provided for the 2D-gel purification kit.

3.3.4. Protein Separation and Analysis

Proteins obtained after gelfiltration were pooled together, concentrated by size-exclusion centrifugation 

(vivaspin columns; exclusion size 10 kDa) and separated by SDS-PAGE (Laemmli, 1970) generally 

using  14%  polyacrylamide  mini  gels  (Biorad  mini  gel  system).  Immunoblotting  was  carried  out 

according to Towbin et al. (1979) using polyvinylidene difluoride membranes with 45-µm pores (PVDF, 

Amersham  Biosciences,  Uppsala,  Sweden)  and  enhanced  chemiluminescence  (ECL,  Amersham 

Biosciences)  as  the detection system.  Isoelectric  focusing (IEF)  was carried out  with  a  Multiphor 

horizontal electrophoresis system (Amersham Biosciences) using 17 cm IPG strips (pH 4-7 linear), 
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with  the  sample  applied  overnight  by  the  in-gel  rehydration  method.  60  µg  of  the  sample  were 

dissolved  in  the  rehydration  solution  consisting  of  7  M  urea,  2  M  thiourea,  4  %  (v/v)  3-[(3-

cholamidopropyl)-dimethylammonio]propanesulfonate (CHAPS), 0.3 % (w/v) DTT, 2 % (w/v) Servalyte 

4-7, 40 mM TRIS-BASE and trace amounts of bromophenol blue. The rehydrated strip was run in the 

first dimension for about 30 kVh at 20°C. After the IEF step, the IPG strip was equilibrated for 40 min in 

6 M urea, 30 % (v/v) glycerol, 2 % (w/v) SDS, 0.05 M Tris-HCl (pH 8.8), 1 % (w/v) DTT and a trace of 

bromophenol  blue,  then  for  20  min  in  the  same solution  but  with  DTT replaced  by  4.5  % (w/v) 

iodoacetamide.  The  2D  separations  were  carried  out  with  a  Bio-Rad  Protean  II  xi  vertical 

electrophoresis system using 12 % SDS-PAGE self- made gels (1.5 x 200 x 200 mm). The strip placed 

on  the  vertical  gel  was  overlaid  with  0.5  %  (w/v)  agarose  dissolved  in  the  SDS  running  buffer 

composed of  25  mM Tris-HCl,  pH 8.3,  192  mM glycine and 0.1  % (w/v)  SDS and subjected to 

electrophoresis at 25 mA pro gel for 30 minutes and 40 mA pro gel until the tracking dye reached the 

anodic  end  of  the  gel.  Proteins  were  visualized  by  high-sensitive  colloidal  Coomassie  Blue  and 

scanned using a Bio-Rad GS-710 calibrated imaging densitometer.

3.3.5. In-gel Digestion and Peptide Extraction

Gel  bands  were  excised,  destained  using  acetonitrile:  H2O  (v:v,  3:2)  and  50  mM  ammonium 

bicarbonate. Then 40 µL of Trypsin solution (12.5 ngml-1 trypsin in 50 mM NH4HCO3) was added and 

incubated for 45 min at 4 °C. After removing the reaction solution, 100 µL of buffer without protease 

was added and the reaction continued for 20 hours at 37 °C. The solution was then lyophilized and 

desalted using the C18-ZipTip (Millipore, U.S.A.).

3.3.6. Antibody Sources

Polyclonal  antibodies  were  raised  against  the  recombinant  Sep2  from  A.  thaliana expressed  in 

Escherichia coli. The full-length Sep2 cDNA without start and stop codons was amplified using a pair 

of primers 5´-GCT ATG GCT ACG CGA GCG ATT-3´ and 5´-AAG ATC ATC AGA CCA ATC ACT-3´ and 

cDNA plasmids (Heddad and Adamska 2000) as templates. The Sep2 protein was expressed in E. coli 

strain Top10 as a fusion protein with the N-terminal–attached thioredoxin and the C-terminal-attached 

His-tag (His6) using a kit (pBAD/Topo®ThioFusion™ Expression system, Invitrogen, Groningen, the 

Netherlands), according to the manufacturer’s protocol. Cells were grown to an OD600 of 0.5 at 37°C 

and  then the  expression  of  the  recombinant  protein  was induced  by  adding  arabinose  to  a  final 

concentration of 0.2 % (w/v). Four hours after the induction, cells expressing recombinant Sep2 were 

harvested,  frozen  in  liquid  nitrogen,  thawed  and  cell  pellets  were  resuspended  in  lysis  buffer 

containing 50 mM NaH2PO4 (pH 8.0), 300 mM NaCl and 1 mM imidazole prior to their disruption by 

sonication. Recombinant Sep2 was purified under native conditions by affinity chromatography on Ni-

NTA-agarose (Qiaexpress, Qiagen GmbH, Hilden, Germany) and eluted from the column with 50 mM 

NaH2PO4 (pH 8.0), 300 mM NaCl and 10 mM imidazole. The Sep2 fractions were separated by SDS-

PAGE and transferred to a nitrocellulose membrane (Protran®, Schleicher & Schuell GmbH, Dassel, 

Germany) prior to raising polyclonal antibodies in rabbits (BioGenes, Berlin, Germany).

Polyclonal  peptide antibodies raised against Elip1 (amino acid 48-60, EGGPTNEDSSPAP) 

and Elip2 (amino acid 45-57, QGDPIKEDPSVPST) from A. thaliana were used in our studies (Heddad 
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et al. 2006). The peptides were conjugated to KHL (keyhole limpet hemocyanin) carrier protein prior to 

immunization of rabbits. The IgG fraction was purified by affinity chromatography on the G-protein-

sepharose column (AgriSera AB, Vännäs, Sweden). Polyclonal antibodies against Ohp2 were raised 

as described (Andersson et al. 2003).

Polyclonal antibodies against Lhc proteins from PSI (Lhca1-4) or from PSII (Lhcb1-6) and the 

A and B subunits of PSI reaction center (CP1) were purchased (AgriSera AB, Vännäs, Sweden).

3.3.7. MALDI-FT-ICR Mass Spectrometry

MS analysis was performed with an APEX II FT-ICR instrument equipped with an external Scout 100 

MALDI source with pulsed 337 nm nitrogen laser,  pulsed collision gas (Bruker  Daltonik,  Bremen, 

Germany).  Mass  spectra  were  acquired  in  the  mass  range  from  m/z  500  to  4500.  The  mass 

spectrometer was calibrated externally within an m/z range between 500 and 4000 using a standard 

peptide  mixture.  A 20  mg/ml  solution  of  2,  5-dihydroxybenzoic  acid  (DHB,  Aldrich,  Germany)  in 

acetonitrile: 0.1% (v/v) aqueous trifluoroacetic acid (v:v, 2:1) was used as the matrix. A mixture of 0.5 

µl matrix solution and 2 µl of sample solution was prepared, applied to the anchor chip target and 

allowed to dry at room temperature.

Lhca and Lhcb proteins were reduced, alkylated, separated by 2D-PAGE using a linear pH 3-7 

gradient strip, and visualized with Coomassie-staining. The protein spots were excised, destained and 

digested with trypsin (see above), and the proteolytic peptide mixtures were analyzed by MALDI-FT-

ICR-MS.  Monoisotopic  masses  of  singly  charged  ions  from the  MALDI-MS data  were  applied  to 

database search (see below). With the MALDI-FT-ICR-MS procedure employed, mass determination 

accuracies were 1-2 ppm at a mass resolution of ca. 100 000. 

3.3.8. Database Search

Mass spectra were deconvoluted DataAnalysis 3.2 software (Bruker  Daltonik,  Bremen, Germany). 

Monoisotopic masses of all singly charged ions were directly used for database search procedures 

using  MASCOT  peptide  mass  fingerprinting  search  engine 

(http://www.matrixscience.com/search_form_select.html)  and  ProFound 

(http://129.85.19.192/profound_bin/WebPro Found.exe). The database employed was NCBInr.
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3.4. Results:

We analysed  the  thylakoid  membrane  localization  of  different  members  of  the  Elip  family  in  A. 

thaliana. We  solubilised  isolated  thylakoid  membranes  with  DM,  separated  the  released 

photosynthetic  complexes  on  a  sucrose  density  gradient  and  analysed  Elip/Sep/Ohp-containing 

subcomplexes by gel filtration prior to immunoblotting and MS (see Figure 13). 

                                        

3.4.1. Localisation of Ohp2 in the subcomplex of PSI

It was shown before (Andersson et al. 2003) and confirmed in these studies that Ohp2 was associated 

with PSI as judged from the sucrose density gradient centrifugation and immunoblotting (data not 

shown). Therefore, we used PS I-containing fractions for gel filtration and separation of potential Ohp2 

subcomplexes. The resulting spectra showed three main peaks with the majority of Ohp2 present in 

peak 2 as detected by immunoblotting (Figure 14 A and 14B). A smaller amount of Ohp2 was present 

in peak 3, while peak 1 contained only traces of this protein (Figure 14 A and 14B). Using antibodies 

against  selected proteins of  the PSI  core complex,  such as PsaA and PsaB subunits or  the PSI 

antenna system, such as Lhca1 and Lhca2 proteins, revealed that peak 1 contained two antenna 

proteins, Lhca1 and Lhca2. Peak 2 contained PSI core complex together with the antenna, and peak 3 

a selected PSI antenna protein, Lhca2 but not Lhca1 (Figure 14B).

Figure  13:  Schematic  illustration  of  the  fractionation  of 
light-stressed and solubilised thylakoids
PSI  or  LHCII  complexes  were  isolated  and  subjected  to 
gelfiltration.  The  obtained  peaks  were  analysed  via 
immunoblotting and 2D gel separation followed by MS.  
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Therefore, we used proteins of peak 2 for further analysis by 2D-PAGE and MS. Eight protein spots 

were stained in 2D-gels (Figure 14C) and their identity was confirmed by MS (Table 1). 

Table 1. Ohp2 subcomplexes of PSI analysed by 2D-PAGE and MS.

Protein identity Spot Nr.
pIgel

(kDa)

MWgel

(kDa)

pIcal.

(kDa)

MWcal.

(kDa)

Sequence

coverage, %
Accession Nr.

Lhcb1 21 5.1 33.0 5.1 25.03 48 gi16374
Lhcb1 22 5.0 33.7 5.1 25.03 28 gi16374
Lhcb1 23 5.0 29.8 5.1 25.03 49 gi16374

ATPase alpha subunit 24 5.3 77.0 5.2 55.37 26 gi5881679
ATPase alpha subunit 25 5.2 71.0 5.2 55.37 26 gi5881679

PAP/Fibrillin family protein 26 5.2 36.5 5.8 30.49 24 gi18403751
PAP/Fibrillin family protein 27 4.9 37.3 5.8 30.49 24 gi18403751

Lhcb1 28 4.8 31.7 5.1 25.03 44 gi16374

The Ohp2 subcomplex of PSI contained mainly four different isoforms of Lhcb1. Additionally, we found 

two isoforms of the alpha subunit of ATPase and of fibrillins. 

Figure 14: Isolation and identification of Ohp2 subcomplexes within PSI
A: Spectrum obtained after gelfiltrating the PSI compex
B: Immunoanalysis of the 3 peaks on their Ohp2 content and with antibodies 
against the core (CP1) and LHCI (Lhca1/Lhca2) 
C: 2-D Gel Seperation of peak2 with followed analysis of the obtained spots 
(see Table 1)
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3.4.2. Localisation of Elip1 and Sep2 in subcomplexes of PSII

As investigated before, Seps (M. Heddad and I. Adamska, unpublished results) and Elips (Adamska 

and Kloppstech 1991; Heddad et  al.  2006) are associated with PSII.  Using green native gels we 

showed that Elip1 and Elip2 were found in monomeric and trimeric LHCII under light stress conditions 

but  they  co-isolated with  different  LHCII  subpopulations  as  judged from sucrose density  gradient 

centrifugations (Heddad et al. 2006). To further investigate the location of Elip and Sep we separated 

PSII core complex from the LHCII by sucrose gradient centrifugation, confirmed by immunoblotting the 

presence of Sep2 and Elip1 in the fraction containing the LHCII complex and used these fractions for 

gel filtration and isolation of Sep and Elip subcomplexes. Three main peaks were collected from the 

gel filtration column. Western-blot analysis revealed that peak 1 contained the vast majority of Sep2 

and traces of Elip1, peak 2 contained the majority of Elip1 and traces of Sep2, while neither Elip1 nor 

Sep2 were detected in peak 3 (Figure 15). This suggests that both proteins are located in different 

LHCII subfractions.

Using antibodies against the major (Lhcb1-3) and minor (Lhcb4-6) antenna proteins of PSII we 

showed that  peak  1  contained  mainly  the  major  antenna  proteins.  Traces  of  two  minor  antenna 

proteins, Lhcb4 and Lhcb6, were also found. Peak 2 was composed mainly of Lhcb4 and Lhcb6 minor 

antenna proteins; also smaller amounts of three major antenna proteins were detected (Figure 15). No 

Lhcb5 was detected in both peaks.  Peak 3 did not contain major and minor antenna proteins with the 

exception of small amounts of Lhcb4 (Figure 15). We found Elip1 in peak 2 together with Lhcb4 and 

Lhcb6, whereas Sep2 was present in the peak 1 containing mainly Lhcb1, Lhcb2 and Lhcb3.

We analysed the composition of  peak 1 and peak 2 by 2D-PAGE and MS.  This  analysis 

revealed that peak 1 and 2 contained two different fibrillins, FIB1a and FIB4, the alpha subunit of the 

ATPase and two PETC (photosynthetic electron transfer c)  isoforms. The latter is the Fe-S Rieske 

Figure 15: Immunoblot analysis of Sep2 and Elip1 subcomplexes separated by 
sucrose denity gradient centrifugation and gel filtration 
A: Gelfiltration spectrum from the LHCII complex
B: Western-Blot Analysis of the 3 peaks on their Elip1/Sep2 content
C: Analysis of the three peaks using antibodies against the outer (Lhcb1-3) and inner  
    (Lhcb4-6) antenna system  
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protein of the photosynthetic electron transfer chain. The unknown protein listed has also a fibrillin 

domain in the second half of the amino acid sequence thus it might represent a third fibrillin associated 

with the LHCII (Figure 16A and Table 2). We also analysed the peaks separately to see the differences 

in the Lhcb-composition of these complexes. 

I

In peak 2 we found 5 different Lhchb1 isoforms, which we identified as Lhcb1.1 to Lhcb1.5 

(Figure 16B and 16C), while Lhcb2 was represented by Lhcb2.1 to Lhcb2.4. Additionally we found two 

isoforms of Lhcb3,  two isoforms of Lhcb5 (CP26) and three isoforms of Lhcb6 (CP24). Also both 

fibrillins could be detected in peak 2. In peak 1 we found mainly Lhcb1.1 to Lhcb1.5, Lhcb2.1 to 

Lhcb2.4 and two isoforms of Lhcb3. 

Figure 16: 2D-PAGE analysis of Elip1 and Sep2 subcomplexes 
A: 2-D page analysis of peak 1 and 2
B: 2-D page analysis of peak1
C: 2-D page analysis of peak2 
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Table 2. Elip1 and Sep2 subcomplexes (peak 1 and 2) analysed by 2D-PAGE and MS.

Protein identity Spot  Nr.
pIgel

(kDa)

MWge

(kDa)

pIcal.

(kDa)

MWcal

(kDa)

Sequence

coverage, %
Accession Nr.

Lhcb1 1 5.1 33.0 5.1 25.03 48 gi16374
Lhcb1 2 5.0 33.7 5.1 25.03 28 gi16374
Lhcb1 3 5.0 29.8 5.1 25.03 49 gi16374
Lhcb1 4 4.8 31.7 5.1 25.03 44 gi16374
Lhcb1 8 4.7 32.0 5.1 25.03 29 gi16374
Lhcb1 5 4.8 32.3 5.1 25.03 29 gi16374
Lhcb3 6 4.8 40.0 5.0 28.75 22 gi9759500
Lhcb3 7 4.7 40.0 5.0 28.75 22 gi9759500
Fibrillin (FIB4) 9 4.9 37.3 5.8 30.49 24 gi18403751
PETC 10 6.6 16.1 9.0 22.80 29 gi20147273
PETC 11 6.0 16.1 9.0 22.80 29 gi20147273
ATPase alpha subunit 12 5.3 77.0 5.2 55.37 26 gi5881679
Chlorophyll           A/B-
binding protein-like

13 5.6 31.9 6.0 30.21 40 gi12642916

Chlorophyll  A/B- 
binding protein-like

14 5.4 31.9 6.0 30.21 40 gi21593520

Lhcb6 protein 15 5.2 27.6 6.8 27.50 24 gi4741960
Lhcb6 protein 16 5.3 26.5 6.8 27.50 24 gi4741960
Lhcb6 protein 17 5.1 27.2 6.8 27.50 24 gi4741960
Fibrillin (FIB1a) 20 4.6 43.1 5.4 34.99 23 gi21539543
Unknown protein 19 4.9 41.3 6.2 30.49 23 gi21592536
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3.5. Discussion

In this work we show the different localizations of Elip family members in thylakoidal membranes. It 

was known that the members of the Elips and the Seps associate with PSII and the Ohps with PSI, but 

where  exactly  interaction  occurs  was not  known.  We isolated  subcomplexes  which  harbored  the 

different Elip family members, and analyzed them. 

3.5.1. Ohp2 localisation in PSII antenna associated with PSI

Previously, it was shown that Ohp2 is associated with PSI. Therefore it was proposed that this protein 

is involved in the dynamic reorganization of PSI under light stress conditions that possibly takes place 

in the LHCI (Anderson et al. 2003). Under low light conditions PSI is associated with LHCI, but under 

light stress conditions PSI can also bind mobile parts of the LHCII in the process called state transition 

to balance the electron transport (Allen and Forsberg 2001; Haldrup et al. 2001; Wollmann 2001). 

Single particle electron microscopy studies have indicated that the entire LHCI binds to one side of the 

PSI complex (Boekema et al. 2001), while on the other PSI-H forms a docking site for mobile LHCII 

(Lhcb1/Lhcb2) trimers (Lunde et al. 2000). Also other small PSI subunits, such as PSI-L and PSI-O, 

may be involved in LHCII-PSI interactions (Lunde et al. 2003; Jensen et al. 2004).

In this study we confirmed the finding that Ohp2 is associated with PSI. Our analysis revealed 

that Ohp2 was present in a complex that contained both PsaA and PsaB reaction center proteins as 

well as the LHCI proteins Lhca1 and Lhca2. Only traces of Ohp2 were found in peak 1 containing 

antenna but not reaction center proteins of PSI (Figure 14). This suggests that Ohp2 interacts with the 

PSI core rather than with LHCI. Isolation of Ohp2 subcomplexes and their analysis by 2D-PAGE and 

MS revealed the presence of four isoforms of Lhcb1 in addition to two isoforms of the α-subunit of ATP 

synthase and two fibrillins. No Lhca1-4 or other PSI proteins were detected. This indicates that Ohp2 

subcomplexes might contain Lhcb1 that moved to PSI during state transition. The role of fibrillins in 

Ohp2 subcomplexes is discussed below.

3.5.2. Localisation of Elip1 and Sep2 in minor and major antenna of PSII, respectively

It was reported recently that Elip1 and Elip2 from A. thaliana co-isolated with monomeric and trimeric 

populations of the major LHCII under light stress conditions (Heddad et al. 2006). However, nothing is 

known about the location of Sep2. Therefore, we isolated the LHCII complex and demonstrated that 

this complex contains Elip1 and Sep2. Furthermore, separation of LHCII into subcomplexes and their 

further analysis by 2D-PAGE and MS revealed that while Sep2 co-localized with the major antenna 

proteins Lhcb1-3, Elip1 was detected in the fraction containing both the minor Lhcb3-6 and major 

antenna Lhcb1-3 proteins (see Figure 15 and 16). The one difference between the immunoblot and 

MS analysis was the detection of Lhcb4 by immunoblotting but not by MS analysis and conversely the 

detection of Lbcb5 by MS but not by immunoblotting (compare Table2 with Figure 15). This is most 

probably due to the different sensitivity of these both methods. 

Based on these data we can conclude that Elip1 and Sep2 have different sublocalisations 

within the LHCII under light stress conditions, suggesting that they might have different physiological 

functions. This hypothesis is supported by different expression patterns reported for both proteins. 

While Sep2 was constitutively expressed under ambient light conditions and its levels increased in 
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response to light stress, Elip1 was not detected in the absence of light stress but accumulated after 

exposure of leaves to high intensity light (Heddad and Adamska 2000) (see Figure 17). 

3.5.3. The presence of fibrillins in Ohp2 and Elip1 subcomplexes

Two isoforms of fibrillin (gi18403751) or two different fibrillins (gi18403751 and gi21539543) and an 

unknown protein with a fibrillin-domain (gi21592536) were found in subcomplexes of Ohp2 and Elip1, 

respectively.  In plants fibrillins are plastid-lipid-associated proteins of unknown function induced by 

reactive oxygen species during treatments of leaves with herbicides, H2O2 and by various biotic and 

abiotic (including light)  stresses (Langenkämper et al.  2001; Jones et al.  2006; Yang et al.  2006). 

Interestingly, fibrillins contain a conserved lipocalin signature present in proteins involved in transport 

of small hydrophobic molecules (e.g. porphyrins) in vertebrates (Larsson et al. 2004). 

Normally  fibrillins  are  mainly  found  in  plastoglobuli,  which  are  lipid  containing  structures 

primarily attached to the thylakoid membrane (Rey et al. 2000) with smaller amounts accumulating in 

the  stroma  (Ghosh  et  al.  1994).  Plastoglobuli  contain  mostly  α-tocopherol,  plastoquinone, 

triacylglycerols,  sterol  esters,  mono-  and  digalactosyl  diacylglycerol,  and  some  proteins  but  are 

virtually devoid of carotenoids and chlorophylls (Bailey and Whyborn 1963; Greenwood et al. 1963; 

Steinmuller and Tevini  1985). Plastoglobuli  in chloroplasts are present particularly in young leaves 

(Kessler et al. 1999) and during senescence (Tevini and Steinmuller 1985). They are proposed to play 

a role in the removal of protein catabolites as part of thylakoid turnover (Gosh et al. 1994; Smith et al. 

2000). Protein analysis revealed that besides fibrillins,  plastoglobules contain a variety of different 

proteins which are attributed to fatty acid metabolism and to quinone synthesis and its regulation 

(Ytterberg et al. 2006). Under high light conditions plastoglobuli contain also proteins of the thylakoidal 

membrane,  such as Lhcb and Lhca proteins,  D1 and PsaA/B,  and subunits  of  the CF1- ATPase 

(Ytterberg et al. 2006). 

Thus, the localization of fibrillins in Elip1 and Ohp2 subcomplexes together with Lhcb1-6, the 

α-subunit of the ATP synthase and PETC suggests that under photoinhibitory conditions part of the 

photosynthetic  complexes  might  be  disintegrated  and stored/accumulated  into  plastglobuli.  In  this 

context  the question arises whether  Elips play a role in  the process of  binding free chls  in such 

disintegrated complexes and thus prevent their damage.

 

Figure 17: Schematic overview of the Elip localisation
Sep2 is associated with outer trimeric antenna of PSII whereas; Elip1 is located within the monomeric LHCII. 
Ohp2 is associated with the PSI in vicinity of the core-complex and most probably with mobile trimeric part of the 
LHCII (see discussion).
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3.5.4. Summary and Outlook

We could show in this work, that selected memebers of the Elip family associate with different protein 

complexes in the thylakoidal membrane. Elip1, Sep2 and Ohp2 have different localisation in the LHCs 

indicating  a  slightly  different  physiological  functions  or  a  similar  function  carried  out  at  different 

locations. Ohp2 associate with PSI and interacts also with the LHCII associated with PSI due to state 

transition.  Sep2 interacts with the outer, trimeric part of the LHCII, whereas Elip1was found in the 

inner, monomeric LHCII. 

The MS analysis revealed the presence of another stress protein, namely fibrillin, in Elip1 and 

Ohp2 subcomplexes. Fibrillins are discussed to facilitate the formation of the plastoglobuli under high-

light conditions. Therefore, Elips could bind free chls or act as energy sinks in these compartments.  It 

would be very interesting to examine the plastoglobuli content on behalf of Elips and fibrillins in an Elip 

knock-out line to see if there is a common or linked function of fibrillins and Elips.  

We could also identify all members of Lhcb1 group. And it could also be shown that some of 

these proteins are modified (Figure 16B and 16C).  Recently,  we could demonstrate  that  different 

Lhcb1.2 isoforms resulted from posttranslational modification by one, two or three oxidation events 

within  transmembrane  α-helices  (Galetskiy,  unpublished).  Whether  these  oxidations  are  of 

physiological  relevance  (the  presence  of  oxidatively  damaged  LHCII  in  Elip  and  Sep  complexes 

supports the “pigment-carrier” function of these proteins) will be further investigated. 
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4.1. Summary

Plants  can  sense  light  stress  by  photosynthesis-mediated  changes  in  the  chloroplast 

reduction/oxidation (redox) state. These signals are conveyed to the nucleus through a process known 

as retrograde signalling. Here, we investigated the role of retrograde signalling in the light stress-

induced accumulation of Elip (early light-induced proteins) family members in Arabidopsis thaliana and 

Hordeum  vulgare.  We  demonstrated  that  redox  signalling  by  the  ratio  of  reduced  to  oxidized 

glutathione forms is involved in induction of  these proteins and their  transcripts under light stress 

conditions. Furthermore, the redox state of the plastoquinone/plastoquinol pool regulated, depending 

on the light intensity, either the accumulation of transcripts (at low light intensities) or proteins (at high 

light intensities) as revealed by inhibitor studies with Arabidopsis leaves or by viridis (vir) mutants of 

barley  arrested  in  photosystem I  or  II  assembly.  In  contrast,  chlorophyll  biosynthesis  precursors, 

protoporphyrin IX and Mg-protoporphyrin IX (Mg-Proto IX), did not influence the level of transcripts for 

Elip family members as demonstrated in Mg-Proto IX feeding experiments performed with Arabidopsis 

leaves  or  using  xantha (xan)  mutants  of  barley  arrested  at  the  various  steps  in  the  chlorophyll 

biosynthesis  pathway.  Furthermore,  etiolated  xan-l35 accumulating  Mg-Proto  IX  and  Mg-Proto  IX 

monomethyl ester did not show significant differences in light-induced accumulation of Elip transcripts 

as compared with physiological wild type. Based on these data we propose that in contrast to theredox 

status of the chloroplast tetrapyrrole precursors are not involved in the regulation of Elip expression.
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4.2. Introduction

Plants can sense changes in light quantity and quality either by specific photoreceptors or through the 

modulation of the redox state of various chloroplast molecules involved in photosynthesis, which a 

major  player  is the plastoquinone/plastoquinol  (PQ/PQH2)  pool  (for  recent  reviews, see Baier  and 

Dietz 2005; Beck 2005; Ogawa 2005; Leister 2005; Pfannschmidt and Liere 2005; Nott et al. 2006). 

However, the mechanism by which the redox state of the thylakoid membrane is transduced to the 

nucleus is poorly understood. At least two independent chloroplast to nucleus (retrograde) signalling 

pathways have been proposed. One of these pathways is mediated by redox signalling that occurs 

either by the ratio of reduced (GSH) to oxidized (GSSG) glutathione forms (the glutathione redox 

cycle) or by reactive oxygen species (ROS) (for reviews, see Cooper et al. 2002; Surpin et al. 2002; 

Beck  2005;  Leister  2005;  Nott  et  al.  2006).  The  second  pathway  is  mediated  by  photosynthetic 

metabolites of the chloroplast, such as chlorophyll (Chl) or carotenoid precursors (for reviews, see 

Rodermel 2001; Gray 2003; Beck 2005; Leister 2005; Nott et al. 2006).

It  is  known  that  at  different  light  intensities,  cells  use  different  redox  signals  to  regulate 

photosynthetic gene expression. The rate of GSH/GSSG is the key component of redox signalling in 

photooxidative stress responses (Baier et al. 2000; Noctor et al. 2002; Ogawa 2005; Peinado et al. 

1992). This was supported by the observation that the GSSG concentration in  Arabidopsis leaves 

increased steadily during light stress and returned back to pre-stress level during recovery conditions 

(Karpinski et al. 1997).

An increase rate of production of ROS in the chloroplast, such as superoxide (O2-), hydrogen 

peroxide (H2O2), the hydroxyl radical (OH.) and singlet oxygen (1O2), was reported under light stress 

conditions (Asada 1999; Prasad et al. 1994; Apel and Hirt 2004). It is considered that ROS generated 

in the chloroplast, especially H2O2 and 1O2, might play a specific role in the activation of a genetically 

determined stress response program in the nucleus (Karpinski et al. 1999; op den Camp et al. 2003; 

Apel and Hirt 2004; Yabuta et al. 2004; Wagner et al. 2004). 

The  Chl  biosynthesis  pathway  leads  to  the  synthesis  of  protochlorophyllide  via  Mg-

protoporphyrin IX (Mg-Proto IX) and Mg-Proto IX monomethyl ester. Protochlorophyllide is reduced to 

chlorophyllide, which is then phytylated to Chl (reviewed in Papenbrock and Grimm 2001; Eckhardt et 

al. 2004; Moulin and Smith 2005). The tetrapyrrole level was reported to influence the transcription of 

nuclear genes for photosynthetic and non-photosynthetic proteins in higher plants and green algae 

(reviewed in Surpin et al. 2002; Gray 2003; Beck 2005; Leister 2005; Nott et al. 2006). In higher 

plants, evidence of tetrapyrrole involvement in retrograde signalling came from the analysis of  gun 

(genome uncoupled) mutants of  Arabidopsis (Susek et al. 1993; Surpin et al. 2002). Four of  gun2-5 

mutants were shown to have lesions in genes involved in tetrapyrrole synthesis and/or degradation. 

Therefore, it was originally proposed that the subunit H of the Mg-chelatase, an enzyme located at the 

chloroplast  envelope and  responsible  for  insertion  of  Mg+2 into  protoporphyrin  IX (Proto  IX),  is  a 

porphyrin sensor (Mochizuki et al. 2001). This idea was recently revised in favor of the tetrapyrrole 

intermediate Mg-Proto IX (Strand et al. 2003). 

The Elip (early light-induced protein) family of light stress proteins consists of nuclear-encoded 

proteins located in the thylakoid membranes of pro- and eukaryota (for reviews, see Adamska 2001; 

Montané and Kloppstech 2000; Heddad and Adamska 2002). Elips accumulate transiently in plastid 

membranes  of  etiolated  seedlings  during  early  stages  of  greening  (Meyer  and  Kloppstech  1984; 
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Grimm and Kloppstech 1987) or in mature green plants exposed to light stress (Adamska et al. 1992; 

Pötter  and  Kloppstech  1993).  Based  on  predicted  primary  and  secondary  structure,  Elip  family 

members are related to Cab (Chl a/b-binding) proteins from photosystem I (PSI) and II (PSII) (Grimm 

et al. 1989). 

Nine different Elip family members were found in the genome of Arabidopsis and according to 

their  expression pattern under light stress conditions and predicted secondary structure they were 

divided into three-helix Elips, two-helix Seps (stress-enhanced proteins) and one-helix Ohps (one-helix 

proteins) (Adamska 2001; Heddad and Adamska 2000, 2002; Jansson et al. 2000; Andersson et al. 

2003). While in  Arabidopsis two Elips, called Elip1 and Elip2, were reported (Heddad and Adamska 

2000), at least seven different three-helix Elip proteins are present in barley (Hordeum vulgare) and 

they are divided into low and high molecular mass proteins (Grimm and Kloppstech 1987; Grimm et al. 

1989; Pötter and Kloppstech 1993). While high molecular mass Elip precursors of 27-24 kDa are 

processed to mature products of different molecular masses between 18.5-18.0, low molecular mass 

precursors of 18-16 kDa give end products of 13.5 kDa (Grimm et al. 1989)

Based on the transient  expression pattern  under stress conditions (Adamska et  al.  1992; 

Pötter and Kloppstech 1993) and unusual pigment-binding characteristics reported for purified Elip 

from pea (Adamska et al. 1999) a non-light-harvesting function was proposed for this group of proteins 

(Adamska 2001;  Montané  and  Kloppstech  2000).  It  is  believed that  Elip  family  members  fulfill  a 

protective  role  within  thylakoids  under  stress  conditions  either  by  transient  binding  of  free  Chl 

molecules and preventing the formation of free radicals and/or by acting as sinks for excitation energy 

(Adamska 2001; Montané and Kloppstech 2000).

In  this  work  we  investigated  retrograde  light  stress  signalling  pathways  for  Elip  family 

members in Arabidopsis and barley. We demonstrated that the expression of Elip family members in 

both plants was regulated by light stress and the redox state of the PQ/PQH2. Feeding of Arabidopsis 

leaves with GSH/GSSG had also a strong effect of the expression of Elips and Sep2 under light stress 

conditions. Surprisingly, the treatement of  Arabidopsis leaves with tetrapyrrole precursors, such as 

Proto IX and Mg-Proto IX did not influence the expression of these transcripts under low or high light 

conditions. Similarly,  xantha-f10 (xan-f10) or  xantha-l35 (xan-l35) mutants of barley with depleted or 

enhanced levels of Mg-Proto IX and Mg-Proto IX monomethyl ester, respectively, did not show Mg-

Proto IX-related differences in the expression of Elips and Sep2 transcripts. In contrast, much lower 

amounts  of  Cab-2  and  the  small  subunit  of  the  ribulose  1,5-bisphosphate  carboxylase  (RbcS) 

transcripts  were  present  in  the absence  of  Mg-Proto  IX  as  compared  with  its  presence.  Further, 

etiolated xan-l35 mutants exposed to light did not show significant differences in the induction in the 

level of Elip transcripts but the corresponding proteins were not detected suggesting that in addition to 

Chls the composition and structure of plastid membranes is important for the accumulation of these 

proteins.

4.3. Material and Methods

4.3.1. Plant Growth and Stress Conditions

Arabidopsis thaliana L. ecotype Columbia were grown in a growth chamber on soil at 25°C at a photon 

flux density of 100 µmol of photons m-2s-1 at a light regime 8-h light/16-h dark. Light stress treatment 

was  performed  on  mature  leaves,  detached  from  4-  to  5-week-old-plants,  floated  on  water  and 
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exposed to a light intensity of 2.000 µmol of photons m-2s-1 for different times as mentioned in figures 

using a fluorescent light source (HQI-E bulb, 400 W/D; Osram, Regensburg-Burgweinting, Germany). 

The spectrum of the lamp covered a visible light region from 380 nm to 720 nm. The temperature of 

the water  was kept  constant  between 22 and 25°C.  Photon fluency rates were measured with  a 

photometer (Skye, Techtum Laboratory AB, Umeå, Sweden).                                             

Seedlings of barley (Hordeum vulgare cv. Bonus) mutants were grown on vermiculite for 8 

days at 25°C at a photon flux density of 100 µmol of photons m-2s-1 provided by white fluorescent 

lamps under a light regime of 12-h light/12-h dark. All mutant used were previously characterized at 

biochemical,  ultrastructural  or  genetical  levels.  Mutant  xan-f10 was  a  missense  mutation  in  the 

structural  gene for the 140 kDa subunit  of  Mg-chelatase and therefore blocked completely  in the 

conversion of Proto IX to Mg-Proto (Figure 18) (von Wettstein et al. 1995; Jensen et al. 1996). Mutant 

xan-l35 was  a  leaky  mutant  with  a  partial  block  in  the  cyclase  reaction  converting  Mg-Proto  IX 

monomethyl ester into protochlorophyllide (Figure 18) (von Wettstein et al. 1995; Henningsen et al. 

1993). 

Due to a C-to-T point mutation resulting in an exchange of amino acid residue Ser-181 to Phe 

this mutant was devoid of membrane-bound cyclase activity (Rzeznicka et al. 2005). Mutant  viridis-

zb63 (vir-zb63) was deficient in PSI reaction center due to the lack of dimer forming PSI-A and PSI-B 

reaction center polypeptides, PSI-E and PSI-L subunits (Simpson and Wettstein 1980; Hiller et al. 

1980; Knotzel et al. 1992; Skovgaard Nilsen et al. 1996). However, this mutant accumulated normal 

amounts of light-harvesting Chl a/b-binding proteins from PSI and contained a normal PSII (Hoyer-

Hansen et al. 1988). The Chl content of the mutant was reduced to 64% of wild type (WT) plants 

(Simpson and Wettstein 1980). Mutant viridis-115 (vir-115) was deficient in the stable assembly of PSII 

reaction center polypeptides, such as D1 and D2 proteins and Chl a-binding core antenna proteins, 

CP43 and CP47 (Simpson et al. 1989; Gamble and Mullet 1989; Kim et al. 1994). A study of ribosome 

Figure 18: Inhibition of Chl biosynthesis in xantha (xan) mutants of barley
Black  arrows  mark  the  inhibition  of  the  particular  step  in  Chl  biosynthesis 
pathway in xan-l10 and xan-l35 mutants.
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pausing during translation of the psbA mRNA encoding D1 protein from PSII suggested that  vir-115 

gene  product  is  required  for  the  stabilization  of  translation  intermediates  (Kim  et  al.  1994).  The 

polypeptides of the oxygen evolving complex and PSII minor and major antennas were present in this 

mutant in WT amounts. Since mutant vir-115 had a high Chl content it was therefore indistinguishable 

from WT and the selection of mutant leaves was based on measurements of in vivo Chl fluorescence 

as described (Simpson and Wettstein 1980; Simpson et al. 1989).

All  these mutations were recessive and lethal  and homozygous seedlings died,  when the 

nutrient reserves of the endosperm were exhausted. About 25% of seeds gave seedlings with the 

mutant  phenotype,  while the 75% had a WT phenotype.  The latter were used as controls in  our 

experiments (physiological WT). Mutant  xan-f10 segregated with a considerably deficit because of 

early loss of germination capacity and/or gamete elimination (Henningsen et al. 1993). Mutant xan-l35 

segregated in a balanced lethal stock with a 2:1 ratio due to a closely linked recessive zygotic lethal 

gene in repulsion (Henningsen et al. 1993). 

Light stress treatment was performed on detached mutant and WT leaves floating on water in 

a temperature-controlled water  bath at  25°C and a light  intensity of  3.500 µmol of  photons m-2s-1 

(xantha mutants) or 2.000 µmol of photons m-2s-1 (viridis mutants) provided by lamps with four 1-kW 

bulbs (Philips PF811) for 6 h. The leaves were protected from excess of infrared radiation by a water 

bath  containing  3-cm  water  layer.  For  greening  experiments  xan-l35 mutants  were  grown  on 

vermiculite in complete darkness for 8 days at 25°C. All manipulations were performed in darkness 

without any safety light. Since in the etiolated stage the mutant phenotype could not be distinguish 

from WT, the apical 0.5-cm segment of each leaf was removed and analyzed for its greening capacity 

in light during a 4 h period, a time sufficient  to distinguish yellow mutants from the greenish WT 

seedlings (Gough 1972). After collection of control dark samples leaves were exposed to a photon flux 

density of 100 µmol of photons m-2s-1 for 12 h. Plant material was collected and either immediately 

used for extractions or frozen in liquid nitrogen and stored at –70°C for further preparations. 

4.3.2. RNA Isolation and Analysis

Total RNA was extracted from leaves using an RNeasy mini kit (Qiagen GmbH, Hilden, Germany) 

according  to  the  manufacturer´s  protocol.  Poly(A+)-RNA was  isolated  as  described  (Pötter  and 

Kloppstech 1993) using oligo(dT)-cellulose chromatography.  For  dot  blot  hybridization RNAs were 

spotted  on  Hybond-N+  membrane  (Amersham  Biosciences,  Uppsala,  Sweden)  at  four  different 

concentrations, 5.0 µg, 2.5 µg, 1.25 µg and 0.63 µg (total RNA) or 0.50 µg, 0.25 µg, 0.13 µg and 0.07 

µg (poly(A+)-RNA) and the membrane was treated as described (Sambrook et al. 1989). The cDNA 

probes for barley low molecular mass Elip9 (clone HV90; GenBank Accession number: X15692) and 

high molecular mass Elip5 (clone HV8F6; GenBank Accession number: AJ436026), Cab-2 (GenBank 

Accession number: X12735) and RbcS (GenBank Accession number: AB020943) were isolated as 

described (Grimm and Kloppstech 1987; Grimm et al. 1989; Pötter and Kloppstech 1993). The cDNA 

probes for Arabidopsis Elip1 (At3g22840), Elip2 (At4g14690) and Sep2 (At2g21970) were isolated as 

described  (Heddad  and  Adamska  2000).  cDNA probes  were  labeled  with  [32P]-dCTP  using  a 

megaprime DNA labeling kit  (Amersham Biosciences, Uppsala,  Sweden). The signals on the filter 

were visualized either by using a Phosphorimager FLA3000 (Fujifilm, Fuji, Tokyo, Japan) or X-ray film 

(Cronex 5, Agfa, Mortsel, Belgium). For quantification, signals linear in intensity with exposure time 

(A600>0.8) were scanned at 600 nm (Personal Densitometer, Molecular Dynamics, Sunnyvale, CA, 
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USA) using the Image-Quant  3.3  program.  In  vitro  translation was performed in  the presence of 

[35S]Met (1.220 Ci/mmol-1, Amersham Biosciences, Uppsala, Sweden) as described (Adamska and 

Kloppstech 1991).

4.3.3. Protein Isolation and Analysis

Membrane proteins were isolated as described (Adamska and Kloppstech 1991) and separated by 

SDS-PAGE (Laemmli 1970) generally using 14% polyacrylamide mini gels (Hoefer mini gel system). 

The gels were loaded on an equal protein basis (10 µg). Immunoblotting was carried out according to 

Towbin et al. (1979) using polyvinylidene difluoride membranes with 45-µm pores (PVDF, Amersham 

Biosciences,  Uppsala,  Sweden)  and enhanced chemiluminescence (ECL,  Amersham Biosciences, 

Uppsala, Sweden) as the detection system.

4.3.4. Antibody Sources

Polyclonal  antibodies  were  raised  against  the  recombinant  Sep2  from  Arabidopsis expressed  in 

Escherichia coli. The full-length Sep2 cDNA without start and stop codons was amplified using a pair 

of primers 5´-GCT ATG GCT ACG CGA GCG ATT-3´ and 5´-AAG ATC ATC AGA CCA ATC ACT-3´ and 

cDNA plasmids (Heddad and Adamska 2000) as template. The Sep2 protein was expressed in E. coli 

strain Top10 as a fusion protein with the N-terminal–attached thioredoxin and the C-terminal-attached 

His-tag (His6) using a kit (pBAD/Topo®ThioFusion™ Expression system, Invitrogen, Groningen, the 

Netherlands), according to the manufacturer’s protocol. Cells were grown to A600=0.5 at 37°C and then 

the expression of the recombinant protein was induced with arabinose added to a final concentration 

of 0.2 % (w/v). Four hours after the induction, cells expressing recombinant Sep2 were harvested, 

frozen in liquid nitrogen, thawed and cell pellets were resuspended in lysis buffer containing 50 mM 

NaH2PO4 (pH  8.0),  300  mM  NaCl  and  1  mM  imidazole  prior  to  their  disruption  by  sonication. 

Recombinant  Sep2  was  purified  under  native  conditions  by  affinity  chromatography  on  Ni-NTA-

agarose (Qiaexpress,  Qiagen GmbH, Hilden,  Germany)  and eluted from the column with  50 mM 

NaH2PO4 (pH 8.0), 300 mM NaCl and 10 mM imidazole. The Sep2 fractions were separated by SDS-

PAGE and transferred to a nitrocellulose membrane (Protran®, Schleicher & Schuell GmbH, Dassel, 

Germany) prior to raising polyclonal antibodies in rabbits (BioGenes, Berlin, Germany).

Polyclonal peptide antibodies raised against Elip1 (amino acid 48-60, EGGPTNEDSSPAP) and Elip2 

(amino acid 45-57, QGDPIKEDPSVPST) from  Arabidopsis were used in our studies. The peptides 

were conjugated to KHL (keyhole limpet hemocyanin) carrier protein prior to immunization of rabbits. 

The IgG fraction was purified by affinity chromatography on the G-protein-sepharose column (AgriSera 

AB, Vännäs, Sweden).

Polyclonal antibodies raised against the low molecular mass Elip6 from barley (clone HV60), 

Cab-2, CP24 (Lhcb6) and PsbS protein of PSII (Pötter and Kloppstech 1993; Funk et al.1994, 1995) 

were used in our studies. The polyclonal antibodies against  α/ß-subunits of the CF1-ATP-synthase 

complex (CF1-α/ß) were kindly provided by Dr. Ralf Oelmüller (University of Jena, Germany).

4.3.5. Treatment with Chemical Compounds

All treatments were performed on detached leaves floated on water in the presence or absence of 

chemical compounds and exposed to control or light stress conditions as described above.
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Photosynthetic  electron  flow  was  inhibited  by  the  addition  of  DCMU  (3-(3,4-dichlorophenyl)-1,1-

dimethylurea,  Sigma-Aldrich  Sweden  AB,  Tyresö,  Sweden)  or  DBMIB  (2,5-dibromo-3-methyl-6-

isopropyl-p-benzoquinone, Sigma-Aldrich Sweden AB, Tyresö, Sweden) at a final concentration of 10 

µM, respectively, using 10 mM stock solutions in methanol (the final concentration of methanol was 

0.1%, v/v)  as described (Escoubas et  al.  1995;  Karpinski  et  al.  1997;  Pfannschmidt  et  al.  1999). 

However, the same effect was obtained using 1 µM concentration of both inhibitors (not shown). As 

controls leaves were incubated in the 0.1% (v/v) methanol in the absence of DCMU or DBMIB under 

the same conditions as described above.

Reduced  (GSH)  and  oxidized  (GSSG)  forms  of  glutathione  (Boehringer  Mannheim 

Scandinavia AB, Bromma, Sweden) were applied at a final concentration of 10 mM, using 1 M stock 

solutions in water as described (Wingsle and Karpinski 1996). To change the oxidation state of thiols 

and  to  convert  GSH to  GSSG  10  mM diamine  (DA,  bis(N,N-dimethylamide)  from Sigma-Aldrich 

Sweden AB, Tyresö, Sweden) was added simultaneously to leaves. This concentration of DA was 

chosen according to suggestions given in Kosower and Kosower (1995).

Proto IX was purchased from Sigma-Aldrich Sweden AB, Tyresö, Sweden. For the synthesis 

of Mg-Proto IX 100 mg Proto IX were dissolved in 20 ml dimethyl sulfoxide and heated to 150°C under 

a stream of argon. Mg-acetate (2.5 g) was added and the mixture was heated for 3 h until insertion of 

Mg+2 was completed, as tested by the measurement of absorption spectra. The purification of Mg-

Proto IX was performed according to Kropat et al. (1997). Proto IX and Mg-Proto IX were applied to 

leaves at final concentrations of 10 µM.

4.3.6. Measurements of the Photosynthetic Activity

Chl fluorescence induction kinetics were measured at room temperature on detached leaves using an 

Imaging/PAM (pulse-amplitude  modulation)  fluorimeter  (Walz  GmbH,  Effeltrich,  Germany).  Leaves 

were preadapted in the dark for 15 min and then exposed to a saturating 1 s light flash. The minimal 

fluorescence in the absence of actinic light (Fo) and maximal fluorescence after a saturating light flash 

(Fm) were measured and the variable fluorescence (Fv=Fm-Fo) was calculated (Maxwell and Johnson 

2000). The quantum efficiency of open PSII reaction centers, commonly known as the relative variable 

fluorescence,  was  calculated as Fv/Fm.  This  value reflects  the maximal  efficiency  of  PSII  that  is 

measured in dark-adapted tissues. 

The effective quantum yield of PSII photochemistry (ΦPSII  or PSII yield) was calculated as 

described (Maxwell and Johnson 2000) ∆F/Fm = (Fm´- Ft)/Fm´, where Fm´ represented the maximal 

fluorescence in the light and Ft was steady-state fluorescence yield in the light measured immediately 

before the saturating light flash. The PSII yield represents the proportion of the light absorbed by Chl 

associated with PSII that is used in photochemistry.
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4.4. Results

4.4.1. Differential Expression of Elips and Sep2 in Response to Light Stress and Specificity of 

Raised Antibodies

We investigated the expression pattern of Elip1, Elip2 and Sep2 in mature green Arabidopsis leaves 

exposed to increasing light intensities. Immunoblot analysis revealed (Figure 19) that Elip1, Elip2 and 

Sep2 antibodies specifically crossreacted with proteins with apparent molecular masses of 20.5 kDa, 

21 kDa, and 24 kDa, respectively. The signals 

were  missing  when  corresponding 

preimmunsera  or  peroxidase-conjugated 

secondary  antibodies  were used  alone for  the 

incubation (not shown). No other proteins were 

recognized by anti-Elips or anti-Sep2 confirming 

the specificity of immunoreactions.

As  demonstrated  previously  for  Elip1 

and  Elip2  (Heddad  et  al.  2006)  a  different 

accumulation  profile  was  assayed  for  each  of 

these  proteins.  While  Elip1  accumulated 

gradually  with  increasing  light  intensities  (the 

quantification of signals revealed that 0%, 21% 

and  100% of  maximal  amounts  of  Elip1  were 

present at 100, 1.000 and 2.000 µmol of photons 

m-2s-1,  respectively),  no  Elip2  was  detected 

between 100 and 1.000 µmol of photons m-2s-1 

but  a  massive  accumulation  of  this  protein 

occurred at  2.000 µmol  photons  m-2s-1 (Figure 

19).  However,  in  longer  exposed immunoblots  traces of  Elip2 were also visible at  1.000 µmol  of 

photons m-2s-1 (less than 1% of the amount detected at 2.000 µmol of photons m-2s-1). In contrast to 

Elips that  were not  detected under low light  conditions,  significant  amounts of  Sep2 (40% of  the 

maximal value induced by 2.000 µmol of photons m-2s-1) were present in thylakoid membranes at low 

light,  and its level  increased in response to light  stress.  Interestingly,  no significant  differences in 

amounts of Sep2 were detected after exposure of leaves to 1.000 or 2.000 µmol of photons m-2s-1. 

This differential expression of Elips and Sep2 under light stress conditions raises the question whether 

they are induced through the same or different signalling pathways.

4.4.2. Regulation of Elip and Sep2 Expression by the Redox State of the PQ/PQH2 Pool

It  has been shown that  the redox  status of  the PQ/PQH2 pool  in  the chloroplast  regulates gene 

expression (for recent reviews see Baier and Dietz 2005; Beck 2005; Ogawa 2005; Leister 2005; 

Pfannschmidt and Liere 2005; Nott et al. 2006). To test whether and on which level redox poise is 

involved in the regulation of Elip1, Elip2 and Sep2 expressions, we carried out studies with inhibitors of 

photosynthetic  electron transport.  Electron flow from PSII  to  PQ was inhibited by  the addition of 

DCMU, which prevented the reduction of PQ and mimicked low light conditions (Figure 20A). The 

inhibitor DBMIB blocked electron flow from PQ to cytochrome (cyt) b6/f, preventing the oxidation of the 

Figure 19: Differential accumulation of Elips and Sep2 
in response to increasing light intensities. 
Mature  Arabidopsis leaves  were  exposed  to  increasing 
light intensities for 3 h prior to isolation of total membrane 
proteins  and  immunoblotting  using  polyclonal  antibodies 
raised against Elip1, Elip2 and Sep2.
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PQ pool and mirrored the situation that occurred under light stress conditions. To proof whether the 

external  addition  of  DCMU  and  DBMIB  indeed  inhibited  the  photosynthetic  electron  flow  in  the 

chloroplast we assayed changes in Chl fluorescence in leaves exposed to low or high light intensities. 

Images of leaves with various Chl fluorescence parameters, such as maximal quantum yield of PSII 

(Fv/Fm) and effective quantum yield of PSII (PSII yield) are depicted in false colors coding from 0.0 

(black) to 1.0 (purple) and are shown in Figure 20B. The mean values for Fv/Fm and PSII yield were 

calculated for selected leaf areas and are shown in Table 3. A significant inhibition of photosynthetic 

activity (64% or 0% of control values) was observed in DCMU-treated leaves exposed to low light as 

calculated  for  Fv/Fm  or  PSII  yield,  respectively 

(Table 3).

 A less  pronounced  effect  was  observed  for 

DBMIB-treated leaves, where this inhibitor at low light 

did  not  significantly  influence  Fv/Fm  values. 

However,  PSII  yield  was  reduced  to  86%  in  the 

presence of  DBMIB as compared to control  leaves 

incubated in its absence. Under high light conditions, 

both  fluorescence  parameters  decreased  to  0%, 

regardless of the presence or the absence of DCMU 

or  DBMIB.  Two  barley  mutants,  vir-zb63 (Simpson 

and Wettstein 1980; Hiller et al. 1980; Knoetzel et al. 

1992;  Skovgaard  Nilsen  et  al.  1996)  and  vir-115 

(Simpson et al. 1989; Gamble and Mullet 1989) with 

impaired assembly of PSI or PSII, respectively, were 

used  in  our  studies.  Mutant  vir-zb63 has  the 

PQ/PQH2 pool and cyt b6/f complex in reduced form 

while  mutant  vir-115 was  characterized by  oxidized 

electron transport chain components. 

Dot blot analysis revealed (Figure 21A) that only small amounts of Elip9 (a member of low 

molecular  mass  Elips  in  barley)  and  Elip5  (a  member  of  high  molecular  mass  Elips  in  barley) 

transcripts were detected in WT or  vir-115 mutant under low light conditions and the level of these 

transcripts accumulated in response to light stress. In contrast, strongly enhanced amounts of Elip9 

and Elip5 transcripts were detected in vir-zb63 mutant under low light conditions and the amounts of 

these  transcripts  did  not  changed  (for  Elip9)  or  was  induced  eight-fold  during  exposure  to  high 

intensity light. No differences in the expression of Cab-2 and RbcS transcripts were detected between 

both  mutants  and  WT.  Accumulation  of  Elips  in  the  thylakoid  membrane  was  investigated  by 

immunoblotting. Unfortunately, antibodies raised against the low molecular mass Elip6 (Pötter and 

Kloppstech 1993) could not distinguished between individual Elip species due to their high degree of 

identity at the amino acid level and identical molecular masses of 13.5 kDa (Grimm and Kloppstech 

1987; Grimm et al. 1989; Pötter and Kloppstech 1993). 

The data showed that low molecular mass Elips were not detected in thylakoid membranes 

under low light conditions but they accumulated in response to light stress (Figure 21B). However, 

approximately ten-fold higher amounts of these proteins (Figure 21C) were detected in vir-zb63 mutant 

as compared with vir-115 mutant or WT. Interestingly, the enhanced level of low molecular mass Elips 

TABLE 3
Chl  fluorescence  parameters  measured  in  leaves 
treated with DCMU and DBMIB and exposed to low or 
light light intensities.

Petioles of detached  Arabidopsis leaves were immersed 
in water in the absence (-) or in the presence (+) of 10 µM 
DCMU or DBMIB and preincubated for 2 h at low light (10 
µmol of photons m-2s-1) to allow the uptake of inhibitors. 
The solutions were changed and leaves incubated further 
at low light (10 µmol of photons m-2s-1) or moved to high 
light  (1.500  µmol  of  photons    m-2s-1)  for  3  h  prior  to 
measurements  of  Chl  fluorescence  parameters  as 
described in Materials  and Methods.  Values shown for 
the maximal quantum yield (Fv/Fm) or effective quantum 
yield of PSII (PSII yield) are means ± S.D. 
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in  vir-zb63 mutant was not observed, when leaves were exposed to a higher light intensity of 3.500 

µmol of photons m-2s-1 (not shown). Comparable amounts of Cab-2, CP24 and PsbS were detected in 

mutants and WT under low and high light conditions (Figure 21B). 
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Figure 20: Regulation of Elip and Sep2 expression by the redox state of the PQ/PQH2 pool. 
Detached Arabidopsis leaves were preincubated at low light (10 µmol of photons m-2s-1) for 2 h in 
the absence (-) or in the presence (+) of inhibitors of photosynthetic electron flow, DCMU or DBMIB 
(added at the final concentration of 10 µM), to allow the uptake of solutions. Then leaves were 
exposed either to low (Control, 10 µmol of photons m-2s-1) or moved to high (light stress, 1.500 µmol 
of photons m-2s-1) light conditions for 3 h. 
A: DCMU  binds  to  the  QB site  on  the  D1  protein  and  inhibits  electron  flow  from  PSII  to 
plastoquinone (PQ) keeping the PQ/PQH2 pool in the oxidized state. DBMIB inhibits electron flow 
from plastoquinol (PQH2)  to cytochrome b6/f (cyt b6/f)  keeping the PQ/PQH2  pool in the reduced 
state. 
B: Images of chlorophyll fluorescence parameters, Fv/Fm (maximal quantum yield of PSII) and PSII 
yield  (effective  quantum yield  of  PSII),  assayed  for  leaves  treated  with  DCMU or  DBMIB and 
exposed to low light or high light conditions. 
C: The  expression  of  Elip1,  Elip2  and Sep2 mRNAs analyzed  by  dot  blot  hybridization.  As  a 
reference,  the rRNA pattern in  the gel,  visualized by staining with ethidium bromide,  is shown. 
Signals obtained with 2.5 µg RNAs are shown in this panel. 
D: The  amount  of  Elips  and  Sep2  in  thylakoid  membranes  assayed  by  immunoblotting.  As  a 
reference, the α and ß subunits of the CF1-ATP-synthase complex (CF1-α/ß), are shown.
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Figure 21: Expression of  Elips in viridis mutants of barley exposed to light 
stress. 
Deatched leaves  of  vir-zb63 mutant  deficient  in  PSII  reaction  center  and with 
constantly oxidized PQ/PQH2 pool  and  vir-115 mutant deficient  in PSI reaction 
center and with constantly reduced PQ/PQH2 pool were exposed to low (C, 100 
µmol of photons m-2s-1) or high (HL, 2.000 µmol of photons m-2s-1) light conditions 
for 6 h. Green leaves of wild type (WT) seedlings were used as a control.
A: The expression of  transcripts for low molecular mass Elip9, high molecular 
mass Elip5, the Chl a/b-binding protein (Cab-2) of PSII and the small subunit of 
ribulose-1,5-bisphosphate carboxylase (RbcS) assayed by dot blot hybridization. 
B: The amount of low molecular mass Elips, Cab-2, Chl-binding protein of 24 kDa 
(CP24)  and  PsbS  protein  from  PSII  in  thylakoid  membranes  assayed  by 
immunoblotting.
C: Following dilutions of  HL-treated samples were loaded for WT and  vir-zb63 
mutant and Elip amounts were assayed by immunoblotting: 10 µg (line 1), 5 µg 
(line 2) and 1 µg (line 3) protein.



4.4.3. Regulation of Elip and Sep2 Expression by the GSH/GSSG Redox Cycle

At higher irradiance that induces photooxidative damages, redox signals are conveyed through the 

GSH/GSSG redox cycle and/or ROS (Pfannschmidt et al. 2001; Gomez et al. 2004; Ball et al. 2004; 

Michelet et al. 2005). Since it was demonstrated in the past, that ROS are not involved in elip gene 

expression in Arabidopsis (Heddad and Adamska 2000; 

Kimura et al. 2001; 2003; op den Camp et al. 2003) we 

investigated  the involvement  of  the former  system in 

signaling  leading  to  the  expression  of  elip and  sep2 

genes. Therefore, we enhanced artificially the level of 

GSH or  GSSG and analyzed Elip and Sep transcript 

(Figure  22A)  and  protein  (Figure  22B)  levels  under 

control and light stress conditions. Since it is known that 

GSSG is efficiently converted to GSH in the cell by the 

glutathione reductase we used DA in combination with 

GSSG to keep this compound in oxidized state. DA was 

shown  to  be  active  for  the  conversion  of  thiols  to 

disulfides (Kosower and Kosower 1995).

No  changes  in  the  expression  of  Elip  and 

Sep2 transcripts (Figure 22A) and proteins (Figure 22B) 

were  observed  under  low  light  conditions  in  the 

presence  of  GSH  or  GSSG/DA.  In  contrast,  the 

treatment  of  leaves  with  GSH  under  light  stress 

conditions resulted in a strong reduction of  transcript 

(Figure  22A)  and  protein  (Figure  22B)  levels  for  all 

three genes as compared with untreated control leaves. 

Quantification of signals revealed that 24, 33 and 49% 

of amounts of Elip1, Elip2 and Sep2 transcripts and 0.9, 

6  and  10%  of  corresponding  proteins,  respectively, 

were  present  in  GSH-treated  leaves  as  compared  to 

amounts present in untreated leaves set as 100%. 

Conversely, in the presence of GSSG/DA three- 

to four-times higher levels of Elip1 and Elip2 transcripts 

were induced in response to light stress as compared to 

untreated leaves (Figure 22A). Also the level of Sep2 

transcripts was enhanced two-fold in leaves exposed to 

light stress in the presence of GSSG/DA. Despite of the 

increased  level  of  Elip1  and  Elip2  transcripts 

accumulated  in  the  presence  of  GSSG/DA comparable  amounts  of  corresponding  proteins  were 

assayed in GSSG/DA-treated and untreated leaves (Figure 22B). A slight decrease in the level  of 

Sep2 was detected in the presence of  GSSG/DA as compared to its  absence (Figure 22B).  The 

treatment  of  leaves  with  GSSG alone  had  a  similar  effect  on  the  expression  of  Elip  and  Sep2 

transcripts and proteins as that showed for GSH (Figure 22A and 22B), probably due to the reduction 

Figure 22: Involvement of the GSH/GSSG redox 
system in the expression of Elips and Sep2. 
Detached  Arabidopsis leaves  were exposed to  low 
light  (Control,  10  µmol  of  photons  m-2s-1)  or  light 
stress  (Light  stress,  1.500  µmol  of  photons  m-2s-1) 
conditions  for  3  h  in  the  absence  (-)  or  in  the 
presence (+) of reduced (GSH) or oxidized (GSSG) 
forms of glutathione added at the final concentration 
of 10 mM. To keep GSSG in oxidized state, diamine 
(DA, 10 mM) was simultaneously added.
A: The expression of Elip1, Elip2 and Sep2 analyzed 
by dot blot hybridization. As a reference, the rRNA 
pattern in the gel, visualized by staining with ethidium 
bromide,  is  shown.  Signals  obtained  with  1.25  µg 
RNAs are shown in this panel. 
B:  The  amount  of  Elips  and  Sep2  in  thylakoid 
membranes  assayed  by  immunoblotting.  As  a 
reference,  the  α and  ß  subunits  of  the  CF1-ATP-
synthase complex (CF1-α/ß), are shown.
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of GSSG to GSH (not shown). The treatment of leaves with DA alone did not influence the expression 

of  Elips and Sep2 transcripts and proteins (not  shown).  The amounts of  CF1-α/β,  assayed as a 

control, did not change significantly during the inhibitor treatment (Figure 22B).

4.4.4.  Expression  of  Elips  and  Sep2  in  the  Presence  of  Enhanced/Reduced  Levels  of 

Tetrapyrrole Precursors

Physiological and genetic evidence suggests that tetrapyrroles represent one type of plastid signal 

(Kropat  et  al.  2000;  Papenbrock  and  Grimm  2001; 

Surpin  et  al.  2002;  Strand  et  al.  2003).  To  test  the 

possibility  that  tetrapyrrole  precursors  regulate  the 

expression of  elip and  sep2 genes,  Mg-Proto  IX and 

Proto IX feeding experiments were performed and the 

amount of Elip and Sep2 transcripts (Figure 23A) and 

proteins (Figure 23B) were assayed under control and 

light stress conditions. The results revealed that neither 

Proto IX nor Mg-Proto IX influenced the level of Elip or 

Sep2  transcripts  under  both  light  conditions  tested 

(Figure 23A). Comparable amounts of Elips and Sep2 

transcripts  accumulated  in  the  presence  and  in  the 

absence  of  these  tetrapyrroles.  Contrary,  the level  of 

Elip1  and  Elip2  was  strongly  and  the  level  of  Sep2 

slightly diminished in the presence of  Mg-Proto IX as 

compared  to  untreated  or  Proto  IX-treated  leaves 

exposed to light stress (Figure 23B). No changes in the 

Elip  and Sep2 protein  level  were observed in  leaves 

exposed to low light in the presence or the absence of 

tetrapyrrole precursors.

To investigate further the role of Proto IX and 

Mg-Proto IX in the regulation of elip gene expression we 

used  barley  xantha mutants  completely  or  partially 

arrested  in  various  steps  of  the  Chl  biosynthesis 

pathway. The xan-f10 mutant was blocked completely in 

the conversion of Proto IX to Mg-Proto IX (Figure 24), 

thus it accumulated high amounts of Proto IX and did 

not  contain  Mg-Proto  IX  (von  Wettstein  et  al.  1995; 

Jensen et al. 1996). This mutant appeared yellow due 

to  the  deficiency  in  Chls.  The  xan-l35 mutant  was 

partially arrested in the conversion of Mg-Proto IX and 

Mg-Proto monomethyl ester into protochlorophyllide and 

contained  enhanced  amounts  of  Mg-Proto  IX  and  its 

monomethyl ester (von Wettstein et al., 1995; Henningsen et al., 1993). This mutant accumulated 30-

50% of the WT Chl level  under low light conditions and during exposure to light stresses the Chl 

Figure  23:  Expression  of  Elips  and  Sep2  in 
leaves  treated  with  tetrapyrrole  precursors. 
DetachedArabidopsis  leaves  were  exposed  to  low 
light  (Control,  10  μmol of  photons m-2s-1)  or light 
stress (Light stress, 1.500 μmol of photons m-2s-1) 
conditions  for  3  h  in  the  absence  (-)  or  in  the 
presence  (+)  of  tetrapyrrole  precursors, 
protoporphyrin IX (Proto IX) or Mg-protoporphyrin 
IX (Mg-Proto IX) added at the final concentration 
of 10 μM.
A: The  expression  of  Elip1,  Elip2  and  Sep2 
transcripts assayed by dot blot hybridization. As a 
reference, the rRNA pattern in the gel, visualized 
by staining with ethidium bromide, is shown. 
B: The  amount  of  Elips  and  Sep2  in  thylakoid 
membranes  assayed  by  immunoblotting.  As  a 
reference, the  α and  ß  subunits of the CF1-ATP-
synthase complex (CF1-α/ ß), are shown.
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content  was  further  reduced  to 

16% of the level present in WT. 

Our  data  revealed  that 

detectable amounts of Elip9 and 

Elip5  transcripts  accumulated 

under low light conditions in both 

mutants and their level was four-

times  higher  for  Elip5  as 

compared to Elip9 (Figure 24A). 

Only  traces  of  Elip9  and  Elip5 

transcripts were detected in WT 

leaves  exposed  to  low  light  as 

previously  reported  (Pötter  and 

Kloppstech  1993).  Exposure  of 

WT  and  mutant  leaves  to  light 

stress  resulted  in  a  massive 

accumulation of  Elip9 and Elip5 

transcripts,  with  a  higher  level 

assayed for xan-f10 than for xan-

l35 mutant  or WT (Figure 24A). 

Four- to eight-times higher level 

of  Elip9  transcripts  and  two-  to 

three-times higher level for Elip5 

transcripts were assayed in xan-

f10 as  compared  with  xan-l35 

mutant.  Contrary,  four-  to  eight-

times reduced level was assayed 

for Cab-2 and RbcS transcripts in 

xan-f10  mutants, both under low and high light conditions, as compared to  xan-f35  mutant or WT. 

However, in contrast to RbcS transcripts, which amounts remained constant during low and high light 

treatments, a strong reduction in the Cab-2 transcript level was assayed after exposure of WT and 

mutant leaves to light stress (Figure 24A).

Changes in the expression of  the individual  high and low molecular mass Elip precursors 

(pElips) in WT and xantha mutants exposed to light stress were followed also by in vitro translation of 

isolated mRNA. Two different high molecular mass and three low molecular mass pElips are visible in 

autoradiograms (Figure 24B) as confirmed by immunoprecipitation (not shown). Our data revealed that 

in general the expression pattern of pElips was consistent with the results showed in Figure 24A but 

there were pronounced differences in the expression level of individual pElips in both xantha mutants 

and WT. However, these differences did not correlate with the presence (xan-l35) or the absence (xan-

f10) of Mg-Proto IX and its monomethyl ester. Contrary, such a correlation was assayed for precursors 

of the major Chl a/b-binding proteins of PSII (pLHCII) and pRbcS (Figure 24A and 24B). 

The accumulation of Elips in the thylakoid membrane of WT and in the plastid membrane of 

mutants were investigated by immunoblotting. The results revealed (Figure 24C) that low molecular 
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Figure 24: Expression of Elips in xantha mutants of barley exposed to light 
stress.
Detached leaves of xanf10 (arrested in the conversion of Proto IX to Mg-Proto IX 
and its monomethyl ester) and xanl35 (arrested in the conversion of Mg-Proto IX 
and its monomethyl ester to protochlorophyllide) mutants were exposed to low 
(C, 100 μmol of photons m-2s-1) or high (HL, 3.500 μmol of photons m-2s-1) light 
conditions for 6 h. Green leaves of wild type (WT) seedlings were used as a 
control. 
A: The expression of transcripts for low molecular mass Elip9, high molecular 
mass Elip5, the Chl a/b-binding protein (Cab-2) of PSII and the small subunit of 
ribulose-1,5-bisphosphate  carboxylase  (RbcS)  assayed  by  dot  blot 
hybridization. 
B: Autoradiograph  of  [35S]-methionine-labeled  in   vitro  translation  products  of 
poly(A+)-RNAs isolated in A. The precursor proteins of low (pElip low) and high 
molecular  mass  Elips  (pElip  high),  RbcS  (pRbcS)  and  light-harvesting 
chlorophyll a/b-binding proteins of PSII (pLHCII) are indicated. 
C: The amount of low molecular mass Elips, Cab-2, Chl-binding protein of 24 
kDa (CP24) and PsbS protein from PSII in thylakoid membranes assayed by 
immunoblotting.



mass Elips were not detected in WT and mutants leaves kept at low light conditions. Exposure of 

leaves to high intensity light resulted in a pronounced accumulation of these proteins in xan-l35 mutant 

and WT, but not in  xan-f10 mutant, although high amounts of Elip transcripts were induced in this 

mutant (Figure 24A and 24B). Immunoblots performed for three members from the Cab superfamily, 

such as Cab-2, CP24 and PsbS, revealed (Figure 24C) that while Cab-2 and CP24 were not detected 

in xantha mutants under low and high light conditions, the amount of PsbS was comparable in mutants 

and WT leaves. 

Treatment  of  etiolated  plants  with  inhibitors  of  Chl  biosynthesis  pathways  resulting  in 

accumulation of Mg-Proto IX and Mg-Proto monomethyl ester reduced the light-induced accumulation 

of Cab and RbcS transcripts (Oster et al. 1996; La Rocca et al. 2001). Therefore, we investigated the 

expression of low and high molecular mass Elip transcripts in etiolated xan-l35 barley mutant exposed 

to light (Figure 25A and 25B). As this mutant is indistinguishable from WT and heterozygote in the 

dark, the selection of mutant seedlings was performed as described in Experimental Procedures.  

The  results  showed  that  in  the  mutant  and  WT  seedlings  Elip9  and  Elip5  transcripts 

accumulated  transiently  during  the  greening  process  reaching  the  maximal  level  after  2  h  of 

illumination (Figure 25A). These results are in agreement with previously published data for etiolated 

WT barley plants exposed to light (Grimm and Kloppstech 1987). However, in the mutant the decay of 

Elip transcripts during greening was much slower and considerable amounts of these transcripts were 

still present after 8-12 h of illumination. Although a slightly higher level of Elip5 was assayed in xan-l35 

mutant as compared to WT no significant quantitative differences in the expression of Elip transcripts 

were detected between the mutant and WT. 

The  accumulation  of  low  molecular  mass  Elips  in  plastid  membranes  was  tested  by 

immunoblotting and the results  revealed (Figure 25B) that  no Elips were detected in the  xan-l35 

mutant during 12 h of greening. In order to exclude the possibility that the accumulation of Elips in this 

mutant is delayed we prolonged the illumination up to 36 h with the same results (not shown). In WT 
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Figure 25:  Accumulation of  Elips in dark-grown  xantha  mutant exposed to 
light.
Etiolated 8-days old xanl35 mutant, arrested in the conversion of Mg-Proto IX and its 
monomethyl  ester to protochlorophyllide,  were exposed to light  of  100  μmol of 
photons m-2s-1 for  12 h.  Etiolated seedlings of  wild  type (WT)  were used as  a 
control.
A: The expression of transcripts for low molecular mass Elip9 and high molecular 
mass Elip5 assayed by dot blot hybridization. 
B: The amount of low molecular mass Elips in plastid  membranes assayed by 
immunoblotting.



seedlings small  amounts of  Elips were detected already after  2 h of  greening and their  amounts 

increased with the time of illumination (Figure 25B).

 4.5. Discussion

Stress signalling pathways leading to the activation of elip or elip-like genes in the nucleus was never 

investigated systematically and in the depth. There are some existing reports showing that the redox 

state of the PQ/PQH2 regulates the expression of Elip transcripts in barley (Montane et al. 1997) and 

Arabidopsis (Kimura  et  al.  2003),  the  ROS are  not  involved  in  the  expression  of  elip genes  in 

Arabidopsis (Heddad et al. 2000; Kimura et al. 2001, 2003; op den Camp et al. 2003), and that the 

blocking of carotenoid biosynthesis with herbicides enhanced the accumulation of Elip transcripts and 

proteins in pea (Adamska et al. 1992, 1993), barley (Pötter and Kloppstech 1993) and  Arabidopsis 

(Kimura et al. 2001). In addition to these pathways the inhibition of chloroplast development by tagetin, 

an  inhibitor  of  chloroplast  transcription  (Kimura  et  al.  2001)  or  chloramphenicol,  an  inhibitor  of 

chloroplast translation (Adamska 1995), influenced the expression of Elip transcripts in  Arabidopsis 

and pea, respectively.

Here  we demonstrated  that  the  retrograde  signalling  under  light  stress  conditions  leading  to  the 

expression of Elip and Sep transcripts involves the redox signalling by GSH/GSSG. Furthermore, the 

redox state of the PQ/PQH2 influenced not only the transcript level but regulated independently the 

protein level in the thylakoid membrane. Interestingly, Mg-Proto IX and Mg-Proto IX monomethyl ester 

were not involved in this regulation.

4.5.1. Regulation of Elip and Sep2 Gene Expression by Retrograde Signalling Involving Redox 

Sensitive Molecules: the PQ/PQH2 Pool and the GSH/GSSG Redox Cycle

To date three classes of redox signals can be distinguished in plants: (1) signals generated directly 

within the electron transport chain, (2) signals coupled to redox active photosynthetic compounds, 

such as thioredoxin or glutathione, and (3) signals constituted by ROS (Phannschmidt et al. 2001). 

Recent studies showed (Fey et al. 2005) that out of 2133 light-regulated genes encoding chloroplast 

proteins, 286 were directly regulated by redox signals from the photosynthetic electron transport chain. 

It is believed that the PQ/PQH2 pool is a key player in the chloroplast to nucleus signalling. It was 

demonstrated that genes that are induced by high light are also induced by DBMIB treatment in the 

absence  of  high  light;  in  contrast,  DCMU  treatment  inhibits  high  light-induced  gene  expression 

(Escoubas et al. 1995; Karpinski et al. 1997; Pfannschmidt et al. 1999, 2001).

We demonstrated that DBMIB indeed induced the accumulation of Elip and Sep2 transcripts in 

low light,  but  DCMU treatment  did  not  influence the expression of  these transcripts  in  high light. 

Interestingly, the overreduction of PQ/PQH2 by DBMIB in low light was not sufficient to promote the 

accumulation of corresponding proteins. This suggests that additional factors induced by light stress 

are essential for the accumulation/stabilization of these proteins in thylakoid membranes. In contrast, 

blocking the electron flow from the PQ/PQH2 pool by DBMIB under light stress conditions enhanced 

the accumulation of Elips and Sep2 in thylakoid membranes without influencing their transcript level. In 

higher  plants  photosynthetic  redox  control  has  been  found  mainly  at  the  levels  of  transcription 

(Pfannschmidt et al. 1999, 2001, 2002; Karpinski et al. 1997, 1999; Escoubas et al. 1995), transcript 

stability (Petracek et al. 1998; Liere and Link 1997), ribosome loading (Petracek et al. 1997; Sherameti 

et al. 2002), translation initiation (Shen et al. 2001) or changes in the distribution of absorbed energy 
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between PSI and PSII  by controlling the phosphorylation of  the mobile,  light-harvesting,  pigment-

protein complex (Haldrup et al. 2001; Harrison and Allen 1992; Rintamäki et al. 2000). To date only 

sporadic  reports  exist  on the  redox  control  of  the protein  level.  In  analyzed  vir-zb63 and  vir-115 

mutants the amount of a cold regulated protein of unknown function, called Cor14b, was dependent on 

the redox state of the electron transport chain, in contrast to its transcripts (Dal Bosco et al. 2003). It 

was demonstrated for Lemna perpusilla that inhibition of the PQ/PQH2 reduction enhanced the LHCII 

content  in the cyt  b6/f-deficient mutant  at  both low and high light intensities but only at  high light 

intensity in WT plants (Yang et al. 2001). 

It was proposed that the redox state of the PQ/PQH2 affected both, synthesis and degradation 

of  LHCII,  the  latter  one  through  redox  controlled  thylakoid  kinase  that  allows  exposure  of  the 

dephosphorylated LHCII to proteolysis. However, an increased level of Elips in DBMIB treated leaves 

can not be explained by their slower turnover since it was shown for pea Elip that this protein is stable 

and not degraded under high light conditions (Adamska et al. 1993). Since the transcript level for Elips 

and Sep2 is comparable in DBMIB treated and untreated leaves it seems that the redox state of the 

PQ/PQH2 affected the translational activity or/and membrane insertion of these proteins.

We demonstrated further that GSH and GSSG conversely effected the expression of elip and 

sep2 genes at the transcript but not at the protein level. While GSH led to a strong reduction of Elip 

and  Sep2  transcripts,  GSSG  enhanced  the  accumulation  of  these  transcripts  under  light  stress 

conditions. A similar regulation of the distinct steps in the expression of glutathione reductase and 

superoxide dismutase by the GSH/GSSG ratio  was reported in  the chloroplast  of  Pinus silvestris 

(Wingsle and Karpinski 1996). In this case a higher activity of both enzymes, without changes in their 

transcript levels, was detected after the addition of GSSG.

4.5.2. Tetrapyrrole Precursors are not Involved in the Regulation of Elips and Sep2 Expression 

During Greening and Under Light Stress

Tetrapyrrole precursors were reported to induce or to repress the expression of nuclear genes. It was 

shown that Mg-Proto IX and its monomethyl ester are the most effective inhibitors of LHCII and RbcS 

mRNA  accumulation  in  Chlamydomonas  reinhardtii (Johanningmeier  and  Howell  1984; 

Johanningmeier 1988) and higher plants (Oster et al. 1996; La Rocca et al. 2001). Four other genes 

encoding  various  Hsp70  and  HemA proteins  were  induced  by  Mg-Proto  IX  in  Chlamydomonas 

(Vasileuskaya et al. 2004). Proto IX and protochlorophyllide were less effective in this respect although 

in  Chlamydomonas  mutants  arrested  in  the  conversion  of  Proto  IX  to  Mg-Proto  IX  the  LHCII 

transcription was also arrested (Johanningmeier  and Howell  1984).  Studies  with  Arabidopsis gun 

mutants, in which the lhcII gene expression was uncoupled from the functional state of the chloroplast, 

revealed that accumulation of Mg-Proto IX is important for repressing nuclear photosynthetic genes 

(Strand et al. 2003)

Our data showed that the transcript level for three light stress proteins in Arabidopsis was not 

influenced by Proto IX or Mg-Proto IX treatments, although the protein level was strongly reduced after 

the addition of Mg-Proto IX but not Proto IX. Also the expression of Elip and Sep transcripts in xantha 

mutants was not significantly influenced by the depletion or enhancement of Mg-Proto IX and Mg-

Proto IX monomethyl ester levels. Although, a higher level of Elip9, but not of Elip5 (Figure 24A) or 

other low or high molecular mass Elip species (Figure 24B) was induced in the absence of Mg-Proto 

IX in xan-f10 mutant no reduction or increase in these transcripts were assayed in the presence of Mg-
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Proto IX in xan-l35 mutant. The increased level of Mg-Proto IX did not influence also the accumulation 

of Elip transcripts during greening of etiolated xan-l35 mutants. These data strongly suggest that Proto 

IX  or  Mg-Proto  IX  and  its  monomethyl  ester  are  not  involved  in  retrograde  signalling  controlling 

expression of elip and sep2 genes. In contrast, the absence of Mg-Proto IX and the enhanced level of 

Proto IX in xan-f10 strongly reduced the amounts of transcript for Cab-2 and RbcS.

This lack of the correlation between Mg-Proto IX levels in barley mutants and cab-2 and or 

rbcS gene expression is in contrast to results obtained with gun mutants from Arabidopsis (Strand et 

al. 2003). However, also transgenic tobacco plants with a lower Mg-chelatase activity and a reduced 

level of Mg-Proto IX and its monomethyl ester (equivalent to xan-f10 mutants of barley) or lower Mg-

Proto IX monomethyl transferase activity and an enhanced level of Mg-Proto IX, showed no correlation 

between the Mg-Proto IX level and the reduction in the LHCII transcript level (Pappenbrock et al. 

2000a, b; Alawady and Grimm 2005). To explain this discrepancy it was therefore proposed (Beck 

2005)  that  differences  in  experimental  setups  or  developmental  state  of  a  plant  might  play  an 

important role. In case of gun mutants Arabidopsis seedlings were exposed to the damaging effect of 

light for a short period of 5-days, while in transgenic tobacco plants, changes in the gene expression 

might  reflect  the  long-term  acclimation  of  regenerated  plants  to  a  severe  defect  in  tetrapyrrole 

metabolism. However, our data obtained with  xantha mutants do not speak in favor of the first but 

rather of the latter possibility since maximal 8-days old leaves of barley mutants were used in our 

studies. 

Our data revealed that although a high level of Elip transcripts was induced in xan-f10 mutant 

in response to light stress no accumulation of corresponding proteins was detected. It was shown that 

the complete block in Chl synthesis in xan-f10 mutant prevented the formation of prolamellar bodies as 

well as the formation of extensive thylakoid system (Jensen et al. 1996). Furthermore, it was reported 

that purified pea Elip binds Chl  a and lutein (Adamska et al. 1999) and Chls are important for the 

stable insertion of barley Elips into plastid membranes (Adamska et al. 2001). Thus, the reason for the 

lack of the Elips accumulation could be the absence of Chls in  xan-f10  mutant that influenced the 

thylakoid  membrane  biogenesis,  or  decreased  Elip  stability.  The  absence  of  other  Chl-binding 

proteins,  such  as  Cab-2  and  CP24,  in  xan-f10 mutant  speaks  in  favor  of  this  explanation.  The 

exception was Chl-binding PsbS protein of  PSII that  was shown to be stable inserted into plastid 

membranes in the absence of Chls (Funk et al. 1995).

Leaky xan-l35 mutant with a strongly reduced Chl content accumulated comparable amounts 

of  low  molecular  mass  Elips  as  compared  with  WT,  when  exposed  to  high  light  but  not  during 

greening. If this mutant was grown for 7-8–days and then illuminated for 24 h, the development of the 

thylakoid  membrane  organization  proceeded  normal  up  to  about  4  h  (Henningsen  et  al.  1993). 

Thereafter, most of Chls was sequestered in spheroidal grana consisting of three to five appressed 

discs developed around an inflated disc, but no regular intergrana thylakoid system developed. It is 

likely that this abnormal chloroplast development leading to lethality was due to the photodynamic 

action of accumulating porphyrins. The structural developmental pattern correlated with the delayed 

transcription  of  elip genes  during  greening  and  the  inability  of  Elips  to  integrate  into  plastid 

membranes. In contrast, a rather normal grana and intergrana structures developed, when the mutant 

was cultivated in the dark/low light light regime (Henningsen et al. 1993). This in turn could explain 

results obtained with xan-l35 mutant exposed to high light, where Elips were stable integrated into the 

membranes even when the Chl content  was limited.  Also no stable insertion of other Chl-binding 
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proteins into the plastid membrane was detected. These data revealed that not only the Chl content 

but also the composition and structure of plastid membranes is important for the accumulation of Elips 

in thylakoids. 

4.6. Footnotes

*We thank Pitter Huesgen and Johan Kjellgren for their help during the synthesis of Mg-protoporphyrin 

IX. This work was supported by research grants from the Swedish Research Council, the Swedish 

Strategic Foundation, the Carl Tryggers Foundation, the Deutsche Forschungsgemeinschaft (grants 

AD92/7-1; AD92/7-2) and the Konstanz University grant (to I.A.).

1The abbreviations used are: Elip, early light-induced protein; Mg-Proto IX, magnesium protoporphyrin 

IX;  xan,  xantha  mutant;  PQ or  PQH2,  plastoquinone or plastoquinol,  respectively; GSH or GSSG, 

reduced  or  oxidized  form  of  glutathione;  ROS,  reactive  oxygen  species;  Chl,  chlorophyll;  O2-, 

superoxide;  H2O2,  hydrogen  peroxide;  OH·,  hydroxyl  radical;  1O2,  singlet  oxygen;  gun,  genome 

uncoupled mutant; Proto IX, protoporphyrin IX; Cab, chlorophyll a/b-binding; PSI or PSII, photosystem 

I or II, respectively; Sep, stress-enhanced protein; Ohp, one-helix protein; RbcS, the small subunit of 

the ribulose-1,5-bisphosphate carboxylase; WT, wild type; CP24, 24 kDa chlorophyll-binding protein of 

PSII;  CF1-α/ß  α/ß -subunits of the CF1-ATP-synthase complex; DCMU, 3-(3,4-dichlorophenyl)-1,1-

dimethylurea;  DBMIB,  2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone;  DA,  bis(N,N-

dimethylamide);  Fo,  minimal  Chl  fluorescence;  Fm,  maximal  Chl  fluorescence;  Fv,  variable  Chl 

fluorescence; cyt b6/f, cytochrome b6/f; pElip, pLHCII or pRbcS, precursors of Elips, the major light-

harvesting Ch a/b-binding protein of PSII or RbcS; C, control; HL, high light.
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5.1. Abstract

Light is a prerequisite for plant life, but under high light conditions reactive oxygen species (ROS) can 

be formed and harm the photosynthetic machinery. Plants respond to light stress conditions by the 

accumulation  of  the  early-light  induced  proteins  (Elips)  with  a  potentially  photoprotective  function 

within the thylakoid membrane. Elips are members of the chlorophyll a/b-binding protein family and are 

located  within  the  photosystem II  antenna system.  Here we investigated  the influence of  soluble 

sugars, nitric oxide (NO) and selected ROS on the accumulation of Elips in the thylakoid membrane. 

We showed that soluble sugars as well as an increased concentration of NO, which is known to be 

involved in a multitude of stress responses,  suppressed the accumulation of  Elips.  Contrarily,  the 

Arabidopsis thaliana AtNOS mutant  with a reduced ability  of NO production showed an increased 

accumulation  of  these  proteins.  We  further  demonstrated  that  singlet  oxygen  but  not  hydrogen 

peroxide or the hydroxyl radical can inhibit elip gene expression.   
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5.2. Introduction 

Under  normal  conditions  light  is  the  ultimate  energy  source  for  plants.  It  enables  the  plant  via 

photosynthesis to fix CO2 and convert it into higher carbohydrates. However, when plants absorb light 

in excess of their photosynthetic capacity, reactive oxygen species (ROS) are generated. These ROS 

are damaging the photosynthetic apparatus and thus lead to a lower photosynthetic efficiency in a 

process called photoinhibition. Plants have evolved several strategies to protect the chloroplast from 

excess light. These include reduction of the antenna size, down-regulation of photosystem II (PSII) 

activity,  photorespiration,  induction  of  radical  scavengers  and  increase  of  non-photochemical 

quenching to reduce the excitation energy transferred from the antenna to the reaction centres (Asada 

1996; Kozaki and Takeba 1996; Niyogi 1999). 

Elips (early  light-induced  proteins) are nuclear-encoded thylakoid proteins widely distributed 

among plant species and are belonging to the superfamily of the chlorophyll (Chl) a/b–binding (CAB) 

protein  (Adamska  2001).  Elips  accumulate  transiently  during  the  greening  process  (Meyer  and 

Kloppstech 1984; Grimm and Kloppstech 1987) and in mature green plants exposed to high light 

stress (Adamska et al. 1992; Pötter and Kloppstech 1993). Nine different Elip family members were 

found in the genome of  Arabidopsis thaliana.  Based on their expression pattern under light stress 

conditions and predicted secondary structure they were divided into three-helix Elips, two-helix Seps 

(stress-enhanced  proteins)  and  one-helix  Ohps (one-helix  proteins)  (Adamska 2001;  Heddad and 

Adamska  2000,  2002;  Jansson  et  al.  2000;  Andersson  et  al.  2003).  Concerning  their  transient 

expression patterns under stress conditions (Adamska et al. 1992; Pötter and Kloppstech 1993) and 

the unusual pigment-binding characteristics reported for purified Elip from pea (Adamska et al. 1999), 

a non-light-harvesting function was proposed for this group of proteins (Adamska 2001; Montané and 

Kloppstech 2000). It is believed that Elip family members fulfil a protective role within thylakoids under 

stress conditions either by transient binding of free Chl molecules and preventing the formation of 

radicals and/or by acting as sinks for excitation energy (Adamska 2001; Montané and Kloppstech 

2000). On the other hand it was shown that in an Elip knock-out line there was no difference in lipid 

peroxidation and the presence of unbound Chls under combined photoinhibitory and chilling conditions 

as compared to the wild type plants (Rossini et al. 2006). Therefore, the authors suggested a role of 

Elips in a long-term acclimation and zeaxanthin-stabilisation.

An important process in the high light stress response is the transduction of the signal from the 

chloroplast to the nucleus to change the gene expression. This process is called retrograde signalling 

(Rodermel 2001). Up to date there are at least five known independent retrograde signalling pathways. 

One requires plastid protein synthesis, a second is based on chloroplast-generated singlet oxygen, a 

third requires hydrogen peroxide, a fourth employs the redox poise generated by the photosynthetic 

electron transfer chain, and a fifth involves tetrapyrrole biosynthesis intermediates (Beck 2005). In all 

cases the exact signal transduction way is yet unknown.

Plastid protein synthesis seems to play a role mostly during seedling development and is 

necessary to establish chloroplast to nucleus signalling (Hess et al. 1994). ROS are not only a reason 

for oxidative damage, but they are also signalling compounds. Work of Apel and co-workers clearly 

showed that singlet oxygen is activating a genetically determined stress response (Laloi et al. 2006). 

Also hydrogen peroxide can act as a signalling molecule, especially in biotic stress responses. How 

the signal of both ROS species is transduced into the nucleus is still unclear. It was proposed that the 
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EXECUTER 1 protein plays a role in singlet oxygen signalling (Wagner et al. 2004), and the redox 

state  of  the  plastoquinone  (PQ)  pool  is  under  discussion  for  the  hydrogen  peroxide-dependent 

pathway (Karpinski et al. 1997, 1999). The direct diffusion of hydrogen peroxide through the thylakoid 

membrane  into  the  extraplastidic  compartments  is  considered.  This  theory,  however,  creates  the 

problem  how  the  cell  can  distinguish  between  intraplastidic  hydrogen  peroxide  production  and 

extraplastidic hydrogen peroxide formation e.g. as a consequence of pathogen attack at the plasma 

membrane. The stress reactions induced in plants by pathogens clearly differ from those induced by 

high light intensities (Bray et al. 2000; Hammond-Kosack and Jones 2000). This suggests differences 

in the intracellular distribution of hydrogen peroxide-responsive targets that mediate the specificities of 

the responses.  

The redox poise of the chloroplast in form of the redox status of the plastquinone/plastoquinol 

(PQ/PQH2) pool was thought to play a major role in the chloroplast to nucleus signalling by regulating 

the  expression  of  LHCB1 (light-harvesting  Chl  a/b-binding)  gene  (Escoubas et  al.  1995).  Recent 

results indicate that the sensing does not occur at the PQ pool but that a redox system downstream of 

the cytochrome b6f  complex is involved in controlling the expression of some nuclear genes,  e.g. 

encoding the components of photosystem I (PSI) (Pfannschmidt et al. 2001; Sherameti et al. 2002). 

The  route  how  the  redox  signal  is  transmitted  to  the  nucleus  is  poorly  understood.  Additionally, 

glutathione,  which  acts  mainly  as  a  hydrophilic  antioxidant,  plays  an  important  role  in  the  redox 

signalling of the chloroplast. The rate of reduced (GSH) to oxidised (GSSG) form of glutathione is the 

key component of redox signalling in photooxidative stress responses (Baier et al. 2000; Noctor et al. 

2002; Ogawa 2005; Peinado et  al.  1992). This was supported by the observation that the GSSG 

concentration in  Arabidopsis leaves increased steadily during light stress and returned back to pre-

stress level during recovery conditions (Karpinski et al. 1997).     

The  Chl  biosynthesis  pathway  leads  to  the  synthesis  of  protochlorophyllide  via  Mg-

protoporphyrin IX (Mg-Proto IX) and Mg-Proto IX monomethyl ester. Protochlorophyllide is reduced to 

chlorophyllide, which is then phytylated to Chl (reviewed in Papenbrock and Grimm 2001; Eckhardt et 

al.  2004;  Moulin  and  Smith  2005).  The  tetrapyrrole  level  has  been  reported  to  influence  the 

transcription of nuclear genes for photosynthetic and non-photosynthetic proteins in higher plants and 

green algae (reviewed in Surpin et al. 2002; Gray 2003; Beck 2005; Leister 2005; Nott et al. 2006). In 

higher plants, evidence for the tetrapyrrole involvement in retrograde signalling came from the analysis 

of gun (genome-uncoupled) mutants of Arabidopsis (Susek et al. 1993; Surpin et al. 2002). Four of the 

gun mutants were shown to have lesions in genes encoding proteins involved in tetrapyrrole synthesis 

and/or degradation. Therefore, it was originally proposed that the subunit H of the Mg-chelatase, an 

enzyme located at the chloroplast envelope and responsible for insertion of Mg+2 into protoporphyrin IX 

(Proto IX), is a porphyrin sensor (Mochizuki et al. 2001) and Mg-Proto IX, a tetrapyrrole intermediate, 

as the sensed molecule (Strand et al. 2003).

There is evidence that not only these components play a major role in the acclimation to light 

stress, but also signalling molecules which contribute e.g. to biotic stress responses, have an impact 

on the high light answer. Salicylic acid (SA) plays a very important role together with ROS in the 

response to biotic stresses (Draper 1997; Durner et al 1997; Lamb and Dixon 1997; van Camp et 

al.1998). The former is also required for systemic-acquired resistance (SAR) that  develops in the 

uninfected, pathogen free organs and tissues of plants after an initial inoculation with an avirulent 

pathogen  (Ross  1961).  Additionally,  it  has  been  shown  that  SA signalling  is  affected  by  excess 
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excitation energy and that SA affects both photosynthesis and stomatal conductance (Genoud et al. 

2002; Karpinski et al. 2003; Chaerle et al. 2004; Zeier et al. 2004).  It has further been shown that SA 

is involved in long term acclimatory processes (Karpinski et al. 2003). These observations suggest that 

SA has a central position in the crosstalk between the signalling pathways of acclimatory and defence 

responses.  

Ethylene (ET) plays a vital role in several aspects of plant growth and development (Johnson 

and Ecker 1998) and is particularly important regulator of stress responses (Wang et al. 2002). It is 

synthesized  via  a  clearly  defined  and  tightly  regulated  pathway  that  responds  to  several 

developmental and environmental stimuli. Furthermore, ET plays an important role in leaf senescence 

(Hadfield and Bennett 1997), aerenchyma formation (Drew et al. 2000) and in ROS-induced cell death 

(Kangasjarvi et al. 2005). Additionally, ET signalling interacts with SA signalling (Devadas 2002) and 

thus plays a role in biotic stress responses. It was also reported that ET can inhibit photosynthesis 

(Kays and Pallas 1980) and that ET signalling may be affected by nutrient status and leaf age (Legé et 

al. 1997). It is discussed that ET plays a role in the crosstalk between excess excitation energy and 

the programmed cell death-signalling pathway (Mühlenbock 2006).

Another plant hormone, which interacts with the ET pathway is jasmonic acid (JA).  JA is a 

signalling molecule derived from linoleic acid and the biosynthetic pathway for this compound contains 

biologically active intermediates (Stinzi and Browse 2000, Kachroo et al. 2001). JA has roles in stress, 

development and programmed cell death and interferes with the ET signalling pathway (Turner et al. 

2002, Kangasjarvi et al.  2005).ET and JA participate in the defence response against a variety of 

fungal pathogens. Similarly, both hormones positively interact in the induction of SAR. On the other 

hand, JA and ET have opposite effects on the transcription of several wounding-regulated genes and 

on the formation of the apical hook (Rojo et al. 2003).

A different  group of molecules involved in biotic and abiotic stress responses are reactive 

nitrogen species (RNS). The most conspicuous of them is the gaseous second messenger nitric oxide 

(NO) (Neill et al. 2002). The role of NO as an antioxidative agent has been shown in a broad range of 

abiotic stress responses. This molecule increases the plant tolerance to drought (García-Mata and 

Lamattina 2002), is involved in the induction of salt resistance (Zhao et al. 2004) and protects from 

oxidative stress caused by the treatment with methylviologen (MV) (Beligni and Lamattina 1999). NO it 

is not only involved in abiotic stress responses but also accumulates after an infection with an avirulent 

pathogen (Delledonne et al.1998; Wojtaszek 2000). When NO reacts with singlet oxygen, peroxynitrite 

is formed, which was reported to induce cell death in the mammalian system. In the plant system, 

however, the reaction between NO and singlet oxygen is considered to have scavenging or regulatory 

function (Beligni and Lamattina 1999; Delledonne et al. 2001, 2002; Romero-Puertas et al. 2004). NO 

itself also modifies thiol-containing residues in a process denominated S-nitrosylation. This capacity to 

modify proteins confers a potential to trigger redox signalling. 

Apart from phytohormones and signal factors, also metabolic factors are involved in the regulation of 

photosynthesis. There is evidence that soluble sugars not only play an important role as metabolic 

resources or as regulators of various processes associated with plant growth and development, but 

sucrose and proteins related to its processing play a role as central regulators of photosynthesis, 

transport, and heterotrophic sugar utilization (Salerno and Curatti 2003). Sugars on one side steer 

processes like oxidative phosphorylation, which lead to the formation of ROS, on the other side they 

are  involved  in  ROS  scavenging  pathways  e.g.  the  oxidative  pentose  phosphate  pathway. 
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Furthermore, an important ROS-producing reaction, namely high photosynthetic activity is associated 

with  the  accumulation  of  soluble  sugars,  which  in  turn  negatively  regulate  photosynthetic  gene 

expression (Koch 1996; Pego et al. 2000; Rolland et al. 2002), including the expression of genes 

encoding enzymes of the Calvin cycle. This can lead to increased ROS formation by a poor recycling 

of  NADP+ and excessive electron transfer  even under  ambient  light  conditions.  The relationships 

between excess light and sugar accumulation may provide the basis for the parallel induction of genes 

by both signals. A parallel induction of genes by both excess light and excess sugar is verified for 

genes encoding proteins involved in photoprotection, such as chalcone synthase, the pivotal step of 

flavonoid synthesis, or in ROS defence, such as superoxide dismutase (Feinbaum et al. 1991; Koch 

1996; Rossel et al. 2002). 

While it is known that many signal factors are involved in regulating the light stress response, not 

much  is  known  about  the  signalling  pathway  leading  to  the  accumulation  of  Elips.  We  showed 

previously that the redox state of PQ, but not tetrapyrrole signalling plays a role in the Elip induction in 

A. thaliana. Here we demonstrate that several soluble sugars, NO and singlet oxygen can influence 

the level of Elips within the thylakoid membrane.  For this purpose we used selected mutants that were 

impaired in the synthesis of these compounds, and the infiltration of leaves. We demonstrated that SA, 

JA and ET have no effect on Elip1 expression under light stress conditions.

5.3. Material and Methods

5.3.1. Growth of plants and stress conditions

Arabidopsis (Arabidopsis thaliana L.  cv  Columbia and cv Wassilewskaja)  plants  were grown in  a 

growth chamber at 20°C at a photon flux density of 100  µmol m-2
 s-1

 under the light regime of 8-h 

dark/16-h light. Light stress treatment was performed on 5- to 6-week-old-plants placed under a LED 

panel (Photon System Instruments, Brno, Czech Republic) and exposed to a light intensity of 2.000 

µmol of photons m-2s-1 for different times as mentioned in figures. Photon fluency rates were measured 

with a photometer (Skye, Techtum Laboratory AB, Umeå, Sweden).

5.3.2. Mutants

Both rax-1  (Ball  2004)  and  cad-2  (Howden 1995) mutants  carry  a point  mutation in the  gsh1-(γ-

glutamyl cysteine synthase) gene.  Cad-2 has a deletion of P238 and K239 (Cobbett et al. 1998), 

whereas in the rax-1 mutant there is an exchange of R to K at position 229 (Ball et al. 2004). Both 

mutants have an about 50% reduced level of GSH in leaves. Additionally, the rax-1 mutant shows the 

constitutive expression of the  APX2. Dnd-1 (Clough et al. 2000) and  sid-2  (Wildermuth et al. 2001) 

mutants have either strongly increased or reduced level of SA, respectively. The ein-2 mutant (Alonso 

1999)  carries  a  mutation  in  the  EIN-2 gene,  which  encodes  for  a  transmitter  protein  of  the  ET 

signalling cascade.  This  mutant  is  insensitive towards endogenous and exogenous ET.  The  jar-1 

mutant (Staswick 1992) is insensitive to JA. The AtNOS mutant (Guo 2003) has a T-DNA insertion in 

the first exon of the AtNOS1 gene, which leads to a reduced NO level in the plant.
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5.3.3. Treatment with chemical compounds 

All compounds (Sigma-Aldrich Sweden AB, Tyresö, Sweden) were dissolved in water and infiltrated 

into intact leaves. 

GSH was applied  at  a  final  concentration  of  5  mM using  a  1  M stock  solution.  SA was 

infiltrated at a final concentration of 0.5 mM. Fresh hydrogen peroxide was applied as 0.01% (v/v) or 

0.05% (v/v) solution. MV and sodium azide (NaN3) were applied at the concentration of 10 µM or 100 

µM, respectively. The NO-donor sodium nitroprusside (SNP) was used at the final concentration of 10 

µM  and  the  NO  scavenger  PTIO  ((carboxy-2-phenyl-4,  4,  5,  5-tetramethylimidazolinone-3-oxide), 

Alexis Biochemicals, Lausen, Switzerland) was applied at the concentrations of 100 µM and 1 mM, 

respectively. JA was applied in a 0.1% (w/v) Tween-20 solution at a concentration of 30 µM and 100 

µM.  The  ET  precursor  ACC  (1-aminocyclopropane-1-  carboxylic  acid)  was  applied  at  the 

concentrations of 1, 10 and 100 µM. The ET biosynthesis inhibitor STS (silver-thio-sulphate) was used 

at  the concentration of  10 µM. The used sugar (glucose,  sucrose and sorbitol)  solutions had the 

concentration of 100 µM. Concentrations of 10 µM gave the same results (data not shown).   

5.3.4. Protein isolation and analysis

Membrane proteins were isolated as described (Adamska and Kloppstech 1991) and separated by 

SDS-PAGE (Laemmli 1970) generally using 14% polyacrylamide mini gels (Biorad mini gel system). 

The gels were loaded on an equal protein basis (15 µg). Immunoblotting was carried out according to 

Towbin  et  al.  (1979)  using  polyvinylidene  difluoride  membranes  with  45-µm  pores  (PVDF,  GE 

Healthcare Biosciences, Uppsala, Sweden) and enhanced chemiluminescence (ECL, GE Healthcare 

Biosciences, Uppsala, Sweden) as the detection system.

5.3.5. Antibody Sources

Polyclonal  peptide  antibodies  raised  against  Elip1  (amino  acid  48-60,  EGGPTNEDSSPAP)  from 

Arabidopsis were  used  in  our  studies.  The  peptides  were  conjugated  to  KHL  (keyhole  limpet 

hemocyanin) carrier protein prior to immunization of rabbits. The IgG fraction was purified by affinity 

chromatography on the G-protein-sepharose column (AgriSera AB, Vännäs, Sweden).

Antibodies  against  cytochrome  f  (cyt  f)  were  a  kind  gift  of  Dr.  G.  Hauska  (Regensburg, 

Germany). 

74



5.4. Results

In this work we examined the influence of main signalling compounds on Elip1 accumulation using 

mutants as well as direct infiltration into leaves prior to their exposure to excess light or ambient light 

as a control. After 4h of stress exposure  leaves were examined for changes in Elip1 content.

5.4.1. Influence of GSH

GSH  has  an  inhibitory  effect  on  the  Elip  and  Sep  accumulation  in  Arabidopsis (Heddad  et  al. 

manuscript in preparation), therefore we investigated 

this effect using two mutants rax-1 and cad-2, which 

have  a  reduced  level  of  GSH.  The rax-1 mutant 

shows a constitutive expression of APX 2 and both 

mutants  rax-1  and cad-2 have 50% lower level  of 

GSH in  leaves.  The Western blot  analysis  (Figure 

26) shows that under low light conditions Elip1 was 

not detected in wild type (col-0)  and  cad-2 mutant 

leaves.  The  illumination  of  leaves  with  1.000  and 

2.000  µmol  m-2 s-1  resulted  in a  light  intensity-

dependent  accumulation  of  Elip1  (Figure  26A). 

However,  much  higher  levels  of  this  protein  were 

detected  in  leaves  exposed  to  a  light  intensity  of 

2.000  µmol  m-2 s-1  in  col-0 than  in  cad-2 mutant 

plants. In contrast, traces of Elip1 were visible in the 

rax-1 mutant  in the absence of  light  stress and a 

drastic  accumulation  of  this  protein  occurred  at 

1.000 µmol  m-2 s-1 and 2.000 µmol  m-2 s-1  (Figure 

26A). For the cad-2 mutant the picture was not that 

clear  and  for  unknown  reasons  the  accumulation 

rate  of  Elip1  was  inconsistent.  In  some  of  the 

experiments the accumulation rate of Elip1 was as 

high as in col-0 while in the others it was higher than 

in the col-0 (see Figure 26A and 26B).  
 To test the influence of GSH on the accumulation of Elip1 we infiltrated leaves with  5 mM 

GSH and exposed them to high light intensities. An increased level of GSH led to a reduced Elip1 

content in the thylakoid membrane of col-0 and the cad-2 mutant under light stress as compared with 

untreated leaves. However, much higher levels of Elip1 were induced in response to light stress in the 

cad-2 mutant than in col-0 plants independent of GSH infiltration (Figure 26B). In contrast, in the rax-2 

mutant  levels  of  Elip1  induced  by  light  stress  were  comparable  with  those  of  GSH-treated  and 

untreated leaves. Also in this mutant, levels of Elip1 were much higher than in  col-0 plants (Figure 

26B). 

Figure 26: Influence of GSH on Elip1 accumulation.
A: Western  blot  showing  Elip1  accumulation  after  4  h 
illumination with 100 µmol m-2 s-1   (a), 1.000 µmol m-2 s-1 

(b) and 2.000 µmol m-2  s-1 (c) in the wild type (col-0) and 
the mutants rax-1 and cad-2 which have a reduced GSH 
concentration.
B: Western  blot  showing  Elip1  accumulation  after  4  h 
illumination with 100 µmol m-2 s-1   (a) and 2.000 µmol m-2 

s-1 (c) in the wild type and the mutants without (-) and with 
(+) GSH infiltration.
Immunoblot with the anti-cytochrome f antibody (Cyt f) is 
shown as loading control.  
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5.4.2. Influence of SA

It  was  reported that  the level  of  SA increases  when 

plants are exposed to higher light intensities (Karpinski 

et al. 2003).  Therefore, we examined two mutants  sid-

2 (Wildermuth  et  al.  2001)  and  dnd-1 with  altered 

concentrations  of  SA  in  leaves. The  sid-2 mutant 

accumulates 50%-less SA as compared to  col-0 and 

the  dnd-1  mutant (Clough et al. 2000) has a strongly 

elevated level of SA. Under low light conditions Elip1 is 

undetectable in  col-0 and both mutants tested (Figure 

27A).  Exposure to  high intensity  light  resulted  in  the 

accumulation of Elip1 to a level comparable for  col-0 

and mutant leaves. A similar result was obtained after 

infiltration of leaves of col-0 plants with 0.5 mM SA. No 

significant differences in the expression levels of Elip1 

were observed between the SA-treated and -untreated 

leaves exposed to high light intensities (Figure 27B). 

5.4.3. Influence of ET and JA

ET and JA are key players in plant development and in 

the  biotic  stress  response.  To  assess  a  possible 

regulation of Elip1 accumulation by ET and JA we used 

two mutants, ein-2 and jar-1. While the ein-2 mutant is 

insensitive to exo- and endogenous ET (Alonso 1999), 

the  jar-1 mutant  is insensitive to JA (Staswick 1992). 

Using these mutants we examined Elip1 accumulation 

under  low  and  high  light  conditions  (Figure  28A). 

Immunoblot  analysis  revealed  that  there  was  no 

significant difference in the accumulation levels of Elip1 

under light stress conditions in col-0 and both mutants. 

To prove an effect of increased concentrations of these 

hormones  on  Elip1 expression,  col-0 plants  were 

infiltrated with either ACC (the direct precursor of ET), 

or with JA. None of these treatments has a significant 

effect  on  Elip1  accumulation  as  shown  by 

immunoblotting (Figure 28B and 28C). 
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Figure 27: Western blots showing the effects of SA.
A: Western blot showing the accumulation Elip1  after 
4 h illumination with 100 µmol m-2 s-1   (a), 1.000 µmol 
m-2 s-1  (b) and 2.000 µmol m-2 s-1  (c). of control (col-0) 
or mutant leaves.  The  sid-2 mutant has the SA level 
reduced to 50% as compared to the wild typewhereas 
the dnd-1 mutant has an increased SA concentration. 
B: Western  blot  showing  the  accumulation  of  Elip1 
after 4 h illumination with 100 µmol m-2 s-1  (a) and 2000 
µE (c) and with and without infiltration of 0.5 mM SA. 

Figure 28: Influence of ET and JA on the Elip1 
accumulation.
A: Western blot showing the Elip1 accumulation in the 
thylakoid membrane of ein-2 and jar-1 mutants and the 
wild type (col-0) after 4h of low (100 µmol m-2s-1 :a) and 
high light (2000 µmol m-2 s-1:c) light treatment. 
B: Western-  blot  showing  the  Elip1  accumulation  in 
leaves  after  the  ACC (precursor  of  ethylene)  or  STS 
(inhibitor  of  ethylene  biosynthesis)  infiltration  and 
exposure to low (100 µmol m-2s-1 :a) and high  (2000 
µmol m-2 s-1: c) light treatments.
C: Western blots showing the effect of JA infiltration on 
Elip1 expression after 4h exposure to low (100 µmol m-

2s-1 :a) or high (2000 µmol m-2 s-1:c ) light treatments.
Immunoblot with the anti-cytochrome f antibody (Cyt f) is 
shown as a loading control.



5.4.4. Influence of sugars

Since it was shown that sugars negatively regulate the expression of proteins of the CAB family (Koch 

1996), we investigated Elip1 accumulation under high sugar concentrations. We infiltrated leaves with 

sucrose,  glucose  or  sorbitol  solutions  and  exposed  them  to  either  low  or  high  intensity  light. 

Immunoblots analysis revealed that under low light conditions no Elip1 was detected in both sugar-

treated and -untreated leaves (Figure 29). Under high light conditions, however, the accumulation of 

Elip1 was strongly reduced in leaves infiltrated with glucose and fructose, but not with sorbitol, as 

compared to mock-treated leaves. Similar results were obtained using leaves infiltrated with 100 mM 

and 10 mM sugar solutions (data not shown).  

                

5.4.5. Influence of ROS

To examine the impact of ROS on the signal transduction pathways leading to Elip1 accumulation, we 

exposed leaves to H2O2 and NaN3, which stimulates the generation of the superoxide anion and to MV 

that enhances the accumulation of singlet oxygen. Immunoblot analysis showed that ROS have no 

influence on the accumulation of Elip1 under low light conditions (Figure 30). Exposure of leaves to 

high light in the presence of H2O2 resulted in a strong decrease of Elip1 levels in a concentration-

dependent manner. Light stress exposure of leaves infiltrated with NaN3 led to a slight decrease in 

Elip1 levels, while in the presence of MV no traces of Elip1 were detected in the thylakoid membrane 

by  immunoblotting  (Figure  30).  At  10-fold  lower  concentrations  of  H2O2 or  NaN3,  the  amount  of 

accumulated Elip1 was comparable to that in untreated leaves (data not shown). 
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Figure 29: Influence of sugars on the Elip1 expression.
Effect  of  100  µM  sucrose  (Suc),  glucose  (Glc)  and  sorbitol  (Sorb)  on  Elip1 
accumulation. Samples were collected after 4 h of (a) low light (100 µmol m-2 s-1  ) 
and (c) high light (2000  µmol m-2 s-1 ) treatment.
Immunoblot  with  the  anti-cytochrome f  antibody  (Cyt  f)  is  shown  as  a  loading 
control.

Figure 30: Influence of different ROS on Elip1 accumulation.
Western blot showing the effect of ROS  on the accumulation of Elip1 after 4h illumination with 100 
µmol  m-2 s-1   (a)  or   2000   µmol  m-2 s-1   (c).  Sodium azide  (NaN3)  stimulates production  of  the 
superoxide anion in leaves and methylviologen (MV) enhances the singlet oxygen concentration. An 
immunoblot with the anti-cytochrome f antibody (Cyt f) is shown as a loading control.



5.4.6. Influence of NO

We  examined  whether  NO  is  involved  in  a 

signalling pathway influencing Elip1 accumulation 

under  light  stress  conditions  using  the  AtNOS 

mutant  which  shows  a  reduced  ability  of  NO-

production  and  a  reduced  steady–state  NO 

concentration  in  tissues  (Guo  et  al.  2003). 

Immunoblot  analysis  of  the  AtNOS1 mutant 

leaves  exposed  to  low  or  high  light  intensities 

revealed an increased accumulation of  Elip1 in 

the  thylakoid  membranes  in  response  to  light 

stress as compared to col-0 plants (Figure 31A). 

Under low light conditions no Elip1 was detected 

in  col-0 or  mutant  leaves.  We further  infiltrated 

leaves  with  different  concentrations  of  the  NO-

scavenger  PTIO  to  reduce  the  endogenous 

concentration  of  NO.  Immunoblot  analysis 

showed  (Figure  31B)  that  with  increasing 

concentrations of the NO scavenger, the level of 

Elip1 induction by light stress increased. To prove 

the effect of enhanced concentrations of NO on Elip1 accumulation, we infiltrated leaves with SNP 

which acts as NO donor. Our results revealed that the increased level of NO reduced the light stress-

induced accumulation of Elip1 in the thylakoid (Figure 31B). 

5.5. Discussion

Sudden  exposure  to  plants  to  high  light  leads  to  metabolic  and  physiological  disruption  of  the 

photosynthetic cells. Changes in ROS content, adjustment of photosynthetic processes, increase in 

the antioxidant pools and, ultimately, changes in gene expression patterns are essential components 

of a successful acclimation to the new light conditions. One of the short-term answers of the plant cell 

is the accumulation of proteins from the Elip family (Adamska et al. 1993). Only limited knowledge 

exists  about  the  signalling  pathways,  which  lead  to  the  induction  of  the  elip1 promoter  and  the 

accumulation  of  the  corresponding  protein  in  the  thylakoid  membrane.  There  are  some  reports 

showing that the redox state of PQ/PQH2 regulates the expression of elip genes in barley (Montane et 

al. 1997) and Arabidopsis (Kimura et al. 2003). It was also shown that ROS are not involved in the 

expression of elip genes in Arabidopsis (Heddad et al. 2000; Kimura et al. 2001, 2003; op den Camp 

et al. 2003), and that blocking carotenoid biosynthesis by herbicides enhanced the accumulation of 

elip transcripts and proteins in pea (Adamska et al. 1992, 1993), barley (Pötter and Kloppstech 1993) 

and  Arabidopsis (Kimura et  al.  2001).  In  addition to  these pathways,  the inhibition of  chloroplast 

development by tagetin, an inhibitor of plastidic transcription (Kimura et al. 2001), or chloramphenicol, 

an  inhibitor  of  plastidic  translation  (Adamska  1995),  influenced  the  expression  of elip genes  in 

Arabidopsis and pea, respectively. It could be shown that the redox poise of GSH plays an important 
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Figure 31: Influence of NO on the Elip1 accumulation.
A: Western blot showing the accumulation of Elip1 after 4 h 
illumination with 100 µmol m-2 s-1   (a), 1000 µmol m-2 s-1   (b) 
and 2000 µmol m-2 s-1   (c) of wild type (col-0)  and  AtNOS 
mutant plants. 
B:  Western  blot  showing  the  effect  of  decreased  and 
increased NO concentrations on the expression of Elip1 after 
4h of low (a) and high(c) light treatment. PTIO acts as NO 
scavengers  and  therefore  reduces  the  internal  NO 
concentration, whereas SNP is an NO donor. 
Immunoblot  with  the  anti-cytochrome  f  antibody  (Cyt  f)  is 
shown as a loading control.



role in the expression of elip genes and that the redox state of the PQ pool influenced the transcription 

level and independently regulated the protein level in the thylakoid membrane of Arabidopsis (Heddad 

et al., manuscript in preparation). A role of precursors the Chl biosynthesis could be ruled out (Heddad 

et al., manuscript in preparation). In this work we extended the analysis of signalling routes for the 

elip1 expression to biotic stress signalling compounds, SA, JA and ET. We also examined the role of 

sugars and NO. 

5.5.1. Influence of GSH

GSH is a key component of the antioxidant system and is present at concentrations of 2 to 3 mM in 

various plant tissues (Creissen et al. 1999; Meyer and Fricker 2002; Noctor et al. 2002). Exogenous 

application of  GSH has  a  negative  influence  on  Elip1  accumulation  under  light  stress  conditions 

(Heddad et al. manuscript in preparation). In this study we examined mutants with a reduced level of 

endogenous GSH in leaves. Comparing Elip1 accumulation after light stress in two different mutants 

revealed significant differences. While the cad- 2 mutant showed approximately 10 % lower levels of 

Elip1 under light stress conditions than  col-0 plants, Elip1 levels in the  rax-1 mutant were strongly 

increased. Whether this difference is caused by the constitutive expression of APX2, a key enzyme of 

the antioxidant network, in the rax-1 mutant, is not yet clear. This observation is supported by our data 

that enhanced levels of various ROS reduced the level of Elip1 induction by light stress (see below). 

Infiltration of leaves with GSH reduced the induction of Elip1 under light stress conditions in 

col-0 and  cad-2,  but not in  rax-1 mutants. It was reported that the  cad-2 and  rax-1 mutants show 

differences in the gene expression as compared to col-0 plants and to each other (Ball et al. 2004). 

Most of the genes whose expression was altered in the  rax-1 mutant encoded proteins related to 

stress  responses.  The  authors  proposed  that  the  differences  between the two  mutants  might  be 

related to the locus of the mutation in the γ-glutamyl cysteine synthetase. In cad-2 the mutation lies in 

the putative catalytic domain whereas in the  rax-1  mutant, a conserved part  outside the catalytic 

domain of this enzyme is affected. Since Elip1 levels are strongly enhanced in the rax-1 mutant that 

shows wild type levels of other thiols (Ball et al. 2004), it seems that the level of induction of the Elip1 

expression is not only GSH-dependent but also regulated by γ-glutamyl cysteine synthetase levels. 

5.5.2. Influence of SA, ET and JA

GSH biosynthesis, concentration and redox state were recently identified as the links between SA 

accumulation and the  Npr1  (Non-expressor  of  pathogen  related genes  1)-dependent  induction of 

pathogen defence genes and were found to  be involved in  the regulation of  genes encoding for 

components of the antioxidant defence systems (Mou et al. 2003; Ball et al. 2004; Gomez et al. 2004; 

Senda and Ogawa 2004). We examined the dnd-1 mutant showing elevated foliar SA levels and the 

sid-2 mutant, showing reduced SA levels, and demonstrated that SA has no effect on elip1 induction 

under light stress conditions. The exogenous infiltration of leaves with SA confirmed these results. It is 

known that SA is physiologically coupled with the GSH and H2O2 concentrations (Mateo et al. 2004). 

An increased level of SA provokes an increased level of GSH and a strongly increased concentration 

of H2O2 (up to 600% in the dnd-1 mutant), whereas a reduced concentration of SA has the opposite 

effect. Since the GSH concentration in the  dnd-1 mutant is nearly twice as high as in  col-0 plants 

(Mateo et al. 2004) it cannot be excluded that a potential effect of SA on accumulation of Elip1 is 

reverted by high levels of GSH. On the other hand, reduced levels of GSH in the investigated cad-2 
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mutant had no effect on Elip1 protein levels. This indicates that there is no direct correlation between 

SA and Elip1 accumulation. It was also shown that the infiltration of leaves with GSH induced SA 

accumulation (Mateo et al. 2004). Concerning Elip1 accumulation the infiltration of leaves with GSH 

had a direct effect, whereas the infiltration of leaves with SA had not. This speaks in favour of redox 

control of Elip1 expression rather than a regulation by SA.    

We examined the two main hormones involved in biotic stress answers, ET and JA. Both 

hormones participate in the defence response against a variety of fungal pathogens and positively 

interact with the induction of SAR. ET is also synthesised as an answer to numerous abiotic stresses, 

like  flooding,  drought,  high  and  low temperature,  metals  and  salinity.   More  recently,  the  global 

analysis of ET-mediated changes in gene expression has uncovered hundreds of ET-regulated genes 

(Alonso et al. 2003a; Zhong and Burns 2003). Our studies revealed that mutants insensitive to both 

hormones as well as plants infiltrated with precursors of ET, ACC or JA did not show any difference in 

Elip1 expression under low or high light conditions as compared to col-0 or untreated plants. These 

results  suggest  that  although  biotic  and abiotic  stress  responses  might  share common signalling 

routes, the expression of Elip1 is not influenced by hormones involved in biotic stress responses.

5.5.3. Influence of ROS

In  plants  ROS are  continuously  produced  as  byproducts  of  various  metabolic  pathways  that  are 

localized in different cellular compartments (Foyer and Harbinson 1994). Under physiological steady-

state conditions, ROS are scavenged by different antioxidants, but the balance between production 

and scavenging of ROS may be perturbed by a number of adverse environmental factors, giving rise 

to  rapid  increases  in  intracellular  ROS  levels.  Although  high  concentrations  of  ROS  can  cause 

irreversible damage and cell death, they can also influence signalling and gene expression, indicating 

that cells have evolved strategies to utilize ROS to control various biological programs (Apel and Hirt 

2004). Being small and able to diffuse over short distances, ROS are ideally suited to act as signalling 

molecules. More and more evidence has come up that ROS regulate the expression of different but 

overlapping sets of genes whose products are involved in biotic and abiotic stress responses. Among 

different ROS, only H2O2 can cross plant membranes and therefore can function directly in cell-to-cell 

signalling.   H2O2  plays an important role in initiating intracellular and systemic signalling (Mullineaux 

and Karpinski 2002). Singlet oxygen was shown to activate a specific genetic program which leads to 

a sudden inhibition of the growth rate and bleaching of leaves (Wagner et al. 2004).  

We investigated the effects of the different ROS on Elip1 accumulation. H2O2 was especially 

interesting for us since it was shown that this ROS could induce the expression of APX2 (Karpinski et 

al. 1999). But we could not observe an effect on Elip1 expression in col-0 leaves after infiltrating them 

with H2O2. NaN3, which stimulates the generation of superoxide anion, also had no effect on Elip1 

levels. This can be explained that superoxide anion is constantly dismutated to H2O2 by superoxide 

dismutases. Contrarily, the infiltration of leaves with MV, which generates singlet oxygen, leads to a 

strong decrease of Elip1 levels under excess light conditions. This result is supported by the finding of 

Apel and coworkers (personal communication) who found that exposing dark-grown flu mutant to light 

led to a strong repression of  the induction of  the  elip1 gene.  Flu is  a mutant  which accumulates 

protochlorophyllide in the dark. When exposed to light this mutant produces a high amount of full 

singlet oxygen. This high concentration of singlet oxygen inhibits the dark to light-induced expression 

of the  elip1 gene, similarly like the MV infiltration inhibits the high light-induced Elip1 accumulation. 
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Therefore, we assume that an increased level of singlet oxygen negatively regulates the accumulation 

of Elip1.

5.5.4. Influence of sugars

Soluble  sugars  play  a  major  role  in  the  structure  and  function  of  all  living  cells.  In  oxygenic 

photosynthetic organisms, especially higher plants, sucrose and all the array of enzymes and proteins 

related  to  its  processing  developed  into  a  central  role  between  photosynthesis,  transport,  and 

heterotrophic utilization (Salerno and Curatti 2003). It is known that high sucrose concentrations can 

protect against drought, anoxia and xenobiotics e.g. atrazine stress (Sulmon et al. 2004). Furthermore, 

enhanced sugar concentrations can activate genes that encode products, which are a part  of the 

abiotic stress program, like chalcone synthase and superoxide dismutase (Feinbaum et al. 1991; Koch 

1996;  Rossel  et  al.  2002).  On the other  hand,  the  light-induced  accumulation of  cab-genes  was 

strongly reduced by sucrose (Harter et al. 1993). We examined the effect of high sugar concentrations 

on the expression of Elip1 under high light conditions and demonstrated that Elip1 levels were strongly 

reduced after the infiltration of leaves with glucose and sucrose, whereas the infiltration with sorbitol, 

which is a non-metabolized sugar alcohol, did not influence Elip1 amounts in the thylakoid membrane. 

Therefore, we can exclude the possibility that Elip1 is a part of the sugar activated abiotic stress-

signalling pathway.  However, since both families, the Elips and the Cab proteins are similarly affected 

by high sugar concentrations and the Elip1 interacts with the minor LHCII (Reiser et al. manuscript in 

preparation),  reduced amounts of LHCII might lead to the reduction of amounts of  the interacting 

partner.

5.5.5. Influence of NO

NO is a crucial player in the regulation of plant physiological processes, including stomatal closure and 

plant growth and development (Guo et al. 2003; Lamattina et al. 2003; Neill et al. 2002) and  plays a 

role as an antioxidative agent. The AtNOS mutant with reduced levels of NO, showed an elevated 

accumulation of Elip1 protein in response to light stress. Similarly, the infiltration of leaves with the NO 

scavenger  PTIO increased  the  accumulation  of  Elip1  in  a  concentration-dependent  manner.  This 

suggests  that  NO  negatively  influenced  the  accumulation  of  Elip1  under  light  stress  conditions. 

However, increased concentrations of NO due to the infiltration of leaves with an artificial NO donor, 

SNP, did not affect elip1 expression. 

Since NO is participating in many different signalling pathways it is not clear whether this is a 

direct or indirect effect. It was shown that NO could directly down-regulates gene expression (Parani et 

al. 2004), but no common signalling pathway was found. Most of affected genes encoded proteins with 

unknown functions. Innocenti et al. (2007) showed that NO stimulates GSH synthesis and increases 

the  GSH concentration  in  roots  of  Medicago  trunculata.  Therefore  it  is  possible  that  a  reduced 

concentration of NO might lead to a reduced amount of GSH under high light conditions and in turn to 

the down-regulation of  elip  expression.  Since  low concentrations  of  GSH had no affect  on Elip1 

accumulation, presumably other factors play a role in this effect.
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5.5.6. Summary: 

This work was the first  systematic attempt to examine the Elip1 transduction pathway under light 

stress conditions. We showed that  the phytohormones SA, JA and ET have no effect  on the Elip 

accumulation during excess of light. On the other hand, we could prove that the  eip1 expression is 

negatively influenced by GSH, NO, singlet oxygen and soluble sugars, such as glucose and sucrose. 

Interestingly, we did not found a positive regulator of the Elip 1 induction. Since the  rax-1 mutant 

accumulates more Elip1, especially under lower light intensities, it seems to be the suitable candidate 

for further investigation of factors positively influencing Elip1 expression. 
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Chapter 6: Discussion and future perspectives

A major goal of this work was to investigate the localisation and the regulation of expression of Elip 

family members in order to get  some hints towards physiological  functions of these proteins. Elip 

family members are induced or their expression is enhanced under various stress situations but mainly 

under photoinhibitory conditions. A role as transient pigment-carriers or chl-exchange functions was 

postulated for Elips, which should prevent the production of singlet oxygen by free chls in the thylakoid 

membrane (Adamska et al. 1999). Also a function in energy dissipation was postulated (Montané and 

Kloppstech 2000). However, these postulated functions were not yet supported experimentally.  It was 

reported  recently  that  Elip  knock-out  lines  did  not  show differences  in  lipid-peroxidation  and  the 

presence of free chls (Rossini et al. 2006).  Two approaches were chosen in this study. First, the exact 

localisation studies were performed for different Elip family members under excess light conditions and 

second, the signalling pathways influencing the expression of Elips were investigated. 

6.1. Localisation of Elip family members

In  the  manuscript  “Differential  Expression  and  Localization  of  Early  Light-Induced  Proteins  in 

Arabidopsis thaliana” the differences in localisation and expression pattern of Elip1 and Elip2 were 

discussed. Elip 1 and Elip2 are highly similar proteins (81.05% identity at the amino acid level) but 

they differ in their expression premises. Elip1 is already induced under moderate light intensities and 

then accumulates nearly linear with increasing light intensities, whereas the induction of Elip2 occurred 

stepwise and under higher light intensities. Also a difference in the expression of Elip1 and Elip2 in 

light-stress preadapted or senescent leaves was reported. While Elip1 accumulates in light stress-

preadapted and in senescent leaves, Elip2 is hardly detected under both conditions. Furthermore, they 

are  independently  regulated  on  the  transcriptional  and  translational  levels.  The  presence  of  Elip 

mRNAs and their active translation must not result in a change of the protein level. This problem will 

be discussed further in chapter 6.2. In this manuscript also the first attempt was made to localise Elip1 

and Elip2 in the thylakoid membrane. It was known that Elip1 from pea associates with PSII (Adamska 

and Kloppstech 1991). Now it could be shown that both proteins associate with the LHCII, and are 

present in the trimeric as well  in the monomeric fraction of the LHCII.  Under high light conditions 

photodamaged trimeric LHCII monomerize before degradation (Garab et al. 2002). The finding that 

both Elips are associated with the monomeric LHCII and with increasing endurance of light stress 

more Elips accumulated in the photodamaged trimeric LHCII is consistent with the function proposed 

for these proteins. 

In the manuscript “Differential localisation of Elip-family members“ the localisation of selected 

proteins in LHC was further explored. The localisation of one member of each three groups, the Elip, 

the Sep and the Ohp, was assayed after 4 h of excess light. The Ohp2 is known to associate with PSI 

(Andersson et al. 2003), and this manuscript reports that Ohp2 localises in the proximity of the PSI 

core  complex  and  interacts  also  with  the  LHCII  associated  with  PSI  due  to  state  transition.  MS 

analysis showed that three different forms of Lhcb1 were present in the Ohp2 subcomplex. Sep2 was 

found together  with  Elip1 in  the LHCII.  However,  Sep2 was mainly  localised in  the major  LHCII, 

composed of  Lhcb1-3,  while  Elip1 was found mainly  in  the minor  LHCII  containing Lhcb4-6.  The 

proteins of major LHCII form homo- (Lhcb1 and Lhcb2) and hetero- (Lhcb1-3) trimers and are located 
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at periphery of the PSII-LHCII supercomplex (Bassi and Dainese 1992; Drepper et al. 1993). The 

proteins of minor LHCII are located between the core-complex and the major trimeric LHCII. This is 

consistent with the data from the manuscript 1, in which interaction of Elip1 with the monomeric LHCII 

was described.  Lhcb proteins  from the trimeric  LHCII,  mainly  Lhcb1 and Lhcb2 were also found 

associated  with  Elip1.  This  is  probably  due  to  the  monomerization  of  LHCII  trimers  under 

photoinhibitory conditions. However, in this manuscript the interaction between Elip1 and the major 

LHCII could not be affirmed. This can result from different fractionation methods used. 

The MS analysis revealed the presence of another stress protein, namely fibrillin, in Elip1 and 

Ohp2 subcomplexes. This protein is mainly found in plastoglobuli, which are lipid-containing particles 

attached to thylakoid membrane. Under photoinhibitory conditions plastoglobuli contain also proteins 

of the thylakoid membrane, such as subunits of PSI and II  (Ytterberg et al.  2006). In this context 

fibrillins are discussed to facilitate the formation of the plastoglobuli. Therefore, Elips could bind free 

chls  or  act  as energy sinks in these compartments.   It  would be very interesting to examine the 

plastoglobuli  content  on behalf  of  Elips and fibrillins in an Elip knock-out  line to see if  there is a 

common or linked function of fibrillins and Elips.  

6.2. Elip induction pathways

In  the  manuscript  “Plastoquinone  and  glutathione  redox  cycle  but  not  tetrapyrrole  intermediates 

regulate the expression of light stress proteins in higher plants” it was shown that mainly redox poise 

but  not tetrapyrrole precursors have an influence on the Elip1 expression.  Tetrapyrrole precursors 

regulate the expression of a number of nuclear genes. It was shown that the accumulation of Mg-

Protoporphyrin (Proto) IX is important for repressing nuclear photosynthetic genes (Strand et al. 2003). 

Elip1, Elip2 and Sep2 RNA and protein levels were not affected by the accumulation of Proto IX and 

Mg-Proto  IX.  The  major  redox-sensitive  molecules  in  the  chloroplast  are  plastochinon  (PQ)  and 

glutathione. The reduction of the PQ pool by the addition of an inhibitor of the photosynthetic electron 

transfer chain, DBMIB, led to an accumulation of Elip1 and Elip2 RNAs under low light conditions, 

which was, however, not accompanied by a protein accumulation. Under high light conditions, the 

reduction of the PQ pool led to an increased protein accumulation without changes in the mRNA level. 

The oxidation of the PQ pool by DCMU caused no change in the protein or mRNA level of Elip1 and 

Elip 2. At higher irradiance that induces photooxidative damages, redox signals are conveyed through 

the reduced glutathione/oxidised glutathione (GSH/GSSG) redox cycle (Pfannschmidt  et  al.  2001; 

Gomez et al. 2004). The external application of GSH to leaves resulted in a strong decrease of mRNA 

and protein levels of Elip1 and Elip2. The application of GSSG led to a strong increase in the mRNA 

level of Elip1 and Elip2, which was not accompanied by the accumulation of corresponding proteins. 

Thus, as mentioned above, the regulation of Elips is complicated and occurs at different levels, namely 

at the transcriptional and the posttranslational level. Because only a protein level is informative for the 

protein function the changes in the protein level were studied in the manuscript “Influences of soluble 

sugars,  nitric  oxide and singlet  oxygen on the accumulation of  early  light-induced proteins in  the 

thylakoid  membrane”.  In  this  manuscript  the  induction  pathways  of  the  Elip1  accumulation  were 

systematically investigated. The topic of the GSH regulation was taken up again and mutants with a 

reduced GSH level were examined. Both rax-1 and cad-2 mutants have an about 50% reduced GSH 
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level, and the  rax-1 mutant shows additionally a constitutive expression of ascorbate peroxidase 2 

(Ball et al. 2004). Analysis of the high-light-induced Elip1 accumulation showed a very strong increase 

of this protein in the  rax-1 and a smaller in the  cad-2  mutant. The infiltration of GSH resulted in a 

strong reduction of the Elip1 amount in the  cad-2 mutant like it was shown beforehand for the wild 

type. In the rax-1 mutant, however, the Elip1 amount remained high after GSH infiltration. In summary, 

a high concentration of GSH can inhibit the expression of Elip1, but a low concentration must not 

promote a higher accumulation rate. The rax-1 mutant has a constitutively expressed stress signalling 

pathway, which influences also the expression of Elip1.        

The impact of the main phytohormones, such as salicylic acid, ethylene and jasmonic acid, 

was investigated, both using mutants and external infiltrations. Surprisingly, none of the examined 

hormones had an impact on the Elip1 expression. In contrast the expression of Elip1 was strongly 

influenced by soluble and metabolized sugars. These sugars were repressing the accumulation of 

Elip1 to more than 50%. This could be due to the relatedness of Elips to the chlorophyll  a/b-binding 

family, which members are also inhibited in their expression by sugars (Koch et al. 1996). Two other 

signal transmitters, reactive oxygen species and reactive nitrogen species, were investigated. Both 

signalling  species  have  destructive  effects,  when  present  in  high  concentrations,  but  in  low 

concentration they have signalling function. One reactive oxygen species, namely singlet oxygen (1O2), 

could be shown to diminish the Elip1 expression. Hydrogen peroxide (H2O2) and superoxide anion 

(O2-) were not influencing the Elip1 content. A reduction of the internal nitric oxide (NO) concentration 

resulted  in  an increased Elip1  accumulation,  whereas  a  higher  nitric  oxide concentration  did  not 

reduce the Elip1 content. 

In  manuscript  3  and  4  several  Elip1-controlling  signalling  pathways  were  identified.  It  is 

interesting that there is such a multitude of signalling factors,  which have an impact on the Elip1 

expression.  This  multitude  of  signals  in  combination  with  the  fact  that  the  regulation  of  the  Elip 

expression occurs on the transcriptional and posttranslational levels makes the Elip1 induction a highly 

complex  process.  Striking  is  that  only  negative  regulators  were  identified,  and  that  none  of  the 

examined mutants showed an Elip1 expression  in the absence of a high-light treatment, indicating 

that high-light stress is a prerequisite for the Elip1 induction. On the other hand, typical light stress 

signalling compounds, like H2O2 and salicylic acid have no influence on the expression of Elip1. The 

rax-1 mutant, who shows a stronger accumulation rate of Elip1, is a promising candidate to find out 

more about the positive factors affecting the Elip1 expression. 

The question about the exact function of Elip1 can also not be completely answered in the 

framework of this Thesis. Elip1, Sep2 and Ohp2 have different localisation in the LHCs indicating a 

slightly different physiological functions or a similar function carried out at different locations. On the 

other  hand, Elip1 is  not  a  member of  a high-light  stress cluster,  which is activated e.g.  by H2O2, 

although high-light stress is the prerequisite for the Elip1 expression. The Elip1 and Elip2 or a double 

Elip1/Elip2 knock-out mutants (Rossini et al. 2006), as mentioned above, did not show differences in 

photoresponses or photoprotection as compared to the wild type, which means that more conditions 

have to be tested (e.g. combination of various stresses and developmental stages) for an expressed 

phenotype. Therefore, it would be of a great interest to examine the rax-1 mutant more in detail to find 

the factor(s), which increases the Elip1 accumulation. Another interesting approach would be to have a 

closer look at the fibrillins and the plastoglobuli, in context of the common function with Elips.   
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Chapter 7: Summary

In this work the localisation and the induction pathways of the family of “early-light induced proteins” 

(Elips) were investigated. This family is a distant relative of the chlorophyll (chl)-a/b-binding protein 

superfamily with conserved chl-binding residues and a transient expression pattern related to various 

stress conditions (Adamska 2001). During high-light stress, the proteolysis of photodamaged light-

harvesting proteins leads to the release of free chls. These free chls are potentially able to generate 

singlet oxygen, therefore it is crucial that they get bound to proteins. Due to the expression pattern 

under high-light stress conditions and their chlorophyll-binding motifs, transient pigment-carrier or chl-

exchange functions were postulated for Elips. The proteins from the Elip family can be divided into 

three group including  three-helix Elips (Grimm et al. 1989), two-helix Seps (stress-enhanced proteins) 

(Heddad and Adamska 2000) and one-helix Ohps (one-helix proteins) (Jansson et al. 2000; Andersson 

et al. 2003). It could be shown that selected members of these three groups associate with different 

protein complexes of the thylakoid membrane (Reiser et al., in preparation; chapter 3). Ohp2 were 

found to associate with the photosytem I (PSI) in the proximity of the core complex. Sep2 and Elip1 

are both interacting with the light-harvesting complex of the photosystem II (LHCII). Sep2 is localised 

in the outer trimeric antenna system, whereas Elip1 was detected in the inner monomeric LHCII. In 

these complexes also another stress protein, fibrillin, was found. Fibrillins are expressed under light-

stress conditions and are located either within LHCs or in plastoglobulins, representing presumably 

storage particles (Rey et al. 2000; Gosh et al. 1994; Smith et al. 2000). Analysis of Elip1 and Elip2 

showed that despite their very high similarity, they have different expression patterns during high light-

stress  conditions  as  well  during  different  developmental  stages  (Heddad  et  al.  2006;  chapter2). 

Therefore, it was concluded that these proteins are not redundant and that Elip1 is involved into a 

more basic light-stress defense than Elip2, which accumulates at much higher photon fluency rates. 

In Heddad et al. 2007 (in preparation; chapter 4) it could be shown that mainly the redox poise 

of glutathione (GSH) and plastoquinone (PQ) is influencing the Elip1 expression. The reduction of the 

PQ led to an increase in Elip1 and Elip2 amounts in the thylakoid membrane. The artificial raise of the 

GSH concentration had the opposed effect.  It  could also be shown that  the mutant  rax-1,  with a 

reduced GSH concentration and a constitutive expression of ascorbate peroxidase 2   accumulated 

Elip1 already under low light conditions. Chl precursors, which play a crucial role in regulating the 

expression of lhc genes, were not affecting the Elip1 accumulation. Additionally, it was shown that Elip 

and Sep expression is regulated differentially on the transcriptional as well on the posttranslational 

level.  In  a  systematic  approach  the  main  signalling  compounds  related  to  stress  signalling  were 

investigated for their impact on Elip1 accumulation (Reiser et al., in preparation; chapter 5). It was 

demonstrated that the main phytohormones, such as ethylene, salicylic acid and jasmonic acid, which 

control or regulate many different stress responses and developmental processes do not control the 

Elip1 expression. Contrary, soluble sugars, nitric oxide and singlet oxygen negatively regulated the 

expression of Elip1 under light stress conditions. 
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Zusammenfassung:

In dieser Arbeit wurde die Lokalisierung und die  Expression steuerenden Signalwege der „early light 

induced  Protein  (Elips)-Familie“  untersucht.  Diese  Familie  gehört  zu  Superfamilie  der  Chlorophyll 

(Chl)-a/b  bindenden  Proteine  deren  Mitglieder   konservierte  Chl-bindende  Motive  besitzen  und 

transient  unter  verschiedenen  Stressbedingungen  exprimiert  werden  (Adamska  2001).  Während 

Starklichtstress  werden  bei  Proteolyse  der  photooxidierten  Lichtsammelkomplex-Proteine  Chl 

freigesetzt.  Diese  freie  Chl  sind  in  der  Lage  Singulettsauerstoff  zu  erzeugen,  deshalb  ist  es  von 

ernormer Wichtigkeit diese Chl wieder an die Proteine zu binden. Aufgrund ihrer Expression unter 

Starklichtstress  und  ihrer  Chl-bindemotive  werden  Elips  als  transiente  Chl-binde  oder  –

austauschproteine  diskutiert.  Die  Elip  Familie  besteht  aus  Elips,  die  drei  transmembrane  Helices 

haben  (Grimm et  al.  1989),  den  Seps,  die  zwei  transmembrane  Helices  besitzen  (Heddad  and 

Adamska 2000)  und  den Ohps,  die  nur  eine transmembran Helix  besitzen (Jansson  et  al.  2000; 

Andersson et al. 2003). Die beiden letzten Gruppen sind unter Schwachlicht vorhanden werden aber 

unter Stressbedingungen verstärkt exprimiert. Es  konnte  für  je  ein  beispielhaftes  Mitglied  dieser 

Gruppen die  Interaktion  mit  verschiedenen  Komplexen  in  der  Thylakoidmembran  gezeigt  werden 

(Reiser et al.  in Vorbereitung; Kapitel 3). Ohp2 assoziert mit Photosystem I (PSI) nahe des Core-

Komplexes.  Sep2 und Elip1 interagieren  beide mit  dem Lichtsammelkomplex  des  Photosystem II 

(LHCII). Sep2 bindet im äusseren trimeren Antennenkomplex, während Elip1 im monomeren, inneren 

Lichtsammelkomplex  vorhanden  ist.  In  diesen  Komplexen  wurde  ein  weiteres  Stress-assoziertes 

Protein namens Fibrillin gefunden. Dieses Protein wird unter ähnlichen Bedingungen exprimiert wie 

die  Elip  Familie.  Es  konnte  gezeigt  werden  das  diese  unter  Starklichtbedingungen  auch  in 

Lichtsammelkomplexen  und  nicht  nur  in  Plastoglobuli,  vermutlichen  Speicherkörpern,  gefunden 

werden  (Rey  et  al.  2000;  Gosh  et  al.  1994;  Smith  et  al.  2000).  Untersuchungen  des 

Expressionmusters  der  beinahe  identischen  Proteine  Elip1  und  Elip2  während  Lichtstress  und 

verschiedenen Entwicklungsstadien des Blattes ließ vermuten, dass diese keine redundante Funktion 

haben (Heddad et al. 2006; Kapitel 2). Vielmehr scheint Elip1 Teil der grundlegenden Stressantwort zu 

sein, während Elip2 erst bei höheren Lichtintensitäten exprimiert wird.

In Kapitel 4 (Heddad et al., in Vorbereitung) konnte gezeigt werden, dass der Redoxstatus von 

Glutathion (GSH) und des Plastochinonpools (PQ) die Elip-Expression beeinflusst. Die Reduzierung 

des Plastochininpools hatte eine Erhöhung der Elip1 und Elip2  Akkumulation zur Folge. Dagegen 

reduzierte die Erhöhung der GSH-Konzentration die Elip1 Menge in der Thylakoidmembran. Die rax-1 

Mutante,  die  eine  erniedrigte  Konzentration  an  GSH  und  eine  konstitutive  Expression  von 

Ascorbatperoxidase 2 besitzt, bildet Elip1 schon unter geringeren Lichtintensitäten als der Wildtyp. 

Chl-Vorstufen, die eine entscheidende Rolle in der Kontrolle der  lhc  Gene spielen, beeinflussten die 

Elip1 Akkumulation nicht. Es konnte zusätzlich gezeigt werden, dass Elip und Sep Expression sowohl 

auf transskriptioneller als auch auf posttranslationaler Ebene kontrolliert wird. In einer systematischen 

Untersuchung wurden die wichtigsten Signalmoleküle auf ihre Wirkung auf die Elip1 Akkumulation hin 

geprüft  (Reiser  et  al.  in  Vorbereitung;  Kapitel  5).  Es konnte  gezeigt  werden,  dass die wichtigsten 

Pflanzenhormone,  wie  Ethylen,  Salicylsäure  und  Jasmonsäure,  die  wichtige  Stress-  und 

Entwicklugsvorgänge  kontrollieren,  keinen  Einfluss  auf  die  Elip1  Expression  haben.  Als  negative 

Regulatoren  wurden  Stickstoffoxid,  lösliche  Zucker  und  Singulettsauerstoff  identifziert.  Erhöhte 

Konzentration dieser Signaltransmitter reduzierte die Elip1 Akkumulation nach Starklichtstress.
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Chapter 8: Eigenabgrenzung

Die  vorlegte  Doktorarbeit  fusst  auf  einem  veröffentlichten  und  drei  bisher  unveröffentlichten 

Manuskripten:

 

I. Differential expression of early light-induced proteins in Arabidopsis thaliana and their localization in 

monomeric  and  trimeric  light-harvesting  complex  of  photosystem II.  (Veröffentlicht:  Heddad et  al. 

2006)

II. Localisation of early-light-induced proteins in the thylakoidal membrane.

III.  Plastoquinone  and  glutathione  redox  cycle  but  not  tetrapyrrole  intermediates  regulate  the 

expression of light stress proteins in higher plants. 

IV.  Influence of soluble sugars, nitric oxide and singlet oxygen on the accumulation of Early light-

induced proteins in the thylakoid membrane.

Mein  Beitrag  zu  Manuskript  I  war:  Durchführung  von  Lichtsstressexperimenten,  Isolierung  von 

Thylakoiden und Auftrenung derselben auf Zuckergradienten, Analyse der verschiedenen Komplexe 

mittels  Immunoblots  (Abb.8),  Auftrennung  isolierte  Thylakoide  auf  grünen  Gels  und  Analyse  der 

Elip1/2 Lokalisierung mittels Immunoblottings (Abb.9). 

Zu  Manuskript  II  war  mein  Beitrag:  Planung  und  Durchführung  oder  direkte  Betreuung  der 

beschriebenen Experimente mit Ausnahme der MS-Analyse, Verfassen des Manuskriptes. 

Zu Manuskript III habe ich folgendes beigetragen: Durchführung der Inhibitionsxperimente mit DCMU 

und DBMIB und Messung der Chlorophyllfluoreszens und Durchführung der Immunoblots (Abb. 20B 

und Tabelle 3). 

Mein Anteil an Manuskript IV war: Planung und Durchführung aller beschriebenen Experimente und 

Verfassen des Manuskripts. 
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