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Introduction 
The photosynthetic machinery

Photosynthesis

Photosynthesis is the process by which solar energy is captured and stored into chem-
ical energy. Photosynthesis consists of the light and the dark reactions. In the light 
reactions photons are captured and their energy is stored into chemical bonds. Subse-
quently this chemical energy is used to synthesize more stable, energy rich molecules 
in the dark reactions. 

Plants are the best-known photosynthetic organisms. However there are many more 
groups of species capable of photosynthesis, e.g. cyanobacteria, green sulfur bacteria, 
algae, purple bacteria. Cyanobacteria are a phylum of bacteria capable of photosyn-
thesis and their photosynthetic machinery is relatively similar to those of plants and 
algae. Cyanobacteria, especially the thermophilic ones, are important for photosyn-
thetic research. It is no coincidence that some of the most detailed X-ray structures 
of the proteins involved in photosynthesis are from the thermophilic cyanobacterium 
Thermosynechococcus vulcanus. T. vulcanus lives in Japanese hot springs; in order to 
survive there it has very stable proteins, which makes purification, crystallization and 
structure determination easier. In this thesis we will focus on the photosynthesis as 
present in plants, algae and cyanobacteria.

Thylakoids

Photosynthesis takes places in specialized membranes, the so-called thylakoid mem-
branes, see Figure 1.1. In plants these are located inside the chloroplast, while in cy-
anobacteria they are located in the cytoplasm. The plant thylakoid membrane can 
be divided in two different regions: the grana and the stroma lamellae. The grana 
are stacked, interconnected discs. Different stacks are connected to each other by the 
stroma lamellae. An important feature is that the thylakoid membranes enclose a re-
gion, called the lumen. Opposed to this is the region outside of the thylakoid, the 
stroma. The thylakoid lipids that make up the membrane have, apart from a structural 
function, also a functional role in photosynthesis (Kansy, Wilhelm, & Goss, 2014).

Proteins involved in Photosynthesis

There are four important protein complexes in the photosynthetic light reactions: 
photosystem II (PSII), cytochrome b6f complex (cyt b6f), photosystem I (PSI) and 
ATP synthase (Blankenship, 2014; Wientjes, 2012), see Figure 1.2. The start of the 
photosynthetic process is at PSII. PSII collects photons, whose energy it uses to ex-
tract electrons from water. This results in molecular oxygen and protons, which are 
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released into the thylakoid lumen. The extracted electrons are used to double reduce 
plastoquinone (PLQ), which after concomitantly taking up two protons out of the 
thylakoid stroma, becomes plastoquinol (PLQol). Plastoquinol docks subsequently at 
the cyt b6f complex, where its electrons are transferred to plastocyanin and its protons 
are released into the lumen. Plastocyanin is a soluble copper containing protein. From 
cyt b6f plastocyanin diffuses through the lumen and docks at PSI. Plastocyanin do-
nates its electron to PSI and the reduced PSI uses solar energy to transfer an electron 
to the iron-sulfur protein ferredoxin. The next step in the reaction is the reduction 
of NADP+, which requires two electrons. This is accomplished by Ferredoxin-NADP 
reductase, which uses the electrons of two ferredoxins to reduce NADP+ to NADPH. 
The protons pumped into the lumen at PSII and cyt b6f generate a proton gradient. 
The energy in this gradient is converted into chemical energy in the form of ATP by 
ATP synthase. The ATP and the NADPH generated by the light reactions are subse-
quently used in the Calvin-Benson cycle to synthesize sugars out of CO2 and water. 

Apart from the linear electron flow from PSII to PSI to NADPH, there is also a cy-
clic electron flow around PSI and involving cyt b6f. In cyclic electron flow there is no 
net oxidation or reduction, but protons are pumped over the lumen. In this way it is 

Figure 1.1: Cartoon of a chloroplast with the thylakoid membrane visible inside. 
Inset shows a single granum disk. Adapted from (Wikipedia user: Kelvinsong, 2012)
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possible to balance the NADPH to ATP ratio. Cyclic electron flow might as well have 
an important role under high light stress conditions. (G. N. Johnson, 2011; Wientjes, 
2012).

Photosystem II

This thesis concerns PSII and the thylakoid membrane. PSII is a homo dimeric pro-
tein complex consisting out of more than twenty proteins. It uses light energy to 
catalyze the transfer of electrons from water to plastoquinone. The electron transfer 
chain is located in subunits D1 (PsbA) and D2 (PsbD) that form the reaction center 
together with cyt b559 (PsbE and PsbF) and PsbI (Blankenship, 2014), see Figure 
1.3. CP47 (PsbB) and CP43 (PsbC) are antenna proteins, coordinating sixteen and 
thirteen chlorophylls respectively. The antenna proteins capture photons and transfer 
the excitation energy towards the reaction centre. The three extrinsic proteins, PsbO, 
PsbU and PsbV, stick into the thylakoid lumen. They have roles in the stabilization of 
the oxygen evolving complex and the evolution of O2. The other subunits have vari-
ous functions in the regulation of PSII activity, its assembly and stability. For a review 
please consult (Fromme & Grotjohann, 2008) or (Pagliano, Saracco, & Barber, 2013).

Apart from the core subunits described above, external antenna complexes can attach 
to PSII. In conditions of low light the efficiency of the PSII core can be increased by 
the attachment of the external antenna complexes CP24, CP29, CP26 and LHCII. 
These antenna proteins form various supercomplexes with PSII, which leads to an 
effective increase in the antenna size of PSII. See (Kouřil, Dekker, & Boekema, 2012) 
for a review on the supramolecular organization of PSII.

Figure 1.2: Cartoon of the various photosynthetic complexes in the thylakoid mem-
brane. (Wikipedia user: Yikrazuul, 2009)
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Photosynthesis starts when a photon excites a chlorophyll a (CHL) in a PSII antenna. 
The excitation travels from the antenna to the PSII core complex. Once it arrives at the 
special CHL ChlD1 charge separation occurs, see Figure 1.4. This results in a negative 
charge (the electron, e-) and a positive charge (the hole). The electron is transferred 
to pheophytin PHOD1 and from there to the immobile plastoquinone QA, which sub-
sequently donates it to the mobile plastoquinone QB. After QB has accepted two elec-
trons from QA and taken up two protons, it leaves PSII and travels to cyt b6f. The CHLs 
and pheophytins (PHO) that make up the reaction centre are placed in such a way that 
the electron and the hole are very quickly spatially separated from each other. This 
is important to prevent charge recombination in which the harvested solar energy 
would be lost as heat. The hole travels via the special CHL PD1 via a tyrosine (YZ) to the 
oxygen evolving complex. The oxygen evolving complex consists of five manganese 
and five oxygens atoms and one calcium atom. It is one of the pièce de resistances of 
PSII. The OEC collects the oxidizing power of four holes, which is used to extract four 
electrons from two water (H2O) molecules, giving rise to molecular oxygen and four 
protons that end up in the lumen. There is still however a lot of uncertainty about the 
various electron transfer steps and the charge separation for a more in depth review 
please consult (Croce & van Amerongen, 2011; G. Renger & Renger, 2008). 

Non-Photochemical Quenching 

The light intensity can have enormous fluctuations during the day. Although pho-
tosynthesis requires light, a surplus of light is highly damaging due to the creation 
of reactive radicals. Several mechanisms that operate on different timescales have 
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Figure 1.3: Structure of PSII dimer. PSII is shown in cartoon representation and col-
ored according to chain the two panels use the same coloring scheme. (A) View on PSII 
from the plane of the membrane, with labeling of the nineteen subunits. The grey box 
roughly indicates the position of the thylakoid membrane. The top of the picture corre-
sponds to the stromal side of the thylakoid membrane and the bottom of the lumenal 
side. (B) Stromal view on the PSII dimer. The chains are labeled in the left monomer.
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evolved to help adapt photosynthetic organisms to changing light conditions. These 
range from changing the antenna stoichiometry to the dissipation of excess energy by 
non-photochemical quenching (NPQ) (Horton, Ruban, & Walters, 1996; Li, Wakao, 
Fischer, & Niyogi, 2009; Pfannschmidt, Nilsson, & Allen, 1999; Ruban, Johnson, & 
Duffy, 2012; Walters & Horton, 1994). The thylakoid lipids might also play in these 
processes important roles (Schaller et al., 2011; 2010)

Computational Modeling

Molecular Dynamics

To provide a molecular view on PSII and the thylakoid membrane, in this thesis we 
resort to molecular dynamics simulations. Molecular dynamics (MD) is a compu-
tational simulation method in which the time dependent movement of atoms and 
molecules is simulated. Although experimental techniques are very powerful, offering 
lots of possibilities, it is still very challenging to study the structure and dynamics of 
molecules at the relevant time and length scales. Molecular dynamics provides the 
opportunity to study concurrently the dynamics and the structure of (bio)molecular 
systems. For its ability to study time and length scales at unrivalled resolution, mo-

Figure 1.4: Cofactor arrangement in the PSII reaction centre. Adapted from (Loll, 
Kern, Saenger, Zouni, & Biesiadka, 2005). Pheophytin is abbreviated as Pheo, β-caro-
tene as Car and chlorophyll a as Chl. Fe2+

 is shown in blue, Mn in red and Ca2+ in yellow.
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lecular dynamics has been coined ‘computational microscopy’ in the literature (Dror, 
Dirks, Grossman, Xu, & Shaw, 2012; E. H. Lee, Hsin, Sotomayor, Comellas, & Schul-
ten, 2009a; Lopez, de Vries, & Marrink, 2013). 

MD simulations are a conceptually simple, intuitive technique. All molecules of the 
system are put in a virtual box, after which the system is heated to the desired tem-
perature. The interactions between all the particles in a system are described by a 
force field. There are many different force fields available with different properties, an 
overview is given in (Guvench & MacKerell, 2008). The interactions give rise to forc-
es. Using Newton’s equations of motions the effect of these forces on the acceleration 
and the velocity of the atoms are calculated by taking very small time steps. These 
time steps are typically in the order of femtoseconds. By repeating these calculations 
for many times, a trajectory is generated, which can be viewed and analyzed. One 
could think as an analogy of a game of billiards, where balls gain or loose energy by 
bumping into each other with the difference that instead of a few balls, there can be 
up to hundreds of thousands of balls, that some balls attract or repel each other and 
that some of the balls are physically connected to each other into three-dimensional 
structures.

Apart from the classical molecular dynamics described here, there are also simu-
lations techniques that model quantum mechanical effects, for example QM/MM 
(quantum mechanics/molecular mechanics). In these thesis only classical molecular 
dynamics techniques are used, for a review on QM/MM methods please see (Brunk 
& Rothlisberger, 2015).

As with all techniques, one has to be aware of the limitations and the approximations 
that are made. In case of classical MD, three important approximations are the fol-
lowing. Firstly, the force fields that are used to describe the interactions between the 
different atoms are not perfect, as the electronic degrees of freedom are averaged out. 
Secondly, the systems that are simulated are small in comparison to real world sys-
tems. Consider that a simulation box with 200 000 atoms is already sizeable, but that a 
nanolitre of water contains more that 3×1016

 molecules. Thirdly, long range forces are 
typically not calculated until infinity, but are truncated instead to keep the computa-
tional effort reasonable.

Martini

The system size and simulation length of MD simulations are limited by the compu-
tational power available. One way of stretching these limitations is by coarse graining 
(CG) the simulations. In a CG force field not every atom is represented by a single 
particle. Instead atoms are grouped into beads. This reduces the system size and the 
computational resources required for the simulation.
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The Martini model is a CG force field especially suited for the simulations of biomol-
ecules (Marrink, de Vries, & Mark, 2004; Marrink, Risselada, Yefimov, Tieleman, & 
de Vries, 2007). It uses a four-to-one mapping, on average four non-hydrogen atoms 
are mapped to one CG bead (see Figure 1.5). Apart from a reduction in the number of 
particles, this also results in a drastic reduction in the number of interactions between 
particles that have to be calculated. On top of that the Martini force field uses smooth-
er interaction potentials. This allows for faster sampling of different conformations, 
because energy barriers are more easily taken. Through this Martini simulations are 
subject to a speed-up of around four times (Ramadurai et al., 2010), e.g. a 100 ns 
Martini simulation is equivalent to a 400 ns atomistic simulation. The smoother in-
teractions also allow the usage of a greater time step (Ingólfsson, Arnarez, Periole, & 
Marrink, 2016), in the Martini model time steps of typically 10-40 fs are used. 

The Martini model groups atoms into functional groups that are represented by 
beads. There are four main bead types defined: polar, non-polar, apolar and charged. 
The beads are parameterized to represent certain chemical groups. Ten different in-
teraction strengths are defined to describe the non-bonded interactions between the 
beads. These interactions are described by Lennard-Jones potentials (Jones, 1924) and 
the different interaction strengths are obtained by adjusting the well depth ε of the 
potential. This type of modular setup allows for the relative easy parameterizations of 
new compounds. 

Initially developed for lipids, the Martini model has been extended for proteins (Mon-
ticelli et al., 2008). The extension for proteins contains mappings for all common ami-
no acids. In this way a complete protein can be transformed to the CG level. The 
secondary structure of each residue in the protein is however set and cannot change 
during a simulation. To improve the stability of the tertiary structure an elastic net-
work, Elnedyn, has been developed to be used in conjunction with Martini proteins 
(Periole, Cavalli, Marrink, & Ceruso, 2009). Apart from proteins the ‘Martinidome’ 
(Figure 1.5) has greatly expanded over the years. The force field has been updated (de 
Jong et al., 2013b) and parameters for the simulation of carbohydrates (López et al., 
2009), polymers (H. Lee, de Vries, Marrink, & Pastor, 2009b), cofactors (de Jong et al., 
2015) and DNA (Uusitalo, Ingólfsson, Akhshi, Tieleman, & Marrink, 2015) have been 
added. As well as ‘Martini Dry’, a Martini force field with implicit water (Arnarez et 
al., 2014).

A reduction in the number of particles inevitably leads to a loss in detail, however 
often atomistic resolution is not necessary to capture the relevant motions in a system. 
Coarse graining is about capturing the essence of a system. Whenever detail is im-
portant, for example in studying the docking of substrates in poorly accessible bind-
ing sites or the simulation of water channels, the Martini model is less suitable. Due to 
the nature of Martini beads, representing four heavy atoms, it is simply impossible to 
study narrow water channels or small cavities in proteins. Developments in the area 
of multiscale simulations, for which the Nobel Prize in Chemistry was awarded in 
2013, might prove a solution for this problem. It would then be possible to simulate 
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the greatest part of the system on a CG level, while specific areas can be simulated at 
higher resolutions, see for example (Zavadlav, Melo, Marrink, & Praprotnik, 2015) 
and the earlier mentioned (Brunk & Rothlisberger, 2015). 

Outlook

In this thesis PSII, the thylakoid membrane and the interactions between the two 
are studied. Membrane proteins have a complex interplay with the membrane lipids 
in which they are embedded (Sonntag et al., 2011). PSII is a huge protein complex, 
consisting out of a large number of proteins and cofactors, which is embedded in a 
membrane mainly composed out of glycolipids. There has already been a tremendous 
amount of work done on PSII and the interactions it makes with the thylakoid mem-
brane e.g. (Croce & van Amerongen, 2011; Dekker & Boekema, 2005; Mizusawa et 
al., 2013). However, there is still a lot left to be discovered, in particular at the level 

Figure 1.5: Mapping of several compounds to the Martini model. (A) Standard wa-
ter particle representing four water molecules, (B) Polarizable water molecule with em-
bedded charges, (C) Phospholipid, (D) Polysaccharide fragment, (E) Peptide, (F) DNA 
fragment, (G) Polystyrene fragment, (H) Fullerene molecule. In all cases Martini CG 
beads are shown as cyan transparent beads overlaying the atomistic structure. Picture 
reproduced from (Marrink & Tieleman, 2013).
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of resolution that our simulations can probe. We hope to provide valuable insights in 
the process of photosynthesis with our simulations of PSII embedded in the thylakoid 
membrane.

This thesis starts with a characterization of the lipid organization of the thylakoid 
membrane (Chapter II). While thylakoid lipids might be the most abundant lipids 
on the planet (Gounaris & Barber, 1983), relatively little is known about them. Apart 
from insights in the lateral organization of the thylakoid membrane, it also provides 
the framework to interpret PSII lipid interactions. Chapter III focuses on the dynam-
ics of the PSII dimer and monomer. It contains an extended method section on how 
PSII was coarse grained and results are given about the stability of PSII and the dif-
ferent cofactors. In Chapter IV the interactions between PSII and the thylakoid lip-
ids are studied. The composition of the thylakoid membrane has been conserved in 
evolution (Rast, Heinz, & Nickelsen, 2015) which suggests that the thylakoid lipids 
might have an important role in the functioning of PSII. In Chapter V the diffusion of 
PLQ and PLQol in and out of PSII are studied. The PLQ/PLQol redox pair functions 
as a charge carrier between PSII and cyt b6f. At the moment there are three different 
models (Guskov et al., 2009) on how PLQ and PLQol enter and leave PSII. The diffu-
sion of PLQ and PLQol in and out PSII is studied and the three different models are 
discussed.
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