
 
 
 

  

FOM - 14.0211 
 
 
 
 
 
 

 

 

Annual report 2013 

 

FOM programme nr. 126 

'The thylakoid membrane - a dynamic switch' 

 

 

Foundation for Fundamental Research on Matter 

www.fom.nl 
 

 
An overview of the complex machine of photosystem I (PSI) in Arabidopsis (top) and Chlamydomonas (bot-
tom). On the left are the structures of proteins without an extra antenna. On the right are the structures that 
arise if PSI binds to an extra antenna. The two-dimensional projection maps were obtained using electron 
microscopy and image processing, with modelling of the components. The LHCII Proteins (light-harvesting 
complex II) are mobile components that can bind to both PSI and PSII. 
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1. Scientific results 2013 

The FOM-programme 'The Thylakoid Membrane-A Dynamic Switch' aims to study how the pho-
tosynthetic thylakoid membrane is able to switch from a state in which the absorbed photons are 
used for photosynthesis to a state in which most of the absorbed light is dissipated as heat. The 
latter occurs under stress conditions (too much light, drought, absence of essential nutrients etc.) 
and means to protect the photosynthetic cells against damage by radical oxygen species formed by 
charge recombination or the accumulation of positive charge in the oxygen evolving Photosystem 
2. The programme combines biochemistry Amsterdam), structural analysis by electron microscopy 
and electron tomography (Groningen), single molecule fluorescence and picosecond microscopy, 
fs-ms transient absorption spectroscopy (Amsterdam, Wageningen), superresolution microscopy 
(Amsterdam-Saclay), development of new methods to stabilize membrane proteins in their native 
lipid environment (Utrecht), NMR for studying the membrane component (Wageningen) and 
molecular dynamics calculations (Groningen). 
 
Major scientific achievements: 
1. Discovery of the mechanism of operation and the structural organization of the LHCSR protein 

of the green alga Chlamydomonas reinhardtii that was found to be able to switch from a light-
harvesting to a quenched state in response to a drop in pH. 

2. In fully functional C2S2M2 supercomplexes of Photosystem 2 reversible stepwise fluorescence 
intensity changes were observed for the first time, that can be interpreted as switching of one or 
more of the antenna components between a light-harvesting and a quenched state. A model is 
under construction to describe these phenomena, including MD-simulation of the supercom-
plex. 

3. The first purification of a photosynthetic protein in it natural lipid environment. First 
demonstration of largely enhanced stability. 

4. Successful set-up of MD-methodology the simulate Photosystem II in a realistic environment. 
Results indicate lipid binding sites and pathways for plastoquinone shuttling. 

5. First demonstration of membrane dynamics in photosynthetic algae and the response to stress. 
 
2. Added value of the programme 

The programme 'The thylakoid membrane- a dynamic switch' combines researchers from a variety 
of disciplines in one research topic. The programme as a whole is functioning well, in particular 
the joint meetings of PIs, technicians, post docs and PhDs, often supplemented by other research-
ers are a great success. Below I will list a few strong points and a few points that need improve-
ment. 
 
Over the last two decennia a large amount of biochemical, structural (EM, X-ray crystallography, 
NMR) and functional (mainly through spectroscopy) information has become available for the 
thylakoid membrane, for the protein assemblies that constitute the photosynthetic apparatus and 
for the individual proteins. For the first time we can ask fundamental questions about the dynamic 
nature of the thylakoid membrane, the role of the rearrangement of the photosynthetic apparatus 
under stress conditions, the role of subtle conformational changes induced by the environment 
(pH, temperature, light intensity) that can switch an individual pigment-protein between very dif-
ferent functional states, the role of lipids and their distribution in the membrane. In this pro-
gramme we bring many different approaches together and so far many new and collaborations 
have been established. I will list a few. 
1. The interaction between the structural approaches, the functional studies (biochemical and 

spectroscopic) and the molecular dynamics proves extremely fruitful. Experiments suggest a 
high connectivity between the components participating in light-harvesting but it is not obvious 
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at all that this is really the case. Maybe this strong connectivity idea must be revisited and 
maybe we have one of the clues to regulation of light-harvesting. 

2. The important pigment-proteins of photosynthesis have so far been obtained by detergent 
purification, which strongly perturbs the lipid environment. Within this consortium we have 
for the first time obtained a pigment-protein in its natural lipid environment and the stability of 
this complex in comparison to its detergent-isolated counterpart seems to be very much 
increased. 

3. New microscopies have been developed and are applied to ‘watch’ the switching events in 
photosynthetic systems in real time. A new and unexpected development was the discovery of 
a new superresolution microscopy method in a collaboration with Prof. Bruno Robert (Saclay 
and Amsterdam; ERC proof of concept proposal was recently submitted by BR and RvG). 

4. Using a combination of NMR, FRAP and fluorescence imaging the dynamic response of the 
photosynthetic membrane will be characterized. 

5. A large joint collaboration has been set up between various members of the programme 
(spectroscopic, structure, MD) and the theoretical physics groups in Vilnius, Lithuania 
(Valkunas, Trinkunas) and Prague (Mancal) to produce dynamic models that explain these 
switching dynamics. 

 
Points that need our attention. 
1. The programme explicitly aimed to investigate the membrane part of the dynamic thylakoid 

membrane. NMR techniques are used to study the thylakoid membrane reorganization under 
stress. A task has a high priority is to quantitatively investigate the relation between the reor-
ganization of the membrane and the redistribution of photosynthetic complexes. This will be 
done following three lines: NMR, FRAP and high-resolution microscopy. Hopefully we can use 
MD to understand the rearrangements of the thylakoid membrane upon stress. 

2. The programme explicitly aimed at using superresolution microscopy to study the local energy 
transfer patterns in thylakoid membranes. In view of the hypothesized control of connectivity 
as a means to regulate light-harvesting this seems all the more relevant. STED seems to be lim-
ited by the efficiency of dumping. In the framework of the ERC of one of us and in collaboration 
with Prof. Bruno Robert (VU/CEA) a method has been developed that basically uses conven-
tional fluorescence microscopy combined with laser excitation to obtain high-resolution images. 
This method must be applied to the thylakoid membrane. 

3. In collaboration with Profs Valkunas and Trinkunas (theoretical physics, Vilnius) and Prof 
Tomas Mancal (Charles University, Prague) a model has been initiated to explain both the 
energy transfer dynamics and the observed switching. In its first appearance the model looks 
very powerful. It is instrumental to the programme to further develop this model, to obtain the 
right statistical patterns from single molecule and fluorescence microscopy experiments and to 
relate these observations and the model calculations to MD simulations and observed struc-
tures. 

 
3. Personnel 

All of the positions are currently filled and the PhDs are on schedule with projects. Per 1-1-2013 
Dr. Bruno Robert (Saclay, France) accepted an endowed professorship at VU University. In view of 
his expertise and scientific interest in the theme of the programme he has joined the teams M3 and 
M5. Through NWO visitor grants Prof Tomas Mancal (Charles University, Prague) and Prof. 
Alexander Ruban (Un Queen Mary, London) both will work on themes strongly related to the 
programme. Mancal will participate in the further development of the switching model for Photo-
system 2, Ruban will participate in the further investigation of quenching mechanisms in plant and 
algal light harvesting complexes using femtosecond stimulated Raman, fluorescence, pump-probe 
and photon-echo spectroscopies (with Dr. John Kennis RvG, VUA and HvA, Wageningen). Star-
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ting November 2014 Prof. Alfred Holzwarth, now MPI Mülheim, will move to Amsterdam and be 
involved in the programme, specifically in the spectroscopic characterization of Photosystem 2 
supercomplexes (tem M1, with Croce). 
 
4. Publications 

10TM01 
- Liguori N., Roy L.M., Opacic M., Durand G. and Croce R. (2013) 'Regulation of light harvesting 

in the green alga Chlamydomonas reinhardtii: the C-terminus of LHCSR is the knob of a dimmer 
switch' J.Am.Chem.Soc , 135 (49) 18339–18342. 

 
10TM02 
- Krupnik T., Kotabová E., van Bezouwen L.S., Mazur R., Garstka, M., Nixon P., Barber J., Kaňa 

R., Boekema E.J. and Kargul J. (2013) A reaction centre-dependent photoprotection mechanism 
in a highly robust photosystem II from an extremophilic red alga Cyanidioschyzon merolae. J. Biol. 
Chem. 288, 23529-23542. 

 
10TM03 
- Alexandre M.T.A., Gundermann K., Pascal A.A., van Grondelle R., Büchel C., Robert B. (2013) 

Probing the carotenoid content of intact Cyclotella cells by resonance Raman spectroscopy. 
Photosynthesis Research 119(3), 273-281. 

- Krüger T.P.J., Ilioaia C., Alexandre M.T., Horton P., van Grondelle R. (2014) How Protein Disor-
der Controls Non-photochemical Quenching. Springer (ed. B. Demmig Adams), Springer, in 
press. 

- Chmeliov J., Valkunas L. Kruger, T.P.J., Ilioaia C., van Grondelle R. (2013). Fluorescence blink-
ing of single major light-harvesting complexes. New J. of Physics 15, DOI: 10.1088/1367-
2630/15/8/085007. 

 
10TM04 
- Tian L., Farooq S., van Amerongen H. (2013) Phys. Chem. Chem. Phys., 2013, 15, 3146-3154. 
 
10TM08 
- Lopez C.A., Sovova Z., van Eerden F., de Vries A.H., Marrink S.J. (2013). Martini force field 

parameters for glycolipids J. Chem. Theor. Comput. 9, 1694-1708. 
- van Eerden F., de Jong D.H., Wassenaar T.A., Marrink S.J. (2014). Characterization of thylakoid 

membranes from cyanobacteria and higher plants by molecular dynamics simulations. Biophys. 
J. submitted. 

 
5. Valorisation and outreach 

We started a collaboration with co-workers of the Carbon-Earth project of Penn State University, 
USA (Carbon Educators And Researchers Together for Humanity, see carbonearth.org), in partic-
ular Matthew M. Johnson (of the Center for Science and the Schools of Penn State University, see 
csats.psu.edu) and Adam A. Perez (graduate student working in the field of our project). In this 
project PhD students are teamed up one-to-one with teachers of US middle schools (educating 
children of 10-12 year) with the specific goal to develop educational modules for these children in 
STEM disciplines (science, technology, engineering and mathematics), with obvious benefits for 
the participating PhD students (who increased their competences for explaining research to non-
specialists), teachers (who got access to new STEM concepts) and school children (who could get 
access to interesting and challenging examples in science and technology at an early age). Early 
2014 Johnson and Perez visited the Netherlands together with two other PhD students and two 
teachers, and we discussed how we can collaborate in the future. 
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Fact sheet as of 1 January 2014 

 FOM - 10.1719/3 
 datum: 01-01-2014 
 
 
APPROVED FOM PROGRAMME  
 
 
Number 126. 
  
Title (code) The thylakoid membrane - a dynamic switch (TM) 
  
Executive organisational unit BUW 
  
Programme management Prof.dr. R. van Grondelle 
  
Duration 2011-2015 
  
Cost estimate M€ 2.6 
  
Concise programme description 

a. Objectives 
The aim of the programme is to study the structure and dynamics of thylakoid membranes and its 
constituent pigment proteins under varying conditions. The main objectives are: 

- Study the switching thylakoid membrane at nm-m length scale and at fs-sec timescale. 
- Develop quantitative models to understand the dynamic function, structure and organization of 

this biological switch at nm-m length scale and at fs-sec timescale. 
- Manipulate the switching thylakoid at atomic, molecular, supra-molecular and cellular level. 
 
b. Background, relevance and implementation 
Photosynthesis is the biological process performed by plants, algae and photosynthetic bacteria to 
convert the energy of sunlight into a form that can be used by the organism to grow, maintain, multi-
ply. The ultimate efficiency of photosynthesis relies heavily on the ability of the photosynthetic appa-
ratus to respond to extreme 'stress' conditions: intense light, drought, cold. The photosynthetic 
thylakoid membrane (TM) that contains all the essential components reacts strongly to stress condi-
tions by switching rapidly between 'photosynthetic' and 'photo-protective' states by reorganizing the 
TM. Understanding the photosynthetic process thus requires exploring the dynamics of the system 
and especially the functional and structural flexibility of the TM and its constituting pigment-pro-
teins. The elucidation of the molecular biophysical feed-back mechanism(s), which relate the sensing 
of photosynthetic activity to the re-organization of the membrane architecture, is a major contribution 
to understanding the efficiency of photosynthesis in oxygenic organisms in general. It is essential for 
understanding abiotic stress tolerance, which is relevant for developing strategies to optimize agri-
culture and biofuel production. 
 

A set of 8 projects has been defined covering all aspects of this problem from the molecular level to 
the intact chloroplast. (1) biochemistry to produce photosynthetic complexes, membrane fragments 
and (reconstituted) membranes of increasing complexity and intactness combined with genetics to 
produce selectively and intelligently genetically engineered materials; (2) EM and EM-tomography to 
identify single complexes/membrane fragments and their organization in the membrane; (3) single 
molecule emission spectroscopy to identify the switching capacity of photosynthetic complexes of 
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increasing complexity; (4,5) fluorescence lifetime imaging (4) and non-linear (5) microscopy on pho-
tosynthetic membranes in vitro and in vivo to identify the functional organization at high resolution; 
(6) solid state NMR to study the dynamics of proteins and lipids in the TM; (7) in vivo NMR to 
understand the role of transport phenomena and membrane phase changes and (8) molecular 
dynamics simulations to make a quantitative model of the TM that relates the dynamic structure of 
supercomplexes/ membrane fragments/-membranes to the physical-chemical properties of the pig-
ment proteins, lipid composition and functionality. 
 
 
Funding 

salarispeil per 01-07-2012 

 

bedragen in k€ < 2013 2014 2015 2016 2017 2018 > 2019 Totaal 

FOM-basisexploitatie 1.713 570 293 - - - - 2.576 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 1.713 570 293 - - - - 2.576 

 
 
Source documents and progress control 

a) Original programme proposal: FOM-10.1237 
b) Ex ante evaluation: FOM-10.1344 
c) Decision Executive Board: FOM-10.1718 
 
 
Remarks 

The final evaluation of this programme will consist of a self-evaluation initiated by the programme 
leader and is foreseen for 2016.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 EK par. HOZB 
 
 
Subgebied: 100% FL  
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Historical overview of input en output 

 

Input 
personnel (in fte)  finances* (in k€ ) 

WP/V WP/T PhD NWP 

2011 - 0.6 1.5 - 134 

2012 - 1.9 5.6 0.9 578 

2013 - 2.0 6.0 1.0 500 

 

Output 
PhD theses refereed publications other publications & 

presentations 
patents 

2011 - - - - 

2012 - 2 14 - 

2013 - 10 28 - 

* After closing the financial year. 
 
 
PhD defences 

2011 
None. 

2012 
None. 

2013 
None. 

 

 
 
Patents (new/changes) 

2013 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-G-29 

Leader Prof.dr. E.J. Boekema 

Organisation Groningen University 

Programme The thylakoid membrane - a dynamic switch 

Project (title + number) 
Structural changes in the organization of Photosystem II: 
supercomplexes and membranes in response to stress 10TM02 

 

FOM employees on this project 

Name  Position Start date End date 

L.S. van Bezouwen PhD 01 May 2011 30 April 2015 

 
 
Workgroup FOM-G-31 

Leader Prof.dr. S.J. Marrink 

Organisation Groningen University 

Programme The thylakoid membrane - a dynamic switch 

Project (title + number) 
Computational modeling of the structure and dynamics of the PSII 
supercomplex 10TM08 

 

FOM employees on this project 

Name  Position Start date End date 

F.J. van Eerden PhD 01 September 2011 31 August 2015 

 
 
Workgroup FOM-U-38 

Leader Prof.dr. J.A. Killian 

Organisation Utrecht University 

Programme The thylakoid membrane - a dynamic switch 

Project (title + number) 
Role of lipids in structure and organization of photosynthetic 
membranes 10TM06 

 

FOM employees on this project 

Name  Position Start date End date 

S. Scheidelaar PhD 15 October 2011 14 October 2015 
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Workgroup FOM-V-05 

Leader Prof.dr. R. van Grondelle 

Organisation Vrije Universiteit Amsterdam 

Programme The thylakoid membrane - a dynamic switch 

Project (title + number) 
Non-linear microscopy of the thylakoid membrane: Towards a high-
resolution functional image 10TM05 

 

FOM employees on this project 

Name  Position Start date End date 

M.T.A. Alexandre postdoc 01 June 2011 31 May 2014 

 
 
Workgroup FOM-V-22 

Leader Prof.dr. R. Croce 

Organisation Vrije Universiteit Amsterdam 

Programme The thylakoid membrane - a dynamic switch 

Project (title + number) 
Changes in the functional organization of Photosystem II: 
supercomplexes in response to stress 10TM01 

 

FOM employees on this project 

Name  Position Start date End date 

L.M. Roy TP/T 20 February 2012 19 February 2017 

N. Liguori PhD 15 January 2012 14 January 2016 
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Workgroup FOM-W-02 

Leader Prof.dr. H. van Amerongen 

Organisation Wageningen Universiteit en Researchcentrum 

Programme The thylakoid membrane - a dynamic switch 

Project (title + number) 
Picosecond microspectroscopy of photosynthetic complexes in vivo 
10TM04 

 

FOM employees on this project 

Name  Position Start date End date 

S. Farooq PhD 01 May 2012 30 April 2016 

 

Leader Prof.dr. H. van Amerongen 

Organisation Wageningen Universiteit en Researchcentrum 

Project leader Dr. H. van As 

Programme The thylakoid membrane - a dynamic switch 

Project (title + number) 
1H and 31P in vivo NMR methods to study thylakoid membrane phase, 
time dependent lipid diffusion and exchange 10TM07 

 

FOM employees on this project 

Name  Position Start date End date 

S. Pagadala PhD 01 September 2011 31 August 2015 

 


