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Figure 1. A cross-cut of the photosynthetic membrane of a tobacco plant. In the middle of the membrane we 

see the light-harvesting complex LHC. LHC is a large pigment-protein complex closely surrounded by 
membrane lipids. The protein is indicated in purple, the pigments are green, the membranelipids are orange 
and the water is in blue. By switching between different states of the pigment-protein structure the light-

harvesting complex can be ‘on’, in this state the LHC can transfer the energy that it has absorbed to be used 
for photosynthesis or the LHC can be ‘off’ and the energy can dissipated as heat. This work is a collaboration 

between the MD group headed by Prof Marrink (10TM08) and the Biophysics of Photosynthesis group 
headed by Prof. Croce (10TM01). Illustration Nicoletta Liguori. 
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1. Scientific results 2015 
During 2015 the programme The Thylakoid Membrane- A Dynamic Switch has shown important 
progress along a number of complementary research lines. The first collaborative research line 
aims to characterize the dynamic functionality of thylakoid pigment proteins by classical MD 
simulations, spectroscopy, single particle spectroscopy and multi photon microscopy. In the 
second research line we use SMA copolymers to obtain increasingly complex membrane-protein 
patches of the thylakoid membrane. The third major research line aims to measure dynamic 
changes in the intact thylakoid membrane related to rearrangement of the relevant proteins, 
dynamics of water, lipids by NMR, functional dynamics by time-resolved fluorescence.  
Here the most important results are summarized. 
 
MD simulations of LHCII 
Team 10TM01 (N. Liguori, R. Croce) in collaboration with 10TM08 (van Eerden, Marrink) per-
formed the first molecular dynamic simulations of LHCII. Nicoletta Liguori (10TM01) has also 
participated in the development of the force field of chlorophyll a and -carotenes and she has 
developed new force fields for four different types of pigments typical of LHCII and one lipid, that 
can also be used for simulations of all other light-harvesting systems. 7 independent simulations of 
LHCII in a membrane were produced, each lasting 1 µs. These simulations are able to reproduce 
the differences between the crystal and the solubilized complex observed experimentally, revea-
ling the structural changes involved. They also allow us to test the current hypotheses regarding 
the putative sites and mechanisms of quenching. We show that the cluster responsible for the 
lowest energy state of the complex is the most dynamic one and the coupling between the pig-
ments can be modulated over a large range by changes in the N-terminus of the protein. These 
results do suggest that LHCII is able to modulate its energetics and thereby its fluorescence 
quenching properties. 
 
LhcSR 
Teams 10TM01(Liguori, Croce) and 10TM03 (Novoderezhkin, van Grondelle) have also studied 
the pigment-protein complex LhcSR of the green alga C. reinhardtii. This complex is particularly 
interesting because it is essential for the process of non-photochemical quenching in this alga, but 
little is known about its structure and its functional properties. By using a combination of steady 
state and ultrafast time-resolved spectroscopy, combined with excitonic modelling, we could 
describe the excitation energy transfer process in this complex (see Fig 2). Using this data we show 
that LhcSR has a structure and a pigment organization similar to that of the light-harvesting com-
plexes that in algae and plants are used to enlarge the absorption cross section of the two photo-
systems.  
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Fig.2 Energy transfer scheme for LhcSR as deduced from biochemistry, spectroscopy and excitonic modelling 
 
Single Molecule Spectroscopy and Switching 
These results have direct implications for the experimentally observed switching dynamics of 
LHCII, of Photosystem II supercomplexes and of FCP, the major light harvesting complex of dia-
toms and functionally and structurally related to LHCII (10TM03, Alexandre, Gruber, Krüger, van 
Grondelle). How the synergy between protein-pigments architecture and its dynamics uniquely 
controls protein functionality is still poorly understood. In this project we explored the relation-
ship between structure, dynamics and functionality by investigating the main light-harvesting 
complexes (LHCs) of the diatom Cyclotella meneghiniana (FCPa and FCPb) and plants (LHCII) using 
time-resolved single molecule fluorescence spectroscopy in the context of the non-photochemical 
quenching (NPQ) mechanism which is mandatory for photosynthetic organisms to survive on 
Earth. Conformational dynamics (static disorder) was reflected by large reversible fluorescence 
intensity (blinking) and spectral diffusion into various low-emission states, principally peaking at 
670–687 nm, 690–760 nm and 770–800 nm, illustrating a remarkable spectroscopic similarity 
between FCPs and LHCII. FCPs showed considerable site energy disorder, switching mainly 
between ~676 nm and ~681 nm spectral states. These relatively small spectral changes can be well-
explained using a disordered exciton–modified Redfield model, based on the LHCII structure, but 
including significant Chl a611 orientation dynamics. The amount of static disorder is large for LL-
FCPa and strongly reduced in HL-FCPa and becomes more comparable to LHCII. In sharp contrast 
to FCPb, the FCPa blinking equilibrium is strongly displaced toward the quenched state by condi-
tions that mimic the qE component of NPQ in vivo e.g. low pH and no DM, suggesting that a man-
datory combination of a subtle propagated controlled unfolding of the transmembrane solvent 
exposed trimeric interfaces and a protonation of specific residues is required to increase the proba-
bility of Chl a (Qy)/Fx (S1/ICT) mixing responsible for qE. Remarkably, LHCII appears to be a less 
sensitive sensor of the qE related environmental changes than FCPa and for the latter a pH drop 
alone has already a significant effect on its blinking behavior suggesting that the essential protona-
ble groups are not solvent accessible in the native folded state of LL-FCPa. Interestingly, HL-FCPa 
displays a weaker but similar LHCII like trend upon a pH drop in the presence of DM most likely 
due to the different fold of Fcp6. We conclude that FCPa is likely the sensor and dissipating com-
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plex involved in the strong qE component of NPQ in Cyclotella meneghiniana and thus should be 
mainly associated with PSII while FCPb is unresponsive to qE related physico-chemical changes 
and then is probably mainly interacting with PSI.  

 
Fig.3 Population-average intensity of individually measured complexes under different environmental condi-

tions. 
 
SMA copolymers and nanodisks 
Team 10TM06 (Scheidelaar, Killian) has further investigated the role of lipids vs the role of SMA 
co-polymers in obtaining intact membrane proteins connected to functionally relevant lipids. After 
the successful purification of an important photosynthetic membrane protein, the bacterial photo-
synthetic reaction center, using the styrene maleic acid (SMA) by team 10TM06, in collaboration 
with 10TM03, it was concluded that the SMA is an efficient solubilizer for lipid membranes. Three 
lines of research were explored in 2015 (10TM06 in collaboration with teams 10TM01, 10TM03 and 
10TM05): 
(1) Understanding the physical properties of SMA polymers that are important for membrane 
protein solubilization 
(2) Solubilization of proteins from the crowded membrane of Rhodobacter sphaeroides by the SMA 
polymer 
(3) Solubilization of BBYs, Blebs, and thylakoids of spinach by the SMA polymer 
Major results from that research were: 

(1) Monomer ratio, molecular weight, and pH are important properties that characterize the 
mode of action of SMA co-polymers. In particular, intermediate monomer ratios, low 
molecular weight (2-10kD), and intermediate pH values were found to promote efficient 
solubilization. 

(2) Protein crowded membranes are not solubilized by SMA. After the addition of lipid or 
reducing the protein expression in these membranes, solubilization could be observed. It 
was also confirmed that SMA polymers with intermediate monomer ratio and low mole-
cular weight act most efficiently. 

(3) Low or high salt significantly affects the efficiency of solubilization of PSI/PSII complexes. 
LHCII solubilized in SMA polymers has similar photophysics as LHCII in DDM detergent, 
however, in SMA LHCII is more stable and degrades less fast during experiments. 

 
Concerning this point of stability, the aim of this part of the project is to bring our understanding 
of light-harvesting and photo-protection one step closer to the native lipid environment of 
thylakoid membranes. Most photosynthetic pigment-protein complexes of algae and higher plants 
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are integral membrane proteins and are usually isolated in the presence of detergent to provide a 
hydrophobic interface and prevent aggregation. It was recently shown that the styrene maleic acid 
(SMA) copolymer can be used instead to solubilize and isolate protein complexes with their native 
lipid environment into nanodisk particles. We succeeded to isolate light-harvesting complexes in 
SMA nanodisks but the resulting sample is heterogeneous. However, single-molecule spectro-
scopy (SMS) allows us to measure single particles and to selectively analyze LHCII complexes. To 
determine the size and composition of LHCII complexes we measured the triplet state kinetics and 
calculated the relative absorption cross section of single complexes that show the successful isola-
tion of trimeric complexes in SMA nanodisks, confirming the trimeric structure as the likely native 
configuration. The survival time of these complexes before they photobleach is increased in SMA 
compared to detergent which might be explained by a stabilizing effect of the co-purified lipids in 
nanodisks. We furthermore compared their photophysics with trimeric LHCII complexes in β-DM 
detergent micelles in order to understand the effect of the native environment on the conforma-
tional dynamics and lifetime of light-harvesting antennae. We find an unquenched fluorescence 
lifetime of 3.5 ns for LHCII in SMA nanodisks which coincides with detergent isolated complexes 
and notably differs from 2 ns typically found in native thylakoids. This shows that the native lipid 
environment alone is not the reason for that discrepancy. A large dynamic range of partially 
quenched complexes both in detergent micelles and lipid nanodisks is demonstrated by correlating 
the fluorescence lifetime with the intensity and likely reflects the conformational freedom of these 
complexes. This further supports the hypothesis that fluorescence intermittency is an intrinsic 
property of LHCII that may be involved in excess energy dissipation in native light-harvesting. 
 
Overall we can conclude that LHCII complexes are more stable in SMA nanodisks than in deter-
gent micelles but there are no major differences in their fluorescence features. Our results therefore 
justifiy the extensive use of detergent to purify and study isolated photosynthetic protein com-
plexes. 
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Fig. 4. Comparison of the fluorescence lifetime characteristic of LHCII trimers in detergent (right) and in 
SMA nanodisks (left). The two top graphs show the amplitude averaged fluorescence lifetime plotted against 
the fluorescence intensity. The color code represents the overall dwell-time probability of complexes within 

an intensity bin of 50 cps and a lifetime bin of 100 ps. The amplitude of the fast lifetime component was 
estimated and corrected by the theoretically expected amount of annihilation. The transparent black dots in 
the top graphs illustrate the fitted values from individual intensity levels without corrections of the ampli-

tude of the fast annihilation component. The two bottom graphs depict only the fluorescence lifetime τslow on 
the y-axis while the measured fluorescence intensity on the x-axis is due to an increasing effect of annihila-
tion still saturating at larger lifetime values. Here you nicely see the identical long lifetime component of 
about 3 to 3.5 ns for both the detergent and the lipid nanodisk sample. The black dashed lines in the top 

graphs illustrate a linear relationship between average lifetime and fluorescence intensity. This is an intrin-
sic validation that we don’t miss any fast lifetime components that would alter this linear behavior. It fur-

thermore illustrates the large dynamic range of quenching likely corresponding to an equally diverse protein-
conformational space. In the bottom graphs the black lines illustrate the theoretically calculated relation 

between the slow lifetime component and the fluorescence intensity used for the correction in the two upper 
graphs. All four graphs show that the overall fluorescence characteristics are indeed similar for both the 

detergent and the lipid environment. 
 
Multiphoton fluorescence microscopy 
In team 10TM05 (Ferretti, Van Grondelle, Dekker), Marco Ferretti was appointed as a post doctoral 
researcher after extensive consultation with FOM. We decided to return to the original question 
phrased in the FOM-proposal: can we decide on energy-transfer pathways by multi-photon 
microscopy. In recent years, the study of nano-scale electronic and optical devices has become very 
popular. In such systems, quantum phenomena can play a major role even at room temperature, 
and this makes devices with a higher energy transfer efficiency or lower power consumption 
available. The fabrication of nano-devices is one of the main limitations for high scale production, 
however this problem can be overcome by self-organized biological systems. For this purpose, 
considering their high energy transfer efficiency, the photosynthetic systems are good candidates 
for the realization of optical nano-devices.  
The mechanism of energy transfer in photosynthetic light harvesting complexes is controversial. In 
fact in some cases a classical approach, such as Förster resonance energy transfer or FRET, can 
describe the energy transfer as a diffusive process. In the FRET mechanism, the weak dipole-dipole 
interaction between two nearby sites causes the hop of the electronic excited state, whereby there is 
no phase correlation between the initial and final states. This results in a diffusion model, for a 
wire this would be a 1D diffusion that can be modelled as a classical random-walk.  
When systems become ordered, the excited states are delocalized. In this case the energy transfer is 
best described by quantum mechanical models, such as the Redfield equations. Such delocalization 
is due to the strong coupling between exciton states, as in the case of PC nano-wires, even at room 
temperature. PC nanowires are large-scale self-organized structures made of phycocyanin trimer 
protein complexes (PC). In Nature, PC complexes are involved in light-harvesting and energy 
transfer by phycobilisomes in cyanobacteria. These phycobilisomes are organized in rods formed 
by 3 to 6 PC hexameric units.  
 
Basically a concentrated PC sample is put on a surface and let to dry. After the drying process, the 
samples have a circular shape, with a radial gradient of absorption. Therefore there is an higher 
concentration of PC complexes close to the edge. We propose that because of the growing method, 
the structures are bigger and more ordered where there is more abundance of PC subunits. In 
order to study the correlation between the PC concentration and the order, we measured the time 
resolved fluorescence of a dried sample, excited at three different spots. The distance between the 
centre of two neighboring spots is 400 μm, and the diameter of the spot is about 100 μm. Studying 
the emission spectra and the corresponding decays, it is possible to reveal the degree of order of 



 
 
 

 
 
 - 8 - 
 

the PC structures in the three different spots (see figure 5).  

 

Figure 5: a Absorption spectrum of PC in solution. The spectrum shows a main peak at 620 nm. b Scheme of 
the different excitation positions A,B and C. The sample, consisting of dried PC forming nano-wires, shows a 
radial gradient of absorption from the center to the edge. This suggests the possibility of more ordered struc-
tures in position A than in position C. c-f Global analysis of time resolved fluorescence results for positions 
A, B and C in blue, red and black respectively. For this analysis was used a sequential model made of two 

components (a fast and a slow component): EAS spectra corresponding to the fast (panel c), and slow (panel 
d) components, with the corresponding time evolution in panel e and f. c The EAS spectra show a main peak 
at 665 nm, and in positions A and B a peak appears at 740 nm. e The fast life times are 99 ps, 118 ps and 50 
ps for positions A, B and C. d The EAS spectra show a common peak at 680 nm, with the appearing of a peak 

at 740 nm for positions A and B. f The slow life times are 411 ps, 438 ps and 461 ps. The decreasing of the 
life-time from 461 ps to 411 ps and the red-shift of the slow component from 665 nm to 740 nm agree with 

the hypothesis of having more ordered PC structures in position A than in position C. 
 
Structure of plant supercomplexes 
Research in 10TM02 (van Bezouwen, Boekema) made much progress in obtaining a high resolution 
structure of the C2S2M2 plant photosystem II particle by electron microscopy (EM) and single 
particle analysis, in collaboration with dr. S. Caffari (France). This result is of crucial importance to 
understand the functional properties of this fundamental structural building block of the thylakoid 
membrane. C2S2M2 particles were concentrated up to a concentration around 3.5 mg/ml without 
causing aggregation, necessary to get suitable samples for cryo-EM. The first model at a resolution 
of 11.5 Å was built based on data collection on a Polara EM in Groningen. Shortly after that data 
were collected at NeCEN in Leiden, where over 5,000 images were collected in three time slots. 
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Over 100,000 particles were handpicked to process. From these particles, the best 23,000 particles 
were used for a final reconstruction. The final resolution for the whole complex is 5.4 Å, but details 
in the core are around 4 Å, and much better resolved than in the peripheral antenna, where the M-
trimer, CP24 and CP29 remain a bit fuzzy due to local flexibility (lower left part of the top view, 
see image). Currently a model is being built. The goal is to find all the different subunits inside the 
plant core, and even the precise location of many chlorophylls will be possible, because the larger 
amino acid side chains (tryptophans) are visible in the electron density map. Once the core has 
been finished, the same will be done with the light harvesting complexes with the ultimate aim to 
find all the chlorophylls present in the supercomplex.  
 

 
Fig. 6. The high resolution map of the C2S2M2 photosystem II complex. Left: a two-dimensional projection 

of the 3D map. Right: side view of the particle, with several alpha helices running vertically in the mem-
brane-bound part and the centrally located extrinsic subunits protruding into the lumen space. 

 
This combines very well with the MD simulations on Photosystem II complexes (10TM08), the in 
vivo fluorescence studies under different stress conditions (10TM04), the time-resolved single 
molecule fluorescence experiments on Photosystem II supercomplexes (10TM03) and the lipid and 
protein diffusion dynamics as measured by NMR (10TM07).  
 
In vivo time-resolved fluorescence 
In vivo fluorescence studies were performed by 10TM04 (Farooq, van Amerongen). The experience 
and knowledge that Farooq cs. obtained regarding spectroscopy of biological samples and in par-
ticular the picosecond fluorescence of thylakoid membranes was recently used to study intact 
leaves with and without non-photochemical quenching (NPQ), the final goal of her project, and 
the main topic of our programme. For this she used spectrally- and time-resolved fluorescence, 
using a newly designed illumination scheme. It was possible to separate the contribution of photo-
system (PS) I and II to the overall signal, and to determine the rate of quenching in the case of open 
and closed reaction centers. It is confirmed that NPQ is only influencing the kinetics of PS II, and 
that protection by NPQ occurs when the reaction centers are closed while the photosynthetic effi-
ciency is only marginally influenced when the reaction centers are open. A publication is in prepa-
ration.  
 
10MT04 (Farooq, van Amerongen) furthermore made an important contribution to the improve-
ment of camera-based single molecule detection. The achievable time resolution is often limited by 
the frame rate of the camera. Especially in experiments utilizing single-molecule Förster resonance 
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energy transfer (smFRET) to probe conformational dynamics of biomolecules, increasing the frame 
rate by either pixel-binning or cropping the field of view decreases the number of molecules that 
can be monitored simultaneously. Here, Farooq cs. present a generalised excitation scheme termed 
stroboscopic alternating-laser excitation (sALEX) that significantly improves the time resolution 
without sacrificing highly parallelised detection in total internal reflection fluorescence (TIRF) 
microscopy. In addition, a technique known from diffusion-based confocal microscopy was 
adapted to analyse the complex shape of FRET efficiency histograms. Both sALEX and dynamic 
probability distribution analysis (dPDA) are applied to resolve conformational dynamics of inter-
converting DNA hairpins in the millisecond time range. 
 
 

 

Fig.7. Simulations. Stroboscopic alternating-laser excitation (sALEX) in smFRET TIRF microscopy. Com-
plete movies were simulated using parameters closely resembling experimental conditions. The conforma-
tional dynamics of the FRET species were simulated using a forward and backward rate of koc = kco = 200 
s−1, respectively. The frame rate of the camera was set to 20 Hz. (a and b) Simulated individual frames after 

(a) green and (b) red excitation shown for a 3 ms excitation time. FRET is shown via simultaneous detection 
of molecules in the green (DD) and red (DA) detection channel after green excitation. (c) Histograms (100 
bins) of transfer efficiencies (E* = DA/(DA + DD)) from individual time traces after fitting all molecules. 
The respective excitation time and the number of molecules forming each histogram (#) is indicated. For 

excitation times corresponding to the frame time of the camera (50 Hz), the underlying fast conformational 
changes are averaged out. Decreasing the excitation time leads to a separation of both FRET species. (d and 
e) Individual time traces for 50 ms (d) and 3 ms (e) excitation time. Upper panel: Donor signal after donor 
excitation (green trace, DD), acceptor signal after donor excitation (red trace, DA), acceptor signal after 
acceptor excitation (black trace, AA). Lower panel: Transfer efficiencies (red trace, E*) and stoichiometry 

(black trace, S = DD + DA/(DD + DA + AA)). 
 
Diffusion of water, lipids and proteins 
Team 10TM07 (Shanthi Pagadala, Henk van As) applies 1H NMR DOSY (resulting in diffusion 
associated 1H NMR spectra (DANS)) and DRCOSY (resulting in 2-dimensional diffusion-T2 corre-
lation plots). These techniques have been applied to study the behaviour of the different water 
and 1H (lipid) pools observed during dehydration of leaves with different anatomy: with and 
without sub-epidermal cells. It was clearly demonstrated that the dehydration process of 
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chloroplasts in leaves with sub-epidermal cells was slower than in leaves without such cells. No 
clear relation was observed between the chloroplast dehydration process and the PSII 
photochemical efficiency as observed by fluorescence measurements. Only in the limit of severe 
dehydration differences between leaves with and without sub-epidermal cells became significant. 
As reported before by DOSY and DRCOSY NMR they can successfully discriminate chloroplast 
and non-chloroplast water, measure chloroplast volume and study the amount and dynamics of 
(membrane) lipids in vivo in algal and cyanobacterial suspensions. In addition, they also observed 
a component with a complex spectrum and a very low diffusion coefficient. Thylakoid membrane 
suspensions of spinach (in cooperation with van Amerongen, Croce) have now been studied to 
prove that this component indeed relates to pigment-protein (super) complexes in the thylakoid 
membrane. The spectra show a different composition in the different systems, change under envi-
ronmental stressors, but the diffusion behaviour is very comparable and typical for such systems. 
By proper diffusion filtering, these spectra can be obtained in about 5 mins. This opens the possi-
bility to further characterize the component by more advanced 2D NMR methods. 
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Fig. 7. Diffusion Associated 1H NMR spectra (left) and Apparent Diffusion Coefficient (ADC) as function 

of the diffusion time D (right) of the component that contains (membrane) lipids (upper row) and the 
pigment-protein (super) complexes in suspensions of Chlamydomonas, cyanobacterium Synechocystis and 
isolated spinach thylakoid membrane. Although the spectra show clear differences, the (restricted) diffusion 

behaviour is quite comparable for the three systems. 
 
Molecular Dynamics of the PSII supercomplex 
The MD group (10TM08, van Eerden, Marrink) has finished simulations of the PSII supercomplex 
embedded in a realistic membrane and a detailed analysis of the system has been performed. Key 
outcomes of this analysis are the following: 
- PSII is a very stable complex with little internal mobility. Mobility of the peripheral subunits is 

more pronounced. 
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- Some of the co-factors of the PSII complex are able to escape from the system into the thylakoid 
membrane, and suggest that in-vivo there might be a dynamic exchange between bound cofac-
tors and a pool of cofactors embedded in the membrane. 

- MGDG and SQDG lipids are significantly enriched around the protein, and numerous binding 
sites can be identified at the membrane exposed surface of the protein. The putative biological 
role of these binding sites remains unclear. 

- Spontaneous exchange of plastoquinones has been observed, and a novel plastoquinone 
exchange channel has been identified. 

These results are currently being written up as thesis chapters, and will be submitted as a number 
of separate manuscripts later this year.  
 
2. Added value of the programme 
As reported last year the programme works well, there are many collaborations between the par-
ticipating groups, in fact often new collaborations that originate from the programme. The pro-
gramme builds on the biological material available within the consortium, the state-of-the-art bio-
chemistry, the spectrum of advanced spectroscopic/structural techniques available (ultrafast 
spectroscopy, single molecule fluorescence, in vivo fluorescence, various NMR techniques, cry-
oEM, multiphoton microscopy and through our collaboration with Bruno Robert superresolution 
microscopy) , the excellent data-analysis and modelling facilities and last but not least the MD 
facility. Concerning the latter, it is remarkable to watch the pivotal role that the MD-group plays in 
connecting a variety of projects, a connection that is a major achievement of this programme.  
 
A second excellent example of new and unexpected collaboration is the SMA-method for mem-
brane-protein purification. The nanodisc method allows us to study protein-protein and lipid-
protein interactions for proteins from photosynthetic membranes. This is the basis for present col-
laborations between the groups of Killian, Croce, Dekker (Henny van Roon), Marrink and van 
Grondelle on purification of proteins from spinach thylakoids and blebs using SMA copolymers, 
on the simulation of the action of SMA copolymers in lipid membranes and on (single molecule) 
spectroscopy on nanodiscs with proteins. An interesting extension of this effort is the new collabo-
ration of Killian, Dekker, van Grondelle with Prof Bert Klumperman (Stellenbosch University, 
Zuid Afrika) in the framework of the NRF-VU Desmond Tutu programme. Similarly, a collabora-
tion has been set up between van Grondelle, Tjaart Krueger and Mmantsae Moche Diale (Univer-
sity of Pretoria, Zuid Afrika) on single particle experiments on photosynthetic proteins and biohy-
brid systems, also in the framework of the Desmond Tutu programme. 
 
Within the consortium a variety of groups aim to observe and understand the structural rear-
rangements that occur under light (and other forms of) stress. The groups apply complementary 
methods (biochemical, fluorescence, single complex analysis, NMR, cryoEM) thereby reveal very 
different aspects of the dynamic thylakoid membrane. The aim is of course to integrate this infor-
mation into a general and robust model amongst others by MD calculations in combination with 
spectroscopic modeling. 
 
3. Personnel 
All positions are occupied per today (no vacancies). The PhD-projects proceed as planned and in 
all cases will lead to PhDs.  
Planned PhD-defence dates are: 10TM01 September 2016; 10TM02 November 2016; 10TM04 
November 2016; 10TM06 September 2016; 10TM07 November 2016; 10TM08 July 2016. 
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4. Publications 
10TM01 
Publications 
- N. Liguori, X. Periole, S.J. Marrink, R. Croce, From light-harvesting to photoprotection: 

structural basis of the dynamic switch of the major antenna complex of plants (LHCII), Sci Rep, 
5 (2015) 15661. 

Posters - N. Liguori 
- Light-Harvesting Processes, Banz, 3/15. 
- Gordon Research Conference and Seminar, Boston, 6/15. 
- CHAINS 2015, Veldhoven, 11/15 + PosterPitch. 
- FOM Biophysics, Veldhoven, 10/15. 
Talks - N. Liguori 
- FOM programme meeting, Utrecht, 12 June 2015 From light harvesting to photoprotection: 

structural bases of the dynamic switch of the majorantenna complex of plants (LHCII). 
- LaserLab annual symposium, VU Amsterdam 10/15. 
- Group meeting Lasercenter 6/15 and 12/15. 
 
10TM02 
Publications 
- Erne P.M, van Bezouwen L.S, Štacko P, van Dijken D.J, Chen J, Stuart M.C.A, Boekema, E.J., 

Ferringa B.L (2015) Loading of Vesicles into Soft Amphiphilic Nanotubes using Osmosis. 
Angewandte Chemie Int. Ed., vol. 54, 15122-15127. 

Talks L.S. van Bezouwen: 
- Towards an high resolution structure of higher plant photosystem II supercomplex, Annual 

GBB symposium, University of Groningen, Groningen, 2 September 2015. 
- FOM programme meeting, Utrecht, June 12 2015 Towards a high resolution structure of higher 

plant photosystem II supercomplex. 
- Electron tomography and cryo-electron microscopy. Electron microscopy group (dr. E. Morris), 

ICR Institute. London, 28 August 2015. 
- High resolution structure of higher plant photosystem II supercomplex. Biomolecular Sciences 

(Dr. F. Förster en Prof. P. Gros), University of Utrecht, 16 February 2016. 
 
10TM03 
Publications 
- T.P.J. Krüger, M.T.A. Alexandre, C. Büchel and R. van Grondelle, submitted to Proc. Natl. Acad. 

Sci. USA. The role of internal conformational dynamics in the functional regulation of natural 
light-harvesting proteins. 

Talk by M.T.A. Alexandre 
- FOM programme meeting, Utrecht, june 12, 2015. The role of internal conformational dynamics 

in the functional regulation of natural light harvesting proteins, FCPs vs LHCII. 
Poster by M.T.A. Alexandre 
- Lorentz Center Workshop on 'Good Vibrations for Energy Management in Biomolecules', 

Leiden, NL, 23-27 Feb. 2015. Design principles for light-harvesting regulation as revealed by 
single molecule spectroscopy. 

 
10TM04 
Talks 
- EPS Phd student day Jan 29-30 2015. Nonphotochemical quenching in spinach leaves studied 

with picosecond fluorescence spectroscopy. 



 
 
 

 
 
 - 14 - 
 

- Caner Mini symposium 19 May 2015. Nonphotochemical quenching in spinach leaves studied 
with picosecond fluorescence spectroscopy. 

 
10TM05 
Publications 
- M. Ferretti, R. Hendrikx, E. Romero, J. Southall, R. J. Cogdell, V.I. Novoderezhkin, G.D. Scholes 

& R. van Grondelle 'Dark States in the Light-Harvesting complex 2 Revealed by Two-
dimensional Electronic Spectroscopy', Scientific Reports 6, Article number: 20834 (2016). 

Talks 
- CHAINS 2015, Veldhoven, the Netherlands, December 2015. 
- PAPETS consortium meeting, London, UK January 2016. 
 
10TM06 
Publications 
- Dörr J, Scheidelaar S., Koorengevel M.C., Dominguez-Pardo J., Schäfer M., van Walree C.A., 

Killian J.A. (2015) The styrene-maleic acid copolymer: a versatile tool in membrane research, 
Eur. Biophys. J. DOI 10.1007/s00249-015-1093-y.  

Talks 
- Bijvoet conference, Utrecht, April 2015 (Oral) Membrane solubilization and nanodisc formation 

by the amphipathic SMA copolymer 
S. Scheidelaar 

- FOM programme meeting, Utrecht, 12 June 2015. The SMA co-polymer. What can we fish out of 
a membrane? 

Posters 
- FOM Biophysics meeting 2015 (Poster) Lipid membrane solubilization and nanodisc formation 

by a supersoap: the SMA copolymer S. Scheidelaar, M. Koorengevel, D. Swainsbury, 
H. Meeldijk, E. Breukink, M. Jones, R. van Grondelle, A. Killian. 

- Bijvoet conference, Utrecht, April 2015 (Poster) Membrane solubilization and nanodisc 
formation by the SMA copolymer S. Scheidelaar, M. Koorengevel, D. Swainsbury, H. Meeldijk, 
J. Groenewold, M. Jones, R. van Grondelle, A. Killian. 

- Biophysical Society Meeting 2015, Baltimore, USA, February 2015 (Poster) The solubilization of 
membranes by SMA co-polymers: pH and nanodisc size matter!  
S. Scheidelaar, M. Koorengevel, I. Theodorakopoulos, .J Groenewold, H. Meeldijk, J. Dörr, 
E.  Breukink, A. Killian. 
 

10TM07 
Talks 
- Intact plant MRI: towards an integrative approach to understand plant functioning and 

adaptative responses, H. Van As, meeting APLIM PROJECT: Advanced Plant Imaging Life and 
Metrology in Montpellier organized by Jean Luc Verdeil and Christophe Goze-Bac, 13 January 
2015, Montpellier. 

- Study of proton diffusion in Synechocystis, C. reinhardtii and thylakoids using 1H NMR, S 
Pagadala, meeting FOM January 2015. 

- NMR, MRI and portable NMR: plant structure and function, H Van As, EMBO course Insights 
into plant biological processes through phenotyping, September 13-19, 2015, Ghent. 

Posters 
- Diffusion associated 1H NMR spectra in Chlamydomonas reinhardtii, Shanthi Pagadala and 

Henk Van As, Dutch Biophysics Meeting, Veldhoven, 2015. 
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10TM08 
Publications 
- F.J. van Eerden, D.H. de Jong, A.H de Vries, T.A. Wassenaar, S.J. Marrink. Characterization of 

thylakoid lipid membranes from cyanobacteria and higher plants by molecular dynamics 
simulations. BBA Biomembranes, 1848:1319–1330, 2015. 

Talk 
- FOM programme meeting, Utrecht, june 12 2015. A (slightly new) plastoquinone pathway 

Poster. 
- GBB symposium, Univ. of Groningen. Simulation of Photosystem II dynamics in the thylakoid 

membrane. 
 
5. Valorisation and outreach 
- Several members through their collaboration in the programme are participating in the NRF-

VU Desmond Tutu programme in South Africa. 
- In 2016 the 17th International Photosynthesis Conference will be held in Maastricht (august 12-

17). The Thylakoid Membrane-A Dynamic Switch consortium plays a leading role in its 
organization. Croce and Van Amerongen are joint chairs of the congress, several other 
members of the consortium participate in the programmecommittee and/or in the 
organization of satellites. 

- NWO-groen application Understanding water and ion uptake through leaves for efficient 
application of leaf fertilizers, with Everris and FreshForward fruitcompany (10TM07). 

- The consortium is a very active participant in the BioSolarCells programme. 
- Finally, the theme of the programme and the participants will play major roles in the Flagship 

proposal Photosynthesis for Food that is in the process of being set up by Wageningen 
University. 

 
6. Vacancies 
No vacancies. 
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Fact sheet as of 1 January 2016 

 FOM - 10.1719/5 
 datum: 01-01-2016 
 
 
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-µm length scale and at fs-sec timescale. 
- Develop quantitative models to understand the dynamic function, structure and organization of 

this biological switch at nm-µm 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, 
multiply. The ultimate efficiency of photosynthesis relies heavily on the ability of the photosynthetic 
apparatus 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 
conditions 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-proteins. 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 agriculture 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 
photosynthetic 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 pigment proteins, lipid composition and functionality. 
 
 
Funding 
salarispeil per 01-01-2016 
 
bedragen in k€ ≤ 2015 2016 2017 2018 2019 2020 ≥ 2021 Totaal 

FOM-basisexploitatie 2.578 - - - - - - 2.576 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 2.578 - - - - - - 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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 SK par. HOZB 
 
 
Subgebied: 100% FL 
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Historical overview of input and 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 

2014 - 1.4 6.0 1.0 553 

2015 - 0.5 5.6 1.0 530 

 

Output PhD theses refereed publications other publications & 
presentations 

patents 

2011 - - - - 

2012 - 2 14 - 

2013 - 10 28 - 

2014 - 24 36 - 

2015 - 13 44 - 

* After closing the financial year. 
 
 
PhD defences 
2011 
None. 

2012 
None. 

2013 
None. 

2014 
None. 

2015 
None. 

 

 
 
Patents (new/changes) 
2013 
None. 

2014 
None. 

2015 
None 
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Overview of projects and personnel 

 
Workgroup FOM-G-29 

Leader Prof.dr. E.J. Boekema 
Organisation Groningen University 

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 1 May 2011 31 March 2016 
 
 
Workgroup FOM-G-31 

Leader Prof.dr. S.J. Marrink 
Organisation Groningen University 

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 1 September 2011 31 December 2015 
 
 
Workgroup FOM-U-38 

Leader Prof.dr. J.A. Killian 
Organisation Utrecht University 

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 7 June 2016 
 
 
Workgroup FOM-V-05 

Leader Prof.dr. R. van Grondelle 
Organisation Vrije Universiteit Amsterdam 
Project leader Dr. J.P. Dekker 

Project (title + number) Single-molecule fluorescence microscopy of Photosystem II: complexes 
and membranes in response to stress (10TM03) 
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FOM employees on this project 
Name  Position Start date End date 
L. Gerencser postdoc 1 February 2012 31 January 2015 
M. Ferretti postdoc 16 August 2015 15 August 2016 
 
 
Workgroup FOM-V-22 

Leader Prof.dr. R. Croce 
Organisation Vrije Universiteit Amsterdam 

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 
 
 
Workgroup FOM-W-02 

Leader Prof.dr. H. van Amerongen 
Organisation Wageningen Universiteit en Researchcentrum 

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 1 May 2012 30 April 2016 
 
Leader Prof.dr. H. van Amerongen 
Organisation Wageningen Universiteit en Researchcentrum 
Project leader Dr. H. van As 

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 1 September 2011 31 August 2015 
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