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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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Characterization of thylakoid lipid 
membranes from cyanobacteria and 
higher plants by molecular dynamics 
simulations 
Floris J. van Eerden, Djurre H. de Jong, Alex H. de Vries, Tsjerk A. Wassenaar, Siewert 
J. Marrink 

This chapter has been published in Biochimica Et Biophysica Acta (BBA) - Biomem-
branes, 2015, vol. 1848 (6), pp. 1319–1330. 

Abstract

The thylakoid membrane is mainly composed of non-common lipids, so called ga-
lactolipids. Despite the importance of these lipids for the function of the photosyn-
thetic reaction centers, the molecular organization of these membranes is largely 
unexplored. Here we use multiscale molecular dynamics simulations to characterize 
the thylakoid membrane of both cyanobacteria and higher plants. We consider mix-
tures of up to five different galactolipids plus phosphatidylglycerol to represent these 
complex membranes. We find that the different lipids generally mix well, although 
nanoscale heterogeneities are observed especially in case of the plant membrane. The 
fluidity of the cyanobacterial membrane is markedly reduced compared to the plant 
membrane, even considering elevated temperatures at which thermophilic cyanobac-
teria are found. We also find that the plant membrane more readily undergoes a phase 
transformation to an inverted hexagonal phase. We furthermore characterized the 
conformation and dynamics of the cofactors plastoquinone and plastoquinol, reveal-
ing of the fast flip-flop rates for the non-reduced form. Together, our results provide a 
molecular view on the dynamical organization of the thylakoid membrane. 

Introduction

The thylakoid membrane is essential for most forms of life. It has the special capa-
bility to perform photosynthesis, the process in which solar energy is harvested and 
converted into biochemical energy. The thylakoid membrane is located inside chlo-
roplasts and in the lumen of cyanobacteria. Only the light-dependent reactions of 
photosynthesis, in which ATP and NADPH are generated, take place in the thylakoid 
membrane. Photosynthesis is the result of a complex interplay between the proteins 
embedded in the thylakoid membrane, the lipids that make up the thylakoid mem-
brane and a set of cofactors (Blankenship, 2002; Siegenthaler & Murata, 2006). The 
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most important photosynthetic proteins are photosystem II (PSII) and photosystem 
I (PSI) with the associated light-harvesting complexes (LHC), the cytochrome b6/f 
complex and ATP synthase. 

Four unique lipid classes make up the thylakoid membrane: phosphatidylglycerol 
(PG) (~13%), digalactosyldiacylglycerol (DGDG) (~32%), monogalactosyldiacyl-
glycerol (MGDG) (~40%) and sulfoquinovosyldiacylglycerol (SQDG) (~15%) (Saku-
rai et al., 2006; Siegenthaler & Murata, 2006). This composition is highly conserved in 
oxygenic organisms, but the type and stoichiometry of the lipid tails vary per species 
(Murata & Nishida, 1987; Siegenthaler & Murata, 2006). A growing number of studies 
indicate that the special lipid composition of the thylakoid membrane is mandatory 
for the proper functioning of the photosynthetic machinery (Boudière et al., 2014). 

In vivo the thylakoid lipids are organized as bilayers (W. P. Williams, 1998; W. P. Wil-
liams & Quinn, 1987), but the overall composition gives the thylakoid membrane a 
high propensity to form non-bilayer phases (W. P. Williams, 1998). Indeed a total lipid 
extract from the chloroplast membrane does not form bilayers in water (Gounaris, 
Sen, Brain, & Quinn, 1983a). PG, SQDG and DGDG are all bilayer forming lipids, but 
the most prominent component of the thylakoid membrane, MGDG, forms inverted 
hexagonal phases (Graham Shipley, Green, & Nichols, 1973; Tilcock, 1986). Next to 
the lamellar phase, a non-lamellar lipid phase of the thylakoid membrane might be re-
quired for photosynthesis (Krumova, Dijkema, de Waard, & Van As, 2008). It has been 
proposed that inverted hexagonal phases are important for the violaxanthin cycle, by 
facilitating the flip-flop of antheraxin. It is assumed that these inverted hexagonal 
phases are preferentially located in MGDG rich domains and that violaxanthin de-ex-
poxidase especially binds in MGDG rich domains (Goss et al., 2007; Jahns, Latows-
ki, & Strzalka, 2009; Schaller et al., 2010). In the literature there is some uncertainty 
about the lateral heterogeneity in the thylakoid membrane. Initially it was thought 
that the various regions of the thylakoid membrane have different lipid compositions 
(Siegenthaler, 1998), but more recently it was shown that the bulk lipids of the thyla-
koid membrane do not display lateral heterogeneity (Duchêne & Siegenthaler, 2000). 
The resolution of these techniques is, however, on a mesoscopic scale, and a detailed 
view of the nanoscale organization of thylakoid membranes is currently lacking. 

In order to provide such a view and to obtain a more fundamental level understand-
ing of the role of lipids in the thylakoid membrane we resort to multiscale molecular 
dynamics (MD) simulations. MD offers excellent possibilities to study lipid systems, 
as it allows to measure time and length scales which are difficult to access with exper-
imental techniques. Membrane simulations have become common practice (Marrink, 
de Vries, & Tieleman, 2009; Vattulainen & Rog, 2011) and simulations of glycolipids 
are gaining popularity (Manna, Rog, & Vattulainen, 2014). Previous MD studies in 
the thylakoid field include the simulation of a mixed MGDG/phosphocholine mem-
brane (Kapla, Stevensson, & Dahlberg, 2011) and a short (1 ns) simulation of PSII 
solvated in a bilayer composed of 73 thylakoid lipids, but lacking SQDG (Vasil’ev & 
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Bruce, 2006). Recently a 10 ns all-atom simulation of photosystem II embedded in 
the thylakoid membrane was performed (Ogata, Yuki, Hatakeyama, Uchida, & Na-
kamura, 2013). 

Here we simulate the thylakoid membrane of both higher plants and cyanobacteria. 
Our model of the thylakoid membrane is based on the experimental characterization 
of the thylakoid membrane by Sakurai et al. (Sakurai et al., 2006). The cyanobacte-
rial membrane composition is from Thermosynechococcus vulcanus, a thermophil-
ic cyanobacterium, which is isolated from Japanese hotsprings and grows optimally 
around 330 K (Onai, Morishita, Itoh, Okamoto, & Ishiura, 2004). Surviving in such 
an environment requires a membrane that is still in a liquid-crystalline phase and 
not too leaky for protons at these elevated temperatures (Albers, Van de Vossenberg, 
Driessen, & Konings, 2000; Russell & Fukunaga, 1990). Increasing the amount of fully 
saturated fatty acids is one way in which prokaryotes do this (Reizer, Grossowicz, & 
Barenholz, 1985). The plant membrane composition is taken from Spinacia oleracea 
(spinach). In contrast to the cyanobacterial membrane, the plant membrane is strong-
ly enriched in polyunsaturated lipids (Sakurai et al., 2006) that keep the thylakoid 
membrane fluid at physiological temperatures. 

We combine coarse-grain (CG) and all-atom (AA) MD simulations to characterize 
the thylakoid membranes. Using the CG Martini model (Marrink et al., 2007; Mar-
rink & Tieleman, 2013) we study the long time scale properties of the membranes and 
we analyze structural properties such as lateral lipid mixing and lipid tail order, as 
well as dynamic properties including diffusion of lipids and plastoquinone and plas-
toquinol co-factors. The cyanobacterial and plant membranes are compared to each 
other, and to membranes composed of more common phospholipids. Backmapping 
of representative CG configurations to all-atom models finally provides a fully atom-
istic view on the lipid organization of the thylakoid membrane. 

Methods 

System composition 

The cyanobacterial membrane was modeled to the membrane composition of T. vul-
canus and the plant membrane to the thylakoid composition of S. oleracea (spinach). 
The actual compositions were based upon the experimental characterization of the 
thylakoid membrane by Sakurai et al. (Sakurai et al., 2006). Both cyanobacterial and 
plant membranes contain four major classes of lipids: phosphatidylglycerol (PG), di-
galactosyldiacylglycerol (DGDG), monogalactosyldiacylglycerol (MGDG) and sulfo-
quinovosyldiacylglycerol (SQDG). The difference between cyanobacterial and plant 
membranes is found mainly in the percentage of poly-unsaturated tails, which is in-
creased in case of the plant membrane. The structure of the lipid head groups and tails 
that we included in our model are shown in Figure 2.1. The compositions determined 
by Sakurai et al. (Sakurai et al., 2006) and the composition of our in silico membrane 
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model are compared in Table 2.1. For the simulated membranes, we used a slightly 
higher proportion of PG headgroups than was found experimentally. This choice was 
made to increase the statistics in future studies on interaction of PG with PSII, which 
is believed to be functionally relevant (Sakurai et al., 2006). The percentage of satu-
rated SQDG is somewhat increased in our in silico membrane (80% in comparison to 
70% in the experimental extract) due to a misrepresented particle bead type in one 
of our input files. Since the overall percentage of SQDG is only 25%, the difference 
is unlikely to significantly affect any of the results presented. The composition of the 
lipid tails of the in silico membranes is adapted to the resolution of the Martini mod-
el and differs therefore somewhat from the experimentally determined composition, 
see Table 2.1. The lipid tail composition also differs between the two membranes. The 
cyanobacterial membrane has mainly palmitoyl and oleoyl tails, whereas the plant 
membrane does not contain oleoyl, but has α-linolenoyl tails instead. The decision of 
which tails belong to which headgroup was based upon the resolution achievable with 
the Martini model and the work of Sakurai et al. (Sakurai et al., 2006). Of note, the 
positional distribution of the fatty acids at the sn-1 and sn-2 positions in the cyano-
bacterial membrane is different than in most lipids (Murata, Wada, & Gombos, 1992; 
Ya’Acov, 1992). The oleoeic tail is connected to the sn-1 position and the palmitic tail 
to the sn-2 position, except for SQDG headgroups. For the plants it was assumed that 
the trans-unsaturated tails and the poly-unsaturated tails are connected to the sn-1 
position. In real plant membranes the tail connectivity might be more complicated, 
see e.g. (Browse, McCourt, & Somerville, 1986; Wallis & Browse, 2002). 
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Figure 2.1. Chemical structures of thylakoid lipid headgroups (A) and fatty acids (B).
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The final composition of each of the membrane models is as follows. The cyanobac-
terial membrane consists out of a mixture of five different lipids, namely 204 18:1(9)-
16:0 PG, 512 18:1(9)-16:0 DGDG, 818 18:1(9)-16:0 MGDG, 204 18:1(9)-16:0 SQDG 
and 306 di16:0 SQDG lipids, 2044 lipids in total. These lipids were solvated in 21 
498 CG water beads representing 85 992 water molecules, 850 sodium ions and 136 
chloride ions. The plant system is composed of seven different lipids, namely 102 
16:1(3t)-16:0 PG, 204 16:1(3t)-18:3(9,12,15) PG, 102 18:3(9,12,15)-16:0 DGDG, 512 
di18:3(9,12,15) DGDG, 102 18:3(9,12,15)-16:0 MGDG, 716 di18:3(9,12,15) MGDG 
and 306 18:3(9,12,15)-16:0 SQDG lipids, totaling 2044 lipids. The plant membrane 
was solvated with 21 600 CG waters representing 86 400 water molecules, 748 sodi-
um ions and 136 chloride ions. The added ions neutralize the charges of the PG and 
SQDG headgroups and the NaCl provides an overall salt concentration of approxi-
mately 88 mM (excluding counter ions). The unit cell of both the cyanobacterial and 
plant membrane measured 25.5 × 25.5 nm in the lateral (x,y) dimensions and 15 nm 
in the z dimension at the start of the simulation. 

Smaller systems, which exhibit less undulations, were used in addition for the mea-
surement of structural properties such as area compressibility moduli, area per lipid, 
and order parameters. The smaller cyanobacterial system is composed of 284 lipids, 
28 18:1(9)-16:0 PG, 72 18:1(9)-16:0 DGDG, 114 18:1(9)-16:0 MGDG, 28 18:1(9)-16:0 
SQDG and 42 di16:0 SQDG lipids, solvated in 4053 CG water beads (16 212 wa-
ter molecules), 123 sodium and 25 chloride ions. The plant system is composed of 

Cyanobacterial membrane Plant membrane

Tail êHeadè PG DGDG MGDG SQDG PG DGDG MGDG SQDG 

16:0 47.9 43.6 45.1 62.0 15.6 6.7 3.1 49.2

18:0
saturated

8.9
(50)

2.5
(50)

3.9
(50)

8.0
(80)

0.4
(16)

0.6
(8)

0.6
(6)

2.3
(50)

16:1(7) nd nd nd nd nd 0.2 0.3 1.4

16:1(9) 10.7 15.1 15.5 3.9 nd nd nd nd

18:1(9) 26.3 28.1 27.9 20.9 nd 1.7 1.1 2.9

18:1(11)
unsaturated

6.2
(50)

10.7
(50)

7.6
(50)

5.2
(20)

nd nd nd nd

16:1(3t)
trans-unsaturated

nd nd nd nd 46.8
(50)

nd nd nd

16:3(7,10,13) nd nd nd nd nd 4.1 13.6 1.0

18:2(9,12) nd nd nd nd 2.2 2.4 3.1 6.3

18:3(9,12,15)
poly-unsaturated

nd nd nd nd 35.0
(34)

84.3
(92)

78.2
(94)

36.9
(50)

total 6.1
(10)

25.6
(25)

43.5
(40)

24.8
(25)

12.6
(15)

25.1
(30)

40.1
(40)

15.2
(15)

Table 2.1: Lipid composition of cyanobacterial and plant membranes. Experimental 
composition, in mol%, according to Sakurai et al. (Sakurai et al., 2006). Deviation of 
the experimental data is within 3%. nd, not detected. Simplified composition used in the 
in-silico models is given in parentheses.
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284 lipids, 14 16:1(3t)-16:0 PG, 28 16:1(3t)- 18:3(9,12,15) PG, 14 18:3(9,12,15)-16:0 
DGDG, 72 di18:3(9,12,15) DGDG, 14 18:3(9,12,15)-16:0 MGDG, 100 di18:3(9,12,15) 
MGDG and 42 18:3(9,12,15)-16:0 SQDG lipids, solvated with 4088 CG water beads 
(16,352) water molecules, 110 sodium and 26 chloride ions. A pure POPC membrane 
served as a control, and is composed of 288 lipids, 4469 CG water beads (17 876 water 
molecules), 27 sodium and 27 chloride ions. The unit cell of the smaller membrane 
patches measured 9.5 × 9.5 × 9.0 nm in (x, y, z) dimensions at the start of the simu-
lation. 

To study the propensity of the membranes to undergo a phase transition toward the 
inverted hexagonal phase a third system was used composed of two stacked bilayers 
with solvent in between. For the cyanobacterial system each of these bilayers con-
tains 644 lipids, namely 64 18:1(9)-16:0 PG, 162 18:1(9)-16:0 DGDG, 258 18:1(9)- 
16:0 MGDG, 64 18:1(9)-16:0 SQDG and 96 di16:0 SQDG lipids. For the plant sys-
tem each bilayer contains 644 lipids, 32 16:1(3t)-16:0 PG, 64 16:1(3t)-18:3(9,12,15) 
PG, 32 18:3(9,12,15)-16:0 DGDG, 162 di18:3(9,12,15) DGDG, 32 18:3(9,12,15)-16:0 
MGDG, 226 di18:3(9,12,15) MGDG and 96 18:3(9,12,15)-16:0 SQDG lipids. Counter 
ions were added to these systems, which were solvated with a varying amount of wa-
ter, the NaCl concentration was adjusted towards approximately 85 mM (excluding 
counter ions). The unit cell of both systems measured 14.0 × 14.0 × 13.0 nm in (x, y, 
z) dimensions at the start of the simulation. 

To study the behavior of plastoquinol (PLQol) and plastoquinone (PLQ) in the thyla-
koid membrane, two additional systems were setup. These systems contained either 
four PLQols or four PLQs embedded in a cyanobacterial bilayer composed of 72 
18:1(9)-16:0 PG, 180 18:1(9)-16:0 DGDG, 288 18:1(9)-16:0 MGDG, 108 18:1(9)-16:0 
SQDG and 72 di16:0 SQDG lipids. The bilayer was solvated in 21 258 CG water beads 
(equivalent to 85 032 water molecules) and neutralized by 252 sodium ions. 

CG simulation details

The Martini lipid force field (Marrink et al., 2007) was used to model the interactions. 
The Martini model has been successful in describing membrane structural properties 
(e.g. (Bulacu, Periole, & Marrink, 2011; Kučerka et al., 2009)), including membranes 
with complex lipid composition (Ingólfsson, Melo, et al., 2014b). CG topologies of 
representative lipids are shown in Figure 2.2. The specific parameters of the glycolipid 
headgroups were taken from López et al. (López, Sovova, van Eerden, de Vries, & 
Marrink, 2013), but were slightly modified to better match the atomistic results and 
increase the stability of the lipids. In particular, the GA1, GB1 and GB2 beads of the 
DGDG headgroup were changed from respectively P2, N0 and P4 to SP2, SN0 and 
SP2 type beads. To increase the stability of the DGDG and SQDG headgroups the 
constraints between GA1-GA2, GA1-GA3, GB1-GB2 and GB2-GB3 of the DGDG 
headgroup and between the S1-C2 beads of the SQDG headgroup were changed into 
bonds with a force constant of 30,000 kJ mol−2. The parameters for plastoquinone and 
plastoquinol were taken from De Jong et al. (de Jong et al., 2015). All lipid tails were 
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modeled by four CG beads, representative of 15–18 carbons in the Martini model. 
The palmitoyl chain was modeled by four C1 beads, the oleoyl chain by three C1 
beads and one C3 bead, with the C3 bead being the third counting from the methyl 
terminal bead. The α-linolenoyl chain was modeled with three C4 beads and a C1 
bead at the carboxyl terminus. Bonded beads were kept at an equilibrium distance of 

0.47 nm with a force constant of 1250 kJ mol-1 nm-2 using a harmonic potential. The 
angles between three consecutive tail beads were likewise constrained by a harmonic 
potential with an equilibrium angle of 180° and a force constant of 25 kJ mol−1. In or-
der to mimic the more flexible nature of α-linolenoyl the angles between the three C4 
beads were set to 100° with a force constant of 10 kJ mol−1. The trans-3-hexadecenoic 
acid was modeled as a C3 bead at the carboxyl terminus, which represents the double 
bond, and three C1 beads. The angle of the C3 bead was set to 180° with an increased 
force constant of 45 kJ mol−1 to account for the trans orientation. 

All simulations were performed with the GROMACS 4.5.5 MD package (Hess, 
Kutzner, van der Spoel, & Lindahl, 2008), with standard parameter settings associated 
with the Martini force field (Marrink et al., 2007). Membranes were pre-assembled 

Figure 2.2 CG topologies of representative lipids of the thylakoid membrane. PG 
head group beads are shown in green, DGDG in blue, MGDG in red, and SQDG in 
yellow. Fully saturated tails are depicted black, triple unsaturated tails in white, single 
unsaturated tails in light gray and trans unsaturated tails in dark gray. The labels are 
used for reference later in the main text.
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using the Insane script (Wassenaar, Ingólfsson, Böckmann, Tieleman, & Marrink, 
2015a). After energy minimization of the systems using a steepest decent algorithm, 
the systems were simulated using a leap-frog integrator with a time step of 10 fs. Sys-
tems were simulated in the isothermal-isobaric (NpT) ensemble. The temperature 
was kept constant using the Berendsen thermostat with a coupling constant τt = 2.0 ps 
(Berendsen, Postma, van Gunsteren, DiNola, & Haak, 1984). Lipids and solvent were 
coupled separately to avoid heat flow. The pressure was semiisotropically coupled to 
an external bath of p=1 bar with a coupling constant of τp = 1.0 ps and compressibility 
of χ = 3.0 Å× 10−4 bar−1 using the Berendsen barostat (Berendsen et al., 1984). Elec-
trostatic interactions were calculated using a shifted potential with a cut off of 1.2 nm 
and a dielectric constant of 15. Van der Waals interactions were also calculated using 
a shifted potential with a cut off of 1.2 nm and a switch at 0.9 nm. The large membrane 
patches were simulated for 10 μs and the smaller patches for 3.8 μs, the membrane 
with PLQ was simulated for 3 μs and the membrane with PLQol for 3.5 μs, not tak-
ing into account a speed-up due to the CG nature of the interactions. This speed-up 
factor is estimated to be about a factor of four based on lateral diffusion of lipids and 
membrane proteins (Ramadurai et al., 2010). The first 1 μs was considered equilibra-
tion time in all cases. For investigating the phase behavior of the membranes the run 
parameters were identical, except that a τp of 1.2 ps and a τt of 0.5 ps were used and 
the compressibility was set to χ = 1.0 Å×10−5 bar−1, following Ref. (Fuhrmans, Knecht, 
& Marrink, 2009). 

Atomistic simulation details 

In order to assess the accuracy of the CG membranes, small patches of equilibrated 
CG cyano and plant membranes were transformed to fully atomistic membranes. The 
cyanobacterial system contained 160 lipids and was composed of 16 18:1(9)-16:0 PG, 
40 18:1(9)-16:0 DGDG, 64 18:1(9)-16:0 MGDG, 16 18:1(9)-16:0 SQDG and 24 di16:0 
SQDG lipids, solvated in 2238 CG water beads, which were transformed into 8952 
SPC waters, 69 sodium and 13 chloride ions. The plant membrane also contained 160 
lipids, 8 16:1(3t)-16:0 PG, 16 16:1(3t)- 18:3(9,12,15) PG, 8 18:3(9,12,15)-16:0 DGDG, 
40 di18:3(9,12,15) DGDG, 8 18:3(9,12,15)-16:0 MGDG, 56 di18:3(9,12,15) MGDG 
and 24 18:3(9,12,15)-16:0 SQDG lipids. The system further contained 2924 CG water 
beads, which were transformed into 11 696 atomistic waters, 65 sodium and 17 chlo-
ride ions. The backmapping was performed as described by Rzepiela et al. (Rzepiela et 
al., 2010), involving a 60 ps restrained simulated annealing. The annealing time step 
was set to 2 fs, the restraining force constant to 12 000 kJ mol−1 nm-2, and the initial 
capping force to 15 000 kJ mol−1 nm−1 that increased by 100 kJ mol−1 nm−1 ps−1. The 
initial temperature of the lipids was set to 1300 K and of the solvent to 400 K, both of 
them were decreased to 300 K during the simulated annealing. The annealing meth-
od was single and the radius of the CG water was set to 0.21 nm. After the simulated 
annealing the atomistic system was simulated using the GROMOS 53a6 force field 
(Oostenbrink, Villa, Mark, & Van Gunsteren, 2004). The parameters for the atomistic 
lipids were based upon the GROMOS force field and were kindly provided by Dr. 
A.H. De Vries (personal communication, 2012). Dihedral restraints were used to keep 
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the sugar rings of the glycolipids in the right stereoisomer. To prevent excessive spin-
ning of hydrogens in the sugar alcohol groups, 3 u was transferred from the oxygen to 
the hydrogen in this group, giving rise to an oxygen mass of 12.9994 u and a hydrogen 
mass of 4.008 u. The time step was set to 1.5 fs. The temperature was kept constant 
using the Berendsen thermostat with a coupling constant τt = 2.0 ps (Berendsen et al., 
1984). Lipids and solvent were coupled separately to avoid heat flow. The pressure was 
semiisotropically coupled to an external bath of 1 bar with a coupling constant of τp 
= 0.1 ps and compressibility of χ = 4.6 × 10−5 bar−1 using the Berendsen barostat (Ber-
endsen et al., 1984). The electrostatics were calculated using particle-mesh Ewald with 
a cut-off of 1.4 nm, using a Fourierspacing of 0.12 (Darden, York, & Pedersen, 1993; 
Essmann et al., 1995). A single cut-off of 1.4 was used for Van der Waals interactions. 
In total 1.2 μs of the cyanobacterial membrane was simulated and 1.0 μs of the plant 
membrane. Analysis of the atomistic system was done after reverse mapping it to a 
CG system. For the calculation of the area per lipid and the compressibility the first 
400 ns were discarded as equilibration. 

Analysis details 

To characterize the mixing behavior of the lipids, the normalized amount of contacts 
between different lipid species was calculated. Lipids were considered to be in con-
tact with each other when their GL1 beads (representing the glycerol moiety) resid-
ed within a radius of 0.8 nm, which corresponds with the first solvation shell in the 
Martini model. The same procedure was used to calculate contacts between lipid head 
groups and solvent: A head group bead was considered to be in contact with a solvent 
bead when they where within a distance of 0.8 nm. The lateral diffusion of lipids and 
cofactors was calculated from the mean square displacement (MSD) of the molecules 
in the membrane plane, MSD = <|r(t+t0 )-r(t0 ) |

2> where r represents the position of 
the molecular center-of-mass, and angular brackets denote an average over both time 
t and the number of molecules examined. The section of the MSD curve where MSD 
~ t represents normal diffusion and this part was fitted to y = 4Dt + c, to obtain D, 
the lateral diffusion constant. To quantify membrane order, the segmental lipid order 
parameter was calculated according to 𝑆𝑆 =

3 𝑐𝑐𝑐𝑐𝑐𝑐! 𝛩𝛩 − 1
2 	  where Θ is the angle between 

the bond vector of two consecutive tail beads and the z-axis. The area compressibility 
is calculated as described by Feller and Pastor !! =

!"!!
! (! − !!)!

	(Feller & Pastor, 1999): , 
where KA is the compressibility modulus, T is the temperature, A the surface area per 
lipid, A0

 the average surface area per lipid and N the amount of lipids per monomer. 
The thickness of the membranes was determined by measuring the distance between 
the GL1 beads of the two leaflets, using the Gromacs tool g_dist (Hess et al., 2008). 
The conformations sampled by cofactors simulated in a bilayer system were analyzed 
using a cluster analysis algorithm described by Daura et al. (Daura et al., 1999) and 
implemented in the Gromacs tool g_cluster. An RMSD cut-off of 0.15 nm was used 
in the analysis. 
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Results and discussion 

Lateral mixing of thylakoid lipids

In this section we consider the lateral organization of the thylakoid membrane mod-
els, based on simulations of membrane patches composed of 2044 lipids. Fig 2.3 shows 
representative configurations of both the cyanobacterial and plant thylakoid mem-
branes at T = 293 K, obtained after 38 and 56 μs CG MD simulation, respectively. 
From these snapshots is it clear that the global mixing of the lipids is rather homoge-
neous. No large-scale phase separation is observed, although heterogeneities on the 
nanoscale do seem to occur. 

 A

 C

 B

 D

Figure 2.3. Lateral organization of thylakoid membranes. Top views of the cyanobac-
terial membrane (A,B) and the plant membrane (C,D) are shown, both at T= 293 K. In 
(B,D) only the tail beads are visualized. PG headgroups are in green, DGDG headgroups 
in blue, MGDG headgroups in red, SQDG headgroups in yellow. Tails are colored ac-
cording to the degree of saturation 16:0 tails are black, 16:1(3t) are dark gray, 18:1(9) are 
colored light gray and 18:3(9,12,15) are colored white.
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The lipid mixing was further quantified by determining the lipid–lipid contact per-
centages as explained in the Methods section. The results are summarized in Table 2.2 
(cyanobacterial) and Table 2.3 (plant). The contact percentages in the cyanobacterial 
membrane confirm the visual impression that the lipid head groups in general mix 
well. However, the data in Table 2.2 reveal that the contacts of PG with SQDG are 
significantly reduced, with only 6% contacts formed whereas 10% would be expect-
ed from random mixing, an effective reduction of 40%. PG and SQDG both carry 
a negatively charged headgroup and might be expected to repel each other. Indeed, 
SQDG–SQDG pairs are also somewhat reduced. PG–PG pairs, however, are observed 
to occur at normal (i.e. random) level. We attribute this to the smaller PG headgroup 
which is able to bridge a counter ion in between to neutralize the charge. This bridg-
ing is not possible for the much larger headgroup of SQDG. Another significant de-
viation from random mixing is the self-interaction of DGDG with only 17% contacts 
observed compared to 25% expected based on its molar fraction. The reason is likely 
steric hindrance caused by the big disaccharide head group. There were no major dif-
ferences between the contact percentages of the CG membrane at 293 K and at 328 K. 

18:1(9)-16:0 
PG

18:1(9)-16:0 
DGDG

18:1(9)-16:0 
MGDG

18:1(9)-16:0 
SQDG

di16:0 
SQDG

18:1(9)-16:0 PG 
(10%)

CG
AA

10%*
3% ± 2

10% 
10% ± 1

8%*
16% ± 1

6%
8% ± 2

6% 
7% ± 1

18:1(9)-16:0 
DGDG (25%)

CG
AA

27% 
20% ± 2

17%
20% ± 2

25% 
23% ± 1

27% 
26% ± 3

26%
30% ±3

18:1(9)-16:0 
MGDG (40%)

CG
AA

44%*
61% ± 3

45% 
42% ± 2

39% 
35% ± 1

46% 
50% ± 3

46% 
45% ± 2

18:1(9)-16:0 
SQDG (10%)

CG
AA

8% 
7% ± 1

12% 
10% ± 1

11% 
11% ± 1

8%* 
4% ± 2

8% 
8% ± 1

di16:0 SQDG 
(15%)

CG
AA

11%
9% ± 2

17% 
18 % ± 1

17% 
15% ± 1

13% 
12% ± 2

14%* 
10% ± 3

Table 2.2: Contact percentages between various lipids in the cyanobacterial mem-
brane. The standard error for the CG simulations is below 0.1%. For the calculation of 
the standard error it was assumed that every 250 ns of each leaflet counts as an inde-
pendent observation. Percentages between parentheses in the rows after the lipid names 
indicate the total share of that lipid in the system. Contact percentages are normalized 
with respect to the total number of contacts formed by the lipids in the 1st row. Relative 
deviations in contact percentages of more than 20% from what can be expected from 
random mixing are shown in bold face (CG only). Contact percentages that showed a 
large shift during the short atomistic simulations are marked with *. CG contacts per-
centages are from the simulation at 293 K, the differences between those with the con-
tact percentages of the simulation at 328 K are within 2%. The CG contact percentages 
are from the simulation at 328 K.
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In the short all-atom simulation performed at 328 K after a backmapping procedure, 
the level of mixing remained similar to that of the CG membrane (cf. Table 2.2). No-
ticeable exceptions are contacts between PG–PG, SQDG–SQDG and MGDG–PG. In 
the atomistic membrane the anionic PG lipids seem to repel each other much more. 
The same is true, to a lesser extent, for the anionic SQDG lipids. The PG–MGDG 
interactions are increased at the atomistic level, possibly to compensate for the de-
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creased PG–PG interactions. The backmapped membrane at 293 K adopted a gel 
phase, preventing further lipid rearrangements, and was not further analyzed. Note, 
this phase transition does not take place in the CG membrane, as the Martini model 
is known to underestimate the phase transition temperature of saturated lipids (López 
et al., 2013). 

In the plant membrane the behavior of the lipids is more complex due to the greater 
variety in fatty acids. The snapshot (Figure 2.3C) shows global mixing, but clear ev-
idence for nanoscale inhomogeneities can be detected, especially when color coded 
according to lipid tail type (Figure 2.3D). This can also be inferred from the lipid–lip-
id contact percentages for the plant membrane, shown in Table 2.3. Looking at the 
contact percentages of lipids with fully saturated tails (counting the trans-unsaturated 
tail as such), an increased number of contacts can be appreciated. In contrast, mixing 
of lipids with fully saturated versus polyunsaturated tails is significantly reduced, for 
instance 16:1(3t)-16:0 PG has only 14% of its contacts with di18:3(9,12,15) MGDG, 
despite the latter being the most abundant lipid in the plant membrane at 35% mol 
fraction. Some tendency toward clustering of lipids with polyunsaturated tails can 
also be appreciated, as reflected by an increase in contacts between di18:3(9,12,15) 
MGDG and di18:3(9,12,15) DGDG (47% versus 35% for random mixing). This clus-
tering effect is not seen for DGDG–DGDG pairs however, due to the opposing effect 
coming from the bulky DGDG headgroup, as also observed in the cyanobacterial 
membrane. In case of PG lipids in the plant membrane, the tendency of the saturat-
ed tails to cluster and the possibility for the small head group to form ion mediated 
neutral complexes combine, leading to noticeable PG nanodomains (cf. Figure 2.3C). 
Self-contacts between 16:1(3t)-16:0 PG are enhanced to 23% compared to 5% expect-
ed from a random organization. In the atomistic plant membrane the PG–PG, as well 
as the SQDG–SQDG, interactions are reduced, in line with the results for the cyano-
bacterial membrane. The all-atom simulations furthermore point to increased inter-
actions between lipids with one or two saturated tails and lipids with two polyunsat-
urated tails. For instance, 16:1(3t)-16:0 PG contacts with di18:3(9,12,15) MGDG are 
increased from 14% to 39%. At the same time, lipids containing a saturated tail show 
a smaller tendency of clustering with each other, exemplified by a drop of contacts 
for 18:3(9,12,15)-16:0 DGDG with 18:3(9,12,15)-16:0 SQDG from 26% to 15%. In 
both cases, the atomistic results are closer to that expected from a random mixture, a 
trend that appears more general. A number of other changes can be appreciated from 
Table 2.3, however, mostly concerning the interactions between components present 
at low mol fraction (5%). Taken together, our data show that the thylakoid membrane 
comprises a largely homogeneous mixture of the constituent glycolipids. Domain for-
mation is not observed. Some tendencies to non-ideal mixing exist, most notably the 
clustering of PG lipids especially in the plant membrane, and the co-aggregation of 
lipids with either fully saturated or fully polyunsaturated tails. 
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The plant membrane is more fluid than the cyanobacterial membrane 

To characterize the thylakoid membranes further, we compared a number of struc-
tural measures, namely the area per lipid, bilayer thickness, and area compressibility 
(see Methods). The results are summarized in Table 2.4. Our data show that the cy-
anobacterial membrane is more densely packed, thicker and has a higher compress-
ibility modulus than the plant membrane. The higher apparent fluidity of the plant 
membrane is attributed to the presence of the polyunsaturated lipid tails. In nature, 
T. vulcanus is found in an environment with harsh conditions and grows optimally at 
330 K (Onai et al., 2004), explaining the need for a more robust membrane. Increasing 
the temperature in our simulations from 293 K to 328 K, we observe a slight thinning 
of the cyanobacterial membrane and increase in area per lipid, but nowhere near the 
values obtained for the plant membrane. Our results for the CG model are consistent 
with the values obtained after backmapping to all-atom resolution. The cyanobacte-
rial membrane is slightly thinner at the atomistic resolution. The atomistic bacterial 
membrane appeared to be in gel phase at 293 K, as was mentioned above. A reference 
POPC bilayer shows structural parameters somewhere in between those of the plant 
and cyanobacterial membrane. 

To quantify the order of the thylakoid membranes, we calculated the segmental lipid 
tail order parameters (see Methods). The order parameter profiles are shown in Fig-
ure 2.4, for the cyanobacterial membrane at both 293 K and 328 K, and for the plant 
membrane at 293 K. Order parameters for the CG POPC membrane are also includ-
ed for reference. In line with expectations, the order parameters from the thylakoid 
membranes form two basic clusters: higher order parameters for the saturated tails 
and lower order parameters of the (poly) unsaturated tails. The difference between 
these tails gets smaller for the cyanobacterial membrane at increased temperature. 
Overall, the lipids in the plant membrane are less ordered than the lipids in the cya-
nobacterial membranes. This is especially true for the α-linolenoyl tails, but also the 

 A (nm2)  KA (mN/m) d (nm) 

Cyanobacterial, 293 K CG
AAa

0.58 (0.0002)
-

589 (28)
-

3.3 (0.0007)
-

Cyanobacterial, 328 K CG
AA

0.62 (0.0002)
0.64 (0.001)

426 (10)
350 (27)

3.2 (0.0007)
3.0 (0.007)

Plant, 293 K CG
AA

0.66 (0.0006)
0.66 (0.003)

240 (16)
311 (125)

2.9 (0.0017)
2.8 (0.012)

POPC, 293 K CG 0.64 (0.0002) 412 (12) 3.2 (0.002)

POPC, 328 K CG 0.69 (0.0002) 396 (13) 3.1 (0.0007)

Table 2.4: Structural properties of thylakoid membranes. Area per lipid (A), com-
pressibility modulus (KA), and membrane thickness (d) of the various membranes at 
both CG and AA resolution. The standard error is given between parentheses, and was 
estimated using block averaging as implemented in the Gromacs tool g_analyze. aThe 
cyanobacterial membrane at AA resolution adopted a gel phase and could not be equil-
ibrated.
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palmitoyl tails are less ordered in the plant membrane. The reference POPC mem-
brane shows an intermediate order. These results are consistent with the differences in 
structural parameters as discussed above. In the plant membrane, the tail order of the 
PG lipids is different from the DG lipids. Noticeable is the relative high order of the 
tails of 16:1(3t)-16:0 PG, with the two tails showing almost the exact same degree of 
order. The α-linolenoyl tail of 16:1(3t)-18:3(9,12,15) PG, however, is similarly ordered 
compared to the other α-linolenoyl tails and the trans-hexadeconic tail has a similar 
ordering as the palmitoyl tails of the glycolipids. The reason for this behavior might 
be related to the clustering tendency of PG lipids in the plant membrane. As shown 
in the preceding section, 16:1(3t)-16:0 PG has a high tendency to cluster, which could 
result in ordering of the lipid chains. Consistent with this idea, the tails of 16:1(3t)-
18:3(9,12,15) PG show similar order as the other glycolipid tails and better mixing 
with the other lipids as well (cf. Table 2.3). 

The atomistic order parameter profiles show the first bond index to be much less 
ordered compared to the CG profiles. In atomistic simulations of pure glycolipids 
membranes a similar ordering has been observed and is possibly a result of a lower 
accessibility to the glycerol groups for water (Dr. A.H. De Vries, unpublished results). 
The Martini model does not have the resolution to capture these differences. For the 
interior part of the membrane (bonds 2–4), the atomistic order profiles are very simi-
lar to the CG ones, exceptions are the third bond of the 18:3 tails, which is a bit more 
ordered in the atomistic simulations, and the tails of 16:1(3t)-16:0 PG in the plant 
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Figure 2.4: Thylakoid membrane order parameter profiles. Profiles are shown for the 
cyanobacterial membrane at CG resolution at 293 K (A), 328 K (B), and AA at 328 K 
(C) and the plant membrane, CG at 293 K (D) and AA at 293 K (E). For reference pur-
poses the order profiles of a POPC membrane at 293 K have been added to the CG data. 
Increasing bond indices represent respectively the bond between the GL bead and the first 
tail bead, the first and second tail bead, the second and third and the third and fourth 
tail bead. Order parameter profiles are distinguished between PG lipids and glycolipids 
(denoted DG); within these classes results are averaged over all chemically identical lipid 
tails. Solid lines stand for fully saturated lipids, dashed lines for mono-unsaturated lipids 
(both cis and trans unsaturation) and dotted lines for polyunsaturated lipids.
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membrane. In the CG membrane the two fatty acids of 16:1(3t)-16:0 PG have an iden-
tical ordering, but in the atomistic membrane the palmitoyl tail is more ordered than 
the trans unsaturated tail, in correspondence with the fact that 16:1(3t)-16:0 PG has a 
much lower tendency to cluster atomistically. 

Next to the structural characterization of thylakoid membrane fluidity, we measured 
the diffusivity of the constituent lipids. The long-term diffusion constant was obtained 
from the mean squared displacement of the lipids as explained in the Methods sec-
tion. The results are summarized in Table 2.5.

Two main observations can be made. First, the spread in diffusion constants between 
the different lipids in the same membrane is very limited. Within the error bars, all 
lipids diffuse at the same speed. Given the collective nature of the diffusion process 
and the overall homogeneity of the thylakoid membranes, a larger spread in diffu-
sivities is not expected. The only exceptions are the somewhat faster diffusion rate of 
the polyunsaturated lipids versus the saturated lipids in the plant membrane and the 
low diffusion constant of 16:1(3t)-16:0 PG. Experimentally, it has been shown that 

DCG (µm2/s) 
293 K 

DAA (µm2/s) 
293 K

DCG (µm2/s) 
328 K 

DAA (µm2/s) 
328 K

Cyanobacterial membrane

18:1(9)-16:0 PG 23 (1.1) 55 (2.7) 1.4 (0.2)

18:1(9)-16:0 DGDG 18 (0.6) 47 (1.6) 1.4 (0.2)

18:1(9)-16:0 MGDG 21 (0.6) 52 (1.4) 1.7 (0.1)

18:1(9)-16:0 SQDG 20 (0.9) 53 (2.9) 1.7 (0.2)

di16:0 SQDG 20 (0.7) 51 (1.6) 1.5 (0.1)

Plant membrane

16:1(3t)-16:0 PG 19 (2.1) 0.3 (0.07)

16:1(3t)-18:3(9,12,15) PG 34 (1.9) 0.3 (0.06)

18:3(9,12,15)-16:0 DGDG 28 (1.8) 0.4 (0.07)

di18:3(9,12,15) DGDG 32 (1.2) 0.3 (0.05)

18:3(9,12,15)-16:0 MGDG 32 (1.8) 0.4 (0.09)

di18:3(9,12,15) MGDG 34 (1.2) 0.4 (0.04)

18:3(9,12,15)-16:0 SQDG 32 (1.1) 0.3 (0.03)

Reference

POPC 43 (1.0) 95 (1.9)

Table 2.5: Lipid lateral diffusion constants in the plant and cyanobacterial mem-
branes. Standard errors are given in parenthesis. The error was estimated considering 
blocks of 250 ns, as well as the two leaflets, as independent samples. Note that the abso-
lute value of diffusion rates obtained with CG models has to be interpreted with care due 
to a general speedup of the dynamics. For lipid diffusion, a speedup factor of about four 
has been reported (Ramadurai et al., 2010), implying that realistic diffusion rates are 
four times lower than those reported here. The AA cyanobacterial membrane is in the 
gel phase and reliable diffusion constants could not be obtained.
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a higher unsaturation grade results in higher diffusion constants (Sarcina, Murata, 
Tobin, & Mullineaux, 2003), consistent with our findings. The low diffusion constant 
of 16:1(3t)-16:0 PG is likely to be a result of its more ordered tails caused by its ten-
dency to cluster (cf. Tables 2.2 and 2.3 and Figure 2.4). Second, the plant lipids diffuse 
significantly faster than the cyanobacterial lipids at 293 K, which is likely due to their 
higher unsaturation grade and associated increase in membrane area (cf. Table 2.4). 
However, compared to the POPC membrane the lipids in both thylakoid membranes 
are slowed down. We contribute this to the presence of the bulky sugar head groups, 
which hamper the diffusion process. In all-atom simulations, a similar decrease in 
lipid diffusion in glycolipid membranes has been reported (A. Hall, Rog, & Vattu-
lainen, 2011). In line with this, we find the lowest diffusion constants for the DGDG 
lipids, which have the largest head group. Note that CG lipids experience a smoother 
energy landscape than atomistic lipids, which results in higher diffusion constants. 
The speedup factor has been estimated to be about four (Ramadurai et al., 2010). This 
might largely account for the five times higher diffusion constant of the POPC lipids 
compared with the experimentally determined diffusion constant of POPC lipids, D = 
8 μm2/s at T = 298 K (Filippov, Orädd, & Lindblom, 2003). The diffusion constants of 
the atomistic cyanobacterial lipids at 328 K are about half of those reported by Ogata 
et al. in their atomistic simulation of photosystem II, at 300 K (Ogata et al., 2013). 
However the thylakoid membrane modeled by Ogata et al. contains more polyunsat-
urated lipids, which influences the diffusivity of the system. Besides, the simulation 
time is restricted to 8 ns, which is too short to accurately determine diffusion rates. 

Together, our analysis of structural and dynamic properties points to a much more 
fluid character of the plant membrane compared to the cyanobacterial membrane, 
even if the two membranes are compared at their respective physiological tempera-
tures. Due to the large conformational freedom of the polyunsaturated tails pres-
ent in the plant membrane, the area per lipid is increased and membrane thickness 
decreased. The plant membrane is also less ordered, more easily compressible, and 
shows increased diffusivity of the lipids. 

Cross sections of the thylakoid membranes

Having established an overall decrease in fluidity and order of the cyanobacterial 
membrane versus the plant membrane, next we turn to the cross sectional character-
ization of the thylakoid membranes by means of electron density profiles (Figure 2.5) 
and graphical snapshots of the membrane/water interface (Figure 2.6). The electron 
density profiles reveal an overall membrane organization similar to that of a typical 
membrane such as the POPC membrane, with the polar headgroups pointing toward 
the aqueous phase and lipid tail segments shielded from water. The glycerol groups 
reside at the interface and are still partially solvated. Water penetration is somewhat 
larger in the plant membrane. In all membranes, the characteristic density dip in the 
middle of the membrane is observed. A number of additional features pertaining to 
the thylakoid membrane organization are worth pointing out. In general, the electron 
density peaks of the plant membrane are broader and are located more to the center 
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Figure 2.5: Electron density profiles of thylakoid membranes. Panels show the pro-
files of the CG cyanobacterial membrane at 328 K (A), AA cyanobacterial membrane at 
328 K (B), the CG plant membrane at 293 K (C), the AA plant membrane at 293 K (D). 
The upper graphs show the electron density of the combined headgroups, the glycerol 
backbone (GL1, GL2), the first three tail beads (C1–C3), the last tail bead of saturated 
(C4) or unsaturated (D4) tails and water. The lower panel section shows the electron 
densities for the different headgroups and the ions, with separate plots for the first (GA) 
and the second (GB) sugar ring of DGDG. To obtain AA profiles that could be easily 
compared to the CG profiles, the AA trajectory was mapped to CG resolution.
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of the bilayer compared to the cyanobacterial membrane, in line with the thinner and 
more disordered nature of the plant membrane discussed above. Despite the smaller 
thickness of the plant membrane, the spread of the tail beads is much larger. This is 
due to the ability of the poly-unsaturated lipids to backfold toward the interface and 
has been seen before in AA (Feller & Gawrisch, 2002) and CG (Risselada & Marrink, 
2009) simulations. The sugar rings of the different glycolipid headgroups are posi-
tioned at a very similar position along the bilayer normal for both thylakoid mem-
branes. Even the two sugar rings of DGDG show strongly overlapping distributions, 

D

B

C

A

Figure 2.6: Cross-sectional organization of thylakoid membranes. Snapshots obtained 
from the smaller systems used to calculate the electron densities and order parameters. 
(A) CG cyanobacterial membrane at 328 K, (B) AA cyanobacterial membrane at 328 K, 
(C) CG plant membrane at 293 K, (D) AA plant membrane at 293 K. The coloring of the 
lipids is identical as in Figure 2.3. Water is colored light blue, sodium ions colored pink, 
and chloride ions are lime colored.
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pointing to an overall perpendicular orientation of the ring–ring vector with respect 
to the membrane normal. This is also visible in the snapshots (Figure 2.6). A slight 
shift of the second sugar ring (GA) toward the aqueous solution is, however, notice-
able. Interestingly, the PG headgroups are located most to the exterior of the bilayer 
in both the cyanobacterial and plant membrane. 

In comparison to the atomistic data, the profiles show clearly that the CG membranes 
are somewhat thicker than the AA ones, as discussed above (cf. Table 2.4). In line 
with the larger area of the AA membranes, it appears that there is more water pene-
tration in the atomistic membranes than in the CG membranes. Noticeable is also the 
somewhat smaller spread of the headgroups in the atomistic membranes in case of the 
plant membrane. 

Another interesting observation is the closer approach of sodium to the membrane 
compared to chloride ions. This is seen at both AA and CG resolution and likely re-
sults from the electrostatic attraction between the negatively charged PG and SQDG 

Water Na+

Cyanobacterial membrane

18:1(9)-16:0 PG (10%) 8% 12%

18:1(9)-16:0 DGDG (25%) 37% 27%

18:1(9)-16:0 MGDG (40%) 29% 26%

18:1(9)-16:0 SQDG (10%) 10% 14%

di16:0 SQDG (15%) 15% 21%

Plant membrane

16:1(3t)-16:0 PG (5%) 4% 9%

16:1(3t)-18:3(9,12,15) PG (10%) 9% 15%

18:3(9,12,15)-16:0 DGDG (5%) 7% 6%

di18:3(9,12,15) DGDG (25%) 37% 22%

18:3(9,12,15)-16:0 MGDG (5%) 3% 4%

di18:3(9,12,15) MGDG (40%) 25% 19%

18:3(9,12,15)-16:0 SQDG (15%) 15% 25%

Table 2.6: Lipid solvation properties. Contact percentages are shown between the lipid 
headgroups and water and sodium beads, respectively, based on the CG systems. Num-
bers indicate the percentage of the headgroup – water/sodium contacts compared with 
all headgroup – sodium/water contacts. Percentages between parentheses following the 
lipid names indicate the total share of that lipid in the system. Deviations in contact 
percentages of more than 20% from what can be expected from random solvation are 
shown in bold face. Cyanobacterial contact percentages are from the simulation at 293 
K; the differences between those with the contact percentages of the simulation at 328 K 
are only minor. The standard error for the CG simulations is below 0.1%. For the calcu-
lation of the standard error it was assumed that every 250 ns of each leaflet counts as an 
independent observation.
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lipids and the positive sodium ions. A similar condensation effect of counter ions 
has been reported in other atomistic simulations of anionic lipids (Pandit, Bostick, & 
Berkowitz, 2003). Comparison of the hydration level of each lipid with its percentage 
of ion contacts (Table 2.6) demonstrates that the PG and SQDG headgroups indeed 
make relatively more contact with Na+ compared to neutral headgroups. Another sig-
nificant observation is the increased exposure to the solvent of DGDG compared to 
MGDG. This can be attributed to the large head group size of DGDG; in particular 
the second sugar ring is shifted toward the outer rim of the bilayer, and is therefore 
more solvent accessible (cf. Figure 2.5). Together, our analyses of the cross-sectional 
organization of the thylakoid membranes reveal a complex membrane/water inter-
face, with all glycolipid sugar rings as well as PG head groups competing for the same 
space. The negatively charged PG and SQDG lipids attract counter ions in their vicin-
ity, leading to the formation of an electrical double layer. Overall, the plant membrane 
appears more diffuse compared to the cyanobacterial membrane in the way the lipid 
moieties are distributed along the membrane normal. 

Inverted hexagonal phase of the thylakoid membranes 

To study the ability of the thylakoid membranes to form inverted hexagonal phases, 
we investigated the propensity for stalk formation as a function of hydration level. The 
stalk is the main intermediate in the transition from a lamellar phase to an inverted 
hexagonal phase (Kozlov, Leikin, Chernomordik, Markin, & Chizmadzhev, 1989; Sie-
gel & Epand, 1997). A stalk can be formed when the headgroups of two apposed bi-
layers get into contact and start interacting, triggering the flipping of tails between the 
leaflets (Smirnova, Marrink, Lipowsky, & Knecht, 2010). This depends on the amount 
of solvent present between the two bilayers and the propensity of the bilayer to undu-
late. The more solvent present and the smaller the undulations of the membrane, the 
less likely the bilayers make contact and form a stalk. By varying the hydration level 
in simulations involving a double bilayer setup, we probed the propensity of stalk for-
mation (see Methods). Figure 2.7 shows snapshots from the process of stalk formation 
in both the cyanobacterial (at T = 328 K) and plant membrane (T = 293 K). In case 
of the cyanobacterial membrane, a spontaneous stalk can only be triggered at hydra-
tion levels of 6 CG water beads per lipid (equivalent to 24 AA water molecules per 
lipid) and below. The plant membrane, which exhibits more pronounced undulations, 
forms a spontaneous stalk already at a hydration level of 9 CG waters per lipid (36 AA 
waters per lipid). In each case, after the stalk has formed, the stalk elongates until it 
connects with its periodic boundary image, thereby transforming the lamellar state 
into the inverted hexagonal one. The lamellar to inverted hexagonal transformation 
of the thylakoid membrane is similar to the transformation described for unsaturated 
PC lipids (Marrink & Mark, 2004), also based on CG simulations. 

To pinpoint the critical hydration level for the lamellar to inverted hexagonal phase 
transformation more precisely, we performed a systematic set of simulations in which 
we started from a state in which a stalk had already formed. If the stalk started grow-
ing, we increased the hydration level, until we reached a point where the stalk no 
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longer elongated. Vice versa, if the stalk disappeared, we lowered the hydration level 
until the stalk proved stable. For the cyanobacterial membrane at 293 K, we found 
that 7.3 CG water beads per lipid (29.2 AA waters per lipid) are needed to stabilize 
the stalk. At 328 K, the hydration level needed to be increased to 9.0 CG water beads 
per lipid (36 AA waters per lipid). For the plant membrane, a further increase to 12.5 
CG water beads per lipid (50 AA waters per lipid) was required to stabilize the stalk. 
These results confirm that the plant membrane has a higher propensity to form an 
inverted hexagonal phase compared to the cyanobacterial membrane. We attribute 
this difference to the presence of polyunsaturated fatty acids in the plant membrane. 
Polyunsaturated lipids have a large negative spontaneous curvature, which stabilizes 
the stalk state. Moreover, the increased flexibility and less hydrophobic nature of poly-
unsaturated chains compared to fully saturated chains increases their exposure at the 
lipid/water interface by means of backfolding. Solvent-exposed tails in general, and 
polyunsaturated lipids in particular, are key intermediates in the formation of a stalk 
at the onset of membrane fusion and fission (Markvoort & Marrink, 2011; Pinot et al., 
2014; Smirnova et al., 2010). Our simulations demonstrate that the thylakoid mem-
brane is close to the formation of an inverted hexagonal phase. Inverted hexagonal 
phases have been shown to be present in thylakoids (Krumova et al., 2008) and it has 
been established experimentally that their formation depends on temperature (Kru-
mova et al., 2008), fatty acid saturation grade (Lewis, Mannock, McElhaney, Turner, & 
Gruner, 1989) and hydration level (Demé, Cataye, Block, Maréchal, & Jouhet, 2014), 
which is in line with our data. Inverted hexagonal phases might be vital in regulating 
photosynthesis by tuning the activity of the violaxanthin cycle (Jahns et al., 2009; La-
towski et al., 2002). We did not observe the formation of any MGDG clusters in the 
inverted hexagonal phase, as was proposed in the literature (Goss et al., 2007; Jahns 
et al., 2009). Instead, we see a well mixed system in both the lamellar and inverted 
hexagonal state, as was seen experimentally on the mesoscopic scale (Duchêne & Sie-
genthaler, 2000). 

Conformation and dynamics of the plastoquinone pool 

The organization and dynamics of the cofactors plastoquinone (PLQ) and plastoquio-
nol (PLQol) in the thylakoid membrane, the so-called plastoquinone-pool, is of great 
importance for the transport of protons to the lumen and of electrons between differ-
ent protein complexes in the photosynthetic pathway. We simulated PLQ and PLQol 
in the cyanobacterial thylakoid membrane, at T = 310 K and at a molar concentration 
of about 0.5%. Representative snapshots of the simulation in case of PLQ are shown 
in Figure 2.8. The cofactors can be seen to reside with their head groups at the level of 
the glycerol linker, with the aliphatic tails pointing inside. The embedding of PLQol is 
rather similar (not shown). Cluster analysis of the molecular conformations showed 
three preferred orientations of the cofactors, the L-, the I- and the U- conformation 
that differ in the position and shape of the tail. In the L-conformation the PLQ tail is in 
a L-shape, where the vertical part of the ‘L’ extends from the headgroup region of one 
leaflet towards the bilayer midplane and the horizontal part of the ‘L’ proceeds into 
the midplane of the bilayer (Figure 2.8A). In the I-conformation the tail extends from 
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the headgroup region of one leaflet into the oppo-
site monolayer, sometimes with slight S-turn at the 
bilayer midplane (Figure 2.8B). In the U-conforma-
tion the tail curls back up to the head group region 
of the same leaflet (Figure 2.8C). The ratios of L, 
I and U conformations were 58(1):14(3):15(4)% 
and 61(1):10(3):17(2)% for the systems containing 
PLQs and PLQols, respectively. The values between 
parentheses indicate the standard deviation calcu-
lated over the four solutes. The PLQs and PLQols 
adapted, respectively, 87% and 88% percent of the 
time a L, I or U conformation, The remaining 13% 
and 12% consist of less well defined, often less ex-
tended, conformations. The dominant conforma-
tion, both for PLQ and PLQol, is the L-shape. A 
similar conclusion was reached from CG simula-
tions of these cofactors in a DPPC membrane, us-
ing a similar setup (de Jong et al., 2015). During the 
3 μs simulation, the PLQ head group was observed 
to flip from one monolayer to the other, a so-called 
flip-flop event. In total, eighteen flip-flop events 
were counted for the four PLQ molecules present, 
resulting in a flip-flop rate of 1.5 × 106 s−1. This rate 
is about one order of magnitude slower compared 
to the flip-flop rate in a DPPC bilayer (de Jong et al., 
2015). For the 3.5 μs simulation containing PLQol 
no flip-flop events were observed, whereas a flip-
flop rate of 5 × 105 s−1 was reported for the DPPC 
membrane. The much lower flip-flop rate of PLQol 
as compared to PLQ is due to the more hydrophilic 
head group of PLQol. The lower flip-flop rates in 
the cyanobacterial thylakoid membrane compared 
to a DPPC membrane can be attributed to the more 
compact nature of the former. Summarizing, our 
simulations of PLQ and PLQol showed that these 
cofactors can adapt different conformations in the 
thylakoid membrane and that the more hydrophilic 
PLQol makes fewer flipflops.

Conclusion 

Using a multiscale approach, we modeled the thyla-
koid membranes of two different species, namely 
cyanobacteria and higher plants. Contact analysis, 
as well as visual inspection, reveals that the lipids 

Figure 8: Conformations of plas-
toquinone in the cyanobacterial 
thylakoid membrane. Snapshots 
of plastoquinone in the L (A), I 
(B) and U (C) conformation.
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in both membranes are distributed homogeneously on the microscopic scale. Not all 
lipids mix ideally however, and heterogeneities on the nanoscale occur. For instance 
negative charged lipids have a tendency to repel each other, and DGDG lipids avoid 
self-interaction probably due to steric hindrance of the bulky headgroups. In the more 
complex plant membrane the mixing is not only determined by the headgroups, but 
also by the lipid tails. In particular, lipids with fully saturated fatty acids tend to clus-
ter. Due to the presence of more saturated lipid tails, the cyanobacterial membrane 
is thicker, denser, more ordered and less compressible compared to the plant mem-
brane. Even at the elevated temperature of 328 K, the cyanobacterial remains less 
fluid than the plant membrane at room temperature. The integrity of the cyanobac-
terial membrane is likely important considering the harsh conditions under which 
cyanobacteria operate. Electron densities of both thylakoid membranes demonstrate 
a similar transmembrane organization, with the sugar rings of the glycolipids occu-
pying overlapping positions at the membrane/water interface. The PG headgroups 
are located more to the exterior of the bilayer. In line with the more fluid character 
of the plant membrane, the electron density distributions have a bigger spread than 
those of the cyanobacterial membrane. We find that the plant membrane also has 
a higher propensity to form an inverted hexagonal phase. Whether this difference 
is physiologically important, however, remains unclear. Our characterization of the 
molecular structure of the thylakoid membrane opens the way for future studies in-
volving the embedded photosynthetic complexes. For instance, it will be interesting 
to see whether specific lipid binding sites exist, similar to the membrane exposed car-
diolipin binding sites recently revealed on mitochondrial respiratory chain complexes 
(Arnarez, Marrink, & Periole, 2013a; Arnarez, Mazat, Elezgaray, Marrink, & Periole, 
2013b; Pöyry et al., 2013). Understanding the interplay between the specific lipids 
found in the thylakoid membrane and the formation of photosystem supercomplexes 
is an open problem, ready to be explored using multiscale simulations. 
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Abstract

Photosystem II (PSII) is one of the key protein complexes in photosynthesis. We in-
troduce a coarse grained model of PSII and present the analysis of 60 µs molecular 
dynamics simulations of PSII in both monomeric and dimeric form, embedded in a 
thylakoid membrane model that reflects its native lipid composition. We describe in 
detail the setup of the protein complex and the many natural cofactors, and charac-
terize their mobility. Overall we find that the protein subunits and cofactors are more 
flexible towards the periphery of the complex, as well as near the PLQ exchange cavity 
and at the dimer interface. Of all cofactors, β-carotenes show the highest mobility. 
Some of the β-carotenes diffuse in and out of the protein complex via the thylakoid 
membrane. In contrast to the PSII dimer, the monomeric form adopts a tilted confor-
mation in the membrane, with strong interactions between the soluble PsbO subunit 
and the glycolipid headgroups. Interestingly, the tilted conformation causes buckling 
of the membrane. Together, our results provide an unprecedented view of PSII dy-
namics on a microsecond time scale. Our data may be used as basis for the interpre-
tation of experimental data as well as for theoretical models describing exciton energy 
transfer. 

Introduction

Photosynthesis is the extremely important process in which the energy of photons 
is converted into chemical energy. Photosystem II (PSII), a protein complex located 
in the thylakoid membrane of cyanobacteria and plants, is a main component in this 
process. PSII uses chlorophylls and carotenoids as antennas to capture photons. The 
energy of the photons is used to oxidize water and to subsequently reduce plastoqui-
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none (PLQ), which renders oxygen as a waste product. Concurrently a proton gradi-
ent is generated, which is used for the generation of adenosine triphosphate (ATP) 
(Blankenship, 2014; Croce & van Amerongen, 2011). 

PSII is a homodimer in vivo, but individual monomers are fully functional (Dekker, 
1988). The PSII complex is large; each monomer consists of twenty-seven subunits in 
plants and twenty in cyanobacteria, respectively (Pagliano, Saracco, & Barber, 2013). 
A large number of cofactors supplement PSII with its light harvesting and water split-
ting capabilities. Each monomer contains around 77 cofactors, including ions and 
a number of glycolipids (Guskov et al., 2009; Umena, Kawakami, Shen, & Kamiya, 
2011; Wei et al., 2016). More details on the structure and functioning of PSII can be 
found in a number of recent reviews (Fromme & Grotjohann, 2008; Garab, 2016; 
Guskov et al., 2010; Kouřil, Dekker, & Boekema, 2012; Lea-Smith, Bombelli, Vasude-
van, & Howe, 2016; Pagliano et al., 2013; Romero et al., 2014).

Studying the dynamics of proteins and lipids is challenging, as relevant time and length 
scales are not easily accessed experimentally. Molecular dynamics (MD) simulations 
can contribute to the elucidation of cellular processes by providing a detailed and 
dynamic view on protein-lipid interactions (Ingólfsson, Arnarez, Periole, & Marrink, 
2016; Mayne et al., 2016; Stansfeld & Sansom, 2011). In the case of photosynthesis the 
Schulten laboratory has pioneered the use of MD, often in combination with other 
structural techniques, to elucidate the organization of various light-harvesting com-
plexes. Sener et al., for instance, created an all-atom model of a bacterial chromato-
phore by merging AFM, cryo-EM, and crystallography data (Sener, Olsen, Hunter, & 
Schulten, 2007). The model was subsequently used to explore energy transfer across 
the surface of this organelle. In another example, Chandler et al. studied the excitation 
transfer rates in a big patch of the photosynthetic membrane of a purple bacterium, 
by combining MD and quantum dynamics (Chandler, Strümpfer, Sener, Scheuring, 
& Schulten, 2014). 

Concerning PSII, atomistic simulations have been performed by a number of groups, 
with a primary focus on the movement of water through the protein complex. For 
instance, Vassiliev et al. identified a branched network of water channels in PSII and 
compared the water flow in the presence and the absence of the oxygen evolving com-
plex (OEX) (Serguei Vassiliev, Comte, Mahboob, & Bruce, 2010). In a later study the 
energy profiles for water penetration into water channels were calculated and sites 
that might function as selectivity filters were identified (Sergey Vassiliev, Zaraiska-
ya, & Bruce, 2012). Gabdulkhakov et al. also studied the water channels in PSII and 
assessed the mobility of water molecules in the different channels (Gabdulkhakov, 
Kljashtorny, & Dontsova, 2015). Ogata et al. performed an all-atom simulation of 
PSII embedded in a model of the thylakoid membrane. They analyzed the diffusion of 
lipids, and studied the transfer of water, protons and oxygen along different pathways 
(Ogata, Yuki, Hatakeyama, Uchida, & Nakamura, 2013). In another study, Zhang et al. 
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used QM/MM to determine the excitation energy of chlorophylls at the PSII reaction 
center (Zhang et al., 2014), and identified chlorophyll a (CLA) 606 as the most prob-
able site for energy excitation.

Despite the significance of these studies, the time scales probed in the simulations are 
limited to the nanosecond range, while many processes in PSII take place at much 
longer time scales, e.g. plastoquinone exchange and the PSII repair cycle. Current 
computational power makes it difficult to study the dynamics of big protein complex-
es like PSII with atomistic detail on a microsecond timescale. Coarse grain (CG) force 
fields, in which some of the atomistic details are averaged out, allow one to go beyond 
the limitations of the atomistic models (Cascella & Vanni, 2016; Ingólfsson, López, et 
al., 2014a). In particular the CG Martini force field (Marrink & Tieleman, 2013) has 
been widely applied in this area, e.g., to predict protein-lipid binding sites (Arnarez, 
Mazat, Elezgaray, Marrink, & Periole, 2013; Hedger, Shorthouse, Koldsø, & Sansom, 
2016), to study membrane mediated protein-protein interactions (Arnarez, Marrink, 
& Periole, 2016; Periole, Knepp, Sakmar, Marrink, & Huber, 2012; Prasanna, Chatto-
padhyay, & Sengupta, 2014), and to explore the role of compositional complexity and 
crowding (Ingólfsson, Melo, et al., 2014b; Jeon, Javanainen, Martinez-Seara, Metzler, 
& Vattulainen, 2016; Koldsø & Sansom, 2015). 

Here we present CG simulations of PSII from cyanobacterium Thermosynechococcus 
vulcanus, based on the Martini force field. The complex is embedded in a realistic 
thylakoid membrane (Sakurai et al., 2006) composed of a mixture of phosphatidyl-
glycerol (PG), digalactosyldiacylglycerol (DGDG), monogalactosyldiacylglycerol 
(MGDG) and sulfoquinovosyldiacylglycerol (SQDG) glycolipids. We describe in de-
tail the setup of this complex system, and present results on the internal mobility of 
the protein subunits and various cofactors, both for the PSII monomer and dimer. 
Our simulations provide a dynamic picture of the PSII complex that can serve as a 
reference for refined calculations of exciton transport in these systems, and is an im-
portant step toward detailed simulations of large-scale supercomplex formation of the 
photosystem and its antenna complexes. 

Methods

Simulation parameters

The Martini force field (version 2.2) was used to model the protein interactions (de 
Jong et al., 2013). The ElNeDyn approach was used to stabilize the protein (Periole, 
Cavalli, Marrink, & Ceruso, 2009), using the standard values for cutoff = 0.9 nm and 
force constant Fc = 500 kJ mol−1 nm−2. Elnedyn defines a network of elastic bonds 
between the backbone beads (BB) of residues of the same subunit that are within the 
cutoff distance. It should be stressed that the different PSII subunits are not bonded to 
each other in any way, so they are free to move independently. The lipid parameters 
were based upon the parameters for glycolipids from López et al. (López et al., 2013) 
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with slight modifications as described by Van Eerden et al. (van Eerden, de Jong, & 
de Vries, 2015). The parameters for the cofactors were taken from De Jong et al. (de 
Jong et al., 2015), with a few modifications to improve numerical stability (see Sup-
porting Material, Figure 3.S1). The standard Martini water model was used (Marrink, 
Risselada, Yefimov, Tieleman, & de Vries, 2007), in which four real water molecules 
are represented by a CG bead.

The GROMACS 4.5.5 MD package (Hess, Kutzner, van der Spoel, & Lindahl, 2008) 
was used to perform the simulations, with the standard parameter settings for the 
Martini force field (Marrink et al., 2007). The system was simulated using the isother-
mal-isobaric (NpT) ensemble. The v-rescale thermostat was used to control the tem-
perature with a coupling constant τt = 2.0 ps (Bussi, Donadio, & Parrinello, 2007). The 
pressure was semi-isotropically coupled to an external bath of p=1 bar with a coupling 
constant of τp = 1.0 ps and compressibility of χ = 3.0×10-4 bar-1 using the Berendsen 
barostat (Berendsen, Postma, van Gunsteren, DiNola, & Haak, 1984). The electrostat-
ic interactions were calculated using a shifted potential with a cut off of 1.2 nm and a 
dielectric constant of 15. For the calculation of the Van der Waals interactions also a 
shifted potential was used, with a cut off of 1.2 nm and a switch at 0.9 nm.

Setup of the PSII complex

The crystal structure of PSII of the thermophilic cyanobacterium Thermosynechococ-
cus vulcanus served as the starting structure of the simulation, PDB ID: 3ARC (Ume-
na et al., 2011) (Note, a refined version of the Umena structure had been released, 
PDB ID: 3WU2, which supersedes entry 3ARC in both the PDB and OPB databases.). 
The structure contains nineteen out of in total twenty subunits. The two monomers of 
the crystal structure are virtually identical, except from some slight variations in the 
loop regions. We therefore decided to prepare only the first monomer of the pdb file 
and, after its setup, copy it to the position of the second monomer. Missing residues 
were reconstructed using Swiss-PdbViewer (Guex & Peitsch, 1997), ModLoop (Fiser 
& Sali, 2003) and VMD (Humphrey, Dalke, & Schulten, 1996). VMD’s Molefacture 
extension was used to model missing heteroatoms back in the structure. After the re-
construction of all the residues, a dimer was obtained by fitting the now reconstructed 
first monomer on the second monomer using the Multiseq extension in VMD. 

Membrane proteins usually have a preferred positioning in the membrane. In order 
to prepare PSII for insertion in a bilayer, it was fitted on the 3ARC entry of the OPM 
database (M. A. Lomize, Lomize, Pogozheva, & Mosberg, 2006) with the use of Py-
Mol (Schrödinger, LLC, 2010). The OPM database contains a calculated orientation 
of membrane proteins in the bilayer. The Martinize script (de Jong et al., 2013) was 
then used to convert the protein part of PSII (i.e. the amino acids) to a CG Martini 
structure, with DSSP (Kabsch & Sander, 1983) being used on the fly to determine the 
secondary structure of the protein. In the Martini model the polarity of the backbone 
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beads and the dihedral between backbone beads depends on the secondary structure, 
which remains therefore fixed during the simulation (Monticelli et al., 2008). All his-
tidines were modeled in their neutral form.

Only after the reconstruction of the second monomer and the CGing of the dimer 
it was noted the missing residues of the cyt b 559β, residues 2-11, were not correctly 
modeled by ModLoop. The positions of these residues were therefore manually ad-
justed in VMD, separately for each monomer. This resulted in small differences be-
tween the two monomers in the coordinate file of the starting structure, the topology 
is however identical for the two monomers.

Inclusion of cofactors

The PSII crystal structure contains a large number of cofactors: chlorophyll a (CHL), 
pheophytin (PHO), heme (HEM), β-carotene (BCR), plastoquinone (PLQ), and the 
oxygen evolving complex (OEX), displayed in Figure 3.1. An overview of the amount 
of each of these cofactors, as well as co-crystallized ions, is given in Table 3.1. All co-
factors were explicitly included in our simulation, as shown in Figure 3.2. In this study 

the CHL cofactors are numbered as in Umena et al., which is their residue number 
in the pdb file minus six hundred. According to this scheme we also numbered the 
HEM and PHO cofactors. The other cofactors are identified according to the residue 
number that they have in the structure of Umena et al. (Umena et al., 2011).

In vivo the heme and CHL molecules in PSII are coordinated to the protein by a lone 
pair interaction. This lone pair interaction is between the central metal ion and the 
coordinating amino acid or water molecule. Of the 35 CHLs that are present in a 

Cofactor name abbreviation number per monomer

chlorophyll a CHL 35

pheophytin PHO 2

heme HEM 2

β-carotene BCR 12

plastoquinone PLQ 2

oxygen evolving complex OEX 1

non-heme iron Fe2+ 1

water (for CHL coordination) W 5

magnesium ion Mg2+ 1

bicarbonate ion BCT 1

calcium ion Ca2+ 3

chloride ion Cl- 3

Table 3.1: List of the cofactors that are included in the simulation. Numbers are per 
monomer. The lipids are not included in this list.
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monomer, twenty-seven are coordinated by histidine, seven by water and one by an 
asparagine residue. The two hemes are coordinated by two histidine residues each. 
The Martini force field does not take into account lone pair interactions. To mimic 
the coordination of the cofactors, every CHL and heme molecule was bound to their 
coordinating residues with harmonic bonds, see Supporting Material (Tables S1,S2, 
Figure 3.S2) 

CHL PHO HEM

OEX PLQ BCR

18:1(9)-16:0 
PG

18:1(9)-16:0 
DGDG

18:1(9)-16:0
MGDG

di16:0
SQDG

Figure 3.1: CG models of cofactors and lipids associated with PSII. The tails of CHL, 
PHO, PLQ and BCR are colored white. Palmitoyl tails of lipids are colored black and 
oleoyl tails grey. The headgroups and glycerol linkers of the different lipid types are col-
ored uniquely to distinguish them in subsequent figures. The OEX beads are colored 
differently for clarity only. Note that the lipids and cofactors are not drawn to scale.
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Figure 3.2: Position of PSII subunits and co-factors. (A) View on PSII dimer from the 
plane of the membrane, with labeling of the nineteen subunits colored according to chain. 
The grey box roughly indicates the position of the thylakoid membrane. The top of the 
picture corresponds to the stromal side of the thylakoid membrane and the bottom to the 
lumenal side. (B) Stromal view on the PSII dimer with all cofactors except chlorophyll a 
(CHL), pheophytin (PHO) and heme (HEM). The left monomer is colored and labeled 
as in panel A. In the right monomer the protein is colored transparent white and the co-
factors are shown. The cofactors are colored as follows: plastoquinone (PLQ) yellow (in 
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Pheophytins (PHOs) do not have a central ion by which they can be ligated to the pro-
tein. The PHOs, however, showed relatively large and unrealistic movements during 
our preliminary simulations. To reduce this behavior the PHOs were also linked to the 
complex with harmonic bonds, see Supporting Material (Tables S1,S2) for details. For 
BCRs and PLQs no bonded potentials were used to tie them to the protein complex.

The oxygen evolving complex (OEX) is an essential part of the PSII system in which 
the water splitting occurs. Our CG model of OEX is, of course, not capable of cap-
turing any chemical reactions, but it does give a representation of the space the OEX 
occupies as well as of its overall charge of +6e. We modeled the OEX by a cluster of 
four Q0 beads with a charge of +1.5e each. The beads are bound to each other with 
harmonic bonds with Fc=10 000 kJ mol−1 nm−2. In vivo the OEX is coordinated by a 
combination of water molecules and amino acids, whereby the latter neutralize the 
charge of the OEX. In the CG system the OEX is also neutralized by amino acids. 
Stable coordination is achieved through a number of harmonic bonds, see Supporting 
Material (Tables S1,S2).

Furthermore, we included all co-crystallized ions in our systems, as well as the special 
bicarbonate ion, which is thought to be important for electron transport (Saito, Ruth-
erford, & Ishikita, 2013), (cf. Table 3.1). To model the cations (Mg2+, Fe2+, Ca2+), for 
which no standard Martini parameters exist, a Q0 particle type was used with a +2e 
charge. The bicarbonate ion was modeled as a Qda particle with -e charge. Note that 
Martini treats ions in a rather qualitative way. Except for their role in coordination, in 
this study ions do not play an important role, and no attempt was made to optimize 
the parameters. The co-crystallized ions were ligated to the PSII system with harmon-
ic bonds, see Supporting Material (Tables S1, S2). The PSII structure also contains 
many co-crystallized water molecules. In the Martini model a water bead represents 
four real water molecules, which makes it impossible to include individual water mol-
ecules into our model. Therefore all water molecules were deleted from the structure. 
Most crystallized waters are found in the soluble domains of the PSII complex and in 
the solvent accessible PLQ exchange cavity, and these get rehydrated in the simulation 

QA and QB sites), β-carotene (BCR) orange, oxygen evolving complex (OEX) purple. The 
BCRs are labeled with the residue numbers they have in the crystal structure of Umena 
et al. (Umena et al., 2011). (C) Stromal view of the PSII dimer showing the lumenal and 
stromal positioned CHLs, PHOs and HEMs. The protein is shown in transparent white, 
CHL in green, PHO in blue and HEM in red. The left monomer shows the lumenal po-
sitioned CHLs and HEM and the right monomer the stromal CHLs, PHOs and HEM, 
which are all labeled according to their identifier. (D) Side view of the PSII dimer with 
all CHL and PHO, coloring as in (C). (E,F) Stromal (E) and lumenal (F) view of all 
lipids included in the PSII dimer model. Lipids 1-20 are co-crystallized detergents and 
unassigned lipids that were replaced by designated lipids (or BCR in case of lipids 15,16), 
lipids 21 and 22 were added for structural stability, and lipids 23-62 are co-crystallized 
lipids found in the crystal structure, for details see Table 3.S3. Coloring as in Figure 3.1. 
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during the equilibration phase. Some water molecules are present in the interior of the 
complex, e.g. playing a role in ligation of CHL, and their stabilizing role is mimicked 
by harmonic bonds (see above).

All cofactors were coarse grained independently from the protein, using the Back-
ward script (Wassenaar, Pluhackova, Böckmann, Marrink, & Tieleman, 2014). The 
position of the cofactors inside PSII is illustrated in Figure 3.2B-D.

Inclusion of co-crystallized lipids

Four different types of lipids are present in the crystal structure: the negatively 
charged lipids phosphatidylglycerol (PG) and sulfoquinovosyldiacylglycerol (SQDG) 
and the neutral monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycer-
ol (DGDG), see Figure 3.1. All 40 co-crystallized lipids were included in the simula-
tion, an overview is given in Supporting Table 3.S3. The position of the lipids inside 
the PSII dimer is shown in Figure 3.2E,F. The lipid tails are not resolved in the crystal 
structure, and were modeled with an 18:1(9) (oleoyl) tail at the sn-1 position and 
a 16:0 (palmitoyl) tail at sn-2, in accordance with the fatty acid composition of the 
thylakoid membrane as determined by Sakurai et al. (Sakurai et al., 2006). Details 
about the specific lipids included in our model in case of detergent molecules or poor-
ly resolved lipid densities are given in the Supporting Material.

Embedding in the thylakoid membrane

The complete PSII dimer, including all cofactors, co-crystallized ions, and internal 
lipids, was subsequently embedded in a CG model of the thylakoid membrane of 
T. vulcanus and solvated using the Insane-script (Wassenaar, Ingólfsson, Böckmann, 
Tieleman, & Marrink, 2015). The composition of the membrane was taken from Van 
Eerden et al. (van Eerden et al., 2015), which is an adaptation to CG resolution of 
the lipid composition experimentally determined by Sakurai et al. (Sakurai et al., 
2006). The thylakoid membrane contains 2686 lipids in total, comprising a mixture 
of MGDG, DGDG, SQDG, and PG lipids as specified in Table 3.2. A smaller bilay-
er, containing 1425 lipids, was used to solvate the PSII monomer. Compared to the 
composition of Sakurai et al, our membrane contains a slightly increased amount of 
PG lipids to increase the probability of observing interactions between PSII and PG. 
Experimental evidence indicates that these might be important (Sakurai et al., 2006). 

The Insane-script was invoked to give all lipid beads a random kick of 0.05 nm, and 
periodic images were separated by 10.5 nm in the xy-dimension and 18.0 nm in the 
z dimension. This resulted in a rectangular box with a square base in the membrane 
plane with dimensions of 30.8 x 30.8 x 14.4 nm in the x, y and z-dimensions. A similar 
procedure for the monomer system resulted in a box of 22.5 x 22.5 x 14.0 nm. The 
dimer/monomer systems were respectively solvated with 73 144/40 648 CG water 
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beads (representing four times as many water molecules). In addition, 455/253 Na+ 
and 455/253 Cl- ions were added, corresponding to approximately 100 mM Na+Cl-, 
plus 1032/541 Na+ counter ions to neutralize the overall charge. 

Equilibration and production runs

After solvation, both the dimer and monomer systems were energy minimized using 
three different minimization steps. First a steepest descent minimization was per-
formed, followed by a conjugate gradient and then a second steepest decent minimi-
zation. Both systems were subsequently equilibrated in eight consecutive runs total-
izing 298 ns, in which the time step was slowly increased from 1 fs to 10 fs and the 
temperature was increased from 200 K to 328 K. During the minimization and the 
equilibration runs, position restraints were applied on the protein backbone and the 
cofactors with a force constant of 1000 kJ mol−1 nm−2.

For the production runs, no restraints were applied. The PSII dimer and the mono-
mer were both simulated for 60 μs at T=328 K. The first 1 μs was discarded as further 
equilibration time, rendering a total analysis time of 59 μs. The trajectories were saved 
every 1 ns. Details of the analysis (calculation of root-mean-square-fluctuations of 
the protein subunits and cofactors, and protein diffusion constants) are given in the 
Supporting Material.

In addition, five replicate simulations of the dimer system with different seeds for the 
initial randomized velocities were performed. The replica simulations had a length 
of between 80 and 100 μs each, extending the total simulation time by 475 µs. These 

lipid name mol %

dimer monomer

number of lipids

stromal leaflet lumenal leaflet stromal leaflet lumenal leaflet

18:1(9)-16:0 PG 10 134 134 71 71

18:1(9)-16:0 DGDG 25 336 336 179 178

18:1(9)-16:0 MGDG 40 538 538 287 284

18:1(9)-16:0 SQDG 15 201 201 107 106

di16:0 SQDG 10 134 134 71 71

Table 3.2: Composition of the thylakoid membrane. Note, in the current study the 
amounts of unsaturated and fully saturated SQDG were slightly adjusted to better match 
the experimental data from Sakurai et al., with respect to the values used previously (van 
Eerden et al., 2015). This means that 15% of all lipids are 18:1(9)-16:0 SQDG and 10% 
of the lipids di16:0 SQDG versus respectively 10% and 15% in the study of Van Eerden 
et al. Note that in the monomer the lumenal membrane leaflet contains a few lipids 
less than the stromal leaflet. The Insane-script (Wassenaar, Ingólfsson, Böckmann, Tiele-
man, & Marrink, 2015a) assigns the number of lipids per leaflet based on the available 
space. The fact that the lipid amount of the lumenal leaflet is slightly smaller reflects that 
the lumenal side of the monomer is slightly larger than the stromal side.
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simulations had the same starting structure as described before, but contained PLQ 
in the membrane and PLQol at the z site to study the diffusion of these cofactors, to 
be addressed in a separate paper. Here, we use these replicate simulations to increase 
the statistics of some rare events.

Results and Discussion

We simulated the PSII monomer and dimer complexes of T. vulcanus for 60 µs. The 
complexes contained all cofactors and were embedded in a realistic representation of 
the thylakoid membrane, shown in Figure 3.3. T. vulcanus is a thermophile (Koike, 
Hanssum, Inoue, & Renger, 1987), therefore the simulations were performed at 328 K, 
maintaining the thylakoid membrane in the fluid phase (van Eerden et al., 2015). In 
the following section we analyze the protein and cofactor mobility of the PSII dimer, 
after which we will discuss the differences between the monomer and dimer.

PSII core shows limited flexibility

The internal flexibility of the complex was determined by calculating the root mean 
square deviation (RMSD), with the starting structure before energy minimization 
used as reference, and the root mean square fluctuation (RMSF) of the protein back-
bone (BB), where the reference structure is the time-averaged BB structure. The two 
monomers reorient slightly in the beginning of the simulation (< 1µs), but the com-
plex remains a stable dimer. The RMSD of the complex stabilizes around ~0.5 nm 

Figure 3.3. Snapshot of the PSII dimer and all cofactors embedded in a thylakoid 
membrane. PSII is colored as in Figure 3.2A and the cofactors as in Figure 3.2B-D: CHL 
in green, PHO in blue, HEM in red, PLQ in yellow, BCR in orange, OEX in purple. The 
thylakoid lipids are colored as follows: PG head groups in green, DGDG head groups 
blue, MGDG head groups red, SQDG head groups yellow, oleoyl tails grey and palmitoyl 
tails white (cf. Figure 3.1). Sodium and chloride ions are colored pink and lime, respec-
tively. Water is colored blue. Some water and lipid molecules are omitted for clarity.
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after only ~20 µs and shows that one of the monomers is slightly less mobile, see 
supplemental results (Figure 3.S3). In Figure 3.4 the residues of the PSII dimer are 
colored according to their RMSF values. The average RMSF values of the individual 
subunits are listed in Table 3.S4. The average RMSF is 0.14 nm with a maximum value 
of 0.77 nm for the PsbX subunit; the latter value resulting from its movement around 
the protein complex, see below. Note the relative symmetric distribution of RMSF 
values over the two monomers, indicative of proper sampling of the relative subunits 
motions over the time period of 60 µs. Full convergence would however require more 
sampling.

Overall the RMSF depicts a relatively rigid protein, especially the transmembrane re-
gion of the four big subunits in the core of the complex, D1, CP47, CP43 and D2, 
while the smaller subunits have a higher RMSF. A high stability of the four big protein 
subunits, D1, CP47, CP43 and D2, might be important to maintain a proper coupling 
between all the chlorophylls, thereby ensuring that all excitations arrive at the PSII 
reaction center. 

The flexibility of the PSII dimer in our simulation shows a similar pattern as in the 
all-atom simulation performed by Ogata et al. (Ogata et al., 2013). They observe very 
stable helices in the protein core and more mobile regions such as the stromal exposed 
residues, the lumenal subunit PsbO and some of the more peripheral located trans-
membrane helices. The fluctuations in our simulations are, however, up to four times 
as large which we attribute to the difference in time scales: the all-atom simulation 
probes dynamics on a time scale of 10 ns, whereas in our simulations the time scale 
is more than 3 orders of magnitude longer. It is likely that a time scale of 10 ns is too 
short for the fluctuations to fully develop.

We were not able to find any experimental studies on the dynamics of the individual 
PSII subunits in vivo or in vitro. However, the crystallographic B factors are often used 
to discuss mobility of protein main and side chains. This approach however should be 
used with the caution, as B factors in principle show the uncertainty in the positions 
of atoms, and that can occur due to the numerous reasons - true dynamic behavior, 
radiation damage, low quality crystal leading to the low quality data, sub-optimal re-
finement procedure etc. (Schneider, Gelly, de Brevern, & Černý, 2014). Keeping these 
precautions in mind we analyzed B factors distribution of the PSII crystal structure at 
1.95 Å resolution resolved by of Umena et al. (Umena et al., 2011). At this resolution B 
factors in general reflect reliably the dynamics of the system and they revealed a simi-
lar image of the protein mobility compared to our simulations. The peripheral helices 
and solvent exposed residues have a higher mobility than the residues in the core. A 
difference with the simulations is that in the crystal structure the helices at the dimer 
interface do not show an increased mobility. Apparently, embedding the PSII dimer in 
a bulk membrane environment as apposed to a crystal allows the dimer some freedom 
to relax the dimer packing. Also of interest is the fact that, both in the simulations and 
in the crystal structure, the helices of PsbZ become more mobile towards the lumen.
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Figure 3.4: RMSF fluctuations of the PSII backbone (left) and the cofactors (right). 
The left side shows the fluctuations of the PSII backbone. The various subunits are 
marked, and the three regions which higher mobility that are discussed in the text are 
indicated by the circles (Region I in yellow, Region II in purple and Region III in green). 
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Note that region II is composed of three different areas. The PSII backbone is colored 
according to RMSF values, which are capped at 0.4 nm. Lipids close to the protein are 
shown in light blue in the stromal and lumenal views. Right side shows the fluctuations 
of the different cofactors. First panel: chlorophyll a (CHL) and pheophytin (PHO). Sec-
ond panel: heme (HEM). Third panel: β-carotene (BCR). Fourth panel: plastoquinone 
(PLQ). Each cofactor is colored according to the average RMSF of the complete cofactor. 
All panels show a stromal view of PSII, with the protein rendered as a transparent sur-
face. For clarity the RMSF values are capped at 0.4 nm, 0.2 nm, and 0.7 nm for CHL/
PHO, HEM, and BCR, respectively. The PLQ RMSF values are not capped. Lipids close 
to the protein are shown in light blue. The cofactors are labeled with their identifier, in 
the first panel only the CHL and PHO cofactors that are mentioned in the text and are 
labeled. 

Regions of increased mobility: PLQ exchange cavity, periphery, and 
dimer interface

The helix termini are the most mobile parts of the subunits, this is particularly true 
at the stromal side of the complex. Looking in more detail, we observe somewhat 
higher transmembrane mobility at three different regions in the complex. The first 
region with increased mobility is formed by the helices at the peripheral side of the 
plastoquinone exchange cavity, cyt b 559α, cyt b 559β, PsbJ, PsbK and ycf12. The high 
mobility of PsbJ is remarkable, this subunit delineates together with cyt b 559α one 
of the plastoquinone pathways (Loll, Kern, Saenger, Zouni, & Biesiadka, 2005). It has 
been shown that PsbJ is involved in the downstream electron flow from Qa to the PLQ 
pool (Ohad, Dal Bosco, Herrmann, & Meurer, 2004; Shi, Hall, Funk, & Schröder, 
2012). Its high mobility might be related to the regulation of the PLQ and PLQol ex-
change to and from the PLQ pool.

The helices located at the periphery of the complex form the second region with in-
creased mobility, notably PsbI, PsbH, PsbX and PsbZ. In one of the monomers PsbX 
dissociates from the complex and moves over the protein surface in the direction 
of PsbH, ending at the interface between PsbH and CP47, in front of CHL 12. This 
movement explains the high RMSF value of the subunit. Looking at the five replicate 
simulations, three out of ten PsbX helices show a very similar movement. PsbX is lo-
cated next to the second PLQ channel (Guskov et al., 2009) and experiments suggest 
that also this subunit is involved in the plastoquinone turnover at the QB site (Katoh 
& Ikeuchi, 2001; Shi et al., 2012). Its location and mobility could render PsbX a func-
tion as gatekeeper of the second plastoquinone exchange pathway. By obstructing the 
channel, it could influence the flux of PLQ turnover. 

The third region with increased mobility is formed by the helices at the dimer inter-
face, of which PsbL, PsbM and PsbT are the most mobile subunits. The dimer inter-
face is occupied by lipids, which give the neighboring helices some extra conforma-
tional freedom and might assist in the formation and dissociation of dimers (Kern & 
Guskov, 2011). PsbM has been suggested to play a key role in the dimerization of PSII 
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(Iwai, Katoh, Katayama, & Ikeuchi, 2004), by forming a leucine zipper with the PsbM 
helix from the other monomer (Guskov et al., 2009). There are experimental results 
that support the role of PsbM in dimerization (Kawakami et al., 2011), but other stud-
ies suggest that PsbM is not essential for dimerization (Bentley, Luo, Dilbeck, Burnap, 
& Eaton-Rye, 2008; Umate et al., 2007; Watanabe, Iwai, Narikawa, & Ikeuchi, 2009). A 
possible role for PsbM in dimerization is that it could serve as a recognition element 
for the re-assembly after D1 replacement (Kern & Guskov, 2011). During the simula-
tion the PsbM helices stay together at their termini, but the central part of the helices 
start to move apart from each other after ~20 µs. At the beginning of the simulations 
the PsbM Leu16 side chains are 0.67 nm apart, but the average distance after 50 µs is 
1.03 nm. The acyl chains of the lipids wriggle in the space between the two PsbM sub-
units. In five from in total six simulations the PsbM helices separate, showing that the 
contacts between the opposing PsbM helices are not very strong. Our results suggest 
therefore that PsbM is not needed for the stabilization of the dimer once the dimer 
has formed. PsbM can however still be involved in the actual process of dimerization. 
Weak interactions between the PsbM subunits are in line with the fact that the PSII 
has to monomerize during the D1 repair cycle (Nath et al., 2013), which would be 
impaired by too strong connections between the monomers. 

Isolated PSII complex diffuses relatively fast

To measure the mobility of the entire complex, we calculated the lateral translational 
diffusion constant. The translational diffusion constant of the dimer, obtained from 
the slope of the mean squared displacement of the PSII dimer over time (Figure 3.S4), 
is 2.7 ± 0.2 μm2 s-1. Note however that the dynamics of a CG model are inherently only 
approximate. Due to the neglect of atomistic degrees of freedom, CG molecules dif-
fuse faster compared to molecules modeled with full atomic resolution. The speedup 
factor sensitively depends on the details of the system. In case of the thylakoid lipids, 
we previously measured a speed up factor of about 30 based on a comparison of the 
mean-squared displacement curves of the CG lipids to atomistic ones (van Eerden 
et al., 2015). Correcting for this difference, a more realistic diffusion rate for the PSII 
dimer is of the order of 10-1 μm2 s-1. This is definitely much higher than experimental 
values reported for PSII diffusion and also higher than the diffusion of other, smaller 
proteins in the plasma membrane (Lippincott-Schwartz, Snapp, & Kenworthy, 2001). 
Measurements show that the mobility of PSII is very low, in particular under non-
stress conditions in both cyanobacteria and plants, with a diffusion constant < 2×10-5 
μm2 s-1 in cyanobacteria (Kirchhoff, Haferkamp, Allen, Epstein, & Mullineaux, 2008; 
Sarcina & Mullineaux, 2004). Monte Carlo simulations showed that PSII diffusion is 
severely hampered at high packing densities (Kirchhoff, Tremmel, Haase, & Kubits-
check, 2004). In our simulations only a single PSII dimer is considered, therefore our 
diffusion rate represents an upper limit for the mobility of PSII at infinite dilution. In-
terestingly, plants can increase the protein mobility in the grana upon highlight stress, 
by changing the organization of the grana membranes (Goral et al., 2010; Herbstová, 
Tietz, Kinzel, Turkina, & Kirchhoff, 2012). Also in cyanobacteria the protein mobility 
is increased after high light exposure. After a high red light treatment the diffusion 



Chapter III

65

of all chlorophyll containing pigments is around 2.3×10-2 μm2 s-1 (Sarcina, Bouzovi-
tis, & Mullineaux, 2006). Our data support that the difference in diffusivity between 
high and low stress conditions is likely a consequence of changes in protein packing 
density. 

Mobility of cofactors is coupled to location inside the protein

The mobility of the cofactors was also assessed by means of RMSF. The cofactor RMSF 
was obtained after fitting the protein on the BB beads and by using the time-averaged 
cofactor position as the reference state. The RMSFs were calculated separately for each 
monomer, and shown in Figure 3.4 for the different types of cofactors. Average RMSF 
values are listed in Table 3.S4. We recall that CHLs, PHOs, and HEMs are ligated to 
the protein via harmonic bonds, and thus cannot move away from their position as a 
whole; they are however to a certain extent able to tilt and rotate (cf. Table 3.S2). 

We find that the mobility of the CHLs depends on their location in the PSII complex 
(Figure 3.4). Towards the periphery of the protein the CHL molecules are more mo-
bile; this is especially true for CHL12 that is located completely at the periphery of the 
complex. The centrally located CHL4 and CHL5 are very stable. The mobility of PHO 
is similar to the neighboring CHLs. Not surprisingly, the most mobile part within a 
CHL molecule is its tail, which is free to move as it is not ligated to its surroundings 
like the porphyrin ring (Table 3.S2). The CHL tails become even more mobile when 
they are in contact with lipids. 

It has been shown that a higher CHL mobility can broaden the absorbance spectrum 
for PSI and LHCII (Liguori, Periole, Marrink, & Croce, 2015; Pålsson et al., 1998; 
Schlodder et al., 2014). The higher mobility results in a larger spread of possible pig-
ment environments, leading to more possible vibrational energy levels of the electron-
ic ground state, which allows the CHLs to absorb photons that have a lower or higher 
energy than required for charge separation. It has been hypothesized that this is also 
the case for PSII (Stones, Hossein-Nejad, van Grondelle, & Olaya-Castro, 2016) and 
our data suggests that this might be particularly relevant toward the protein’s periph-
ery, because there the CHL mobility is the highest, see Figure 3.4.

 The four HEMs (two per monomer) remain tightly bound (Figure 3.4). The mobility 
of HEM41 is somewhat higher than of HEM42. This is mainly reflecting the higher 
mobility of cyt b 559α and cyt b 559β, which coordinates HEM41, compared to PsbV, 
which coordinates HEM42. 
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Beta-carotenes are highly mobile and can exchange with thylakoid 
membrane

The BCRs have in vivo only hydrophobic interactions with the protein, therefore we 
did not bind them to the complex. Consequently, they are free to move, and that 
is exactly what we observed. Some BCRs diffuse out of the protein complex, while 
others travel within the complex. In particular the BCRs close to the plastoquinone 
exchange cavity show a high mobility (Figure 3.4), including the added BCRs with 
residue number 794 (see supplemental methods and Table 3.S3). The high mobility 
could explain why these two BCRs were not properly identified in the crystal struc-
ture (with an average B factor of 60). One of the added BCRs even diffuses through 
the plastoquinone entry/exit pathway, as illustrated in Figure 3.5A. The lipid environ-
ment in the interfacial cleft also provides reasonable mobility to the BCRs, some of the 
BCRs actually change their positions in the dimer interface. They wriggle their head-
groups in between the different interfacial subunits, e.g. between subunits D1 and D2 
or CP47 and PsbL. Furthermore, at the periphery of the complex, BCRs 649 and 650 
of the right monomer and BCR 655 of the left monomer completely diffuse out of 
the protein into the bulk thylakoid membrane (Figure 3.5B). They continue diffusing 
around at the bilayer midplane, in agreement with the predicted location of BCR in 
lipid bilayers based on our previous MD simulations (de Jong et al., 2015). Eventually, 
two out of three BCRs re-associate with the protein. BCR649, which originates from 
the dimer interface ends up in the PLQ exchange cavity of the other monomer, en-
tering via Channel I (see Guskov et al. for the channel names (Guskov et al., 2009)). 
BCR650 reattaches to the protein at the D2 subunit, next to PLQ channel II. In all of 
the five replicate simulations, we observe BCRs diffusing out of the protein complex, 
albeit not always the same BCRs leave the protein and not all the BCRs return back 
to the protein. On multiple occasions the BCRs diffuse into the PLQ exchange cavity, 
and the areas around the entrances towards the PLQ channels are frequently visited 
by the BCRs as well. 

BCRs protect PSII against photobleaching (Telfer, 2014) and it is therefore important 
that the BCRs are present in the PSII complex and stay close to the chlorophylls (Po-
spíšil & Prasad, 2014). One would therefore not expect the BCRs to leave the protein 
complex. However, different from the other cofactors, BCRs are not coordinated by 
metal ions or charged residues to the complex; they are only stabilized by much weak-
er Van der Waals interactions. The peripheral BCRs indeed show a higher B factor 
than the more shielded BCRs in the structure of Umena et al. It is therefore plausible 
that these BCRs are able to diffuse in and out of the PSII complex. There is experimen-
tal support for a model in which BCRs can be replaced. Isotope labeling experiments 
revealed that there is a continuous turnover of BCR, also in non stressful conditions 
(Beisel et al., 2010). If BCRs can diffuse in and out of PSII, one would expect the pres-
ence of a pool of free BCRs in the thylakoid membrane. BCRs have been detected in 
the thylakoid membrane (Juhler, Andreasson, Yu, & Albertsson, 1993), but it is not 
clear if these originate from PSII or are indeed free BCR molecules. To our knowledge 
there is no clear data on the amount of free BCR in thylakoid membranes. It has been 
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suggested that BCR and other pigments bind at an early stage to the PSII apoprotein 
(Boehm et al., 2011; Nickelsen & Rengstl, 2013), which makes the presence of a BCR 
pool less likely. On the other hand, Boehm et al. measured a relatively high CHL/
BCR ratio in isolated CP47 complexes, which is attributed to the loss or absence of 
BCRs, which would mean that the BCRs are not very strongly bound to the protein. 
Besides that, reconstitution experiments have shown that BCR does not significant-
ly contribute to the stability of the CP43 protein (Ji Liu, Xie, Yue Luo, Zhu, & Du, 

2014), suggesting that BCRs can leave the complex without any major consequences 
for the protein structure. More experimental and computational studies are needed to 
further clarify this point. It is certainly possible that the Martini force field does not 
capture the true dynamics of BCR in PSII. It is however worth considering that BCR, 
and possibly other cofactors, are more dynamic than conceived to us through crystal 
structures.

PLQ remains stably bound in the QB site 

PSII contains two PLQs per monomer, the stationary QA and the QB. QB becomes a 
PLQol after accepting two electrons and two protons. We measured the PLQs relative 
mobility by measuring their RMSF.

PsbJ PsbK

cyt b
559α

PsbVD1

A

ycf12

cyt b
559β

PsbH

PsbX

D2

CP47

B 0

15

Time 
(µs)

Figure 3.5: BCRs diffusing in and out of PSII. (A) A time series of snapshots of BCR 
794 diffusing in and out of PSII. BCR 794 diffuses out of the complex between subunits 
PsbJ and ycf12, subsequently it reenters between cyt b 559α and PsbJ while exploring 
the region in between. BCR 794 is colored according to simulation time. The protein is 
shown from the stromal side and subunits are labeled. Note that BCR 794 was assigned 
as a UNL in the crystal structure, see Table 3.S3. (B) A time series of snapshots of BCR 
650 diffusing into the membrane. Stromal view on part of the PSII dimer embedded in 
the thylakoid membrane, both shown in white while BCR 650 is colored according to 
simulation time. Subunits are labeled. The simulation times are in both panels relative to 
the first snapshot. The time intervals between the snapshots are not constant.



Photosytem II in silico

68

Although QA remains at its binding site, as expected given its stationary role, QA is 
surprisingly mobile (see Table 3.S5 and Figure 3.4). In the right monomer of the di-
mer simulation, the end of the QA tail is able to pass along side PsbT which has moved 
slightly regarding to its position in the crystal structure. The tip of the QA tail resides 
at the dimer interface for some time, but by the end of the simulation it returns back 
inside the monomer. Not only the tails of the QA molecules are mobile, also the head 
groups of the molecules can change position within the binding site. The head group 
mobility seems to be unrelated with the PsbT position. The tails of the QB molecules 
are also rather mobile, but their head groups show very limited movement. In any 
case, the QB cofactors remain firmly bound which makes sense as the cofactor is in its 
fully oxidized PLQ form that should stay in the binding site until it has been double 
reduced towards PLQol. 

In conclusion, it seems that the QA PLQ is able to reorient to some extent inside its 
binding pocket, whereas the PLQ at QB is rather stationary. 

PSII monomer adopts a tilted orientation in the membrane

In order to test if the PSII dimer and monomer behave differently, we also performed 
a 60 µs simulation of the monomer embedded in the thylakoid membrane. Simulation 
conditions were the same as for the dimer.

The PSII monomer exhibited some intriguing behavior. After about 2 µs the protein 
tilted in the thylakoid membrane, moving the PsbO subunit towards the membrane 
surface and causing substantial membrane buckling, as illustrated in Figure 3.6. In the 
dimer configuration the second monomer would prevent such tilting. The monomer 
tilting might be caused by a different shape of the monomer compared to the dimer, 
forcing the protein in a different orientation to release hydrophobic mismatch. Anoth-
er option is that PsbO can form favorable interactions with the thylakoid lipids, but 
only when tilting. There seem to be some interactions between the positive charged 
amino acids in PsbO and the negatively charged thylakoid lipids, especially SQDG. 

In plants the repair cycle of PSII involves monomerization of PSII and the subsequent 
movement of the monomer from the grana stacks to the stroma lamellae (Aro et al., 
2005; Danielsson et al., 2006; Yoshioka et al., 2010). We speculate that the combi-
nation of an extremely crowded membrane combined with the tendency to buckle 
might drive PSII monomers to diffuse towards the stromal lamellae. The monomer 
might not be able to tilt in the very crowded grana core (Kirchhoff, Mukherjee, & Gal-
la, 2002), but the grana margin might provide enough space for it. It would therefore 
be energetically favorable for the monomer to move towards the grana margin, from 
where it can diffuse towards the stroma lamellae. Although cyanobacteria lack grana 
appression and grana stacking, there is evidence that also in cyanobacteria PSII is re-
paired in specialized regions of the thylakoid membrane, to which PSII has to diffuse 
(Sacharz et al., 2015).
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Similar protein and cofactor mobility in monomeric and dimeric PSII

We also compared the relative mobilities of the subunits and cofactors between the 
monomer and dimer configurations. The mobility of the monomer backbone is very 
similar to that of the dimer (Table 3.S4, Figure 3.7, left panel). The average RMSF 
of the monomer subunits is with 0.16 nm slightly higher than the dimer and has a 
maximum of 0.50 nm for the PsbH subunit. The biggest differences are found in the 
interfacial subunits PsbI, PsbL, PsbM, and PsbT that are significantly more mobile in 
the monomer. The largest part of the PsbM and PsbT helices tilt and move a bit away 
from the protein, only their lumenal parts remain close to the rest of the complex.

There is no major difference between the mobility of the CHL molecules in the mono-
mer and the dimer (Table 3.S4, Figure 3.7, right panel). The mobility of the PHO 
porphyrin ring is also similar between monomer and dimer. In the monomer, the tail 
of PHO8 is able to flip into the dimer interfacial region and thereby ends up in the 
membrane, where it has a lot of conformational freedom, resulting in a higher RMSF 
(Table 3.S4). The BCRs at the location of the dimer interface are also more mobile in 
the monomer. Three out of the five interfacial BCRs (BCR 645, 647, 649) diffuse out 
of the monomer versus one out of the dimer. Outside of the dimer interface, BCR 
654 and 794 leave the complex. As with the dimer, also for the monomer a high BCR 
mobility is observed around the plastoquinone exchange cavity and all the BCRs that 
diffuse out of the complex re-associate again with the protein. The stability of the 
HEMs is nearly identical in the monomer and the dimer.

In the monomer, the stationary QA also shows a higher mobility than QB. This is main-
ly due to the movement of the interfacial helix PsbT. Although there was only a slight 
movement of PsbT in the dimer, in the monomer the helix diffuses away from its 
initial position during the simulation. Possibly this is caused by the absence of inter-
facial lipids that keep the helix in place. This results in an increased conformational 

t= 30 µsPsbOt= 2 µs PsbO

Figure 3.6: Tilting of PSII monomer. Snapshots of PSII-monomer in the thylakoid 
membrane at two different time points, the onset of tilting (t=2 µs) and a fully tilted 
configuration (t=30 µs). PsbO is marked and the dimer interface is indicated in the left 
panel by a grey/red line. Coloring of the protein subunits as in Figure 3.3. 
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Figure 3.7: RMSF fluctuations of the PSII backbone (left) and the cofactors (right) 
of the PSII dimer and PSII monomer combined. In each panel, the left monomer is 
colored according to the average RMSF of the two monomers from the PSII dimer and 
the right monomer is colored according to the monomer RMSF. The left side shows the 
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fluctuations of the PSII backbone, which are capped at 0.4 nm. Lipids close to the pro-
tein are shown in light blue in the stromal and lumenal views. The various subunits are 
marked. Right side shows the fluctuations of the different cofactors. First panel: chloro-
phyll a (CHL) and pheophytin (PHO). Second panel: heme (HEM). Third panel: β-car-
otene (BCR). Fourth panel: plastoquinone (PLQ). Each cofactor is colored according to 
the average RMSF of the complete cofactor. All panels show a stromal view of PSII, with 
the protein rendered as a transparent surface and the cofactor beads colored according 
to their RMSF value. For clarity the RMSF values are capped at 0.4 nm, 0.2 nm, and 0.7 
nm for CHL/PHO, HEM, and BCR, respectively. The PLQ RMSF values are not capped. 
Lipids close to the protein are shown in light blue. The cofactors are labeled with their 
identifier, in the first panel only the CHL and PHO cofactors that are mentioned in the 
text are labeled. 

freedom of the QA tail. The fact that the mobility of QA is a function of the presence of 
PsbT is in line with experimental results that show the requirement of PsbT for stable 
positioning of QA (Ohnishi, Kashino, Satoh, Ozawa, & Takahashi, 2007).

The overall similarity of the PSII monomer and the dimer regarding protein and co-
factor mobility might be expected given that PSII monomers are capable of oxygen 
evolution (Danielsson et al., 2006). If the intrinsic dynamics of the monomer would 
be very different, proper oxygen evolution would likely be hampered. 

Comparison of the lateral diffusion constant between the monomer and dimer PSII 
shows a remarkable difference. The lateral diffusion constant for the monomer is 1 ± 
0.2 μm2 s-1, which is significantly lower than the diffusion constant of the dimer (2.5 ± 
0.3 μm2 s-1) despite the smaller size of the monomer. We attribute the slow diffusional 
speed of the monomer to its tilted orientation in the thylakoid membrane, which in-
creases the friction. 

Conclusion

Using coarse-grained MD simulations, we characterized the behavior of PSII mono-
mers and dimers in the thylakoid membrane on a multi-microsecond time scale. The 
PSII dimer appeared to be a stable complex, although one of its peripheral subunits 
(PsbX) detached from the complex and started to move towards PsbH. The PSII core 
was the most stable region of the complex, with the peripheral and interfacial residues 
with a higher mobility, as well as the residues lining the PLQ exchange cavity. We did 
not find any evidence for the involvement of PsbM in stabilizing the dimer, instead 
lipids squeeze into the PsbM-PsbM interface. The mobility of the cofactors depends 
on the type of cofactor and location in the protein. The porphyrin-based cofactors 
show little mobility within the complex, as they are ligated to the protein. PLQs, al-
though free to move, remain stably bound at both the QA and QB sites. The BCRs on 
the other hand, were very mobile and even diffused out of the protein complex in 
some cases. Our results suggest the presence of a BCR pool in the thylakoid mem-
brane, allowing BCRs to dynamically enter and leave PSII.
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Whereas the PSII dimer appears properly embedded in the thylakoid membrane, the 
orientation of the PSII monomer was surprising. The PSII monomer adapted a tilted 
conformation, with concomitant buckling of the membrane. Whether the tilting is 
caused by the shape of the monomer or by favorable interactions between PsbO and 
the membrane is not clear at this point. One may speculate the buckling behavior to 
be a mechanism favoring the diffusion of PSII monomers towards the grana margins 
as part of the PSII repair cycle. In the monomer the protein and cofactor mobility is 
increased around the dimer interface, but is similar to the dimer in other parts of the 
protein. The diffusion of the monomer is however hampered in comparison with the 
dimer, probably as a result of the buckling.

Our simulations contain much more interesting information than presented here. In 
forthcoming work we will analyze the interactions between PSII and the thylakoid 
lipids and the entry and exit behavior of plastoquinones. Furthermore, our data could 
be used for an improved quantum mechanical analysis of the exciton transfer within 
PSII, taking into account realistic conformations of the chlorophylls. It might even be 
possible to calculate absorbance and fluorescence spectra. A complete all-atom model 
of PSII, including all cofactors and thylakoid lipids, could be constructed using effi-
cient backmapping tools (Wassenaar et al., 2014) and recently parameterized all-atom 
force fields of the cofactors and the thylakoid lipids (de Jong et al., 2015; Debnath, 
Wiegand, Paulsen, Kremer, & Peter, 2015; van Eerden et al., 2015). Finally, combined 
with recent models of the LHCII complex (Liguori et al., 2015) and PSII of higher 
plants (Wei et al., 2016), detailed models of light harvesting supercomplexes (Lee, 
Pao, & Smit, 2015) could be developed following the pioneering work of the Schulten 
group (Sener et al., 2007) on the bacterial chromatophore. 

Supporting Material

Supplementary Methods

Force field improvements for cofactors 

The parameters for BCR were taken from De Jong et al. (de Jong et al., 2015), but a 
new tabulated angle potential for bonds 4-5-6 and 5-6-7 was created since there is a 
mistake in the derivation of the published potential (instead of the force, -1 × force 
was tabulated leading to incorrect dynamics). The angle distributions of bonds 4-5-6 
and 5-6-7 in atomistic simulations, which have been mapped to CG resolution, are 
bimodal with a smaller peak at 120° and a much higher peak 160°. The newly derived 
tabulated potential is shown in Figure 3.S1. This potential is used for the angle be-
tween beads 4-5-6 as well as 5-6-7 with a force constant of 0.9 kJ mol-1. 

The constraints in the heme (HEM) molecule between beads NA-C2A and NB-C2B 
were changed into bonds with Fc = 20 000 kJ mol−1 nm−2 to improve the numerical 
stability of the molecule.
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Overview of elastic bonds to coordinate cofactors

In preliminary simulations the CHLs, HEMs and PHOs were not bound to the com-
plex in any way. Interestingly almost all of the cofactors remained in their binding site. 
Only a few of the peripheral CHLs diffused into the membrane. Some of the cofactors 
changed their position however within the binding pocket. We attribute this either 
due to steric hindrance caused by increased thickness of the CG cofactors with respect 
to their atomistic counter parts (see below) or by the absence of lone pair interactions 
between the cofactors and the protein, which are used in vivo to coordinate the CHLs 
and the HEMs.

The Martini force field does not take into account lone pair interactions. To mimic 
the coordination of the cofactors, every CHL and HEM molecule was bound to their 
coordinating residues with harmonic bonds, Figure 3.S2 and Tables S1, S2. This bond 
is between the CG bead representing the porphyrin’s metal ion and the CG bead map-
ping the coordinating atom. The equilibrium bond length was set to the distance be-
tween the metal ion and the coordinating bead in the CG system and a force constant 
of 10 000 kJ mol−1 nm−2 was used. Of the seven CHLs that are coordinated by water 
two are coordinated by a single water molecule and five by a water molecule that is 
subsequently coordinated by a second water molecule. It is impossible to represent a 
single water molecule in Martini. It was decided to bind the CHLs that are coordinat-
ed by a single water molecule directly to the protein. The CHLs that are coordinated 
by two water molecules were bound to a CG water bead, which was mapped to the 
position of the two real water molecules. The CG water was subsequently bound to 
the amino acids that coordinate the water molecules in the pdb structure.

In addition to the harmonic bonds mimicking the action of the lone pair, a set of 
weaker bonds was used to keep the CHL and HEM cofactors in place. This is required 
when Martini beads are used to construct flat molecules, like CHL, in a packed envi-
ronment. Martini beads represent on average four non-hydrogen atoms and have a ra-
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Figure 3.S1: Improved BCR parameters. Tabulated angle potential for BCR (A) and a 
picture of BCR with the four tail beads numbered.



Photosytem II in silico

74

dius of 0.26 nm, compared to a Van der Waals radius of ~0.17 nm for carbon (Bondi, 
1964). A CG CHL molecule is therefore much thicker than its atomistic counterpart, 
resulting in steric repulsion with neighboring beads. To prevent this, weak harmonic 
bonds with a force constant of 300 kJ mol−1 nm−2 were created between the CHLs and 
atoms within a distance of ~0.52 nm. This prevents repulsion, because non-bonded 
interactions are excluded between bonded atoms or beads in Gromacs.

Pheophytins (PHOs) do not have a central ion to which they can be ligated to the pro-
tein. However, the PHOs showed relatively large and unrealistic movements during 
the preliminary simulations. To reduce this behavior the PHOs were linked to the 
complex with harmonic bonds of a force constant of 1000 kJ mol−1 nm−2 (Table 3.S2). 

In vivo the OEX is coordinated by a combination of water molecules and amino acids. 
In the CG system the OEX is coordinated by amino acids using harmonic bonds with 
force constant 10 000 kJ mol-1 nm-2 (Table 3.S2). There is no coordination through 
water. 

We included all co-crystallized ions in our systems, as well as the bicarbonate ion. 
The co-crystallized ions were ligated to the PSII system with harmonic bonds with 
a force constant of 1000 kJ mol−1 nm−2. The non-heme iron was linked to the bicar-
bonate ion with a force constant of 10 000 kJ mol−1 nm−2. Non-coordinating residues 
within a distance of ~0.52 nm of the Mg2+ and Ca2+ ions were bound to the ion with a 
weak force constant of 300 kJ mol−1 nm−2, thereby excluding non-bonded interactions 
and preventing repulsion due to steric overlap. The Cl- ion with residue number 808 
appeared not to be coordinated by the protein, and was included in our system in an 
unbound state. The Ca2+ ion with residue number 901 was not included in the simula-
tion, because it is present in only one monomer of the crystal structure. Details of the 
ion coordination are given in Table 3.S2.
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Figure 3.S2: Coordination of CHLs. The different coordination methods of CHL. I, II 
and III correspond to the entries in Table 3.S1.
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# Coordination in vivo CG coordination

CHL

I Histidine or asparagine. Coordi-
nation via a lone pair interaction 
between the Mg2+ ion and a 
histidine or an asparagine 

Binding of the central CHL Mg2+ ion to the coordinating amino 
acid bead with a harmonic bond with Fc=10 000 kJ mol−1 nm−2. To 
exclude interactions between the carbon and nitrogen ring beads 
of the CLH and the coordinating amino acid bead harmonic bonds 
with Fc=300 kJ mol−1 nm−2 were created between them. In case the 
coordinating residue is an asparagine the latter bonds have Fc=500 kJ 
mol−1 nm−2

II Single water molecule. Coordi-
nation via a lone pair interaction 
between the Mg2+ ion and a 
water molecule. The water mole-
cule is subsequently coordinated 
by surrounding protein residues

The FG water is not mapped to a CG water. The CHL Mg2+ is bound 
to multiple surrounding protein beads within a radius of ~0.52 nm 
of the Mg2+ bead using harmonic bonds with Fc=10 000 kJ mol−1 
nm−2. The interactions between each protein bead and the carbon 
and nitrogen ring beads of the CLH are excluded by the creation of 
harmonic bonds between them with Fc=300 kJ mol−1 nm−2

III Two water molecules. Coordina-
tion via a lone pair interaction 
between the Mg2+ ion and a 
water molecule. The water mol-
ecule is coordinated by a second 
water molecule and sometimes 
also by neighboring amino acids. 
The second water molecule is 
subsequently coordinated by 
surrounding amino acids.

A CG water bead was placed in between the original FG waters. The 
CHL Mg2+ bead is bound to the CG water bead with a harmonic 
bond with Fc=10 000 kJ mol−1 nm−2. To exclude interactions between 
the carbon and nitrogen ring beads of the CLH and the coordinating 
water bead, harmonic bonds with Fc =300 kJ mol−1 nm−2 were created 
between them. The water is bound to surrounding protein beads with 
Fc=2500 kJ mol−1 nm−2.

PHO

IV Pheophytins do not have a Mg2+ 
atom and are therefore not 
bound by it. 

Pheophytins are bound to neighboring protein beads with Fc=1000 
kJ mol−1 nm−2, to prevent excess movement. 

HEM

V Two histidines, located at oppos-
ing sites of the heme, coordinate 
the heme via lone pair interac-
tions with the Fe ion.

Harmonic bonds between the closest histidine bead and the Fe ion 
with Fc=10000 kJ mol-1 nm-2. To exclude interactions between the 
carbon and nitrogen ring beads of the HEM and the coordinating 
amino acid bead, harmonic bonds with Fc=300 kJ mol-1 nm-2 were 
created between them.

VI Two histidines, located at 
opposing sites of the heme, coor-
dinate the heme via lone pair 
interactions with the Fe ion. On 
top of that two cysteines have 
an interaction with two carbon 
atoms at the periphery of the 
heme molecule

Harmonic bonds between the closest histidine bead and the Fe ion 
with Fc=10000 kJ mol-1 nm-2. To exclude interactions between the 
carbon and nitrogen ring beads of the HEM and the coordinating 
amino acid bead, harmonic bonds with Fc=300 kJ mol-1 nm-2 were 
created between them. The two cysteines are linked to the their 
respective beads with bond with Fc=300 kJ mol-1 nm-2, to exclude 
unwanted interactions.

OEX

VII The OEX is coordinated by sur-
rounding amino acids and water 
molecules, the water molecules 
are in turn coordinated by the 
protein.

The OEX is bound to the surrounding amino acids with a harmonic 
bond with Fc=10 000 kJ mol-1 nm-2. The water molecules are not 
included in the CG system.
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Overview of co-crystallized lipids included in the CG model

All 40 co-crystallized lipids were included in the simulation, an overview is given in 
Table 3.S3. The co-crystallized lipids were coarse grained with the Backward script in 
conjunction with the other cofactors. (Wassenaar et al., 2014). The lipid tails are not 
resolved in the crystal structure, and were modeled with a 18:1(9) (oleoyl) tail at the 
sn-1 position and a 16:0 (palmitoyl) tail at sn-2. Thus the lipid tail distributions are in 
accordance with the fatty acid composition of the thylakoid membrane as determined 
by Sakurai et al. (Sakurai et al., 2006). Note that Umena et al. (Umena et al., 2011) 
assigned one extra SQDG to the first monomer with respect to the second monomer. 
For reasons of symmetry we added the respective SQDG (residue number 668) to the 
second monomer (Table 3.S3). 

Non-heme iron and bicarbonate ion

VIII The Fe2+ is coordinated by three 
surrounding histidine residues. 
The BCT ion is coordinated 
by the Fe2+, surrounding water 
atoms and directly by amino 
acids. The water molecules are 
subsequently coordinated by 
surrounding amino acids.

The Fe2+ and the BCT are linked to each other with a harmonic bond 
with Fc=10 000 kJ mol-1 nm-2. The Fe2+ is linked to the histidines by 
harmonic bonds with Fc=1000 kJ mol-1 nm-2. The BCT is linked to its 
coordinating amino acids by harmonic bonds with Fc=10 000 kJ mol-

1 nm-2. If in vivo a residue coordinates BCT via a water molecule, the 
BCT is bound directly to the amino acid that coordinates the BCT, 
omitting the water.

Ca2+, Mg2+, Cl-

IX The ion is coordinated by neigh-
boring amino acids

The ion is bound to the coordinating residues with harmonic bonds 
with Fc=1000 kJ mol-1 nm-2.

X The ion is coordinated by neigh-
boring amino acids

The ion is bound to the coordinating residues with harmonic bonds 
with Fc=1000 kJ mol-1 nm-2. To prevent unwanted interactions with 
close, non-coordinating residues, residues within a radius of ~0.52 
nm were excluded by binding them to the ion with a harmonic bond 
with Fc=300 kJ mol-1 nm-2. 

XI The ion is coordinated by neigh-
boring amino acids

The ion is bound to the coordinating residues and also to other 
non-coordinating residues to restrain the ion better, in both cases 
with harmonic bonds with Fc=1000 kJ mol-1 nm-2. 

XII The ion is only coordinated by 
water molecules

The ion is not bound in any way

β-carotene, plastoquinone

XIII The cofactors are coordinated 
via Van der Waals interactions.

The cofactor is not bound in any way.

Table 3.S1: The different binding methods for the cofactors. The left collumn indicates 
the method number. Note that in all cases the bond equilibrium distance was set to the 
distance in the crystal structure after CG mapping. See Figure 3.S2 for snapshots of the 
CHL coordination. 
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Cofactor Method of ligation Residue ligated to

CHL 

CHL-4 I via a histidine D1-HIS198

CHL-5 I via a histidine D2-HIS197

CHL-6 III Water bound to: D1-THR179, D1-MET172, D1-GLY175

CHL-7 III Water bound to: D2-VAL175, D2-PHE179, D2-ILE178

CHL-10 I via a histidine D1-HIS118

CHL-11 I via a histidine D2-HIS117

CHL-12 III Water bound to: CP47-TRP185, CP47-PHE190

CHL-13 I via a histidine CP47-HIS201

CHL-14 I via a histidine CP47-HIS202

CHL-15 I via a histidine CP47-HIS455

CHL-16 I via a histidine CP47-HIS100

CHL-17 I via a histidine CP47-HIS157

CHL-18 III Water bound to: CP47-MET37, CP47-PHE61, CP47-GLY59, 
CP47-GLU41

CHL-19 I via a histidine CP47-HIS466

CHL-20 I via a histidine CP47-HIS216

CHL-21 II CHL bound to: CP47-SER240, CP47-SER241, CP47-VAL237

CHL-22 I via a histidine CP47-HIS469

CHL-23 I via a histidine CP47-HIS23

CHL-24 I via a histidine CP47-HIS26

CHL-25 I via a histidine CP47-HIS9

CHL-26 I via a histidine CP47-HIS142

CHL-27 I via a histidine CP47-HIS114

CHL-28 I via a histidine CP43-HIS237

CHL-29 I via a histidine CP43-HIS430

CHL-30 I via a histidine CP43-HIS118

CHL-31 III Water bound to: CP43-MET67, CP43-ILE87, CP43-TRP63, 
CP43-GLU71, CP43-GLY85, CP43-PHE70

CHL-32 I via a histidine CP43-HIS441

CHL-33 I via a histidine CP43-HIS251

CHL-34 II CHL bound to: CP43-TYR271, CP43-SER275, 

CHL-35 I via a histidine CP43-HIS444

CHL-36 I via a histidine CP43-HIS53

CHL-37 I via a histidine CP43-HIS56

CHL-38 I via an asparagine CP4-3ASN39

CHL-39 I via a histidine CP43-HIS164

CHL-40 I via a histidine CP43-HIS132

PHO

PHO-8 IV D1-TYR147, D1-PRO150, D2-LEU209,

PHO-9 IV D1-LEU210, D2-PRO149

HEM
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During the crystallization process detergents sometimes replace lipids and interpre-
tation of the electron density maps can be ambiguous, which can result in unknown 
ligands (UNLs). We tried to replace the detergents and UNL in the structure by lipids, 
by comparing each detergent and UNL in PDB ID: 3ARC to the molecule which is 
present on the same position in the PSII crystal structure at 2.9-Å resolution of Ther-
mosynechococcus elongatus, with PDB ID: 3BZ1/3BZ2 from Guskov et al. (Guskov 
et al., 2009). If comparison with the structure from Guskov et al. was not decisive, 
the detergent or UNL was replaced by the lipid that mimics it most closely (Table 
3.S3). Thereby we paid special attention to the number of sugar rings in the UNL or 
detergent head group. In case there were two sugar rings, e.g. in LMT, we replaced 
the molecule by a DGDG, if there was only one sugar ring we replaced the UNL or 
detergent by a MGDG. Residue numbers 730 in the crystal structure from Umena et 
al. are dodecyl-beta-d-maltosides (LMTs), while in the previous structure (Guskov 
et al., 2009) they are MGDGs. However, we replaced these detergents by a DGDG 
rather than MGDG, because a LMT molecule has, like DGDG, two sugar rings. The 
structure of Umena et al. contains one BCR per monomer less than the structure by 

HEM-41 V Cyt b-559α-HIS23, Cyt b-559β-HIS24

HEM-42 VI PsbV-HIS41, PsbV-HIS92, PsbV-CYS37, PsbV-CYS40

OEX

OEX VII D1-ASP170, D1-GLU189, D1-ALA344, D1-ASP342, D1-
GLU333, D1-HIS332, CP43-GLU354

IONS

Fe2+ VIII D1-HIS215, D1-HIS272, D2-HIS268, BCT

BCT VIII D1-GLU244, D1-TYR246, D1-SER268, D2-LYS264, D2-TYR244, 
Fe2+

Cl- - 679 X D1-HIS332*, D1-GLU333, D2-LYS317, D2-LEU321*,

Cl- - 680 XI D1-ASN338, CP43-GLU354, D1-PHE339, CP43-GLY353*, D1-
HIS337*

Cl- - 808 XII -

Mg2+ X PsbJ-TYR30**, PsbJ-ALA34, PsbJ-GLY35, PsbJ-LEU36*,

Ca2+-767 IX PsbO-THR138, PsbO-ASN200, PsbO-VAL201

Ca2+-796 IX Cyt b-559β-ARG45

Ca2+-803 IX CP47-GLU435, CP47-ASN438, PsbO-GLU181

BCR & PLQ

BCR XIII -

PLQ XIII -

Table 3.S2: CG coordination method of all cofactors, according to the methods de-
scribed in Table 3.S1. Residue numbers are given behind the cofactor name. For reasons 
of clarity the chlorophylls are not identified by their residue number, but according to the 
nomenclature used in (Umena et al., 2011). The CHL residue number can be obtained 
by adding 600 to the identifier. * Bond is not present in vivo, but is added to prevent 
unwanted steric repulsions or to provide better coordination. ** Tyr 30 was chosen acci-
dently instead of Gly31.
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Modified lipids, UNLs, detergents

3ARC 3BZ1/3BZ2 CG-MODEL

# sidea chain residue 
number

mole-
cule 

chain residue 
number

mole-
cule 

molecule in 
CG model

mono-
merb

1 lumenal A 730 LMT B 534 MGDG DGDG -

2 lumenal B 730 LMT B 534 MGDG DGDG -

3 lumenal M 759 LMT M 226 LMT DGDG -

4 lumenal m 759 LMT M 226 LMT DGDG -

5 stromal M 742 LMT M 217 MGDG DGDG -

6 stromal m 742 LMT M 217 MGDG DGDG -

7 lumenal A 748 UNL O 274 LMT DGDG -

8 lumenal i 748 UNL O 274 LMT DGDG -

9 lumenal B 807 UNL B 535 LMT DGDG -

10 lumenal b 807 UNL B 535 LMT DGDG -

11 stromal C 745 UNL A 374 PG PG +

12 stromal c 745 UNL A 374 PG PG -

13 stromal D 723 UNL D 361 SQDG SQDG +

14 stromal d 723 UNL D 361 SQDG SQDG -

15 lumenal J 794 UNL J 115 BCR BCR +

16 lumenal j 794 UNL J 115 BCR BCR -

17 lumenal X 746 UNL D 363 LMT DGDG -

18 lumenal x 746 UNL D 363 LMT DGDG -

19 lumenal B/     
B

696/
753

HTG/
HTG

A 375 DGDG DGDG -

20 lumenal b/     
b

696/
753

HTG A 375 DGDG DGDG -

Extra added lipids

# sidea molecule location chain mono-
merb

21 stromal SQDG Plastoquinone exchange 
cavity

A +

22 stromal SQDG Plastoquinone exchange 
cavity

a -

Co-crystallized lipids

# sidea chain residue number molecule mono-
merb

23 stromal A 659 SQDG +

24 stromal a 659 SQDG -

25 lumenal A 751 MGDG -

26 lumenal a 751 MGDG -

27 stromal A 667 SQDG -

28 stromal a 667 SQDG -

29 stromal L 668 SQDG -

30 stromal l* 668 SQDG -

31 lumenal B 669 MGDG -
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32 lumenal b 669 MGDG -

33 lumenal C 657 DGDG +

34 lumenal c 657 DGDG -

35 lumenal C 660 DGDG +

36 lumenal c 660 DGDG -

37 lumenal C 661 DGDG +

38 lumenal c 661 DGDG -

39 lumenal C 729 MGDG +

40 lumenal c 729 MGDG -

41 lumenal C 776 MGDG -

42 lumenal c 776 MGDG -

43 lumenal D 755 DGDG -

44 lumenal d 755 DGDG -

45 stromal D 768 SQDG -

46 stromal d 768 SQDG -

47 stromal D 664 PG +

48 stromal d 664 PG -

49 stromal D 702 PG +

50 stromal d 702 PG -

51 stromal D 714 PG +

52 stromal d 714 PG -

53 lumenal D 692 MGDG +

54 lumenal d 692 MGDG -

55 stromal E 772 PG +

56 stromal e 772 PG -

57 lumenal H 663 DGDG +

58 lumenal h 663 DGDG -

59 stromal L 694 PG +

60 stromal l 694 PG -

61 stromal Z 784 MGDG -

62 stromal z 784 MGDG -

Table 3.S3: Overview of lipids embedded in the PSII complex. Lipids 1-20 are co-crys-
tallized detergents and UNLs that were replaced by designated lipids, lipids 21 and 22 
were added for structural stability, and lipids 23-62 are co-crystallized lipids found in the 
crystal structure. Position of all lipids in the complex is indicated in Figure 3.2. Abbrevia-
tions: LMT is dodecyl-beta-d-maltoside, HTG is heptyl 1-thiohexopyranoside. aLocation 
of lipid head group, lumenal or stromal side of the protein. b A ‘+’ indicates inclusion of 
the lipid in the monomer simulations. * originally assigned to chain B.
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Guskov et al., instead it contains UNL at that location. We replaced the UNL in both 
monomers by a BCR. Detergents that did not resemble any lipid and UNLs that could 
not be linked to a molecule in PDB ID: 3BZ1/3BZ2 were deleted. 

During preliminary simulations we noticed relatively large movements of the protein 
around subunits PsbJ, cyt b 559α and cyt b 559β, which form the plastoquinone ex-
change cavity (Loll et al., 2005). It appeared that the cavity collapsed. To steady the 
structure an extra lipid was added to the cavity (Table 3.S3), which indeed resulted 
in a stabilizing effect. In the PSII monomer simulation, only the co-crystallized lipids 
located in the monomer interior were included. 

Analysis details

Graphical images were made using PyMOL (Schrödinger, LLC, 2010) and VMD 
(Humphrey et al., 1996).

The root mean square fluctuation (RMSF) of the protein and cofactors was calculated 
using the Gromacs tool g_rmsf. The RMSF was calculated for each monomer sepa-
rately to prevent artifacts caused by a non-perfect fit. After removing the jumps across 
the periodic boundaries and the translational and rotational motions from the dimer, 
the translational and rotational motions were removed separately for each monomer. 
Subsequently the RMSF was calculated of either the backbone or the cofactor. 

The root mean square deviation (RMSD) of the protein was calculated using the Gro-
macs tool g_rms. The RMSD of the dimer was calculated by fitting on the backbone of 
the dimer, and the RMSD of the monomers was calculated by fitting on the backbone 
of the respective monomer, as was done for the RMSF. The RMSD was calculated with 
respect to the starting structure of the protein, before energy minimization. The 1 µs 
equilibration time was also included in the calculation of the RMSD (but not the eight 
short equilibration runs in which the system was heated), giving rise to a total RMSD 
trace of 60 µs (Figure 3.S3).

The lateral diffusion of the protein was calculated from the mean square displacement 
(MSD) of the backbone beads of the protein, 𝑀𝑀𝑀𝑀𝑀𝑀 =  |𝑟𝑟 𝑡𝑡 + 𝑡𝑡! − 𝑟𝑟 𝑡𝑡! |! 	, 
where r represents the position of the molecular center-of-mass, and angular brack-
ets denote an average over both time t and the number of molecules examined. The 
section of the MSD curve where MSD ~ t represents normal diffusion and this part 
was fitted to 𝑦𝑦 = 4𝐷𝐷𝐷𝐷 + 𝑐𝑐	, to obtain D, the lateral diffusion constant, see Figure 
3.S4. The standard error of the diffusion was estimated considering five blocks of 10 µs 
as independent samples. Note that the absolute value of diffusion rates obtained with 
CG models has to be interpreted with care due to a general speedup of the dynamics.
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Supplementary results

Average dimer Left monomer dimer Right monomer dimer Monomer

protein backbone 0.14 0.13 0.14 0.16

D1 0.10 0.09 0.10 0.10

CP47 0.10 0.10 0.11 0.12

CP43 0.11 0.10 0.11 0.11

D2 0.10 0.09 0.11 0.11

cyt b 559α 0.21 0.22 0.20 0.24

cyt b 559β 0.23 0.22 0.25 0.30

PsbH 0.24 0.15 0.34 0.50

PsbI 0.23 0.16 0.31 0.36

PsbJ 0.30 0.31 0.28 0.25

PsbK 0.21 0.22 0.20 0.24

PsbL 0.22 0.17 0.28 0.22

PsbM 0.25 0.25 0.25 0.33

PsbO 0.12 0.12 0.13 0.17

PsbT 0.22 0.23 0.21 0.44

PsbU 0.17 0.18 0.15 0.14

PsbV 0.14 0.15 0.13 0.14

ycf12 0.24 0.23 0.24 0.21

PsbX 0.50 0.77 0.23 0.29

PsbZ 0.25 0.22 0.29 0.30

CHL 0.14 0.13 0.15 0.15

CHL porphyrin 0.11 0.10 0.13 0.12

CHL tails 0.22 0.20 0.23 0.25

PHO 0.10 0.07 0.12 0.13

PHO porphyrin 0.08 0.06 0.10 0.07

PHO tails 0.14 0.10 0.19 0.30

HEM 0.12 0.11 0.13 0.11

BCR 1.17 0.87 1.46 1.43

Table 3.S4: RMSF values of the protein backbone and various cofactors. Left and 
right monomer refers to the position of the monomers in the different pictures. The stan-
dard error for the backbone RMSF was for subunits D1, CP47, CP43 and D2 below 
0.002, for the other subunits the standard error was below 0.04. The standard error for 
the RMSF of CHL and PHO heads was below 0.003 and for the tails below 0.006, except 
for the PHO tails of the monomer that had a standard error of 0.01. The standard error 
of the HEMs was below 0.006. The standard error for BCR was below 0.2 in the right 
monomer of the dimer, but below 0.12 in the left monomer and the monomer. Note, the 
cofactors in the ‘right’ monomer are consistently more mobile than in the ‘left’ monomer, 
which might be related to the higher mobility of the backbone of the former.
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Figure 3.S3: RMSD of PSII during the simulation. RMSD of the dimer (black), left 
monomer (red) and the right monomer (blue). The RMSD was calculated for the full 
60 µs of the simulation.

Average dimer Left monomer dimer Right monomer dimer Monomer

Complete

QA 0.46 0.24 0.68 0.33

QB 0.24 0.24 0.24 0.30

Head group

QA 0.49 0.18 0.80 0.28

QB 0.11 0.09 0.12 0.11

Tail

QA 0.45 0.26 0.64 0.35

QB 0.29 0.29 0.28 0.36

Table 3.S5: RMSF values of QA and QB. Values are shown for the complete cofactors, as 
well as split between the PLQ(ol) head group and tails. Left and right monomer refers to 
the position of the monomers in the different pictures. The standard error for the RMSF 
of QA and QB was below 0.04 in the monomer and below 0.06 in the dimer.
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Figure 3.S4: Lateral mean square displacement of the PSII dimer. Mean square dis-
placement (MSD) of the PSII backbone in black and the fit in red. The mean square 
displacement was fitted between 500 ns and 3 µs, as indicated by the dashed lines.
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Abstract

The thylakoid lipids have an important role in photosynthesis. We simulated Photo-
system II (PSII) embedded in the thylakoid membrane for more than 85 µs and ana-
lysed the interactions between the lipids and the protein complex. We find that only 
monogalactosyldiacylglycerol (MGDG) and sulfoquinovosyldiacylglycerol (SQDG) 
lipids form binding sites around the protein. We see that electrostatic interactions 
play an important role, also for the neutral MGDG lipids. Furthermore we find that 
chlorophyll a (CHL) has a prevalent role in the coordination of lipids. The majority of 
the lipids reside for less than 5 µs at a binding site, but there are two lipids that reside 
for more than 85 µs at their site.

Introduction

Photosystem II (PSII) is a key protein in photosynthesis, which is one of the most vital 
processes on earth. During photosynthesis light energy is harvested and transformed 
into chemical energy, which is usable by virtually any organism on the planet. PSII is 
embedded in the thylakoid membrane, where it harvests photons whose energy it uses 
to extract electrons from water and to pump protons across the thylakoid membrane. 

The thylakoid membrane is made up by four different lipid types: phosphatidylglycer-
ol (PG) (~13%), digalactosyldiacylglycerol (DGDG) (~32%), monogalactosyldiacyl-
glycerol (MGDG) (~40%) and sulfoquinovosyldiacylglycerol (SQDG) (~15%) (Saku-
rai et al., 2006; Siegenthaler & Murata, 2006). PG and SQDG both carry a negative 
charge. The biggest component of the thylakoid membrane, MGDG, is a non-bilayer 
forming lipid and prefers the inverted hexagonal phase. The other three components, 
PG, SQDG and DGDG are all bilayer forming lipids (Shipley, Green, & Nichols, 1973; 
Tilcock, 1986). The thylakoid lipids exert their effect on different levels on the photo-
synthetic process. This ranges from the dimerization of the PSII monomers, stabiliz-
ing the interactions between the various subunits, electron transport and maintaining 
the structural integrity of the complex towards the reorganization of antenna com-
plexes in the thylakoid membrane. 

MGDG is the most abundant lipid in the thylakoid membrane and is found in the 
crystal structures of both PSI and PSII (Guskov et al., 2009; P. Jordan et al., 2001; 
Umena et al., 2011). MGDG is found at the dimer interface of PSII and it promotes 
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the dimerization of PSII (Guskov et al., 2009; Kansy et al., 2014). MGDG increases 
the energy transfer between PSII core complexes and LHCII (Zhou et al., 2009) and it 
induces aggregation of LHCII (Schaller et al., 2011). Analysis of Arabidopsis thaliana 
mgd1 mutants, which produce less MGDG, demonstrated the necessity of MGDG for 
chloroplast development (Jarvis et al., 2000). Furthermore, there are several studies 
which suggest the involvement of MGDG in the violaxanthin cycle (Latowski et al., 
2002; Schaller et al., 2010).

DGDG is also a major component of the thylakoid membrane and is found in the 
crystal structure of PSII, which contains five DGDG molecules (Umena et al., 2011). 
Like MGDG, DGDG has an organizing effect on LHCII trimers and induces the 
assembly of LHCII ultra structures (Schaller et al., 2011). DGDG in fact binds to 
the periphery of LHCII trimers, where it is suggested to function as a glue between 
two adjacent LHCII complexes (Krupa, Williams, Khan, & Huner, 1992; Nussberger, 
Dörr, Wang, & Kühlbrandt, 1993). DGDG also mediates the binding of the extrinsic 
protein PsbU to PSII, which is necessary for the stabilization of the oxygen evolv-
ing complex. In cyanobacterial mutants defective in DGDG synthesis PsbU does not 
bind to PSII, which results in a decreased oxygen evolving capacity of PSII (Sakurai 
et al., 2007b). The existence of hydrogen bonds between DGDG and tyrosines has 
been shown in PSII (Gabashvili, Menikh, Segui, & Fragata, 1998). The importance of 
DGDG is further demonstrated by studies of the Arabidopsis thalania mutant which 
has a 90% reduced DGDG content due to a non functional dgd1 gene (Dormann, 
Hoffmann-Benning, Balbo, & Benning, 1995). The phenotype of this mutant differs 
in a number of ways from the wild type phenotype, including a changed thylakoid 
membrane ultrastructure (Dormann et al., 1995; Guo et al., 2005; Härtel, Lokstein, 
Dörmann, Trethewey, & Benning, 1998; Ivanov, 2006) and reduced lipid packing. The 
latter causes mutant thylakoid membranes to be less heat resistant (Krumova et al., 
2010). Finally, DGDG might replace PG in times of phosphate deprivation (Hartel, 
Dormann, & Benning, 2000).

Although PG is only a minority component of the thylakoid membrane, it has a 
number of important roles. PG lipids sustain the electron transport activity of PSII 
(Droppa, Horváth, Hideg, & Farkas, 1995; Fragata, Strzałka, & Nénonéné, 1991; B. 
R. Jordan, Chow, & Baker, 1983; Kansy et al., 2014). PG is thought to bind to the D1 
protein of PSII, causing a conformational change in it, which stabilizes the QB binding 
site (Gombos et al., 2002). Experimental results show that the PG molecules in the 
PLQ exchange cavity have an important role in PSII (Shigeru Itoh et al., 2012). PG 
has been thought to be involved in PSII dimerization (Kruse et al., 2000; Sakurai et 
al., 2003), but this might be an indirect effect. Experiments suggest the involvement 
of PG in the attachment of the external subunits PsbO, PsbU and PsbV, which are in 
turn necessary for dimerization of PSII. A lack of PG could therefore indirectly lead to 
the monomerization of the PSII complex (Mizusawa & Wada, 2012; Sakurai, Mizusa-
wa, Ohashi, Kobayashi, & Wada, 2007a). It has been shown that PG is involved in the 
trimerization of PSI and LHCII particles (Domonkos, 2004; Krupa et al., 1992; Nuss-
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berger et al., 1993). Interestingly, PG has a destabilizing effect on aggregates of LHCII 
trimers (Schaller et al., 2011). Another role of PG is its involvement in the synthesis of 
PSI monomers (Norihiro Sato, Suda, & Tsuzuki, 2004).

The anionic SQDG has, like PG, a disorganizing effect on LHCII trimers (Schaller et 
al., 2011). SQDG is important for photosynthesis in cyanobacteria. The cyanobac-
terial hf-2 mutant is incapable of SQDG synthesis and has a decreased PSII activity. 
This is because the electron flow from water to tyrosine Z is impaired, possibly due to 
conformational changes in PSII caused by the absence of SQDG (Minoda et al., 2002; 
Minoda, Sonoike, Okada, Sato, & Tsuzuki, 2003; N Sato et al., 1995). During phos-
phate starvation SQDG is especially important because it can partially replace the 
phosphate containing PG (Benning, 1998; Benning, Beatty, & Prince, 1993; Benning, 
Huang, & Gage, 1995; Essigmann, Güler, Narang, Linke, & Benning, 1998; Güler, 
Seeliger, Hartel, Renger, & Benning, 1996). Four molecules of SQDG are found in the 
PSII crystal structure (Umena et al., 2011). Incubation of PSII with SQDG, and to a 
lesser extent also PG, induced the removal of LHCIIb and CP43 from the PSII core, 
leading to the disturbance of the electron transport (Kansy et al., 2014).

In addition to the head groups, the lipid tail composition of the thylakoid membrane 
is highly regulated, in particular the amount and position of double bonds. The sat-
uration grade of the thylakoid membrane differs per organism. In thermophilic cy-
anobacteria the thylakoid membrane is predominantly composed out of oleoyl and 
palmitoyl tails, in an almost 1:1 ratio, but plants have a more complex fatty acid com-
position. Their membranes contain a big fraction of alpha linolenic acid and contain 
further palmitoyl and 3-trans-hexadeconic acid (Sakurai et al., 2006). The presence of 
unsaturated lipid tails is important for photosynthesis. For instance, it has been shown 
that lipids with unsaturated tails are essential for restoring the activity of isolated PSII 
particles and cytochrome b6f complexes (Chain, 1985; Gounaris, Whitford, & Barber, 
1983b). The importance of unsaturated tails was further stressed by studies on the hf-9 
mutant. This mutant is impaired in the desaturation at the ω6 position of chloroplast 
fatty acids. The results of the mutation are a reduced growth rate and oxygen evolving 
capacity and formation of hyper-stacked thylakoid membranes (N Sato et al., 1995). 

Experimentally there is still no consensus on how the various lipids interact with PSII 
(Kansy et al., 2014). Computer simulations are a useful tool to complement experi-
ments in this regard. Previous molecular dynamics (MD) simulations have revealed 
lipid binding sites on a large variety of membrane proteins (Aponte-Santamaría, Bri-
ones, Schenk, Walz, & de Groot, 2012; Domański, Marrink, & Schäfer, 2011; Gross-
field, Feller, & Pitman, 2006; Koivuniemi, Vuorela, Kovanen, Vattulainen, & Hyvönen, 
2012; Periole et al., 2007; Schäfer et al., 2011; Sengupta & Chattopadhyay, 2015; Stans-
feld, Hopkinson, Ashcroft, & Sansom, 2009). PSII has also been subjected to com-
putational modelling (Chandler et al., 2014; Gabdulkhakov et al., 2015; Ogata et al., 
2013; Sergey Vassiliev et al., 2012; L. Zhang et al., 2014), but the interaction with the 
thylakoid lipids has not been investigated so far. Here, using coarse-grain (CG) MD 
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simulations we fill this gap, and identify a number of potential lipid binding sites on 
the membrane exposed surface of PSII. We discuss the nature of these binding sites 
and we try to relate with experimental data.

Methods

System setup

The MD trajectory analysed in this Chapter is the same as described in Chapter III, 
but extended till 87.7 µs. For a more detailed description of the system set up we refer 
to the Methods section of Chapter III.

In short, the simulations were based on the PSII X-ray structure of the thermophilic 
cyanobacterium Thermosynechococcus vulcanus, PDB ID: 3ARC (Umena et al., 2011). 
All co-crystalized lipids were included in the system, as well as all cofactors. This 
structure was embedded in a realistic representation of the thylakoid membrane of 
2686 lipids using the Insane script (Wassenaar, Ingólfsson, Böckmann, Tieleman, & 
Marrink, 2015a), Figure 4.1. The membrane is composed of the negatively charged 
phosphatidylglycerol (PG) and sulfoquinovosyldiacylglycerol (SQDG) and the neu-
tral monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) 
headgroups. Almost all lipids have an oleoyl tail at the sn-1 and a palmitoyl tail at 
the sn-2 position, a small group (SQDG only) has two palmitoyl tails, following the 
experimental data on thylakoid membrane composition (Sakurai et al, 2006). The sys-
tem was solvated with 73144 CG water molecules (representing four times as many 
water molecules), on top of that 455 Na+ and 455 Cl- ions were added, corresponding 
to approximately 100 mM Na+Cl-, plus 1032 Na+ counter ions to neutralize the overall 
charge.

t=0 µs t=2 µs t=<87 µs>

Figure 4.1: Set up of the PSII system. PSII was embedded in the thylakoid membrane 
with help of the Insane tool (Wassenaar, Ingólfsson, Böckmann, Tieleman, & Marrink, 
2015a), resulting in a very organized bilayer (t=0 µs). During the simulation the bilayer 
relaxed and PSII formed preferential interactions with specific thylakoid lipid (t=2 µs). 
Averaging over 87.7 µs total simulation time density maps could be calculated defining 
the binding sites.
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The interactions were modeled with the Martini force field (version 2.2) (de Jong et 
al., 2013b) in conjunction with the Elnedyn elastic network to stabilize the protein 
(Periole et al., 2009). The lipid parameters were taken from (López et al., 2013) with 
the modifications as described in (van Eerden et al., 2015). The GROMACS 4.5.5 MD 
package was used to perform the MD simulations with the standard Martini settings 
for the Martini force field (Marrink et al., 2007). The system was simulated in the iso-
thermal-isobaric (NpT) ensemble. The temperature was set to 328 K using the V-res-
cale thermostat with a coupling constant τt = 2.0 ps (Bussi et al., 2007). The pressure 
was coupled semi-isotropically to an external bath of p=1 bar with a coupling con-
stant of τp = 1.0 ps and a compressibility of χ = 3.0-4 bar-1 using the Berendsen barostat 
(Berendsen et al., 1984). Electrostatic interactions were calculated using a shifted po-
tential with a cut off of 1.2 nm in conjunction with a dielectric constant of 15. The Van 
der Waals interactions were also calculated using a shifted potential, with a cut off of 
1.2 nm and a switch at 0.9 nm. The system was simulated for 88.7 µs, of which the first 
microsecond was discarded as equilibration, rendering a total simulation of 87.7 µs.

Lipid density maps

To identify preferential enrichment of certain lipids around the protein, the average 
lateral density distribution of the lipids were calculated, so-called density maps. The 
relative densities of the thylakoid lipids around the protein were calculated using the 
g_mydensity tool (Castillo, Monticelli, Barnoud, & Tieleman, 2013). To prevent arte-
facts from the periodic boundary conditions, jumps were removed from the simula-
tion and the simulation box was quadrupled. The quadrupled trajectory was centred 
on one of the four PSII subunits, and subsequently translationally and rotationally 
fitted on the centred PSII in the x and y dimension. The positions of the GL1 beads 
were used to represent the lipids. Both membrane lipids and co-crystalized lipids were 
included in the analysis. The densities were normalized according to the lipid abun-
dance in the membrane. The values were capped at 1.7 the bulk, only the density of 
the PG co-crystalized lipids surpassed this value. 

Definition of binding sites

Potential binding sites were identified by calculating the time-average density of head 
groups throughout the simulation box. This was done by calculating the occupancies 
using the Volmap tool in VMD with the resolution set to 0.2 nm after fitting the simu-
lation on the protein backbone (BB) beads (Humphrey et al., 1996). The threshold for 
showing occupancies was based on the amount of MGDG binding sites and adjusted 
for the other lipids. The MGDG densities reveal clear spots in the simulation box with 
a threshold value of 22% (implying that at least in 22% of the frames a MGDG head 
group is present, which corresponds to roughly five times the occupancy of MGDG in 
the bulk). We adjusted this value for the other lipids based on their relative abundance 
in the membrane and their head group size, which resulted in the following thresh-
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olds: 4% for PG, 27% for DGDG and 18% for SQDG head groups. Only binding sites 
were selected that were present in both monomers. The last snapshot of Figure 4.1 
illustrates the iso-density surfaces thus obtained.

Composition of binding sites

The composition of the binding sites was determined according to (Arnarez et al., 
2013b). For every 10 ns, for every lipid we created a so-called phrase, which is a list of 
residues within 0.8 nm of the lipid head group at that time point. We only considered 
phrases that contain at least five residues. Subsequently the phrases were clustered 
with a GROMOS-like algorithm (Arnarez et al., 2013b; Daura et al., 1999). At the start 
of the clustering procedure all phrases are pooled. Phrases of which 70% of the resi-
dues are in common are clustered and the biggest cluster is removed from the pool. 
This is repeated until all phrases are clustered. Residues that are present in at least 
80% of the phrases in a cluster are selected as part of the binding site. All binding sites 
were inspected manually, if it appeared that residues did not actually contribute to the 
site, they were removed from the binding site. The standard error of the composition 
was estimated considering three blocks of about 29 µs as independent samples as well 
as each monomer, resulting in a sample size of six. We note that the composition of 
many binding sites is not completely identical over the two monomers. We decided 
to combine the residues of each binding site over the two monomers to increase our 
statistics. 

We normalized the composition by dividing the relative composition of the binding 
sites by the relative composition of the protein at the level of the lipid head groups. 
An estimate for the latter was obtained by counting all residues that are at some point 
of the simulation within 0.8 nm of any (PG, DGDG, MGDG or SQDG) lipid head 
groups. In the normalized distribution an occurrence greater than one corresponds to 
a preference for a certain residue in a binding site, while an occurrence smaller than 
one would mean the residue is avoided in the binding site. 

Lipid residence times

To calculate the lipid residence times we monitored, with a frequency of once per ns, 
if a lipid was in contact with a residue from a binding site. We used a double cut off 
method in combination with a threshold. The double cut off method is used to pre-
vent so called “rattling in a cage” motion; we used an inner cut off of 0.6 nm and an 
outer cut off of 1.6 nm. A lipid was considered to be in contact with the binding site 
once it was within the inner cut off of any binding site bead, until it moved further 
away than the outer cut off of any bead in the binding site. On top of this we used a 
threshold that the lipid head group has to be in contact with at least 20% of all the 
binding site beads to remove lipids that only bind peripherally to the binding site. To 
filter out membrane lipids that just pass by the binding site without actually binding, 
we only included residence times of at least 100 ns in the calculation of the average 
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residence time and its standard deviation. Lipids that had been bound for more than 
50 µs and were still bound at the end of the simulation were also excluded from the 
average value, because otherwise the average residence time for the binding site might 
be underestimated.

Results

We simulated the PSII dimer embedded in the thylakoid membrane over a time pe-
riod of 87.7 µs. This time scale is long compared to the diffusion rate of individual 
lipids in the thylakoid membrane; a displacement of 1 nm takes on average about 5 
ns (van Eerden et al., 2015). The long time scale allowed us to analyse the preferential 
binding of thylakoid lipid types to the PSII complex. We first present results on the 
specific enrichment and depletion of these lipids based on density maps. We continue 
to identify specific lipid binding sites based on density iso-surfaces, and characterize 
the binding sites in terms of residue content and lipid residence times. Finally, a qual-
itative description is made of the behaviour of the co-crystalized lipids.

MGDG and SQDG enriched around PSII

To probe the preference of PSII for specific lipids, we computed lipid density maps 
(see Methods). The density maps for the four classes of lipids (MGDG, DGDG, PG, 
SQDG) are shown in Figure 4.2. It is interesting to see that the density maps are differ-
ent for each lipid. MGDG and SQDG are clearly enriched around the protein, show-
ing several regions of high densities. PG and DGDG, on the other hand, are depleted 
and only have high-density regions inside the protein that originate from co-crystal-
ized lipids. The PLQ exchange cavity is visible (see arrow in Figure 4.2), especially in 
the SQDG density where the cavity seems to be continuous with the membrane. This 
is opposed to the PG density, in which the co-crystalized lipids in the PLQ exchange 
cavity are visible, but are not in contact with the bulk membrane. 

MGDG and SQDG occupy distinct binding sites at membrane-exposed 
surface

To identify possible binding sites, we calculated iso-occupancy surfaces of the lip-
id head groups aroud the PSII dimer complex. Using a threshold density of 5 times 
the bulk density, we obtained clear spots of preferred interaction of lipids with the 
protein (see Methods). Spots that were present symmetrically, i.e. observed in both 
monomers, were classified as lipid binding sites. Using this procedure, we found 13 
distinct binding sites at the membrane exposed surface of PSII, in addition to the sites 
reflecting the co-crystallized lipids. All sites are indicated in Figure 4.3 and listed in 
the Appendix (Tables A1, A2).
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In line with the enrichment of MGDG and SQDG, and depletion of DGDG and PG 
around the protein (Figure 4.2), binding sites are only found for MGDG and SQDG, 
with 9 and 4 sites, respectively. There are a few spots where PG and DGDG bind, but 
they are never present in both monomers and do therefore not match our definition 
of a binding site. For SQDG, 3 out of 4 binding sites are located at the stromal side, 
as are all the SQDG co-crystalized lipids, see Chapter III. MGDG has binding sites 
on both sides of the protein (5 stromal versus 4 lumenal), although the majority of its 
co-crystalized lipids are located on the lumenal side. 

The binding sites appear fairly homogeneously distributed around the entire mem-
brane exposed surface of the protein. However, with the exception of a SQDG luminal 
binding site (SL1), there are no binding sites around subunits Cyt b 559α, PsbJ, ycf12 
and PsbZ The slightly higher mobility of these subunits (see Chapter III) might pre-
vent the formation of a well-defined binding site. 

5 nm
10.50 1.71.5

PG DGDG

SQDGMGDG

Figure 4.2: Density maps of the four different thylakoid lipids. Coloring is relative to 
the bulk, which is set to one. Arrows point to the location of the PLQ exchange cavity.
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Charged residues important for binding

To characterize the nature of the membrane-exposed binding sites, we analysed the 
residues comprising those sites (see Methods). The full list of residues for each site 
is shown in Table 4.A1. The statistical distribution of these residue types is shown in 
Figure 4.4, as well as the normalized distribution corrected for the prevalence of the 
residues in the protein. 

Charged residues appear to be important components of the binding sites; in fact 
twelve out of thirteen binding sites contain at least one charged residue. Interesting-
ly, SQDG binding sites only contain positive charged residues (Arg, Lys), whereas 
MGDG sites contain both negative and positively charged amino acids (Arg, Lys, Asp, 
Glu). When considering the normalized amino acid composition in the MGDG bind-
ing sites the two positively charged amino acids (Arg and Lys) are equally present. This 
is however not true for the negatively charged residues, where aspartic acid is more 
abundant than glutamic acid in MGDG sites. The preference for positively charged 
residues in case of SQDG is easily understood from the -1e charge of its head group. 
The importance of electrostatic interactions is further underlined by the occurrence 
of the co-factors CHLs, HEM and co-crystallized ions in the binding sites. CHL does 
contain charged beads, but has a net charge of zero. This might explain why CHL is 
more prevalent in the sites of the neutral MGDG lipid than in those of the negatively 
charged SQDG lipid. Apart from this, some of the binding sites containing CHL, e.g. 
MS1 and ML1, are located a bit towards the centre of the bilayer preventing binding 
of charged lipids such as SQDG, because the membrane center is an energetically un-
favourable environment for charged species. HEM carries a net charge of -2e, and is 
not found in the SQDG binding sites. The SL1 sites, however, do contain a Ca2+ and a 
Mg2+ ion which form a salt bridge with the SQDG lipids. 

The polar threonine and the aromatic phenylalanine residues are enriched in both 
MGDG and SQDG binding sites, as well as tryptophan, serine and glycine. Thre-
onine and serine are both polar amino acids with clear hydrogen bonding capacities, 
and therefore interact favourably with the many hydroxyl groups of the MGDG and 
SQDG lipids. Although asparagine and glutamine are polar as well, asparagine only 
occurs in MGDG and glutamine in SQDG sites. One could argue that aromatic amino 
acids prevail at the interface between membrane and solvent, the location of the bind-
ing sites, and therefore are also highly present in the binding sites. However also in the 
normalized distributions the aromatic residues stand out, especially tryptophan and 
in SQDG sites also tyrosine. It remains unclear what drives the favorable interaction 
between these aromatic residues and the thylakoid lipids. 

M=MGDG, S=SQDG) and membrane side (second letter: L=luminal, S=stromal) and 
sequential numbering. To distinguish between the mirror sites in the two monomers, 
binding sites in the left monomer are marked with an ‘*’ and in the right monomer with 
a ‘#’.
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Figure 4.4: Binding site composition. Bar plots with the relative occurrence of ami-
no acids and co-factors in the MGDG (green) and SQDG (orange) binding sites and 
the normalized occurrence of amino acids. In total there are 81 residues composing the 
MGDG sites and 39 the SQDG sites. This means that an occurrence of respectively 1.2% 
for MGDG and 2.6 % for SQDG sites corresponds to the presence of only one amino 
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Residues like leucine and glycine are in absolute number a big contributor to the bind-
ing sites. After normalizing for their occurrence in the protein, the contribution of 
leucine and glycine to the binding sites seems less prominent and more based on their 
ubiquity in the protein than due to specific interactions with the lipids. The opposite 
might also be possible. From the normalized data cysteine seems to be an important 
factor in the MGDG binding sites. In absolute numbers, however, there is only one 
cysteine present in all MGDG sites.

Broad distribution of lipid residence times 

To quantify the lipid residence times of the binding sites, we counted how long lipids 
stay within 1.6 nm of the binding site from the moment the lipids entered within a 0.6 
nm cut off radius of the binding site (see Methods). To filter out transiently passing 
membrane lipids we used a threshold residence time of 100 ns. The distribution of 
residence times of the MGDG and SQDG lipids is shown in Figure 4.5. A break-up 
per individual binding site can be found in the Appendix (Fig. A1). 

We observed a broad range of residence times, varying over at least three orders of 
magnitude from 100 ns to at least 86 microseconds (i.e., limited only by the length 
of our trajectory). The vast majority of MGDG and SQDG lipids has residence times 
below 5 µs, and the average residence time is on the sub-microsecond time scale: 0.5 
µs for both MGDG and SQDG, with standard deviations of 2.5 µs and 1.9 µs, respec-
tively. There are only a few lipids that remained in their binding pocket longer than 30 
µs, and most of them are MGDG lipids. One MGDG lipid stayed bound during the 
entire trajectory, implying a residence time > 86 µs. For SQDG, the longest binding 
time observed is 74 µs.

Detailed description of MGDG binding sites

Here we turn to a more detailed analysis of the 9 individual binding sites of MGDG 
(MS1-5 on the stromal side, and ML1-4 on the luminal side), see Figures 3, A1, A2 
and Table 4.A1.

MS1 is one of the two MGDG binding sites that are located at the dimer interface. It 
strongly binds lipids with residence times reaching more than 80 µs, which is due to a 
strong coordination by CP47-CHL626. The MS1 site mostly binds a single lipid, and 
is occupied by MGDG 80% of the time.

acid of that type in all the binding sites. The normalized composition was calculated by 
dividing the binding site composition by the composition of the protein at the level of the 
lipid head groups (see Methods). Note that the plot of the normalized composition has 
been split into two parts to improve readability. Error bars represent an estimate of the 
standard error (see Methods). 
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MS2 is located close to the second PLQ exchange channel (Guskov et al., 2009). This 
site is an intermediate strong binder, with residence times up to 48 µs. The binding 
site is partly made up by residues from the Cyt b 559β loop, which folds back into the 
membrane. The PsbX helix contributes to the site, but in one of the monomers this 
helix moves away during the simulation. A heme is also part of the binding site, but 
does not seem to interact very strongly with the lipids. MS2 also binds mostly a single 
lipid, and is occupied 89% of the time.

MS3 is located at the short side of PSII, between CP43 and PsbZ. It does not bind 
lipids very strongly, with a maximum residence time of 14 µs. However, it can bind 
multiple MGDGs at the same time. On average, two lipids are bound, and the occu-
pancy level is correspondingly high (94% of the time a MGDG lipid is found at this 
site). CP43-CHL640 is the main residue contributing to the MS3 binding site. 

MS4 is also located at the long side of PSII and is composed out of two loops of the 
CP43 subunit. It does not bind lipids very strongly, with a maximum residence time of 
13 µs. Most lipids bind and unbind on a sub-microsecond time scale. Similar to MS3, 
the site can bind multiple MGDG lipids at the same time (average: 1.8 lipids), and has 
an occupancy level of 90%. In particular threonine is enriched in this binding site.

MS5 is located close to the dimer interface. It is an intermediate strong binder, with 
residence times up to 28 µs. The occupancy level is 76%, with typically a single MGDG 
lipid bound. MS5 is composed out of residues from D1 and PsbI. 

ML1 is the second MGDG binding site that is located right at the dimer interface. 
Like the stromal site MS1, it is a strong binder with residence times up to 81 µs. In 
fact, most of the time the site contains two MGDG lipids bound. The overall occupan-
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Figure 4.5: Histograms of lipid residence times in the MGDG and SQDG binding 
sites. A lower cut off of 100 ns was used. Pink coloured bars present lipids that were still 
bound at the end of our simulation and had been bound for at least 50 µs. 
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cy is 84%. CP47-CHL618 has a strong coordinating function. In the dimer interface 
residues from both monomers interact simultaneously on individual lipids, thereby 
probably contributing to the long lipid residence times in this site.

The ML2 site is located at the CP47 subunit, relatively close to the dimer interface. It 
is not a strong binder, probably because the site is very exposed and does not shield 
the lipids from the bulk membrane. Nevertheless, the site is occupied 90% of the time, 
and binds on average 1.5 MGDG lipids.

ML3 is located close to the second PLQ entrance tunnel (Guskov et al., 2009). It binds 
on average 2.1 lipids and is occupied for 96% of the simulation. There is one odd lipid 
that resides for more than 70 µs at the site. At a certain point during the simulation, 
the residues D2-THR102 and Cyt b 559α-PHE47 move away from each other, which 
results in the opening of a kind of ‘cove’ in the protein. Subsequently a lipid enters into 
the cove after which the two amino acids move back to their original positions and en-
close the lipid. The ‘cove’ opens again for a few short moments during the simulation, 
but in the end the lipid escapes by folding its head group underneath the residues and 
diving towards the stromal side.

ML4 is located next to CP43 and is composed entirely out of residues from CP43. It is 
very exposed to the membrane and it binds lipids only very weakly (sub-microsecond 
time scale). Like ML2 and ML3, the binding site can bind multiple lipids at the same 
time, resulting in a high occupancy level (93%). 

Detailed description of SQDG binding sites

Here we present a more detailed analysis of the 4 individual binding sites of SQDG 
(SS1-3 and SL1), see Figures 3, A1, A2 and Table 4.A1.

The stromal SQDG site SS1 is located in the corner between CP43 and PsbZ. The site 
is not a strong binder, and is occupied only about 75% of the time, mostly by a single 
lipid. The site contains two positively charged residues, Lys37 and Arg135. The site 
also contains a CHL, but the CHL does not appear to coordinate the SQDG lipids 
very strongly.

SS2 is located next to the CP43 subunit. It does bind lipids somewhat stronger than 
site SS1, with residence times up to 7 µs and an occupancy level of 86%. The CP43-
Lys156 residue is likely the main residue responsible for attracting SQDG lipids to 
this site.

SS3 is located between CP43 and PsbI, it is formed by an elongated stretch of residues. 
Both residues from CP43 and PsbI contribute to the site. The site has an occupancy of 
93%. One lipid has a residence time up to 84 µs. The oleoyl tail of this lipid penetrates 
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into the protein between CP43 and PsbI. Here it is surrounded by and possibly inter-
acts with CHL 33 and with the tails of CHL 10, 28, 32 and 34. These interactions might 
stabilize the lipid resulting in its high residence time.

At the lumenal side there is one large SQDG binding site (SL1) that can simultaneous-
ly bind two or three lipids. It is located between subunits Cyt b 559α, Cyt b 559β, PsbJ, 
PsbK and ycf12 at the same spot as the entry of the PLQ/plastoquinol (PLQol) ex-
change channel I, which grants excess to the PLQ pool. The SL1 site is a strong binder, 
with residence times of 10s of µs. The occupancy level is 98%. The strong binding may 
be explained by the presence of Mg2+ and Ca2+ ions at the binding site. Interestingly, 
some SQsDG lipids are able to enter the PLQ exchange cavity during the simulation.

Dynamics of co-crystallized lipids

Based on visual inspection, we determined for all the co-crystallized lipids whether 
they stay in their binding site or diffuse into the membrane. We distinguish between 
lipids that show no or very limited movement with respect to their position in the 
X-ray structure (‘none’, ‘limited’), and between lipids that show larger displacements 
(‘large’) or even escape from their binding site (‘escape’). In some cases, escaped lipids 
get replaced by other lipids (‘exchange’). The result of this qualitative assessment is 
shown in Table 4.A2 for each of the sixty co-crystallized lipids. The average behaviour 
is summarized in Table 4.A3. 

From the sixty co-crystallized lipids, we found sixteen to diffuse away from their ini-
tial binding pocket during the entire simulation. Especially MGDG and DGDG lipids 
were found leaving their binding site (about 30%), which seems caused by the fact 
that many MGDG and DGDG co-crystallized binding sites are located at the protein 
periphery. Interestingly, in six cases, the escaped lipid gets replaced by a similar lipid. 
In the other ten cases, the binding site is simply lost. The mobility of the lipids located 
to the surface of the protein is greatly dependent on how well they are shielded from 
the membrane. The diffusion of PsbX (see Chapter III) results in the exposure of lipid 
sites 18 and 46 to the membrane, resulting in their escape. The mobility of the lipids 
in the protein interior, and at the dimer interface is very limited, and none of the in-
terfacial lipids leaves the dimer interface.

Of particular interest is the behaviour of the co-crystallized lipids in the PLQ pool. Of 
some of the co-crystalized lipids in the PLQ cavity the mobility is very limited (lipids 
11, 36, 37, 38, 40, 55, 56), while others are very mobile (lipids 12, 21, 22, 23, 24), see 
Tables A2, A3. A few co-crystallized lipids are also unbinding, and are capable of 
leaving the PLQ cavity (lipids 35 and 39). In fact, we find many lipids to diffuse in and 
out of the PLQ pool, see Table 4.A4. There are two pathways that the lipids use to en-
ter and leave the PLQ pool. The first pathway (channel I) is the PLQ channel formed 
by Cyt b 559αand PsbJ (Loll et al., 2005). The second pathway is a new channel that 
has not been described in the literature before. We denote the new pathway “channel 
III”, as a second PLQ channel was already described by Guskov et al. (Guskov et al., 



Chapter IV

103

2009). Channel III emerges when PsbJ moves towards Cyt b 559αand PsbK and ycf12 
move in the opposite direction, creating a tunnel between PsbJ on one side and PsbK 
and ycf12 on the other side. In each monomer only one of the two channels is used. 
Channel III seems to be greater in size, allowing more lipids to diffuse in and out of 
the protein, especially at the lumenal side. In total (counting both co-crystalized lip-
ids and membrane lipids) four times channel I is used versus forty times channel III. 
Of the forty times channel III is used, thirty eight times this is at the lumenal side. In 
total twenty four times a lipid enters the protein, while twenty times a lipid leaves the 
PLQ pool. MGDG enters and leaves the protein most often, followed by SQDG and 
DGDG. PG is not seen entering or leaving the PLQ pool during the simulation. 

Discussion

Enrichment of MGDG and SQDG around PSII

The simulations described in this chapter are the first to reveal how the PSII complex 
interacts with the lipids constituting the thylakoid membrane. The major findings 
from the simulations are (i) the enrichment of MGDG and SQDG in the annular lipid 
shell around the protein and (ii) the occurrence of multiple MGDG and SQDG bind-
ing spots at the membrane-exposed surface. Some of these sites are strong binders, 
in particular sites MS1, ML1 and SL1, that are occupied by a single lipid most of the 
time. Other binding spots are in fact more binding regions that weakly bind multiple 
lipids, e.g. sites MS3, MS4, ML2, ML4 and SS1. Combining the peripheral co-crys-
talized sites, which are mostly stable in our simulations, with the new binding spots, 
we predict an average number of 31.0 MGDG (28.0 lipids from binding sites, Fig. A2, 
plus 3.0 co-crystallized lipids, #41-43, Table 4.A2) and 13.8 SQDG lipids (12.8 lipids 
from binding sites, Fig. A2, plus 1.0 co-crystallized, #45, Table 4.A2) bound to the 
membrane-exposed surface of PSII dimer. 

An intriguing question is, why MGDG and SQDG are enriched instead of DGDG and 
PG, two lipid types that are also present in large amounts in the thylakoid membrane. 
The relative depletion of DGDG we attribute to a combination of steric and entropic 
factors arising from its large and flexible head group, consisting of two sugar rings. 
The outcompeting of PG by SQDG, both carrying a negative charge, is more puzzling. 
Positively charged residues are important components of the SQDG binding sites, but 
potentially PG lipids could also bind. A possible driving force is the general affinity 
of sugar residues for proteins, as is observed in, e.g., all-atom simulations of proteins 
in sugar solutions (Lins, Pereira, & Hünenberger, 2004) and in CG simulations of 
proteins interacting with ganglioside lipids (de Jong, López, & Marrink, 2013a). Ad-
ditionally, the lipid tails could play a role. SQDG is the only lipid in our simulated 
mixture that also occurs with fully saturated tails instead of one saturated and one 
unsaturated tail. However, further analysis of the SQDG binding sites does not reveal 
a strong preference for either the fully saturated or singly unsaturated variant (data 
not shown).
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Putative biological role of binding sites

The observation of specific lipid binding sites warrants a discussion on their putative 
biological role. One possibility is that the lipid binding sites have a supporting or cat-
alyzing function in the creation of PSII superstructures, by functioning as a bridge or 
glue between different complexes, including the associated antennae complexes. PSII 
arrays have been observed by electron microscopy in the cyanobacterium Synecho-
cysitis 6803 and are considered to be important for the energy flow and distribution in 
cyanobacteria (Folea, Zhang, Aro, & Boekema, 2008). More recently mega complexes 
composed of PSI, PSII and a phycobilisome antenna complex have been isolated from 
Synechocystis 6803 (Liu et al., 2013). The MGDG and SQDG binding sites could have 
a role in bridging or gluing the complexes together. CG MD simulations have shown 
the structural importance of lipids in super complex formation of respiratory chain 
complexes in mitochondrial membranes (Arnarez et al., 2013b). 

 

Stabilization of the dimer structure is another form of steering supercomplex for-
mation. Of the two MGDG binding sites at the dimer interface, the ML1 site has 
contributions from residues originating from the two different monomers. The lipids 
in this site might therefor contribute to the dimerization. This is in agreement with 
experimental studies that have shown the importance of MGDG in PSII dimerization 
(Kansy et al., 2014). The low mobility of the interfacial co-crystalized MGDG lipids 
31 and 32 is also in agreement with the importance of interfacial lipids for dimeriza-
tion. This might be also true for the low mobility of the interfacial DGDG lipids 1 to 
6. These lipids were detergents in the crystal structure that were modeled as DGDG 
molecules, but in vivo might actually be MGDGs.

Another possibility is that the lipids bound to the surface of PSII take part in the elec-
tron chain, either by participating directly or stabilization of the surroundings. SQDG 
deficiency in Chlamydomonas reinhardtii results in a decreased efficiency of electron 
donation from water to Tyr Z (D1-TYR161) (Minoda, Sonoike, Nozaki, Okada, & 
Sato, 2001). It has been proposed that these changes in the electron donation could 
perhaps be the indirect result of changed interactions of the extrinsic proteins PsbO, 
PsbU and PsbV (Mizusawa & Wada, 2012). Although the residues of PsbV are not 
part of any binding site, during the simulation some PsbV residues interact with the 
SQDG lipids that reside at the SL1 site. Among the PsbV residues interacting with 
SQDG lipids are the charged residues PsbV-LYS24 and PsbV-ARG31. These residues 
thus might play a role in the attachment of PsbV, in an SQDG-mediated manner.

Furthermore, SQDG deprivation results in changes around the QB binding site (Mi-
noda et al., 2002; 2003; Mizusawa & Wada, 2012; Norihiro Sato et al., 2003). The SL1 
binding site is located at the lumenal side of the PLQ pool. The SQDG lipids in this 
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site might have a direct or indirect influence on the structure of the QB binding site or 
somehow effect the action of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), the 
chemical which was used to assess changes is in the QB binding site.

The low mobility of the co-crystalized PG lipids 51 & 55 and 52 & 56 supports a func-
tional role, in agreement with the experiments of Itoh et al. (Shigeru Itoh et al., 2012). 
It was shown that these lipids, which are located in and around the PLQ exchange 
cavity, are important for the functioning of PSII.

Lipid exchange in the PLQ cavity

The exchange of lipids in and out of the PLQ cavity is extremely interesting. We ob-
served a large number of lipids to diffuse in and out of the PLQ cavity. The net change 
in the number of lipids in the PLQ cavity is small, but the exchange rate is rather high 
(about 40 flux events in less than 100 μs). Most of these lipids use a channel that has 
so far not been reported in the literature, and which we call channel III in addition 
to the known channels I and II. Channel III is much larger than the other channels, 
and opened spontaneously in one of the monomers during our simulation in between 
subunits PsbJ on one side and PsbK and ycf12 on the other. The existence of this large 
third channel is likely to have a great influence on the diffusion of PLQ and PLQol in 
and out of PSII and the electron transport from PSII to the cytochrome b6f complex. 
In Chapter V the pathways used by PLQ will be further investigated.

Limitations of our approach

Our CG simulations have predicted the occurrence of MGDG and SQDG binding 
sites around the protein and showed interesting lipid dynamics around the PLQ site. 
Here we briefly discuss two important limitations of our study that are important in 
the interpretation of our results.

The first limitation is the absence of lipid asymmetry in our simulations. In reality, 
lipid membranes typical have an asymmetric distribution of lipids between the two 
leaflets. In thylakoid membranes, all co-crystalized MGDG lipids are located lume-
nally and all SQDG lipids stromally (Umena et al., 2011), indicative of the existence 
of membrane asymmetry. However, a structure (Qin, Suga, Kuang, & Shen, 2015) of 
PSI with LHCI contains co-crystalized DGDG and MGDG in the stromal leaflet. This 
result would make such an asymmetrical distribution of lipids over the two leaflets 
more unlikely. Due to lack of more quantitative information on lipid asymmetry in 
thylakoid membranes, we chose for a symmetric membrane model. The newly pre-
dicted binding sites of both MGDG and SQDG lipids are located on either side of the 
protein. Only when more conclusive data on lipid asymmetry become available the 
relevance of these sites can be reassessed.
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Another limitation is the use of a CG model. By CGing a system it is possible to 
sample on longer time scales, important to achieve statistically meaningful results 
on protein-lipid binding. Yet, although we simulated for 87 µs, which is substantial 
for current practices, the simulation has not converged. The differences between the 
two monomers are the proof of this. In addition to the under sampling, there is a loss 
of detail when using a CG model. In the Martini force field there are for example no 
explicit hydrogen bonds, which might be relevant for the relative binding strength 
of the glycolipids. To verify our simulations one could simulate (parts) of the system 
on an all-atom level, for example to study the interactions between some of the lipids 
and the protein in more detail. Experimental studies could be used to verify the exis-
tence of a third PLQ channel, possibly by cross-linking PsbJ with PsbK and ycf12 and 
measuring the effect on the efficiency of the electron transport chain. Although lots 
of work has already been performed on the function of lipids in photosynthesis, there 
is still a lot to investigate. Studies in which photosynthetic complexes are embedded 
in model membranes, that contain one or more of the thylakoid lipids, could further 
elucidate the role of specific lipids and their role in electron transport and super com-
plex formation. 

`
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Appendix A

Two tables with details of the membrane-exposed binding sites (Table 4.A1) and 
co-crystallized binding sites (Table 4.A2), two tables with details on the co-crystal-
lized lipids (Tables 4.A3 and 4.A4), and two figures with lipid residence time histo-
grams (Fig A1) and lipid occupancies (Fig A2) for each binding site.

Site Amino acids composing the binding site

MGDG

Stromal

MS1 CP47-LEU122, CP47-PHE123, CP47-ARG124, CP47-ASP125, CP47-ALA132, CP47-LEU133, CP47-
ASP134, CP47-MET138, CP47-HIS142, CP47-CHL626 CP47-CHL627 PsbH-LEU7, PsbH-LEU11

MS2 D2-TRP21, D2-LEU22, D2-LYS23, D2-ARG24, D2-ASP25, D2-ARG26, D2-PHE27, D2-VAL28, D2-
PHE29, D2-VAL30, Cyt b 559α-TYR19, Cyt b 559α-ILE22, Cyt b 559α-HIS23, Cyt b 559α-THR26, 
Cyt b 559β-SER3, Cyt b 559β-ASN4, Cyt b 559β-VAL18, Cyt b 559β-HEM641

MS3 CP43-CHL640

MS4 CP43-ASN155, CP43-LYS156, CP43-THR 158, CP43-THR159, CP43-HIS251, CP43-ILE252, CP43-
LEU253 CP43-THR254, CP43-THR255, CP43-PRO256, CP43-PHE257

MS5 D1-ASN12, D1-TRP14, D1-GLU15, D1-CYS18, D1-TRP32, PsbI-GLY22, PsbI-PHE23, PsbI-SER25, 
PsbI-GLY26, PsbI-ASP27, PsbI-ALA29, PsbI-ARG30

Lumenal

ML1 D1-SER101*, D1-LEU102*, D1-ASP103*,CP47-TRP75, CP47-ASP87, CP47-PRO88, CP47-GLY89, 
CP47-PHE90, CP47-TRP91, CP47-CHL617, PsbO-LYS69* 

ML2 CP47-ALA182, CP47-PRO183, CP47-GLU184, CP47-TRP185, CP47-GLY186

ML3 D2-ASP100, D2-PHE101, D2-THR102, D2-ARG103, Cyt b 559α-PHE47

ML4 CP43-ASN201, CP43-PRO202, CP43-THR203, CP43-LEU204, CP43-ASP205

SQDG

Stromal

SS1 CP43-TRP33, CP43-LYS37, CP43-TYR131, CP43-ARG135, CP43-CHL640 PsbZ-TYR27, Ps-
bZ-TRP33

SS2 CP43-SER144, CP43-SER145, CP43-PHE146, CP43-TYR149, CP43-LYS156, CP43-THR159 

SS3 CP43-THR254, CP43-THR255, CP43-PRO256, CP43-PHE257, CP43-GLY258, CP43-TRP259, CP43-
ARG261, CP43-ARG262, PsbI-SER25, PsbI-GLY26, PsbI-LYS35 

Lumenal

SL1 Cyt b 559α-SER39, Cyt b 559α-THR40, Cyt b 559α-GLY41, Cyt b 559β-GLN41, Cyt b 559β-PHE42, 
Cyt b 559β-ILE43, Cyt b 559β-GLN44, Cyt b 559β-ARG45, Cyt b 559β-Ca2+796, PsbJ-TYR30, Ps-
bJ-ALA34, PsbJ-GLY35, PsbJ-LEU36, PsbJ-Mgt2+771, ycf12-VAL18

Table 4.A1: Membrane lipid bindings sites in PSII with their composition, averaged 
over both monomers. Binding sites are labeled as follow: first letter is the first letter of 
the lipid head group name (M for MGDG, S for SQDG), second letter indicates location, 
S for stromal and L for lumenal, followed by a sequential number. Positive charged res-
idues are in blue and negative charged residues in red. The ML1 site is composed out of 
residues from both monomers, here an * behind a residue indicates that the residue is 
not part of the monomer to which the binding site is assigned, but to the other monomer.
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Figure 4.A1: Lipid residence times in the different lipid binding sites. For each bind-
ing site there is a histogram, with on the x-axis the residence time and on the y-axis the 
number of binding events (note that a single lipid could bind multiple times). The inset 
in each histogram shows the name of the binding site, the average residence time, its 
standard deviation and the longest residence time for that site. Residence times of lipids 
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that are still bound at the end of the simulation and that were bound for at least 50 µs 
are colored magenta and are not included in the calculation of the average residence 
time and the standard deviation. If this lipid has the highest residence time of its site, 
the longest residence time in the inset represents a lower limit and is colored magenta as 
well. Note that a lower cut off of a residence time of 100 ns was applied. The graphs and 
averages are calculated using the combined data of the two monomers.

Nr Headgroup Mobility Remarks

Lumenal lipids

1 DGDG None

2 DGDG None

3 DGDG None

4 DGDG None

7 DGDG Exchange Lipid 7 & 20 are basically at the same spot, they both escape, but only one 
DGDG lipid returns

8 DGDG Escape 

9 DGDG Escape No lipid density visible, so therefore not shown in Figure 4.3

10 DGDG Escape No lipid density visible, so therefore not shown in Figure 4.3

17 DGDG None

18 DGDG Escape The escape is a result of the movement of PsbX, which moves away and opens 
up the binding site. No lipid density visible in Figure 4.3.

19 DGDG Escape 

20 DGDG Exchange Lipid 7 & 20 are basically at the same spot, they both escape, but only one 
DGDG lipid replaces them

25 MGDG Limited

26 MGDG Limited

31 MGDG None

32 MGDG None

33 DGDG None

34 DGDG None

35 DGDG Exchange Leaves the PLQ pool and gets replaced by another DGDG lipid

36 DGDG Limited

37 DGDG Limited

38 DGDG None

39 MGDG Exchange Leaves the PLQ pool and gets replaced by two MGDG lipids

40 MGDG Limited

41 MGDG Exchange Gets replaced by weak binding lipids including MGDG

42 MGDG Exchange Gets replaced by weak binding lipids including MGDG

43 DGDG Exchange Gets replaced by a strong binding MGDG lipid. 
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Figure 4.A2: Lipid occupancy per binding site. For each binding site there is a histo-
gram, with on the x-axis the number of lipids bound and on the y-axis the fractional 
simulation time. The inset in each histogram shows the name of the binding site, the 
average number of lipids bound, its standard deviation, the maximum number of lipids 
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bound for that site and the occupancy percentage. The data for each binding site rep-
resents the average over the two monomers, except for the maximum numbers of lipids 
bound, which is the maximum over the two monomers.

44 DGDG Escape Escape seems to be unrelated with movement of PsbX. No density visible in 
Figure 4.3

53 MGDG Limited

54 MGDG Limited A second MGDG enters the PLQ pool

57 DGDG None

58 DGDG None

Stromal lipids

5 DGDG None

6 DGDG None

11 PG Limited

12 PG Large

13 SQDG Limited

14 SQDG None

21 SQDG Limited 

22 SQDG Large An extra SQDG lipid enters the PLQ pool

23 SQDG Limited

24 SQDG Large An extra SQDG lipid enters the PLQ pool

27 SQDG Limited

28 SQDG Limited

29 SQDG Limited

30 SQDG Limited

45 SQDG None

46 SQDG Escape Escapes after diffusion of PsbX

47 PG Limited

48 PG Limited

49 PG None

50 PG None

51 PG Limited

52 PG None

55 PG Limited

56 PG Limited

59 PG Limited

60 PG None
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61 MGDG Escape

62 MGDG Escape

Table 4.A2: Co-crystalized lipids and their mobility. Numbering as in Chapter III. 
The lipid mobility has been classified as ‘none’ or ‘limited’ for lipids that show no or very 
limited movement, ‘large’ for lipids that show a significant displacement and ‘escape’ for 
lipids that leave the binding site. In case an escaped lipid is replaced by an other lipid, it 
is classified as ‘exchange’. Note that nr. 15 and 16 are not included in this list, because 
they are bèta carotenes, please see Chapter III for their mobility.

Lipid Total None Limited Large Exchange Escape

Total

PG 12 4 (33%) 7 (58%) 1 (8%) - -

DGDG 24 12 (50%) 2 (8%) - 4 (17%) 6 (25%)

MGDG 12 2 (17%) 5 (42%) - 3 (25%) 2 (17%)

SQDG 12 2 (17%) 7 (58%) 2 (17%) - 1 (8%)

Lumenal

PG - - - - - -

DGDG 22 10 (45%) 2 (9%) - 4 (18%) 6 (27%)

MGDG 10 2 (20%) 5 (50%) - 3 (30%) -

SQDG - - - - - -

Stromal

PG 12 4 (33%) 7 (58%) 1 (8%) - -

DGDG 2 2 (100%) - - - -

MGDG 2 - - - - 2 (100%)

SQDG 12 2 (17%) 7 (58%) 2 (17%) - 1 (8%)

Table 4.A3: Overview of the number of co-crystallized lipids per mobility category. 
Numbers are shown for each leaflet as well totals for the complete bilayer. For each lipid 
the percentages for the mobility types are shown between brackets.
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Monomer PG DGDG MGDG SQDG

in out in out in out in out

Lumenal

left - - - - 1 (I) - - -

right - - 2 (III) 2 (III) 10 (III) 9 (III) 8 7

Stromal

left - - - - 1 (1) 1 (1) 1 (I) -

right - - - - 1 (III) 1 (III) - -

Table 4.A4: Lipid diffusion of co-crystalized and membrane lipids in and out of the 
PLQ pool. For each leaflet and monomer the amount of lipids that enter and leave the 
PLQ pool are given. The channel used by the lipids is shown between parentheses. Chan-
nel I refers to the PLQ channel as described in (Loll et al., 2005). Channel III is located 
between PsbJ on one side and between PsbK and ycf12 on the other side, and opens when 
PsbJ moves towards Cyt b 559α. To our knowledge it has not been described before, and 
it is named Channel III in line with the previously described Channels I & II (Guskov et 
al., 2009; Loll et al., 2005). Left refers to the monomer in Figure 4.3 where the bindings 
sites are marked with an ‘*’ and right to the monomer where binding sites are marked 
with a ‘#’





Chapter V



Photosytem II in silico

116

Exchange Pathways of Plastoquinone 
and Plastoquinol in the PSII Complex
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J. Marrink
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Abstract

Plastoquinone (PLQ) serves as an electron carrier between photosystem II (PSII) and 
the cytochrome b6f complex (Cyt b6f). To understand how PLQs enter and leave PSII 
we performed coarse grained Martini simulations of PSII embedded in the thylakoid 
membrane, covering a total simulation time of more than 0.6 milliseconds. In addi-
tion to the two known channels, we observed a third channel for PLQ diffusion be-
tween the thylakoid membrane and the PLQ exchange cavity. Our simulations point 
to a diffusion mechanism in which all three channels serve as entry and exit chan-
nels, with the flux through channels I and III being significantly higher than through 
channel II. The exchange cavity serves as a PLQ reservoir. We predict the subunits cyt 
b559, PsbJ, ycf12, PsbK and possibly PsbX to play an important role in directing the 
fluxes through the different channels.

Introduction

Photosynthetic organisms convert light into chemical energy. This is a complex pro-
cess involving four major protein complexes: photosystem II (PSII), cytochrome b6f 
complex (Cyt b6f), photosystem I and ATP synthase. The process starts at PSII, which 
extracts electrons from water. The electrons travel subsequently to Cyt b6f and PSI, 
after which they reduce NADP+. The electrons are transported between these protein 
complexes by charge carriers. Plastquinone (PLQ) is the charge carrier responsible 
for the electron transport from PSII to Cyt b6f. PLQ can be reduced to plastoquinol 
(PLQol) in a two step process, involving a semiplastoquinone intermediate (Figure 
5.1).

PSII coordinates two PLQs, named QA and QB, that are involved in the electron trans-
fer process. The two plastoquinones QA and QB are symmetrically positioned around 
a non-heme iron. QA is stationary and does not leave the protein. QB, however, leaves 
the protein after it has been double reduced and taken up two protons. The exact 
reduction mechanism is not completely clear yet, but involves both QA and QB. First, 
QA is reduced to QA⋅

- by pheophytin (PHO) D1. QA∙- is subsequently oxidized by QB, 
resulting in QA and QB⋅

-. QB⋅
- is likely to take up a proton at this point, forming QBH 

(Haumann & Junge, 1994; Müh, Glöckner, Hellmich, & Zouni, 2012; Okamura, Pad-
dock, Graige, & Feher, 2000). A second electron is necessary to further reduce QBH 
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to QBH-, after which it can take up a second proton forming QBH2 and leave the bind-
ing site. This electron also comes from PHO D1, via QA (Müh et al., 2012). QBH2 
leaves the binding site, thereafter a new QB enters the binding site and the process can 
start again. In the X-ray structure of Guskov et al. a third PLQ is present, this PLQ is 
coined QC (Guskov et al., 2009). QC is however not present in the later Umena struc-
ture (Umena et al., 2011). The QC site is located close to the QB site, but the role of QC 
is still highly debated (see below).

Whereas the QA site is well buried inside the protein, the QB and QC sites connect to 
a small cavity located within the PSII complex, and are therefore indirectly accessible 
from the thylakoid membrane (see Figure 5.2, panel A and Figure 5.3). This so called 
PLQ/PLQol exchange cavity is filled with lipids: on the stromal side with the negative 
charged phosphatidylglycerol (PG) and sulfoquinovosyldiacylglycerol (SQDG) lipids 
and lumenally with digalactosyldiacylglycerol (DGDG) and monogalactosyldiacyl-
glycerol (MGDG) lipids. The cavity has two channels that come out in the thylakoid 
membrane (Guskov et al., 2009). Channel I, containing the QC tail, is flanked by cyt b 
559α and cyt b 559β on one side and by PsbJ on the other side. It opens up to the cen-
tre of the thylakoid membrane. The QC head group protrudes into the PLQ exchange 
cavity, where it interacts with lipid and cofactor tails, but not with any amino acids. 
Channel II, containing the QB tail, is located between the D2 subunit and the α and 
β subunits of cyt b 559, opening up more on the stromal side compared to channel I. 
The QB headgroup is located close to the non-heme iron.

Because of the presence of two channels, there have been three different models for 
PLQ/PLQol diffusion proposed involving the QB and QC sites (Guskov et al., 2009), 
see Figure 5.2, panel B. In the ‘alternating’ mechanism, in which channel I and II are 
used both as an entry and as an exit, a single PLQ/PLQol always enters and leaves 
through the same channel. In the ‘wriggling’ mechanism PLQ enters via channel I and 
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Figure 5.1: Structure of plastoquinone, plastosemiquinone and plastoquinol. The uptake 
of one electron by plastoquinone results in the radical semiplastoquinone, an additional 
electron and two protons result in PLQol.
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PLQol leaves via channel II. This would be in line with the fact that PLQol is more 
polar than PLQ, prefering to leave through channel II which opens up closer to the 
membrane surface (Müh et al., 2012; Nowicka & Kruk, 2010). In the ‘single channel’ 
mechanism only channel II is used and channel I is occupied by a stationary PLQ 
molecule (QC) that might be involved in redox reactions with cyt b559 (Bondarava et 
al., 2003; Kaminskaya, Shuvalov, & Renger, 2007).

In Chapter IV we described a third channel leading from the thylakoid membrane 
towards the PLQ/PLQol exchange cavity. This channel allows lipids to exchange be-
tween the cavity and the bulk membrane. Channel III is a result of the movement of 

Cyt b 559A

B

Figure 5.2: Schematic of proposed PLQ exchange pathways. A) Representation of the 
PLQ exchange cavity in PSII with QB and QC and the two tunnels I and II. Transmem-
brane helices lining the tunnels and cavities are shown, as well as the following cofactors 
and lipids: heme (blue), β-carotene (orange), SQDG (green), PG (magenta), MGDG 
and DGDG (white). Note that lipids are colored different than in the rest of this thesis. 
B) Simplified scheme of the PLQ/PLQol exchange in PSII (i) The alternating mechanism; 
both channels serve as entry and exit. (ii) The wriggling mechanism; channel I is only 
for entry and channel II only for exit. (iii) Single channel mechanism; only channel II is 
used for exchange. Red arrows indicate movement of PLQ, blue of PLQol. Figure adapt-
ed from (Guskov et al., 2010).
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PsbJ. The channel emerges when PsbJ moves towards cyt b559αwhich creates a tunnel 
between PsbJ on one side and PsbK and ycf12 on the other side. Channel III seems to 
be larger in size compared to channel I, especially at the lumenal side.

In this Chapter we present the results of a coarse grained (CG) molecular dynamics 
(MD) study of the diffusion of PLQ and PLQol in and out of the PSII complex. We 
focus our analysis on the exchange pathways of PLQ and PLQol by quantifying the 
role of the different channels, including channel III. Previous computational work has 
focused on the energetics of the QA and QB binding sites (Ishikita, Hasegawa, & Nogu-
chi, 2011), and on simulation of PLQ either in solution (Ishikita et al., 2011) or in the 
thylakoid membrane (van Eerden et al., 2015). To our knowledge no simulations have 
been performed so far on the diffusion of PLQ in and out of PSII.

Methods

Simulation setup

To study the dynamics of PLQ and PLQol exchange in the PSII complex, five inde-
pendent simulations were performed. In these simulations the PLQ in the QB pocket 
was replaced with a PLQol and extra PLQs were added to the thylakoid membrane. 
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QA
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PsbX
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Fe2+

Figure 5.3: Stromal and side view of the plastoquinone binding sites in PSII. Sub-
units that line the PLQ/PLQol exchange channels are colored in red (cyt b 559 α +β), 
blue (D2), cyan (PsbJ) or green (PsbK and ycf12). Channel I is formed by cyt b 559α and 
cyt b 559β on one side and PsbJ on the other side. Channel II is formed by cyt b 559α 
and cyt b 559β on one side and D2 on the other side. Channel III is lined by PsbJ on one 
side and ycf12 and PsbK on the other side. QA (cyan) is trapped inside D2. QB (orange) 
is partially located in channel II and QC (green) is partially located in channel I. Picture 
rendered from the structure of Guskov et al. (Guskov et al., 2009), note that PsbY is not 
present in the Umena structure (Umena et al., 2011).
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The simulations are based on the crystal structure from Umena et al. with PDB ID: 
3ARC (Umena et al., 2011). The protein was coarse grained together with all of its 
cofactors and embedded in a thylakoid membrane composed out of 2686 lipids and 
1425 lipids for the dimer and monomer respectively using insane (Wassenaar, In-
gólfsson, Böckmann, Tieleman, & Marrink, 2015a). The membrane was described 
previously (van Eerden et al., 2015) and is a realistic representation of the thylakoid 
membrane. It is composed out of the negative charged PG and SQDG, and the neu-
tral MGDG and DGDG lipids with oleoyl and palmitoyl tails. The dimer/monomer 
systems were solvated with 73 144/40 648 CG water beads (representing four times as 
many water molecules). On top of that, 455/253 Na+ and 455/253 Cl- ions were added, 
which corresponds to approximately 100 mM Na+Cl-, plus 1032/541 Na+ counter ions 
to neutralize the overall charge. The systems were minimized and in eight different 
equilibration runs the systems were heated to 298 K and the time step was increased 
to 10 fs. The obtained structures served as the starting structure for the other sim-
ulations. For a more in depth description of the simulation setup we like to refer to 
Chapter III.

The five different simulations all started form the same initial structure, but with dif-
ferent seeds for the initial randomized velocities. In order to investigate the path-
ways of PLQ diffusion to the QB binding site, 69 PLQ molecules were inserted into 
each membrane leaflet at the start of the simulation, totalling to 138 free PLQs, which 
gives a concentration of about 5 mol % in the membrane. The PLQs were added to 
a pre-equilibrated bilayer by increasing the lateral dimensions of the box by 1.27 nm 
and adding 69 PLQs to each leaflet using the insane script (Wassenaar, Ingólfsson, 
Böckmann, Tieleman, & Marrink, 2015a).

The Martini force field version 2.2 (de Jong et al., 2013b) in conjunction with the 
Elnedyn elastic network (Periole et al., 2009) were used to model the interactions. The 
PLQ and PLQol parameters originate from (de Jong et al., 2015). The lipid parame-
ters were taken from (López et al., 2013) with the modification as described in (van 
Eerden et al., 2015). GROMACS version 4.5.5 (Hess et al., 2008) was used to integrate 
the equations of motion with the standard Martini settings for the Martini force field 
(Marrink et al., 2007). The simulations were run in the isothermal-isobaric (NpT) 
ensemble. The temperature was set to 328 K using the V-rescale thermostat with a 
coupling constant of τt = 2.0 ps (Bussi et al., 2007). The pressure was semi-isotropically 
coupled to an external bath of p=1 bar with a coupling constant of τp = 1.0 ps and a 
compressibility of χ = 3.0-4 bar-1 using the Berendsen barostat (Berendsen et al., 1984). 
A shifted potential with a cutoff of 1.2 nm in conjunction with a dielectric constant 
of 15 was used to model the electrostatic interactions. The Van der Waals interactions 
were also calculated using a shifted potential, with a cut off of 1.2 nm and a switch at 
0.9 nm. 

The production simulations had a length of 88.7 µs and 62.8 µs for the dimer and the 
monomer, respectively. The five replicate simulations of the dimer including the PLQ 
in the bulk membrane had a length of 84.2 µs, 92.1 µs, 97.4 µs, 94.3 µs, and 106.5 µs, 
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summing up to almost 475 µs. In total, 626 µs was analysed. Trajectories were saved 
and analysed every 1 ns for the dimer and monomer simulation and every 500 ps for 
the five replicate simulations.

Analysis

The root mean square fluctuation (RMSF) of PLQ and PLQol was calculated using the 
Gromacs tool g_rmsf. The RMSF was calculated for the cofactors in each monomer 
separately to prevent artifacts caused by a non-perfect fit. After removing the jumps 
across the periodic boundaries and the translational and rotational motions from 
the dimer, the translational and rotational motions were removed separately for each 
monomer. Subsequently the RMSF was calculated of the cofactors. 

PLQ diffusion pathways were visualized by calculating the time-average density of 
the cofactor throughout the simulation box. For this purpose all five simulations with 
PLQ in the thylakoid membrane were concatenated and fitted on the protein back-
bone using the Gromacs tool trjconv. The calculation of the density was done using 
the Volmap tool in VMD with the resolution set to 0.2 nm after fitting the simulation 
on the protein backbone (BB) bead (Humphrey et al., 1996). The threshold for show-
ing occupancies was set to give a clear, qualitative view of the channels, while still 
being able to distinguish from the bulk. The PLQ densities reveal clear pathways in 
the simulation box with a threshold value of 8% (implying that at least in 8% of the 
frames a PLQ bead is present, which corresponds to roughly 2.4 times the occupancy 
of PLQ in the bulk). 

In order to count the flux of PLQs and PLQols through the three channels, first the 
residues lining the cavity were determined. For each channel we defined two ‘walls’ 
that line the channel, one on each side, see Table 5.1. The diffusion of PLQ in or out 
of a channel can easily take several microseconds and due to its elongated nature it is 
possible for a PLQ to be present in two channels concurrently. Therefore the diffusion 
of PLQs was tracked on the level of the cofactor as a whole, as well as for each individ-
ual cofactor bead. For each frame in the simulation, we determined for each individ-
ual PLQ/PLOol bead if it resided within 0.6 nm of one of the walls. If a cofactor bead 
was in contact with two walls that form together a channel, the bead was assigned to 
that channel. In case it was in contact with three or more walls, it was assigned to the 
two walls with which it has the most contacts and in case these two walls line the same 
channel, the bead was assigned to this channel. Once a bead had been assigned to a 
channel and in a subsequent frame loses contact with one or both of the walls, it was 
checked whether the bead resides inside or outside the PLQ exchange cavity. For this 
purpose a group of residues in the back of the PLQ exchange cavity was defined (cav-
ity residues), see Table 5.1. The centres of geometry (cog) of the cavity residues and of 
the channel wall residues that were in contact with PLQ/PLQol bead were calculated. 
Subsequently the distance in the XY plane between the cavity cog and the channel 
walls cog and the distance in the XY plane between the PLQ/PLQol bead and the 
cavity cog were determined. The PLQ bead was considered to be in the cavity when 
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the distance between the cavity residues and the bead was smaller than the distance 
between the cavity residues and channel walls. If the distance between the PLQ bead 
and the cavity residues was bigger than the distance between the cavity residues and 
the channel walls, the bead was considered to be outside the protein. Once it had been 
determined for all the beads of a cofactor if they reside in or out of the PLQ exchange 
cavity, it was determined if the cofactor as a whole resides in or outside the PLQ cav-
ity. In order to only count an entry or exit when the cofactors beads diffused through 
the same channel, the status of a cofactor, as being in or outside the PLQ cavity, was 
updated only when more than 70% of the PLQ beads had diffused in or out of the PLQ 
cavity through the same channel. Each time a PLQ entered or left the cavity this was 
recorded, as well as which channel it used. This method, however, is not full proof, 
due to the movement of the channel walls. Therefore the simulations were visually 
inspected to verify each crossing and to check for missed crossings. Pictures were 
rendered in VMD and in Pymol (Humphrey et al., 1996; Schrödinger, LLC, 2010).

The distance between the PLQol headgroups and the non-heme iron were calculated 
using the Gromacs tool g_dist. For the PLQol headgroup the centre of mass of the 
three headgroup beads was used.

Results

PLQols can leave the QB site on a submicrosecond time scale

To test if PLQol has a higher tendency to leave the QB site than PLQ (Chapter III), 
five replicate simulations of the PSII dimer were run in which the QB PLQs were re-
placed by PLQols. These simulations also contained additional PLQs in the mem-
brane (about 5 mol%), to see if PLQs can enter the PLQ exchange cavity and replace a 
PLQol in the QB site, and/or occupy the QC site. Note, the QC site was left unoccupied 
at the start of these simulations.

Channel Wall 1 Wall 2

I PsbJ-TRP11 – PsbJ-LEU36 Cyt b 559α-SER16 – Cyt b 559α-TRP35 and
Cyt b 559β-TYR13 – Cyt b 559β-PHE32

II Cyt b 559α-SER16 – Cyt b 559α-TRP35 and
Cyt b 559β-TYR13 – Cyt b 559β-PHE32

D2-PHE27 – D2-THR53

III Ycf12-VAL18 – Ycf12-PHE37 PsbJ-TRP11 – PsbJ-LEU36

Cavity residues

D1-SER268 – D1-ALA294

Table 5.1: Residues lining the different channels and the center of the cavity. Of some 
residues not all beads were included: D1-SER268 only SC1, D2-PHE27 only SC2 and 
SC3, Cyt b 559α-TRP35 only the backbone bead (BB), Cyt b 559β-TYR13 only beads 
SC1, SC2 and SC3, PsbJ-TRP11 only the SC2, SC3 and SC4 bead, PsbJ-LEU36 only the 
BB and ycf12-PHE37 only the BB.
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Indeed we observe the spontaneous unbinding of PLQols from the QB site. From a to-
tal of ten PLQols (2 per dimer), five of the PLQols leave the QB site completely during 
the simulation. Out of these five, one PLQol escapes the protein through channel III 
ending up in the bulk thylakoid membrane. Two PLQols end up in the PLQ exchange 
cavity, and two other PLQols reach halfway through channel II. Additionally there 
are two PLQols that leave the binding site transiently, and later return to it. One of 
these PLQols completely enters the PLQ cavity and rebinds to the QB site after 22 µs. 
The other PLQol stays largely in place, only its headgroup turns away from the QB 
site. This happens however two times, in both cases the headgroup rebinds to the QB 
site after about 1 µs. Of the eight times a PLQols leaves the binding site (7 PLQols, of 
which one two times), there are three instances in which the PLQol leaves the binding 
site quickly (within 100 ns after the start of the simulation), two in which this happens 
within the first 1 µs, one after 6 µs and two after around 64 µs of simulation time. Here 
leaving the binding site is defined as the moment the distance between the PLQol 
headgroup and the non-heme iron is larger than 1.5 nm. 

In line with our expectations, we thus find that PLQol has a higher propensity to leave 
the QB binding site than PLQ. In the simulations 5/10 PLQols per 500 µs leave the QB 
site versus 0/3 PLQs per 150 µs. Individual unbinding times vary from < 100 ns to up 
to > 88 µs. 

Conformation of the existence of a third plastoquinone channel 

To investigate how PLQs diffuse in and out of the PLQ exchange cavity, we calculated 
a PLQ density map, combining the data from the five replicate simulations.

The density map is visualized in Figure 5.4, showing the areas around the PSII dimer 
where it is more likely to encounter a PLQ or PLQol during the simulation. 

The PLQ exchange cavity and the location of QA are clearly visible in the density. This 
implies that PLQ can spontaneously enter the exchange cavity from the bulk thyla-
koid membrane. Interestingly the density is not homogenously distributed within the 
cavity, but located more towards the cyt b559 and away from CP43. There are in fact 
three clear distinct pathways from the membrane towards the PLQ exchange cavity, 
indicated in Figure 5.4. These pathways correspond to channels I & II reported in 
the literature before (Ohnishi et al., 2007), and channel III that has been described 
in Chapter IV as a channel that allows lipids to exchange between the cavity and the 
bulk membrane. Our data thus confirms that channel III is also used by PLQ. Note 
that, in the density map channel III is only visible in the left monomer; the channel 
is however used in both monomers and becomes visible in the other monomer when 
the density threshold is reduced (data not shown). Despite the presence of PLQ in the 
exchange cavity, we did not observe in any of the simulations PLQ docking into the 
QB site, which is in principle possible in those cases in which PLQol has left. This is 
reflected by the lack of density at the QB site. Visual inspection of the trajectories show 
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Figure 5.4: Diffusion of PLQ and PLQol in and out of PSII. A) Stromal view on PSII 
with combined occupancy densities of PLQ and PLQol from the five replicate simula-
tions. Indicated are the locations of the headgroups of QA, QB, and QC, as well as chan-
nel I, channel II, and channel III. The red circle approximately indicates the location 
of the PLQ exchange cavity Note that in the right monomer channel III is not visible 
at the chosen threshold level. The protein is colored as in Figure 3.2A B) Time series of 
snapshots of diffusion of PLQ into PSII (left) and PLQol out of PSII (right), the PLQ and 
PLQols headgroup beads are shown as spheres for clarity. In the left panel the PLQ enters 
the complex via channel I. After entry the PLQ diffuses around in the PLQ exchange 
cavity, hereby it tail shortly sticks out of channel III. By the end of the simulation the 
PLQ headgroup is very close to the QB binding site. In the right panel the PLQol moves 
from its initial position at the QB site with its tail inside channel II, towards the PLQ 
exchange cavity. Subsequently its headgroups moves inside channel III, with the PLQ 
tail still in the exchange cavity. Hereby the headgroup remains in the channel opening, 
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that subtle side chain reorientations that occur after unbinding of PLQol prevent easy 
access to this binding site. The QC site, on the other hand, is frequently visited by PLQs 
that use channel I, as is visible from the density.

Another interesting finding is the non-homogeneous distribution of PLQ around the 
protein (Figure 5.4), PLQ clearly has a preferred region of interacting with PSII, rang-
ing approximately from subunits PsbZ to PsbH, with a few spots around CP43 and D1 
where the PLQ tries to penetrate PSII. Remarkably, there is no density in and around 
the dimer cleft. It appears that PLQs accumulate at the side of the protein where they 
can enter the exchange cavity.

In summary, we find that PLQs accumulate around the PSII complex at sides close to 
the exchange cavity, and are able to enter and leave this cavity using three different 
channels. Of these, two channels correspond to the known channels I and II. The third 
channel is a novel channel that has not been reported before.

Channel I and III most intensively used by PLQ

To get an estimate about the plastoquinone fluxes through the three channels we 
counted how many PLQs and PLQols pass through each channel in the five different 
simulations. The data is shown in Table 5.3, split out over the in total ten different 
monomers. In total, we observed nineteen full entries and eleven full exits, over a 
total simulation time of more than 474 µs. In addition to the full flux events, many 
additional PLQs or PLQols are found partly trapped inside the channels at the end of 
the simulation.

The data shows that all channels are used, both as an entrance and as an exit to the 
PLQ cavity. We observed that a PLQ can leave the PLQ exchange cavity from a differ-
ent channel than the channel it used to enter the cavity. It is however also common 
that they leave through the same channel as through which they entered. 

At the start of the simulation each monomer contains only one PLQ in the QA site and 
one PLQol in the QB site. In most of the monomers, the entry flux is higher than the 
exit flux (Table 5.3), resulting in a net increase in the amount of PLQs present in the 
PLQ exchange cavity. The average gain per monomer amounts to 0.8 PLQs. At the end 
of the simulation the combined PLQ/PLQol concentration inside the PLQ exchange 
cavity is on average 16 ± 3 mol %, to be compared with the bulk membrane concen-
tration of 5 mol %. When only considering PLQ the concentration is 9 ± 2 mol %. It 
is likely that this is still an underestimation, as equilibration of the PLQ population in 
the exchange cavity is a slow process. On average, every 50 µs a PLQ enters the PLQ 
cavity.

while the PLQol tail folds over the headgroup into the membrane through channel III. 
The headgroup subsequently remains for some time stuck in the channel, but eventually 
the molecule diffuses into the membrane.
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Comparing the fluxes between the channels, it appears that channel I and III are more 
or less equally used by PLQ, but significantly less PLQs pass through channel II (by a 
factor of approximately seven compared to either channel I or III, taking into account 
all full entries and exits). On top of that the ratio between complete passes and incom-
plete passes is especially low in channel II. In this channel PLQs often get stuck and do 
not completely pass through the channel. These two observations are very likely a re-
sult of the smaller size of channel II. Channel I has dimensions of 1.0 × 2.0 nm2, while 
the dimensions of channel II are only 1.0 × 1.2 nm2 (Kern, Zouni, Guskov, & Krauss, 
2009). Channel III is very similarly sized as channel I, at the start of the simulations 
its dimensions are approximately 1.1 × 2.0 nm2. During the simulation the shape and 
size of channels I and III however fluctuates significantly, with sizes temporarily in-
creasing by 50-100%, see below. 

Movement of Cyt b559, PsbJ, PsbK and ycf12 affect channel opening

Visual inspection of our simulation trajectories reveals that the subunits lining the 
PLQ channels are dynamic, and can move with respect to each other. In particular, 
there is movement of the helices cyt b559α+β, PsbJ, PsbK and ycf12. These relative 
movements can either result in constriction or even complete closure of a channel, or 
result in an increased capacity of a channel due to a larger channel opening. This is 
especially noticeable for channels I and III. In Figure 5.5 representative snapshots of 
the subunits lining the channels in one of the monomers are shown to illustrate the 
different channel states (open/closed). Visual inspection further shows that PLQs can 
enter the channels in two orientations, headgroup first or tail first. 

Channel

Left monomer Right monomer

I II III I II III

Simulation IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT

I 1+1 0+1 0+0 0+1 1+2 0+2 1+0 0+0 0+1 0+0 1+2 1+2

II 1+0 0+0 0+3 0+1 1+3 1+3 1+1 0+1 0+0 0+0 1+3 1+3

III 2+8 3+8 0+1 0+1 1+4 0+4 2+2 1+2 0+1 0+1 0+0 0+0

IV 0+0 0+0 0+2 0+2 2+0 2+0 1+2 0+2 0+1 0+0 0+2 0+2

V 0+0 0+0 1+1 1+1 1+0 0+0 1+0 0+0 0+0 0+0 0+0 1+0

sum 4+9 3+9 1+7 1+6 6+9 3+9 6+5 1+5 0+3 0+1 2+7 3+7

channel I (IN) I (OUT) II (IN) II (OUT) III (IN) (III OUT)

sum over dimer 10+14 4+14 1+10 1+7 8+16 6+16

Table 5.3: Number of PLQs and PLQols diffusing in and out of the PLQ exchange 
cavity through the three channels. In bold are the cofactors that completely diffuse 
through a channel, while the numbers after the ‘+’ represent the number of cofactors that 
still remain somehow attached or inside the PLQ channel and do not fully enter or leave 
the PLQ exchange cavity. The numbers are split out over the five independent simula-
tions, but sums are given as well.
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In Figure 5.5A, PsbJ is close to cyt b 559. This results in the closure of channel I and 
the opening of channel III. In channel III there is indeed a PLQ, while the tail of the QB 
is seen sticking outside of channel II. In Figure 5.5B, PsbJ moved towards ycf12 while 
cyt b559α moved towards cyt b559β. This results in an extra wide opening of channel 
I, which makes it possible that several PLQs are inside this channel simultaneously. It 
can be seen that PLQs can enter in two orientations. One of the PLQs enters channel 
I with its tail first, that almost reaches the QC site, the PLQ in channel II enters with 
its headgroup first. Although PsbJ and ycf12 almost closed off channel III, a PLQ 
head group managed to still enter channel III at the stromal side. In Figure 5.5C, a 
PLQ is located in channel II, while the head group of the QB peaks out of channel III, 
which is wide open due to the approach of PsbJ towards cyt b559α. Again, this causes 
closure of channel I. In panel D of Figure 5.5, both channels I and III are closed, due 
to the approaching of all three subunits cyt b559α, PsbJ, and ycf12. There is a PLQ 
visible in the PLQ exchange cavity, which has reoriented after entering the cavity, its 
headgroup occupies the QC site. Next to PsbK there are two PLQs that penetrate from 
the membrane into the PLQ cavity. None of these two completely enters into the PLQ 
cavity though, and they diffuse back into the membrane. In all the simulations we 
did not observe any of the PLQs reaching into the PLQ cavity by using this pathway 
next to PsbK. This can also be inferred from the density map in Figure 5.4, where in 
both monomers there are small patches of density visible between PsbK and PsbZ. 
The density is however not contiguous with the density in the PLQ cavity. Figure 5.5E 
shows another snapshot, where all three channels are open and simultaneously occu-
pied. Note that the position of PsbX varies significantly in the different panels, which 
could influence the flux through channel II.

Taken together, our simulations point to a plastic behaviour of the plastoquinone ex-
change channels. Subunits cyt b559α+β, PsbJ, PsbK and ycf12 are causing changes 
in channel openings by moving closer together or further apart, causing the channel 
sizes to vary greatly over time. 

Discussion

In this chapter we have investigated the behaviour of PLQ and PLQol in PSII, based 
on coarse-grained molecular dynamics simulations. The CG approach allowed us to 
simulate the full PSII dimer system, including all cofactors and embedded in a re-
alistic thylakoid membrane environment, on an aggregate time scale of more than 
0.6 ms. Here we discuss our results in light of the current literature view on plas-
toquinone binding and exchange pathways. In our simulations with PLQ occupying 
the QB site, both QA and QB remain stationary. This is in line with their function in 
photosynthesis. Experiments suggests that is relatively difficult to remove QA from its 
binding site (Araga et al., 1993; Diner, de Vitry, & Popot, 1988; Ermakova-Gerdes & 
Vermaas, 1998). On top of that we find a relation between the movement of PsbT and 
the mobility of QA, in line with an experimental established relation between QA and 
PsbT (Ohnishi et al., 2007). The QB PLQ is only expected to leave the site after being 
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Figure 5.5: Stromal and side views of the left PSII monomer with different states of 
channels I & III and PLQs in the three different channels. Only PLQs in the vicinity of 
the three channels are shown. Subunits that line the PLQ/PLQol exchange channels are 
colored and labelled. The PLQs are colored light green and the two PLQols (QB) orange. 
The positions of the channels are indicated by their number (I, III and III). Channel I is 
formed by cyt b 559α and cyt b 559β on one side and PsbJ on the other side. Channel II 
is formed by cyt b 559α and cyt b 559βon one side and D2 on the other side. Channel III 
is lined by PsbJ on one side and ycf12 and PsbK on the other side. Dashed circles indicate 
the approximate location of the position of the headgroup in the QB (red) and QC (light 
blue) binding sites.

converted to PLQol. This is confirmed by our simulations: we observe that while all 
PLQs remain in the QB pocket, PLQols diffuse out of this binding site. The affinity of 
PLQ and PLQols for the QC site appears weak. Although the site is frequently visited 
by PLQ/PLQols diffusing through channel I, actual binding is not observed. We hy-
pothesize that the QC site in the crystal structure of Guskov et al. (Guskov et al., 2009) 
either originates from a PLQ trapped inside the channel under the crystallization con-
ditions, or represents a number of weaker binding spots around the QC site.

The exchange cavity serves as a PLQ reservoir

The simulations with 5 mol % PLQ in the membrane show that there are preferential 
regions on PSII where PLQ interacts, and from which PLQ can enter the exchange 
cavity. Importantly, our data suggest that the PLQ cavity could function as a PLQ 
reservoir. We observed a gain of 0.8 PLQ per monomer (leading to a local concen-
tration about twice the bulk membrane concentration of PLQ), and considering our 
simulations did not reach equilibrium yet, the equilibrium population could be even 
higher. Note that the PLQ cavity reservoir should not be confused with the total PLQ 
pool, which is likely located for a large part outside the PSII complex in the thylakoid 
membrane, and estimated to contain from 9-10 PLQs to up to 30 (Govindjee, 2004; 
Kolber & Falkowski, 1993). The entry kinetics of PLQ, on average one PLQ per 50 µs 
per monomer, is fast compared to both the first reduction step of QB towards QB∙- that 
has a time constant of a few hundreds of microseconds (Kern & Renger, 2007) and the 
minimum time required for reoxidation of QA, which is usually around 600 µs (Kolber 
& Falkowski, 1993). This implies that a PLQ is always available close to the QB site to 
replace PLQ upon its reduction to PLQol.

Three channels are independently used as entry and exit pathways

Our simulations provide direct evidence for the existence of designated PLQ/PLQol 
exchange pathways. Surprisingly, we find the exchange taking place via three distinct 
channels, rather than two channels that are usually assumed. Apart from channel I 
and channel II that have been described before (Guskov et al., 2009), we observed 
a third channel between subunits PsbJ and ycf12/PsbK. The simulations show that 
channels I & III are used more or less equally, but that the narrower channel II is used 
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significantly less. The subunits lining the three channels can undergo conformational 
changes, modulating the relative and absolute opening or closure of channels I and III 
in particular. In the literature, three different PLQ exchange mechanisms have been 
proposed: the alternating, the wriggling, and the single channel mechanism (Guskov 
et al., 2009), cf. Figure 5.2. The simulations match each mechanism to a certain extent, 
but not any of them fully. Our data matches with the alternating mechanism in the 
sense that both channels are used as an entry and an exit. It differs to the point that 
a PLQ does not have to leave through the same channel as through which it entered. 
Our simulations agree with the wriggling mechanism to the point that both channels 
are used. In the wriggling model channel I is only used as an entry and channel II 
only as an exit. We observe that PLQs enter to the PLQ cavity using both channel I 
and II (and III) and that one PLQol leaves the binding site through channel III, which 
means that PLQol probably uses channel I as an exit as well. Our simulations do not 
agree with the single channel mechanism in which only channel II is actively used and 
channel I is occupied by a stationary PLQ. We indeed see that PLQs and PLQols use 
channel II, but the flux through channel I is significantly larger. In all three mecha-
nisms the PLQs do directly diffuse to the QB site after entering a channel and directly 
leave the complex after being reduced to PLQol. In our simulations we observe that 
the PLQ exchange cavity can function as a kind of local reservoir of PLQs, where 
PLQs can reorient. The latter is especially relevant because some of the PLQs enter 
tail first.

Limitations of our approach

It is imperative that the results that we found are verified experimentally. Molecular 
dynamics represent a strong tool in probing time and length scales that are experi-
mentally difficult to access. They are however still based on models and are therefore 
prone to inaccuracies and errors. Specific limitations pertaining to the CG Martini 
model that was used in our study are discussed in Chapter I. Particular to this chap-
ter is however the fact that Martini beads are too fat for flat molecules. Due to this 
the CG PLQ and PLQol are fatter than their atomistic equivalents. This could espe-
cially influence the diffusion of PLQ through Channel II, which is the smallest of all 
channels. Mutants studies have already shown that PsbJ is likely to be involved in the 
electron transport from QA to the PLQ pool, pointed to the importance of cyt b559 for 
photosynthesis, and revealed that PsbX has an influence on plastoquinone turnover 
(Katoh & Ikeuchi, 2001; Lind, Shukla, Nyhus, & Pakrasi, 1993; Nowaczyk et al., 2012; 
Ohad et al., 2004; Pakrasi, Williams, & Arntzen, 1988; Regel et al., 2001; Shinopoulos 
& Brudvig, 2012). However, a way to really assess the existence of channel III in vitro 
could be by measuring the distance between the various helices over time. This could 
be achieved by the inclusion of fluorescent or electromagnetic probes in helices cyt 
b559α, PsbJ and ycf12 and subsequently reading out the distances between the sub-
units over time using FRET or EPR measurements. In this way it might be possible 
to verify if the movement of the helices is large enough to allow for the closure and 
opening of the different channels. Closing channels, by crosslinking the helices that 
form them, might be another approach to study the existence and the usage of the 
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various channels. One might be able to close, for example, channel III by crosslinking 
PsbJ, ycf12 and PsbK together and subsequently measure the effect on the redox po-
tential of Qa and the PLQ pool. In this way one might be able to assess if channel III 
is really used.

Conclusion

Based on large scale simulations, we have been able to shed important light on the 
mechanism by which PLQs and PLQols can diffuse in and out of the PSII complex. 
Our simulations do not fully agree with any of the three diffusion mechanisms de-
scribed in the literature (Guskov et al., 2009). Instead they point to a less organized, 
less determined model. Eight main observations can be made. 1) Three different 
channels exist that all can be used as an entry and an exit channel. 2) The entry and 
exit channel do not have to be the same for an individual PLQ. A number of PLQs 
enter and leave through the same channel, but others do this by a different channel. 3) 
PLQs can pass through the channels in at least two different orientations, with their 
headgroup first or with their tail first. 4) PLQs do not directly dock at the QB site from 
the channel, instead they first enter in the PLQ exchange cavity where they can diffuse 
around and reorient themselves. 5) PLQs can accumulate in the PLQ exchange cavity 
forming a PLQ reservoir. 6) The PLQols from the QB site can probably use any channel 
as an exit. Although there is no recording of a PLQol passing through channel II, one 
expects that the PLQols ending up in the PLQ exchange cavity could use any channel 
as an exit. 7) The flux through channel I and III is more or less equal and several times 
larger than through channel II. 8) The relative and absolute flux through channels I 
and III is influenced by the relative conformations of cyt b559, PsbJ, ycf12 and PsbK. 
Possbily PsbX might be able to influence the flux through channel II. Combining the 
eight observations, a model appears in which primarily channel I and III are used, 
each channel functioning as an uncorrelated entry and exit of PLQ/PLQol. The PLQ 
exchange cavity can function as a local PLQ supply in which the PLQs and PLQols can 
reorient and there is a regulatory function of subunits cyt b559, PsbJ, ycf12 and PsbK.
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Samenvatting
Fotosynthese is een van de meest fundamentele processen op aarde. Het vangt de en-
ergie op die zich in licht bevindt en legt deze vast in chemische verbindingen. Hierbij 
ligt fotosynthese  aan de basis van de energie voorziening van vrijwel alle organismen 
op aarde.

Moleculaire dynamica (MD) simulaties vormen een instrument om processen te 
bestuderen die plaats vinden op tijd en lengte schalen die experimenteel moeilijk 
toegankelijk zijn. De grote en lengte van computersimulaties zijn begrensd door de 
beschikbare computertijd. Om toch grotere systemen voor langere tijd te simuler-
en kan gebruik worden gemaakt van zogenaamde grof korrelige (GK) simulaties. In 
plaats van elk atoom afzonderlijk te simuleren, worden in GK simulaties atomen bij 
elkaar gevoegd in kralen. Hierdoor verminderd het aantal deeltjes in de simulatie, 
wat tot gevolg heeft dat het aantal interacties dat berekend moet worden drastisch 
omlaag gebracht wordt. Er is dus minder computer kracht nodig om een systeem te 
simuleren. Het gevolg is echter dat GK simulaties minder detail bevatten. Een verlies 
van detail is in veel gevallen echter niet problematisch, vaak volstaat het de essentie 
van een systeem te beschrijven en zijn niet alle details relevant.

Dit proefschrift presenteert onderzoek aan fotosynthese middels atomistische en 
grofkorrelige moleculaire dynamica simulaties. Het omvat simulaties van zowel het 
cyanobacteriële als het plant thylakoïde membraan en simulaties van het cyanobacte-
riële Fotosysteem II (FSII) ingebed in het thylakoïde membraan.

Hoofdstuk II gaat over de karakterisering van het plantaardige en cyanobacteriële 
thylakoïde membraan. Deze membranen bestaan uit vier verschillenden lipiden 
soorten: phosphatidylglycerol (PG), digalactosyldiacylglycerol (DGDG), monogalac-
tosyldiacylglycerol (MGDG) en sulfoquinovosyldiacylglycerol (SQDG). In de simu-
laties observeren we dat er nanoscopische inhomogeniteiten zijn, maar dat de lipiden 
in het algemeen goed mixen. In het cyanobacteriële membraan heeft bijna elke lipide 
één volledig verzadigde en één enkelvoudig onverzadigde vetstaart. De vetstaart com-
positie in het plant membraan is echter complexer, hier hebben lipiden combinaties 
van enkelvoudig trans onverzadigde staarten, meervoudig onverzadigde vetstaarten 
en volledig verzadigde staarten. Hierdoor organiseren de lipiden in het plant mem-
braan zich niet alleen afhankelijk van hoofdgroep, maar ook naar graad van verza-
diging van hun vetstaarten. De vetstaart compositie van het plant membraan zorgt 
ervoor dat deze een stuk vloeibaarder is dan zijn cyanobacteriële tegenhanger. Tevens 
ondergaat het plant membraan gemakkelijker de transitie van een lamellaire naar een 
geïnverteerde hexagonale fase. Simulaties met plastochinon (PLQ) en plastochinol 
(PLQol) in het thylakoïde membraan laten zien dat PLQ makkelijker flipflopt dan 
PLQol.
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FSII is een van de belangrijkste complexen in fotosynthese. Hoofdstuk III gaat over 
het simuleren van het cyanobacteriële FSII in het thylakoïde membraan, zowel als 
dimeer en als monomeer. Het hoofdstuk beschrijft uitgebreid de opzet van de simu-
laties, onder meer het transformeren van het eiwit van atomair naar GK resolutie en 
de inclusie van cofactoren en lipiden. FSII is stabiel gedurende de simulatie, maar het 
eiwit is dynamischer richting de periferie van het complex. Ook de cofactoren zijn 
bewegelijker aan de buitenkant van het eiwit. Enkele β-caroteen moleculen diffun-
deren zelfs uit het eiwit complex. Waar de FSII dimeer stabiel in het membraan blijft 
zitten, kantelt de monomeer in het membraan. Bij deze kanteling beweegt het PsbO 
eiwit in de richting van het membraan. Als gevolg van het kantelen van de monomeer 
vertoont het thylakoïde membraan welvingen. 

Uit experimenten blijkt dat de thylakoïde lipiden een belangrijke rol hebben in foto-
synthese. Lipiden hebben mogelijke een rol in de vorming van FSII formaties, dimeer-
isatie en in super complex formatie. Bij analyse van de simulatie observeren we dat er 
rondom FSII een verrijking is van de neutrale glycolipide MGDG en de negatief ge-
laden glycolipide SQDG, zie Hoofdstuk IV. Rondom FSII zijn er inderdaad specifieke 
plekken waar deze lipiden zich ophouden, zogenaamde bindingsplekken. Op deze 
bindingsplekken zijn de concentraties van MGDG en SQDG vijf maal hoger dan in de 
bulk. Geladen aminozuren spelen een belangrijke rol in de compositie van deze bind-
ingsplekken, ook in die van het neutrale MGDG. Tevens speelt chlorofyl a een belan-
grijke rol in het binden van lipiden. De meeste lipiden verblijven korter dan 5 µs op 
een specifieke bindingsplek, maar er zijn twee bindingsplekken die lipiden langer dan 
85 µs binden. Op de meeste bindingsplekken binden meerdere lipiden tegelijkertijd. 
Ruwweg kan men de bindingsplekken onderverdelen in plekken die één lipide sterk 
binden en bindingsplekken die meerdere lipiden minder sterk binden. 

Naast de lipiden in het membraan zijn er ook ge-cokristalliseerde lipiden, waarvan 
sommige zich binnen in het eiwit bevinden in de PLQ holte. De PLQ holte is een 
interne holte in PSII waar zich de QB bingingsplek bevindt. We observeerden dat 
gedurende de simulatie sommige ge-cokristalliseerde lipiden uit de holte diffunderen, 
terwijl er membraan lipiden naar binnen diffunderen. De lipiden diffunderen hierbij 
door het zogenaamde “kanaal I” en ook door een tot zover wij weten niet eerder bes-
chreven kanaal, dat wij “kanaal III” hebben genoemd.

Hoofdstuk V gaat over de diffusie van PLQ en PLQol. PLQ en PLQol vormen het 
redox paar dat elektronen van FSII naar cytochroom b6/f complex transporteert. De 
QB bindingsplaats van PLQ bevindt zich in de PLQ holte, om daar te binden moet 
PLQ dus eerst de PLQ holte in diffunderen. Er zijn uit kristal structuren twee kanalen 
bekend die van het membraan naar de PLQ holte lopen. Zoals hierboven genoemd, 
hebben we in onze simulaties een derde kanaal ontdekt, kanaal III. Uit de simulaties 
komt een model naar voren waarin alle drie de kanalen gebruikt kunnen worden als 
zowel in- en uitgang door PLQ en PLQol. De flux door kanalen I en III is echter 
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het grootst en deze wordt beïnvloed door de bewegingen van de omliggende helices. 
Verder zien we dat PLQ na de passage door een van de kanalen niet altijd direct naar 
de QB bindingsplek gaat, maar vaak eerst in de PLQ holte rond diffundeert. 
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Summary
Photosynthesis is one of the most fundamental processes on earth. It captures the 
energy present in light and converts it into chemical bonds. Photosynthesis forms 
hereby the basis of the energy supply for virtual all organisms on earth. 

Molecular dynamic (MD) simulations have the possibility to study phenomena that 
are difficult to study experimentally due to the time and length scales involved. The 
size and length of computer simulations are limited by the available computational 
power. Using coarse grained (CG) simulations it is possible to simulate larger sys-
tems for longer times. In CG simulations not every atom is described individually, 
instead atoms are grouped into beads. Hereby the number of particles in a system is 
decreased, which results in a drastic reduction of the number of interactions that has 
to be calculated. This means that less computational power is required to simulate a 
system. The price for this is however a loss of detail in the simulations. Full detail is 
however not always required and it is often sufficient to describe only the essence of 
a system.

This dissertation presents research on photosynthesis using atomistic and coarse 
grained molecular dynamics simulations. It encompasses simulations of the thylakoid 
membrane of both plants and cyanobacteria and simulations of cyanobacterial Pho-
tosystem II (PSII) embedded in the thylakoid membrane.

Chapter II is about the characterization of the thylakoid membrane of both plants 
and cyanobacteria. The thylakoid membrane is composed out of four different lipid 
species: phosphatidylglycerol (PG), digalactosyldiacylglycerol (DGDG), monogalac-
tosyldiacylglycerol (MGDG) and sulfoquinovosyldiacylglycerol (SQDG). We observe 
in the simulations that these lipids mix well, although there are nano-scale inhomo-
genities. Almost all cyanobacterial lipids have one saturated and one single unsaturat-
ed fatty acid. The fatty acid composition in the plant membrane is more complex. In 
the plant membrane lipids have combinations of single trans unsaturated fatty acids, 
poly-unsaturated fatty acids and fully saturated fatty acids. This results in not only 
an organization according to lipid headgroup, but also according to the fatty acid 
saturation grade. The fatty acid composition of the plant membrane makes it signifi-
cantly more liquid than its cyanobacterial counterpart. Besides, the plant membrane 
undergoes the transition from a lamellar to an inverted hexagonal phase at higher 
hydration levels. Simulations with plastoquinone (PLQ) and plastoquinol (PLQol) in 
the thylakoid membrane show that PLQ flipflops easier than PLQol. 

PSII is one of the most important complexes in photosynthesis. Chapter III is about 
the simulation of PSII embedded in the thylakoid membrane, both as a dimer and as 
a monomer. The chapter extensively describes the setup of the simulations, including 
the transformation of the atomistic structure to CG resolution and the inclusion of 
cofactors and lipids. During the simulations PSII is overall stable, but is more dynam-
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ic towards the periphery of the complex. Also the cofactors are more mobile at the 
protein periphery. Some of the β-carotene molecules even diffuse out of the protein 
complex. In contrast to the PSII dimer, which remains stable in the membrane, the 
PSII monomer tilts in the membrane. During this tilting the PsbO subunit moves to-
wards the membrane. As a result of the tilting the thylakoid membrane buckles.

Experiments indicate that the thylakoid lipids have an important role in photosyn-
thesis. Lipids have potential roles in the formation of PSII arrays, dimerization and 
supercomplex formation. When we analyzed the interactions between PSII and the 
thylakoid lipids, we observed around PSII an enrichment of the neutral glycolipid 
MGDG and the negatively charged glycolipid SQDG, see Chapter IV. There are in-
deed specific sites around PSII where these lipids reside, so-called lipid binding sites. 
At these sites the MGDG and SQDG concentrations are five times as high as in the 
bulk. The analysis of the binding sites shows that charged amino acids, as well as chlo-
rophyll a, play important roles in the binding of these lipids, also in binding the neu-
tral MGDG. Most of the lipids remain shorter than 5 µs at a specific binding site, but 
there are two sites that bind lipids for more than 85 µs. Most of the binding sites bind 
multiple lipids simultaneously. One can divide the binding sites roughly into sites that 
bind one lipid strongly and sites that weakly bind multiple lipids simultaneously.

Apart from membrane lipids, there are also co-crystalized lipids, of which some are 
located inside the protein in the PLQ cavity. The PLQ cavity is an internal cavity of 
PSII, in which the QB binding site is located. During the simulation we observed that 
some of these co-crystalized lipids diffused out of the PLQ cavity, while membrane 
lipids diffused in. The lipids hereby diffused through the so-called “channel I” and also 
to a to our knowledge previously undescribed channel, which we named “channel III”.

Chapter V is about the diffusion of PLQ and PLQol. PLQ and PLQol form the redox 
couple that transfer electrons from PSII to cytochrome b6/f. The QB binding site of 
PLQ is located in the PLQ cavity, binding therefore requires first the diffusion of PLQ 
into the PLQ cavity. From crystal structures there are two channels known that con-
nect the membrane with the PLQ cavity. As mentioned above, we discovered a third 
channel during our simulations, channel III. From our simulations a model appears 
in which all three channels can be used as both an entry and an exit by PLQ and 
PLQol. The flux through channel I and III is however the largest and is influenced by 
the movements of the surrounding helices. Furthermore we see that PLQ does not al-
ways go directly to QB site after passage through one of the channels, but first diffuses 
around in the PLQ cavity.





Chapter VIII



Photosytem II in silico

144

Outlook
The simulations presented in this dissertation provide some new insights in photo-
synthesis, but there is still a lot to explore.

It is imperative that the findings from the simulations are validated experimentally. 
Collaborations with experimental partners could confirm the existence of the third 
PLQ channel, the diffusion of the BCRs and the tilting of the PSII monomer. 

Human life is almost completely dependent on plants, which is why one would also 
want to simulate plant PSII. Although the photosynthetic machinery of cyanobacteria 
and plants are in many aspects very similar, there are also significant differences. An 
important difference between plants and cyanobacteria is the type of antennae that 
are used. Plants have light harvesting complexes, while cyanobacteria use phycobili-
somes to collect light. The recent publication of a spinach PSII-LHCII super complex 
structure provides the opportunity to simulate plant PSII in conjunction with its an-
tenna complexes (Wei et al., 2016).

Thylakoids form complex membrane systems composed out of grana and stroma 
lamellae, over which the photosynthetic complexes asymmetrically distribute (Dan-
ielsson, Albertsson, Mamedov, & Styring, 2004). Thylakoids are on top of that dense-
ly packed with proteins (Kirchhoff, Mukherjee, & Galla, 2002). Future work might 
therefore focus on for example super complex formation by simulating a much more 
crowded thylakoid membrane that contains multiple copies of the various photo-
synthetic complexes. An even larger scale approach would include complete grana 
and lamellae, hereby the asymmetric distribution of the different complexes could be 
studied, the diffusion of electron carriers between these complexes and also the PSII 
repair cycle. 

Apart from the main photosynthetic complexes, there are also smaller proteins im-
portant in photosynthesis. It would be very interesting to study using MD the working 
mechanisms of the proteins involved in the induction of NPQ, e.g. PsbS, violaxanthin 
de-epoxidase or the orange carotenoid protein, which are all three involved in the 
onset of NPQ (Garab, Ughy, & Goss, 2016; Kirilovsky, 2015; Tibiletti, Auroy, Peltier, 
& Caffarri, 2016). The working mechanism of the CURT1 protein family is another 
excellent research subject for MD. These proteins are responsible for the curvature of 
the grana margins (Armbruster et al., 2013).

Most of the simulations in this thesis were performed at CG resolution. Some aspects 
of PSII can however only be studied at higher resolutions. It would be very interesting 
to model the interactions between PSII and the thylakoid lipids at atomistic reso-
lution, this would render information about the exact binding of the lipids and the 
role of hydrogen bonds in this. Excitation transfer is highly dependent on pigment 
orientation. An atomistic simulation of PSII would give more accurate information 
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about the dynamics of the chlorophylls, pheophytins and β-carotenes, which would 
open the way more precise modeling of PSII at quantum level, providing insight in the 
excitation dynamics and the functioning of the oxygen evolving complex.
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