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ABSTRACT: Photosystem II (PSII) is one of the key protein
complexes in photosynthesis. We introduce a coarse grained
model of PSII and present the analysis of 60 us 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
characterize their mobility. Overall we find that the protein
subunits and cofactors are more flexible toward the periphery
of the complex as well as near the PLQ exchange cavity and at
the dimer interface. Of all cofactors, f-carotenes show the
highest mobility. Some of the f-carotenes diffuse in and out of

the protein complex via the thylakoid membrane. In contrast with the PSII dimer, the monomeric form adopts a tilted
conformation 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 dynamics on a microsecond time scale. Our data may be used as basis for the interpretation of experimental data as well as

for theoretical models describing exciton energy transfer.

B 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
plastoquinone (PLQ), which renders oxygen as a waste
product. Concurrently a proton gradient is generated, which
is used for the generation of adenosine triphosphate (ATP)."

PSII is a homodimer in vivo, but individual monomers are
fully functional.” The PSII complex is large; each monomer
consists of 27 subunits in plants and 20 in cyanobacteria,
respectively.” A large number of cofactors supplement PSII with
its light-harvesting and water-splitting capabilities. Each
monomer contains around 77 cofactors, including ions and a
number of glycolipids.”~” More details of the structure and
functionirslgwof PSII can be found in a number of recent
reviews. ’

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

-4 ACS Publications  © XxXx American Chemical Society

a detailed and dynamic view on protein—lipid interactions."*~"¢

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 complexes. Sener et al,, for instance, created an
all-atom model of a bacterial chromatophore by merging AFM,
cryo-EM, and crystallography data.'” 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.'®

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 complex (OEX)."” In a later study the energy
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profiles for water penetration into water channels were
calculated and sites that might function as selectivity filters
were identified.”” Gabdulkhakov et al. also studied the water
channels in PSII and assessed the mobility of water molecules
in the different channels.”’ 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.”* In another study, Zhang et al. used QM/MM to
determine the excitation energy of chlorophylls at the PSII
reaction center”’ and identified chlorophyll a (CHL) 606 as the
most probable 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 on much longer time
scales, for example, PLQ_ exchange and the PSII repair cycle.
Current computational power makes it difficult to study the
dynamics of big protein complexes like PSII with atomistic
detail on a microsecond time scale. 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.”*** In particular the CG Martini force field*® has been
widely applied in this area, for example, to predict protein—lipid
binding sites,”””* to study membrane mediated protein—
protein interactions,”>" and to e)gplore the role of composi-
tional complexity and crowding.”* ™"

Here we present CG simulations of PSII from cyanobacte-
rium Thermosynechococcus vulcanus based on the Martini force
field. The complex is embedded in a realistic thylakoid
membrane® composed of a mixture of phosphatidylglycerol
(PG), and the glycolipids digalactosyldiacylglycerol (DGDG),
monogalactosyldiacylglycerol (MGDG) and sulfoquinovosyl-
diacylglycerol (SQDG) glycolipids. We describe in detail the
setup of this complex system and present results on the internal
mobility of the protein subunits and various cofactors for both
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 are an important step toward detailed simulations
of large-scale supercomplex formation of the photosystem and
its antenna complexes.

B METHODS

Simulation Parameters. The Martini force field (version
2.2) was used to model the protein interactions.”® The
EINeDyn approach was used to stabilize the protein®” using
the standard values for cutoff = 0.9 nm and force constant F, =
500 kJ mol™' nm™2 EINeDyn defines a network of elastic
bonds between the backbone beads (BBs) 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 on the parameters for glycolipids
from Lépez et al.”® with slight modifications as described by
van Eerden et al.>’ The parameters for the cofactors were taken
from de Jong et al,* with a few modifications to improve
numerical stability (see Supporting Information, Figure S1).
The standard Martini water model was used,*' in which four
real water molecules are represented by a CG bead.

The GROMACS 4.5.5 MD package*” was used to perform
the simulations, with the standard parameter settings for the
Martini force field"' The system was simulated using the
isothermal—isobaric (NpT) ensemble. The v-rescale thermostat

was used to control the temperature with a coupling constant 7,
= 2.0 ps.”® The pressure was semi-isotropically coupled to an
external bath of p = 1 bar with a coupling constant of 7, = 1.0
ps and compressibilitz of ¥ = 3.0 X 107* bar™' using the
Berendsen barostat.”" The electrostatic 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 a shifted potential was also used, with a
cut off of 1.2 nm and a switch at 0.9 nm.

Setup of the PSIl Complex. The crystal structure of PSII
of the thermophilic cyanobacterium Thermosynechococcus
vulcanus served as the starting structure of the simulation,
PDB ID: 3ARC.° (Note, a refined version of the Umena
structure had been released, PDB ID: 3WU2, which supersedes
entry 3ARC in both the PDB and OPM databases.) The
structure contains 19 out of a total of 20 subunits. The two
monomers of the crystal structure are virtually identical, except
for 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, *’
ModLoop,46 and VMD."” VMD’s Molefacture extension was
used to model missing heteroatoms back in the structure. After
the reconstruction 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. To prepare PSII for insertion in a bilayer, it was
fitted on the 3ARC entry of the OPM database™® with the use
of PyMol."” The OPM database contains a calculated
orientation of membrane proteins in the bilayer. The Martinize
script®® was then used to convert the protein part of PSII (i.e.,
the amino acids) to a CG Martini structure, with DSSP*° being
used on the fly to determine the secondary structure of the
protein. In the Martini model the polarity of the BBs and the
dihedral between BBs depends on the secondary structure,
which therefore remains fixed during the simulation.”’ All
histidines were modeled in their neutral form.

Only after the reconstruction of the second monomer and
the CGing of the dimer was it noted the missing residues of the
cyt b 559p, residues 2—11, were not correctly modeled by
ModLoop. The positions of these residues were therefore
manually adjusted in VMD, separately for each monomer. This
resulted in small differences between 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: CHL, pheophytin (PHO), heme
(HEM), f-carotene (BCR), PLQ, and the OEX, displayed in
Figure 1. An overview of the number of each of these cofactors,
as well as cocrystallized ions, is given in Table 1. All cofactors
were explicitly included in our simulation, as shown in Figure 2.
In this study the CHL cofactors are numbered as in Umena et
al,, which is their residue number in the pdb file minus 600.
According to this scheme we also numbered the HEM and
PHO cofactors. The other cofactors are identified according to
thg residue number that they have in the structure of Umena et
al.

In vivo the HEM 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 monomer, 27 are coordinated by
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Figure 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 gray. The headgroups and
glycerol linkers of the different lipid types are colored 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.

Table 1. List of the Cofactors That Are Included in the
Simulation”

cofactor name abbreviation ~ number per monomer
chlorophyll a CHL 35
pheophytin PHO 2
heme HEM 2
[-carotene BCR 12
plastoquinone PLQ 2
oxygen evolving complex OEX 1
nonheme iron Fe?* 1
water (for CHL coordination) w 5
magnesium ion Mg* 1
bicarbonate ion BCT 1
calcium ion Ca** 3
chloride ion Cl~ 3

“Numbers are per monomer. The lipids are not included in this list.

histidines, 7 by water molecules, and 1 by an asparagine residue.
The two HEMs 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 HEM molecule was bound to its coordinating
residues with harmonic bonds; see the Supporting Information
(Tables S1 and S2 and Figure S2).

PHOs do not have a central ion by which they can be ligated
to the protein. 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 the Supporting Information (Tables
S1 and S2) for details. For BCRs and PLQs, no bonded
potentials were used to tie them to the protein complex.

The 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 capturing any chemical reactions, but it does give a
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Figure 2. Position of PSII subunits and cofactors. (A) View on PSII
dimer from the plane of the membrane, with labeling of the 19
subunits colored according to chain. The gray 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
cofactors are shown. The cofactors are colored as follows:
plastoquinone (PLQ) yellow (in Qa and Qb sites), p-carotene
(BCR) orange, and oxygen evolving complex (OEX) purple. The
BCRs are labeled with the residue numbers they have in the crystal
structure of Umena et al.° (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 positioned
CHLs and HEM and the right monomer shows 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
panel C. Stromal (E) and lumenal (F) view of all lipids included in the
PSII dimer model. Lipids 1—20 are cocrystallized 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 cocrystallized lipids found in the crystal
structure; for details see Table S3. Coloring as in Figure 1.

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
QO beads with a charge of +1.5e each. The beads are bound to
each other with harmonic bonds with F. = 10000 kJ mol™!
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 the Supporting
Information (Tables S1 and S2).
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Furthermore, we included all cocrystallized ions in our
systems as well as the special bicarbonate ion, which is thought
to be important for electron transport®” (cf. Table 1). To
model the cations (Mg, Fe**, Ca®"), for which no standard
Martini parameters exist, a QO 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 cocrystallized ions were ligated to
the PSII system with harmonic bonds; see the Supporting
Information (Tables S1 and S2). The PSII structure also
contains many cocrystallized water molecules. In the Martini
model, a water bead represents four real water molecules, which
makes it impossible to include individual water molecules 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
during the equilibration phase. Some water molecules are
present in the interior of the complex, for example, 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 Backward script.”> The position of the
cofactors inside PSII is illustrated in Figure 2B—D.

Inclusion of Cocrystallized Lipids. Four different types of
lipids are present in the crystal structure: the negatively charged
lipids PG and SQDG and the neutral MGDG and DGDG; see
Figure 1. All 40 cocrystallized lipids were included in the
simulation; an overview is given in Supporting Table S3. The
position of the lipids inside the PSII dimer is shown in Figure
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.’*® Details of the specific lipids included in our
model in the case of detergent molecules or poorly resolved
lipid densities are given in the Supporting Information.

Embedding in the Thylakoid Membrane. The complete
PSII dimer, including all cofactors, cocrystallized ions, and
internal lipids, was subsequently embedded in a CG model of
the thylakoid membrane of T. vulcanus and solvated using the
Insane script.”* The composition of the membrane was taken
from van Eerden et al,” which is an adaptation to CG
resolution of the lipid composition experimentally determined
by Sakurai et al.’> The thylakoid membrane contains 2686
lipids in total, comprising a mixture of MGDG, DGDG, SQDG,
and PG lipids, as specified in Table 2. A smaller bilayer,
containing 1428 lipids, was used to solvate the PSII monomer.
Compared with 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.*

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

Table 2. Composition of the Thylakoid Membrane®

dimer monomer

number of lipids

stromal lumenal stromal lumenal

lipid name mol %  leaflet leaflet leaflet 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
Dil6:0 SQDG 10 134 134 71 71

“Note that 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.” 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®® 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.

73 144/40 648 CG water beads (representing four times as
many water molecules). In addition, 455/253 Na* and 455/253
CI” ions were added, corresponding to ~100 mM Na*Cl™ plus
1032/541 Na" counterions 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 performed, followed by a conjugate gradient
and then a second-steepest descent minimization. Both systems
were subsequently equilibrated in eight consecutive runs
totaling 298 ns, in which the time step was slowly increased
from 1 to 10 fs and the temperature was increased from 200 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 k] mol™ nm™,

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

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 us each, extending the total simulation time by 475 ps.
These simulations had the same starting structure as described
before but contained PLQ_in the membrane and PLQol at the
Qg 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.

B RESULTS AND DISCUSSION

We simulated the PSII monomer and dimer complexes of T.
vulcanus for 60 ps. The complexes contained all cofactors and
were embedded in a realistic representation of the thylakoid
membrane, shown in Figure 3. T. vulcanus is a thermophile;55
therefore, the simulations were performed at 328 K,
maintaining the thylakoid membrane in the fluid phase.”” In
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Figure 3. Snapshot of the PSII dimer and all cofactors embedded in a thylakoid membrane. PSII is colored as in Figure 2A and the cofactors as in
Figure 2B—D: CHL in green, PHO in blue, HEM in red, PLQ_in yellow, BCR in orange, and 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 gray, and palmitoyl
tails white (cf. Figure 1). Sodium and chloride ions are colored pink and lime, respectively. Water is colored blue. Some water and lipid molecules are

omitted for clarity.

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.

PSIl 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 RMSF of the protein backbone (BB), where the reference
structure is the time-averaged BB structure. The two monomers
reorient slightly in the beginning of the simulation (<1 ps), but
the complex remains a stable dimer. The RMSD of the complex
stabilizes around ~0.5 nm after only ~20 us and shows that
one of the monomers is slightly less mobile; see the Supporting
Information (Figure S3). In Figure 4 the residues of the PSII
dimer are colored according to their RMSF values. The average
RMSEF values of the individual subunits are listed in Table 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 PsbX
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 ps. Full
convergence would, however, require more sampling.

Overall the RMSF depicts a relatively rigid protein, especially
the transmembrane region 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.”> They observe very stable helices in the protein
core and more mobile regions in the protein periphery such as
the stromal exposed residues, the lumenal subunit PsbO, and
some of the more peripheral-located transmembrane 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 caution, as B factors, in principle,
show the uncertainty in the positions of atoms, and that can
occur due to numerous reasons: true dynamic behavior,
radiation damage, low-quality crystal leading to low-quality
data, suboptimal refinement procedure, and so on.’® Keeping
these precautions in mind, we analyzed B factor distribution of
the PSII crystal structure at 1.95 A resolution resolved by of
Umena et al.® At this resolution, B factors, in general, reflect
reliably the dynamics of the system, and they revealed a similar
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 in both the
simulations and the crystal structure the helices of PsbZ
become more mobile toward the lumen.

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 PLQ
exchange cavity, cyt b 5590, cyt b 5598, PsbJ, PsbK, and ycfl12.
The high mobility of Psb] is remarkable; this subunit delineates
together with cyt b $59a one of the PLQ pathways.”” It has
been shown that Psb] is involved in the downstream electron
flow from Q, to the PLQ pool.***” Its high mobility might be
related to the regulation of the PLQ and PLQol exchange to
and from the PLQ pool.

The helices located at the periphery of the complex form the
second region with increased mobility, notably, Psbl, PsbH,
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Figure 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 of 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). 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). Second panel: heme (HEM). Third panel: -
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 surface. For clarity the RMSF values are capped at 0.4, 0.2, 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.

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, 3 out of 10 PsbX helices show a very similar
movement. PsbX is located next to the second PLQ channel,’
and experiments suggest that this subunit is also involved in the
PLQ turnover at the Qg site.”®® Its location and mobility
could render PsbX a function as a gatekeeper of the second

PLQ_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 interface, of which PsbL, PsbM, and PsbT
are the most mobile subunits. The dimer interface is occupied
by lipids, which give the neighboring helices some extra
conformational freedom and might assist in the formation and
dissociation of dimers.”' PsbM has been suggested to play a key
role in the dimerization of PSII®> by forming a leucine zipper
with the PsbM helix from the other monomer.” There are
experimental results that support the role of PsbM in
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dimerization,®> but other studies suggest that PsbM is not
essential for dimerization.”*"® A possible role for PsbM in
dimerization is that it could serve as a recognition element for
the reassembly after D1 replacement.”’ During the simulation
the PsbM helices stay together at their termini, but the central
parts of the helices start to move apart from each other after
~20 ps. At the beginning of the simulations the PsbM Leul6
side chains are 0.67 nm apart, but the average distance after 50
us is 1.03 nm. The acyl chains of the lipids wriggle in the space
between the two PsbM subunits. In five from a total of six
simulations the PsbM helices separate, showing that the
contacts between the opposing PsbM helices are not very
strong. Our results therefore suggest 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,”” which would be impaired by too strong
connections between the monomers.

Isolated PSIl 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 S4), is 2.7 + 0.2 um” s™'. Note, however, that the
dynamics of a CG model are inherently only approximate.
Because of the neglect of atomistic degrees of freedom, CG
molecules diffuse faster compared with molecules modeled with
full atomic resolution. The speedup factor sensitively depends
on the details of the system. In the case of the thylakoid lipids,
we previously measured a speed up factor of ~30 based on a
comparison of the mean-squared displacement curves of the
CG lipids to atomistic ones.’” Correcting for this difference, a
more realistic diffusion rate for the PSII dimer is on the order of
107" um?® s7". 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.*®
Measurements show that the mobility of PSII is very low, in
particular, under nonstress conditions in both cyanobacteria
and plants, with a diffusion constant <2 X 107> um* s™' in
cyanobacteria.”””° Monte Carlo simulations showed that PSII
diffusion is severely hampered at high packing densities.”" 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. Interestingly, plants can
increase the protein mobility in the grana upon high light stress
by changing the organization of the grana membranes.”””’
Also, in cyanobacteria the protein mobility is increased after
high light exposure. After an intense red light treatment the
diffusion of all chlorophyll containing pigments is ~2.3 X 1072

2 s717* 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 are shown in
Figure 4 for the different types of cofactors. Average RMSF
values are listed in Table 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
S2).

We find that the mobility of the CHLs depends on their
location in the PSII complex (Figure 4). Toward the periphery
of the protein the CHL molecules are more mobile; this is
especially true for CHLI12 that is located completely at the
periphery of the complex. The centrally located CHL4 and
CHLS 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 unlike the porphyrin ring (Table
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 LHCIL>~"” The higher
mobility results in a larger spread of possible pigment
environments, leading to more possible vibrational energy
levels of the electronic 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 PSIL,”® and our data suggest that this
might be particularly relevant toward the protein’s periphery
because there the CHL mobility is the highest; see Figure 4.

The four HEMs (two per monomer) remain tightly bound
(Figure 4). The mobility of HEM41 is somewhat higher than
that of HEM42. This is mainly reflecting the higher mobility of
cyt b 559a and cyt b 559p, which coordinate HEMA41,
compared with PsbV, which coordinates HEM42.

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 PLQ_exchange
cavity show a high mobility (Figure 4), including the added
BCRs with residue number 794 (see Supporting Information
and Table S3). The high mobility could explain why these two
BCRs were not properly identified in the crystal structure (with
an average B factor of 60). One of the added BCRs even
diffuses through the PLQ_entry/exit pathway, as illustrated in
Figure SA. The lipid environment 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 headgroups in between the different interfacial
subunits, for example, 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 SB). 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.*’ Eventually, two out of three BCRs reassociate
with the protein. BCR649, which originates from the dimer
interface, ends up in the PLQ exchange cavity of the other
monomer, entering via Channel I (see Guskov et al. for the
channel names”). BCR650 reattaches to the protein at the D2
subunit, next to PLQ_channel II. In each 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
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Figure 5. BCRs diffusing in and out of PSIL (A) Time series of
snapshots of BCR 794 diffusing in and out of PSIL. BCR 794 diffuses
out of the complex between subunits Psb] and ycf12; subsequently it
reenters between cyt b 559 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
S3. (B) 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.

the areas around the entrances toward the PLQ_channels are
frequently visited by the BCRs as well.

BCRs protect PSII against photobleaching,”” and it is
therefore important that the BCRs are present in the PSII
complex and stay close to the chlorophylls.”” 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 weaker 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 experimental support
for a model in which BCRs can be replaced. Isotope labeling
experiments revealed that there is a continuous turnover of
BCR, also under nonstressful conditions.*' If BCRs can diffuse
in and out of PSII, one would expect the presence of a pool of
free BCRs in the thylakoid membrane. BCRs have been
detected in the thylakoid membrane,®” 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 suggested that BCR and
other pigments bind at an early stage to the PSII
apoprotein,®>** which makes the presence of a BCR pool less

likely. On the contrary, Boechm 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 significantly contribute to the stability of the CP43
protein,”® 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 PSIL 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 Qg Site. PSII contains
two PLQs per monomer, the stationary Q, and Qp Qg
becomes a PLQol after accepting two electrons and two
protons. We measured the PLQs  relative mobility by
measuring their RMSF.

Although Q, remains at its binding site, as expected given its
stationary role, Q, is surprisingly mobile (see Table SS and
Figure 4). In the right monomer of the dimer simulation, the
end of the Q, tail is able to pass alongside PsbT, which has
moved slightly regarding to its position in the crystal structure.
The tip of the Q, tail resides at the dimer interface for some
time, but by the end of the simulation it returns back inside the
monomer. Not only are the tails of the Q, molecules mobile,
but also the head groups of the molecules can change position
within the binding site. The headgroup mobility seems to be
unrelated to the PsbT position. The tails of the Qg molecules
are also rather mobile, but their head groups show very limited
movement. In any case, the Qy 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 toward PLQol.

In conclusion, it seems that the Q4 PLQ is able to reorient to
some extent inside its binding pocket, whereas the PLQ at Qg is
rather stationary.

PSIl Monomer Adopts a Tilted Orientation in the
Membrane. To test if the PSII dimer and monomer behave
differently, we also performed a 60 us 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
~2 ps the protein tilted in the thylakoid membrane, moving the
PsbO subunit toward the membrane surface and causing
substantial membrane buckling, as illustrated in Figure 6. In the

Figure 6. Tilting of PSII monomer. Snapshots of PSII-monomer in the thylakoid membrane at two different time points, the onset of tilting (t = 2
us) and a fully tilted configuration (t = 30 us). PsbO is marked and the dimer interface is indicated in the left panel by a gray/red line. Coloring of

the protein subunits as in Figure 3.
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Figure 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 fluctuations of the PSII backbone, which are capped at 0.4 nm. Lipids close to the protein are shown in
light blue in the stromal and lumenal views. The various subunits are marked. The right side shows the fluctuations of the different cofactors. First
panel: chlorophyll a (CHL) and pheophytin (PHO). Second panel: heme (HEM). Third panel: S-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 PSI, 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, 0.2,
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.

dimer configuration the second monomer would prevent such
tilting. The monomer tilting might be caused by a different
shape of the monomer compared with the dimer, forcing the
protein in a different orientation to release hydrophobic
mismatch. Another 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.**™** We speculate that the
combination of an extremely crowded membrane combined
with the tendency to buckle might drive PSII monomers to
diffuse toward the stromal lamellae. The monomer might not
be able to tilt in the very crowded grana core,” but the grana
margin might provide enough space for it. It would therefore be
energetically favorable for the monomer to move toward the
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grana margin, from where it can diffuse toward the stroma
lamellae. Although cyanobacteria lack grana appression and
grana stacking, there is evidence that also in cyanobacteria PSII
is repaired in specialized re§ions of the thylakoid membrane, to
which PSII has to diffuse.”

Similar Protein and Cofactor Mobility in Monomeric
and Dimeric PSIl. 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 S4, Figure 7, left panel). The
average RMSF of the monomer subunits is 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 Psbl, PsbL, PsbM, and PsbT that are
significantly more mobile in the monomer. The largest part of
the PsbM and PsbT helices tilts and moves 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 monomer and the dimer (Table S4,
Figure 7, right panel). The mobility of the PHO porphyrin ring
is also similar between monomer and dimer. In the monomer,
the tail of PHOS 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
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 PLQ
exchange cavity, and all of the BCRs that diffuse out of the
complex reassociate again with the protein. The stability of the
HEMs is nearly identical in the monomer and the dimer.

In the monomer, the stationary Q, also shows a higher
mobility than Qg. This is mainly 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 interfacial lipids that
keep the helix in place. This results in an increased
conformational freedom of the Q, tail. The fact that the
mobility of Q, is a function of the presence of PsbT is in line
with experimental results that show the requirement of PsbT
for stable positioning of Q,.”"

The overall similarity of the PSII monomer and the dimer
regarding protein and cofactor mobility might be expected
given that PSII monomers are capable of oxygen evolution.”” 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 ym?* s},
which is significantly lower than the diffusion constant of the
dimer (2.5 + 0.3 um® s7') 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 increases the friction.

B CONCLUSIONS

Using coarse-grained MD simulations, we characterized the
behavior of PSII monomers and dimers in the thylakoid
membrane on a multimicrosecond 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 toward 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 of 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,
although free to move, remain stably bound at both the Q, and
Qg sites. The BCRs, on the contrary, 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
membrane, allowing BCRs to dynamically enter and leave PSIL

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 toward 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 PLQs. 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 efficient backmapping tools>* and
recently parametrized all-atom force fields of the cofactors and
the thylakoid lipids.*”**** Finally, combined with recent
models of the LHCII complex77 and PSII of higher plants,,7
detailed models of light-harvesting supercomplexes” could be
developed following the pioneering work of the Schulten
group'” on the bacterial chromatophore.
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