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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 
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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.
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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.
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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.
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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.

10 000 kJ mol-1

300 kJ mol-1
backbone
bead

sidechain
beadcarbon  

bead

carbon / 
nitrogen 
bead

Mg

I II III

water
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backbone
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sidechain
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10 000 kJ mol-1

2500 kJ mol-1

10 000 kJ mol-1
300 kJ mol-1

backbone
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sidechain
bead
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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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