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

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The thylakoidmembrane is essential for most forms of life. It has the
special capability to perform photosynthesis, the process in which solar
energy is harvested and converted into biochemical energy. The
thylakoid membrane is located inside chloroplasts and in the lumen of
cyanobacteria. Only the light-dependent reactions of photosynthesis,
in which ATP and NADPH are generated, take place in the thylakoid
membrane. Photosynthesis is the result of a complex interplay between
the proteins embedded in the thylakoidmembrane, the lipids thatmake
up the thylakoid membrane and a set of cofactors [1,2]. The most
important photosynthetic proteins are photosystem II (PSII) and photo-
system I (PSI) with the associated light-harvesting complexes (LHC),
the cytochrome b6/f complex and ATP synthase.

Four unique lipid classes make up the thylakoid membrane:
phosphatidylglycerol (PG) (~13%), digalactosyldiacylglycerol
(DGDG) (~32%), monogalactosyldiacylglycerol (MGDG) (~40%) and
sulfoquinovosyldiacylglycerol (SQDG) (~15%) [2,3]. This composi-
tion is highly conserved in oxygenic organisms, but the type and
stoichiometry of the lipid tails vary per species [2,4]. A growing
Groningen, The Netherlands.
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number of studies indicate that the special lipid composition of the
thylakoid membrane is mandatory for the proper functioning of the
photosynthetic machinery [5].

In vivo the thylakoid lipids are organized as bilayers [6,7], but the
overall composition gives the thylakoid membrane a high propensity
to formnon-bilayer phases [6]. Indeed a total lipid extract from the chlo-
roplast membrane does not form bilayers in water [8]. PG, SQDG and
DGDG are all bilayer forming lipids, but themost prominent component
of the thylakoidmembrane,MGDG, forms inverted hexagonal phases [9,
10]. Next to the lamellar phase, a non-lamellar lipid phase of the thyla-
koid membrane might be required for photosynthesis [11]. It has been
proposed that inverted hexagonal phases are important for the
violaxanthin cycle, by facilitating the flip-flop of antheraxin. It is as-
sumed that these inverted hexagonal phases are preferentially located
in MGDG rich domains and that violaxanthin de-expoxidase especially
binds inMGDG rich domains [12–14]. In the literature there is some un-
certainty about the lateral heterogeneity in the thylakoid membrane.
Initially it was thought that the various regions of the thylakoid mem-
brane have different lipid compositions [15], but more recently it was
shown that the bulk lipids of the thylakoid membrane do not display
lateral heterogeneity [16]. The resolution of these techniques is, however,
on a mesoscopic scale, and a detailed view of the nanoscale organization
of thylakoid membranes is currently lacking.

In order to provide such a view and to obtain a more fundamental
level understanding of the role of lipids in the thylakoid membrane,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2015.02.025&domain=pdf
http://dx.doi.org/10.1016/j.bbamem.2015.02.025
mailto:f.j.van.eerden@rug.nl
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http://www.sciencedirect.com/science/journal/00052736
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we resort to multiscale molecular dynamics (MD) simulations. MD
offers excellent possibilities to study lipid systems, as it allows to
measure time and length scales which are difficult to access with
experimental techniques. Membrane simulations have become
common practice [17,18] and simulations of glycolipids are gaining
popularity [19]. Previous MD studies in the thylakoid field include
the simulation of a mixed MGDG/phosphocholine membrane [20]
and a short (1 ns) simulation of PSII solvated in a bilayer composed
of 73 thylakoid lipids, but lacking SQDG [21]. Recently a 10 ns all-
atom simulation of photosystem II embedded in the thylakoid mem-
brane was performed [22].

Herewe simulate the thylakoidmembrane of both higher plants and
cyanobacteria. Our model of the thylakoid membrane is based on the
experimental characterization of the thylakoid membrane by Sakurai
et al. [3]. The cyanobacterial membrane composition is from
Thermosynechococcus vulcanus, a thermophilic cyanobacterium, which
is isolated from Japanese hotsprings and grows optimally around
330 K [23]. Surviving in such an environment requires a membrane
that is still in a liquid-crystalline phase and not too leaky for protons
at these elevated temperatures [24,25]. Increasing the amount of fully
saturated fatty acids is one way in which prokaryotes do this [26]. The
plant membrane composition is taken from Spinacia oleracea (spinach).
In contrast to the cyanobacterial membrane, the plant membrane is
strongly enriched in polyunsaturated lipids [3] that keep the thylakoid
membrane fluid at physiological temperatures.

We combine coarse-grain (CG) and all-atom (AA) MD simula-
tions to characterize the thylakoid membranes. Using the CG Martini
model [27,28] we study the long time scale properties of the mem-
branes and we analyze structural properties such as lateral lipid
mixing and lipid tail order, as well as dynamic properties including
diffusion of lipids and plastoquinone and plastoquinol co-factors.
The cyanobacterial and plant membranes are compared to each
other, and tomembranes composed of more common phospholipids.
Backmapping of representative CG configurations to all-atom models
finally provides a fully atomistic view on the lipid organization of the
thylakoid membrane.
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Fig. 1. Chemical structures of thylakoid lipi
2. Methods

2.1. System composition

The cyanobacterial membrane was modeled to the membrane
composition of T. vulcanus and the plant membrane to the thylakoid
composition of S. oleracea (spinach). The actual compositions were
based upon the experimental characterization of the thylakoidmem-
brane by Sakurai et al. [3]. Both cyanobacterial and plant membranes
contain four major classes of lipids: phosphatidylglycerol (PG),
digalactosyldiacylglycerol (DGDG), monogalactosyldiacylglycerol
(MGDG) and sulfoquinovosyldiacylglycerol (SQDG). The difference
between cyanobacterial and plant membranes is found mainly in
the percentage of poly-unsaturated tails, which is increased in case
of the plant membrane. The structure of the lipid head groups and
tails that we included in our model are shown in Fig. 1. The composi-
tions determined by Sakurai et al. [3] and the composition of our in
silico membrane model are compared in Table 1. For the simulated
membranes, we used a slightly higher proportion of PG headgroups
than was found experimentally. This choice was made to increase the
statistics in future studies on interaction of PG with PSII, which is be-
lieved to be functionally relevant [3]. The percentage of saturated
SQDG is somewhat increased in our in silicomembrane (80% in compar-
ison to 70% in the experimental extract) due to a misrepresented parti-
cle bead type in one of our input files. Since the overall percentage of
SQDG is only 25%, the difference is unlikely to significantly affect any
of the results presented. The composition of the lipid tails of the in silico
membranes is adapted to the resolution of theMartinimodel and differs
therefore somewhat from the experimentally determined composition,
see Table 1. The lipid tail composition also differs between the two
membranes. The cyanobacterial membrane has mainly palmitoyl and
oleoyl tails, whereas the plant membrane does not contain oleoyl, but
has α-linolenoyl tails instead. The decision of which tails belong to
which headgroup was based upon the resolution achievable with the
Martini model and the work of Sakurai et al. [3]. Of note, the positional
distribution of the fatty acids at the sn-1 and sn-2 positions in the
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Table 1
Lipid composition of cyanobacterial and plant membranes. Experimental composition, in
mol%, according to Sakurai et al. [3]. Deviation of the experimental data is within 3%.
nd, not detected. Simplified composition used in the in-silico models is given in
parentheses.

Cyanobacterial membrane Plant membrane

Tail ↓ Head → PG DGDG MGDG SQDG PG DGDG MGDG SQDG

16:0 47.9 43.6 45.1 62.0 15.6 6.7 3.1 49.2
18:0 8.9 2.5 3.9 8.0 0.4 0.6 0.6 2.3
saturated (50) (50) (50) (80) (16) (8) (6) (50)
16:1(7) nd nd nd nd nd 0.2 0.3 1.4
16:1(9) 10.7 15.1 15.5 3.9 nd nd nd nd
18:1(9) 26.3 28.1 27.9 20.9 nd 1.7 1.1 2.9
18:1(11) 6.2 10.7 7.6 5.2 nd nd nd nd
unsaturated (50) (50) (50) (20)
16:1(3t) nd nd nd nd 46.8 nd nd nd
trans-unsaturated (50)
16:3(7,10,13) nd nd nd nd nd 4.1 13.6 1.0
18:2(9,12) nd nd nd nd 2.2 2.4 3.1 6.3
18:3(9,12,15) nd nd nd nd 35.0 84.3 78.2 36.9
poly-unsaturated (34) (92) (94) (50)
total 6.1 25.6 43.5 24.8 12.6 25.1 40.1 15.2

(10) (25) (40) (25) (15) (30) (40) (15)

Fig. 2. CG topologies of representative lipids of the thylakoid membrane. PG head group
beads are shown in green, DGDG in blue, MGDG in red, and SQDG in yellow. Fully saturated
tails are depicted black, triple unsaturated tails in white, single unsaturated tails in light gray
and trans unsaturated tails in dark gray. The labels are used for reference later in the main
text.
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cyanobacterial membrane is different than in most lipids [29,30]. The
oleoeic tail is connected to the sn-1 position and the palmitic tail to
the sn-2 position, except for SQDG headgroups. For the plants it was
assumed that the trans-unsaturated tails and the poly-unsaturated
tails are connected to the sn-1 position. In real plant membranes the
tail connectivity might be more complicated, see e.g. [31,32].

The final composition of each of themembranemodels is as follows.
The cyanobacterial membrane consists out of a mixture of five different
lipids, namely 204 18:1(9)-16:0 PG, 512 18:1(9)-16:0 DGDG, 818
18:1(9)-16:0 MGDG, 204 18:1(9)-16:0 SQDG and 306 di16:0 SQDG
lipids, 2044 lipids in total. These lipids were solvated in 21 498 CG
water beads representing 85 992 water molecules, 850 sodium ions
and 136 chloride ions. The plant system is composed of seven different
lipids, namely 102 16:1(3t)-16:0 PG, 204 16:1(3t)-18:3(9,12,15) PG,
102 18:3(9,12,15)-16:0 DGDG, 512 di18:3(9,12,15) DGDG, 102
18:3(9,12,15)-16:0 MGDG, 716 di18:3(9,12,15) MGDG and 306
18:3(9,12,15)-16:0 SQDG lipids, totaling 2044 lipids. The plant mem-
brane was solvated with 21 600 CG waters representing 86 400 water
molecules, 748 sodium ions and 136 chloride ions. The added ions
neutralize the charges of the PG and SQDG headgroups and the NaCl
provides anoverall salt concentration of approximately 88mM(exclud-
ing counter ions). The unit cell of both the cyanobacterial and plant
membrane measured 25.5 × 25.5 nm in the lateral (x,y) dimensions
and 15 nm in the z dimension at the start of the simulation.

Smaller systems, which exhibit less undulations, were used in
addition for themeasurement of structural properties such as area com-
pressibility moduli, area per lipid, and order parameters. The smaller
cyanobacterial system is composed of 284 lipids, 28 18:1(9)-16:0 PG,
72 18:1(9)-16:0 DGDG, 114 18:1(9)-16:0 MGDG, 28 18:1(9)-16:0
SQDG and 42 di16:0 SQDG lipids, solvated in 4053 CG water beads (16
212 water molecules), 123 sodium and 25 chloride ions. The plant sys-
tem is composed of 284 lipids, 14 16:1(3t)-16:0 PG, 28 16:1(3t)-
18:3(9,12,15) PG, 14 18:3(9,12,15)-16:0 DGDG, 72 di18:3(9,12,15)
DGDG, 14 18:3(9,12,15)-16:0 MGDG, 100 di18:3(9,12,15) MGDG and
42 18:3(9,12,15)-16:0 SQDG lipids, solvated with 4088 CG water
beads (16,352) water molecules, 110 sodium and 26 chloride ions. A
pure POPCmembrane served as a control, and is composed of 288 lipids,
4469 CGwater beads (17 876watermolecules), 27 sodiumand 27 chlo-
ride ions. The unit cell of the smaller membrane patches measured
9.5 × 9.5 × 9.0 nm in (x, y, z) dimensions at the start of the simulation.

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

To study the behavior of plastoquinol (PL9ol) and plastoquinone
(PL9on) in the thylakoid membrane, two additional systems were
setup. These systems contained either four PL9ols or four PL9ones em-
bedded in a cyanobacterial bilayer composed of 72 18:1(9)-16:0 PG,
180 18:1(9)-16:0 DGDG, 288 18:1(9)-16:0 MGDG, 108 18:1(9)-16:0
SQDG and 72 di16:0 SQDG lipids. The bilayer was solvated in 21 258
CGwater beads (equivalent to 85 032watermolecules) and neutralized
by 252 sodium ions.

2.2. CG simulation details

TheMartini lipid force field [28] was used to model the interactions.
The Martini model has been successful in describing membrane struc-
tural properties (e.g. [33,34]), including membranes with complex
lipid composition [35]. CG topologies of representative lipids are
shown in Fig. 2. The specific parameters of the glycolipid headgroups
were taken from López et al. [36], but were slightly modified to better
match the atomistic results and increase the stability of the lipids. In
particular, the GA1, GB1 and GB2 beads of the DGDG headgroup were
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changed from respectively P2, N0 and P4 to SP2, SN0 and SP2 type
beads. To increase the stability of the DGDG and SQDG headgroups the
constraints between GA1-GA2, GA1-GA3, GB1-GB2 and GB2-GB3 of
the DGDG headgroup and between the S1-C2 beads of the SQDG
headgroup were changed into bonds with a force constant of
30,000 kJ mol−1. The parameters for plastoquinone and plastoquinol
were taken from De Jong e t al. [37]. All lipid tails were modeled by
four CG beads, representative of 15–18 carbons in the Martini model.
The palmitoyl chain was modeled by four C1 beads, the oleoyl chain
by three C1 beads and one C3 bead, with the C3 bead being the third
counting from the methyl terminal bead. The α-linolenoyl chain was
modeled with three C4 beads and a C1 bead at the carboxyl terminus.
Bonded beads were kept at an equilibrium distance of 0.47 nm with a
force constant of 1250 kJ mol−1 using a harmonic potential. The angles
between three consecutive tail beads were likewise constrained by a
harmonic potential with an equilibrium angle of 180° and a force
constant of 25 kJ mol−1. In order to mimic the more flexible nature of
α-linolenoyl the angles between the three C4 beads were set to 100°
with a force constant of 10 kJ mol−1. The trans-3-hexadecenoic acid
was modeled as a C3 bead at the carboxyl terminus, which represents
the double bond, and three C1 beads. The angle of the C3 bead was set
to 180° with an increased force constant of 45 kJ mol−1 to account for
the trans orientation.

All simulations were performed with the GROMACS 4.5.5 MD pack-
age [38], with standard parameter settings associated with the Martini
force field [28]. Membranes were pre-assembled using the Insane script
[39]. After energy minimization of the systems using a steepest decent
algorithm, the systems were simulated using a leap-frog integrator
with a time step of 10 fs. Systems were simulated in the isothermal-
isobaric (NpT) ensemble. The temperature was kept constant using
the Berendsen thermostat with a coupling constant τt = 2.0 ps [40].
Lipids and solventwere coupled separately to avoid heatflow. The pres-
surewas semiisotropically coupled to an external bath of p=1 barwith
a coupling constant of τp = 1.0 ps and compressibility of χ =
3.0 × 10−4 bar−1 using the Berendsen barostat [40]. Electrostatic inter-
actionswere calculated using a shifted potential with a cut off of 1.2 nm
and a dielectric constant of 15. Van derWaals interactionswere also cal-
culated using a shifted potential with a cut off of 1.2 nm and a switch at
0.9 nm. The large membrane patches were simulated for 10 μs and the
smaller patches for 3.8 μs, the membrane with PL9on was simulated
for 3 μs and themembrane with PL9ol for 3.5 μs, not taking into account
a speed-updue to the CG nature of the interactions. This speed-up factor
is estimated to be about a factor of four based on lateral diffusion of
lipids and membrane proteins [41]. The first 1 μs was considered
equilibration time in all cases. For investigating the phase behavior of
the membranes the run parameters were identical, except that a τp of
1.2 ps and a τt of 0.5 ps were used and the compressibility was set to
χ = 1.0 × 10−5 bar−1, following Ref. [42].

2.3. Atomistic simulation details

In order to assess the accuracy of the CG membranes, small patches
of equilibrated CG cyano and plant membranes were transformed to
fully atomistic membranes. The cyanobacterial system contained 160
lipids and was composed of 16 18:1(9)-16:0 PG, 40 18:1(9)-16:0
DGDG, 64 18:1(9)-16:0 MGDG, 16 18:1(9)-16:0 SQDG and 24 di16:0
SQDG lipids, solvated in 2238 CGwater beads, which were transformed
into 8952 SPC waters, 69 sodium and 13 chloride ions. The plant mem-
brane also contained 160 lipids, 8 16:1(3t)-16:0 PG, 16 16:1(3t)-
18:3(9,12,15) PG, 8 18:3(9,12,15)-16:0 DGDG, 40 di18:3(9,12,15)
DGDG, 8 18:3(9,12,15)-16:0 MGDG, 56 di18:3(9,12,15) MGDG and 24
18:3(9,12,15)-16:0 SQDG lipids. The system further contained 2924
CG water beads, which were transformed into 11 696 atomistic waters,
65 sodium and 17 chloride ions. The backmapping was performed as
described by Rzepiela e t al. [43], involving a 60 ps restrained simulated
annealing. The annealing time step was set to 2 fs, the restraining
force constant to 12 000 kJ mol−1, and the initial capping force to 15
000 kJmol−1 nm−1 that increased by 100 kJmol−1 nm−1 ps−1. The ini-
tial temperature of the lipids was set to 1300 K and of the solvent to
400 K, both of them were decreased to 300 K during the simulated an-
nealing. The annealing method was single and the radius of the CG
waterwas set to 0.21 nm. After the simulated annealing the atomistic sys-
temwas simulated using the GROMOS 53a6 force field [44]. The parame-
ters for the atomistic lipids were based upon the GROMOS force field and
were kindly provided by Dr. A.H. De Vries (personal communication,
2012). Dihedral restraints were used to keep the sugar rings of the glyco-
lipids in the right stereoisomer. To prevent excessive spinning of hydro-
gens in the sugar alcohol groups, 3 u was transferred from the oxygen
to the hydrogen in this group, giving rise to an oxygen mass of
12.9994 u and a hydrogen mass of 4.008 u. The time step was set to
1.5 fs. The temperature was kept constant using the Berendsen
thermostat with a coupling constant τt = 2.0 ps [40]. Lipids and solvent
were coupled separately to avoid heat flow. The pressure was
semiisotropically coupled to an external bath of 1barwith a coupling con-
stant of τp=0.1 ps and compressibility of χ=4.6×10−5 bar−1 using the
Berendsen barostat [40]. The electrostaticswere calculated using particle-
mesh Ewald with a cut-off of 1.4 nm, using a Fourierspacing of 0.12 [45,
46]. A single cut-off of 1.4 was used for Van der Waals interactions. In
total 1.2 μs of the cyanobacterial membrane was simulated and 1.0 μs of
the plant membrane. Analysis of the atomistic system was done after re-
verse mapping it to a CG system. For the calculation of the area per lipid
and the compressibility the first 400 ns were discarded as equilibration.

2.4. Analysis details

To characterize the mixing behavior of the lipids, the normalized
amount of contacts between different lipid species was calculated.
Lipids were considered to be in contact with each other when their
GL1 beads (representing the glycerol moiety) resided within a radius
of 0.8 nm,which correspondswith thefirst solvation shell in theMartini
model. The same procedure was used to calculate contacts between
lipid head groups and solvent: A head group bead was considered to
be in contact with a solvent bead when they where within a distance
of 0.8 nm. The lateral diffusion of lipids and cofactors was calculated
from the mean square displacement (MSD) of the molecules in the
membrane plane, MSD = 〈|r(t + t0) − r(t0)|2〉 where r represents the
position of the molecular center-of-mass, and angular brackets denote
an average over both time t and the number of molecules examined.
The section of theMSDcurvewhereMSD~ t represents normal diffusion
and this part was fitted to y=4Dt+ c, to obtain D, the lateral diffusion
constant. To quantify membrane order, the segmental lipid order

parameter was calculated according to S ¼ 3 cos2Θ−1
2

D E
where Θ is the

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

Pastor [47]: KA ¼ kTA0

N A−A0ð Þ2h i, where KA is the compressibility modulus, T

is the temperature, A the surface area per lipid, A0 the average surface
area per lipid and N the amount of lipids per monomer. The thickness
of the membranes was determined by measuring the distance between
theGL1beads of the two leaflets, using theGromacs tool g_dist [38]. The
conformations sampled by cofactors simulated in a bilayer systemwere
analyzed using a cluster analysis algorithmdescribed byDaura et al. [48]
and implemented in the Gromacs tool g_cluster. An RMSD cut-off of
0.15 nmwas used in the analysis.

3. Results and discussion

3.1. Lateral mixing of thylakoid lipids

In this section we consider the lateral organization of the thylakoid
membrane models, based on simulations of membrane patches
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Fig. 3. Lateral organization of thylakoid membranes. Top views of the cyanobacterial
membrane (A,B) and the plant membrane (C,D) are shown, both at T = 293 K. In (B,D)
only the tail beads are visualized. PG headgroups are in green, DGDG headgroups in
blue, MGDG headgroups in red, SQDG headgroups in yellow. Tails are colored according
to the degree of saturation 16:0 tails are black, 16:1(3t) are dark gray, 18:1(9) are colored
light gray and 18:3(9,12,15) are colored white.
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composed of 2044 lipids. Fig. 3 shows representative configurations of
both the cyanobacterial and plant thylakoid membranes at T = 293 K,
obtained after 38 and 56 μs CG MD simulation, respectively. From
these snapshots is it clear that the global mixing of the lipids is rather
homogeneous. No large-scale phase separation is observed, although
heterogeneities on the nanoscale do seem to occur.

The lipid mixing was further quantified by determining the lipid–
lipid contact percentages as explained in the Methods section. The re-
sults are summarized in Table 2 (cyanobacterial) and Table 3 (plant).
The contact percentages in the cyanobacterial membrane confirm the
visual impression that the lipid head groups in general mix well.
However, the data in Table 2 reveal that the contacts of PG with SQDG
are significantly reduced, with only 6% contacts formed whereas 10%
would be expected from random mixing, an effective reduction of
40%. PG and SQDG both carry a negatively charged headgroup and
might be expected to repel each other. Indeed, SQDG–SQDG pairs are
Table 2
Contact percentages between various lipids in the cyanobacterial membrane. The standard er
assumed that every 250 ns of each leaflet counts as an independent observation. Percentages b
in the system. Contact percentages are normalizedwith respect to the total number of contacts f
20% from what can be expected from randommixing are shown in bold face (CG only). Contac
with *. CG contacts percentages are from the simulation at 293 K, the differences between tho
percentages are from the simulation at 328 K.

18:1(9)-16:0 PG 18:1(9)-16:0 DG

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

10%*
3% ± 2

10%
10% ± 1

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

27%
20% ± 2

17%
20% ± 2

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

44%*
61% ± 3

45%
42% ± 2

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

8%
7% ± 1

12%
10% ± 1

di16:0 SQDG
(15%)

CG
AA

11%
9% ± 2

17%
18 % ± 1
also somewhat reduced. PG–PG pairs, however, are observed to occur
at normal (i.e. random) level. We attribute this to the smaller PG
headgroupwhich is able to bridge a counterion in between to neutralize
the charge. This bridging is not possible for the much larger headgroup
of SQDG. Another significant deviation from random mixing is the self-
interaction of DGDGwith only 17% contacts observed compared to 25%
expected based on its molar fraction. The reason is likely steric
hindrance caused by the big disaccharide head group. There were no
major differences between the contact percentages of the CG mem-
brane at 293 K and at 328 K. In the short all-atom simulation performed
at 328 K after a backmapping procedure, the level of mixing remained
similar to that of the CG membrane (cf. Table 2). Noticeable exceptions
are contacts between PG–PG, SQDG–SQDG andMGDG–PG. In the atom-
istic membrane the anionic PG lipids seem to repel each other much
more. The same is true, to a lesser extent, for the anionic SQDG lipids.
The PG–MGDG interactions are increased at the atomistic level, possibly
to compensate for the decreased PG–PG interactions. The backmapped
membrane at 293 K adopted a gel phase, preventing further lipid
rearrangements, and was not further analyzed. Note, this phase transi-
tion does not take place in the CG membrane, as the Martini model is
known to underestimate the phase transition temperature of saturated
lipids [36].

In the plant membrane the behavior of the lipids is more complex
due to the greater variety in fatty acids. The snapshot (Fig. 3C) shows
global mixing, but clear evidence for nanoscale inhomogeneities can
be detected, especially when color coded according to lipid tail type
(Fig. 3D). This can also be inferred from the lipid–lipid contact percent-
ages for the plant membrane, shown in Table 3. Looking at the contact
percentages of lipids with fully saturated tails (counting the trans-
unsaturated tail as such), an increased number of contacts can be appre-
ciated. In contrast, mixing of lipids with fully saturated versus polyun-
saturated tails is significantly reduced, for instance 16:1(3t)-16:0 PG
has only 14% of its contacts with di18:3(9,12,15) MGDG, despite the
latter being the most abundant lipid in the plant membrane at 35%
mol fraction. Some tendency toward clustering of lipidswith polyunsat-
urated tails can also be appreciated, as reflected by an increase in
contacts between di18:3(9,12,15) MGDG and di18:3(9,12,15) DGDG
(47% versus 35% for random mixing). This clustering effect is not seen
for DGDG–DGDG pairs however, due to the opposing effect coming
from the bulky DGDGheadgroup, as also observed in the cyanobacterial
membrane. In case of PG lipids in the plant membrane, the tendency of
the saturated tails to cluster and the possibility for the small head group
to form ionmediated neutral complexes combine, leading to noticeable
PG nanodomains (cf. Fig. 3C). Self-contacts between 16:1(3t)-16:0 PG are
enhanced to 23% compared to 5% expected from a random organization.
In the atomistic plant membrane the PG–PG, as well as the SQDG–SQDG,
interactions are reduced, in line with the results for the cyanobacterial
ror for the CG simulations is below 0.1%. For the calculation of the standard error it was
etween parentheses in the rows after the lipid names indicate the total share of that lipid
ormed by the lipids in the 1st row. Relative deviations in contact percentages ofmore than
t percentages that showed a large shift during the short atomistic simulations are marked
se with the contact percentages of the simulation at 328 K are within 2%. The CG contact

DG 18:1(9)-16:0 MGDG 18:1(9)-16:0 SQDG di16:0 SQDG

8%*
16% ± 1

6%
8% ± 2

6%
7% ± 1

25%
23% ± 1

27%
26% ± 3

26%
30% ±3

39%
35% ± 1

46%
50% ± 3

46%
45% ± 2

11%
11% ± 1

8%*
4% ± 2

8%
8% ± 1

17%
15% ± 1

13%
12% ± 2

14%*
10% ± 3



Table 3
Contact percentages between various lipids in the plant membrane. The standard error of the CG systems is below 0.2%. For the calculation of the standard error itwas assumed that every
250 ns of each leaflet counts as an independent observation. Percentages between parentheses in the rows behind the lipid names indicate the total share of that lipid in the system.
Contact percentages are normalized with respect to the total number of contacts formed by the lipids in the 1st row. Relative deviations in contact percentages of more than 50% from
what can be expected from random mixing are shown in bold face (CG only). Contact percentages that showed a large shift during the short atomistic simulations are marked with *.

16:1(3t)-16:0
PG

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

18:3(9,12,15)-16:0
DGDG

di18:3(9,12,15)
DGDG

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

di18:3(9,12,15)
MGDG

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

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

CG
AA

23%*
11% ± 4

7%
4% ± 2

11%
7% ± 4

2%
4% ± 1

9%*
1% ± 2

2%*
7% ± 1

5%*
10% ± 1

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

CG
AA

13%
7% ± 3

11%*
20% ± 3

12%
12% ± 3

8%
8% ± 2

10%*
20% ± 4

7%
11% ± 1

7%
6% ± 1

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

CG
AA

12%*
6% ± 3

8%
6% ± 1

5% *
10% ± 4

3%
2% ± 1

7%
3% ± 2

4%
6% ± 1

8%
5% ± 1

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

CG
AA

10%
16% ± 3

23%
18% ± 4

11%
10% ± 4

20%
17% ± 2

17%
17% ± 4

28%
28% ± 2

21% *
31% ± 3

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

CG
AA

11% *
1% ± 1

7%
9% ± 2

9%*
3% ± 2

4%
4% ± 1

8% *
1% ± 1

4%
4% ± 1

8%
10% ± 3

di18:3(9,12,15) MGDG
(35%)

CG
AA

14%*
39% ± 3

31%
36% ± 3

27%
42% ± 6

47%
45% ± 2

26%
28% ± 3

41%
32% ± 2

33%
33% ± 2

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

CG
AA

18%
21% ± 3

14%
8% ± 1

26%*
15% ± 5

16%
19% ± 1

24%
29% ± 8

15%
13% ± 1

18% *
5% ± 1
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membrane. The all-atom simulations furthermore point to increased
interactions between lipids with one or two saturated tails and lipids
with two polyunsaturated tails. For instance, 16:1(3t)-16:0 PG contacts
with di18:3(9,12,15) MGDG are increased from 14% to 39%. At the same
time, lipids containing a saturated tail showa smaller tendency of cluster-
ing with each other, exemplified by a drop of contacts for 18:3(9,12,15)-
16:0DGDGwith18:3(9,12,15)-16:0 SQDG from26% to 15%. In both cases,
the atomistic results are closer to that expected from a randommixture, a
trend that appears more general. A number of other changes can be
appreciated from Table 3, however, mostly concerning the interactions
between components present at low mol fraction (5%).

Taken together, our data show that the thylakoid membrane com-
prises a largely homogeneous mixture of the constituent glycolipids.
Domain formation is not observed. Some tendencies to non-ideal
mixing exist, most notably the clustering of PG lipids especially in the
plant membrane, and the co-aggregation of lipids with either fully
saturated or fully polyunsaturated tails.

3.2. The plant membrane is more fluid than the cyanobacterial membrane

To characterize the thylakoid membranes further, we compared a
number of structural measures, namely the area per lipid, bilayer thick-
ness, and area compressibility (see Methods). The results are summa-
rized in Table 4. Our data show that the cyanobacterial membrane is
more densely packed, thicker and has a higher compressibility modulus
than the plant membrane. The higher apparent fluidity of the plant
membrane is attributed to the presence of the polyunsaturated lipid
tails. In nature, T. vulcanus is found in an environmentwith harsh condi-
tions and grows optimally at 330 K [23], explaining the need for a more
robust membrane. Increasing the temperature in our simulations from
293 K to 328 K, we observe a slight thinning of the cyanobacterial
Table 4
Structural properties of thylakoidmembranes. Area per lipid (A), compressibilitymodulus
(KA), and membrane thickness (d) of the various membranes at both CG and AA resolu-
tion. The standard error is given between parentheses, and was estimated using block
averaging as implemented in the Gromacs tool g_analyze. aThe cyanobacterial membrane
at AA resolution adopted a gel phase and could not be equilibrated.

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

Cyanobacterial, 293 K CG
AAa

0.58 (0.0002)
–

589 (28)
–

3.3 (0.0007)
–

Cyanobacterial, 328 K CG
AA

0.62 (0.0002)
0.64 (0.001)

426 (10)
350 (27)

3.2 (0.0007)
3.0 (0.007)

Plant, 293 K CG
AA

0.66 (0.0006)
0.66 (0.003)

240 (16)
311 (125)

2.9 (0.0007)
2.8 (0.015)

POPC, 293 K CG 0.64 (0.0002) 412 (12) 3.2 (0.002)
POPC, 328 K CG 0.69 (0.0002) 396 (13) 3.1 (0.0007)
membrane and increase in area per lipid, but nowhere near the values
obtained for the plant membrane. Our results for the CG model are
consistent with the values obtained after backmapping to all-atom res-
olution. The cyanobacterial membrane is slightly thinner at the
atomistic resolution. The atomistic bacterial membrane appeared to be
in gel phase at 293 K, aswasmentioned above. A reference POPC bilayer
shows structural parameters somewhere in between those of the plant
and cyanobacterial membrane.

To quantify the order of the thylakoidmembranes, we calculated the
segmental lipid tail order parameters (see Methods). The order param-
eter profiles are shown in Fig. 4, for the cyanobacterial membrane at
both 293 K and 328 K, and for the plant membrane at 293 K. Order
parameters for the CG POPC membrane are also included for reference.
In line with expectations, the order parameters from the thylakoid
membranes form two basic clusters: higher order parameters for the
saturated tails and lower order parameters of the (poly) unsaturated
tails. The difference between these tails gets smaller for the
cyanobacterial membrane at increased temperature. Overall, the
lipids in the plant membrane are less ordered than the lipids in the
cyanobacterial membranes. This is especially true for the α-
linolenoyl tails, but also the palmitoyl tails are less ordered in the
plant membrane. The reference POPC membrane shows an interme-
diate order. These results are consistent with the differences in struc-
tural parameters as discussed above. In the plant membrane, the tail
order of the PG lipids is different from the DG lipids. Noticeable is the
relative high order of the tails of 16:1(3t)-16:0 PG, with the two tails
showing almost the exact same degree of order. The α-linolenoyl tail
of 16:1(3t)-18:3(9,12,15) PG, however, is similarly ordered com-
pared to the other α-linolenoyl tails and the trans-hexadeconic tail
has a similar ordering as the palmitoyl tails of the glycolipids. The
reason for this behavior might be related to the clustering tendency
of PG lipids in the plant membrane. As shown in the preceding sec-
tion, 16:1(3t)-16:0 PG has a high tendency to cluster, which could
result in ordering of the lipid chains. Consistent with this idea, the
tails of 16:1(3t)-18:3(9,12,15) PG show similar order as the other
glycolipid tails and better mixing with the other lipids as well
(cf. Table 3).

The atomistic order parameter profiles show the first bond index to
be much less ordered compared to the CG profiles. In atomistic
simulations of pure glycolipids membranes a similar ordering has
been observed and is possibly a result of a lower accessibility to the
glycerol groups for water (Dr. A.H. De Vries, unpublished results). The
Martinimodel does not have the resolution to capture these differences.
For the interior part of the membrane (bonds 2–4), the atomistic order
profiles are very similar to the CG ones, exceptions are the third bond of
the 18:3 tails, which is a bit more ordered in the atomistic simulations,
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Fig. 4. Thylakoid membrane order parameter profiles. Profiles are shown for the cyanobacterial membrane at CG resolution at 293 K (A), 328 K (B), and AA at 328 K (C) and the plant
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and the tails of 16:1(3t)-16:0 PG in the plant membrane. In the
CGmembrane the two fatty acids of 16:1(3t)-16:0 PG have an identical
ordering, but in the atomistic membrane the palmitoyl tail is more
ordered than the trans unsaturated tail, in correspondence with the
fact that 16:1(3t)-16:0 PG has a much lower tendency to cluster
atomistically.

Next to the structural characterization of thylakoidmembrane fluid-
ity, we measured the diffusivity of the constituent lipids. The long-term
diffusion constant was obtained from the mean squared displacement
of the lipids as explained in the Methods section. The results are
summarized in Table 5.

Two main observations can be made. First, the spread in diffusion
constants between the different lipids in the same membrane is very
limited. Within the error bars, all lipids diffuse at the same speed.
Given the collective nature of the diffusion process and the overall ho-
mogeneity of the thylakoid membranes, a larger spread in diffusivities
is not expected. The only exceptions are the somewhat faster diffusion
rate of the polyunsaturated lipids versus the saturated lipids in the
plant membrane and the low diffusion constant of 16:1(3t)-16:0 PG.
Table 5
Lipid lateral diffusion constants in the plant and cyanobacterial membranes. Standard
errors are given in parenthesis. The error was estimated considering blocks of 250 ns, as
well as the two leaflets, as independent samples. Note that the absolute value of diffusion
rates obtainedwith CGmodels has to be interpretedwith care due to a general speedup of
thedynamics. For lipid diffusion, a speedup factor of about four has been reported [41], im-
plying that realistic diffusion rates are four times lower than those reported here. The AA
cyanobacterial membrane is in the gel phase and reliable diffusion constants could not be
obtained.

DCG (μm2/s)
293 K

DAA (μm2/s)
293 K

DCG (μm2/s)
328 K

DAA (μm2/s)
328 K

Cyanobacterial membrane
18:1(9)-16:0 PG 23 (1.1) 55 (2.7) 1.4 (0.2)
18:1(9)-16:0 DGDG 18 (0.6) 47 (1.6) 1.4 (0.2)
18:1(9)-16:0 MGDG 21 (0.6) 52 (1.4) 1.7 (0.1)
18:1(9)-16:0 SQDG 20 (0.9) 53 (2.9) 1.7 (0.2)
di16:0 SQDG 20 (0.7) 51 (1.6) 1.5 (0.1)

Plant membrane
16:1(3t)-16:0 PG 19 (2.1) 0.3 (0.07)
16:1(3t)-18:3(9,12,15) PG 34 (1.9) 0.3 (0.06)
18:3(9,12,15)-16:0 DGDG 28 (1.8) 0.4 (0.07)
di18:3(9,12,15) DGDG 32 (1.2) 0.3 (0.05)
18:3(9,12,15)-16:0 MGDG 32 (1.8) 0.4 (0.09)
di18:3(9,12,15) MGDG 34 (1.2) 0.4 (0.04)
18:3(9,12,15)-16:0 SQDG 32 (1.1) 0.3 (0.03)

Reference
POPC 43 (1.0) 95 (1.9)
Experimentally, it has been shown that a higher unsaturation grade re-
sults in higher diffusion constants [49], consistentwith our findings. The
low diffusion constant of 16:1(3t)-16:0 PG is likely to be a result of its
more ordered tails caused by its tendency to cluster (cf. Tables 2 and 3
and Fig. 4). Second, the plant lipids diffuse significantly faster than the
cyanobacterial lipids at 293 K, which is likely due to their higher
unsaturation grade and associated increase in membrane area
(cf. Table 4). However, compared to the POPC membrane the lipids in
both thylakoid membranes are slowed down. We contribute this to
the presence of the bulky sugar head groups, which hamper the diffu-
sion process. In all-atom simulations, a similar decrease in lipid diffusion
in glycolipid membranes has been reported [50]. In line with this, we
find the lowest diffusion constants for the DGDG lipids, which have
the largest head group. Note that CG lipids experience a smoother ener-
gy landscape than atomistic lipids, which results in higher diffusion con-
stants. The speedup factor has been estimated to be about four [41]. This
might largely account for the five times higher diffusion constant of the
POPC lipids compared with the experimentally determined diffusion
constant of POPC lipids, D = 8 μm2/s at T = 298 K [51]. The diffusion
constants of the atomistic cyanobacterial lipids at 328 K are about half
of those reported by Ogata et al. in their atomistic simulation of photo-
system II, at 300 K [22]. However the thylakoid membrane modeled by
Ogata et al. contains more polyunsaturated lipids, which influences the
diffusivity of the system. Besides, the simulation time is restricted to
8 ns, which is too short to accurately determine diffusion rates.

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

3.3. Cross sections of the thylakoid membranes

Having established an overall decrease in fluidity and order of the
cyanobacterial membrane versus the plant membrane, next we turn
to the cross sectional characterization of the thylakoid membranes by
means of electron density profiles (Fig. 5) and graphical snapshots of
themembrane/water interface (Fig. 6). The electron density profiles re-
veal an overall membrane organization similar to that of a typical mem-
brane such as the POPCmembrane, with the polar headgroups pointing
toward the aqueous phase and lipid tail segments shielded from water.
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CG cyanobacterial membrane at 328 K (A), AA cyanobacterial membrane at 328 K (B),
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(GL1, GL2), the first three tail beads (C1–C3), the last tail bead of saturated (C4) or unsat-
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profiles, the AA trajectory was mapped to CG resolution.
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Fig. 6. Cross-sectional organization of thylakoidmembranes. Snapshots obtained from the
smaller systems used to calculate the electron densities and order parameters. (A) CG
cyanobacterial membrane at 328 K, (B) AA cyanobacterial membrane at 328 K, (C) CG
plant membrane at 293 K, (D) AA plant membrane at 293 K. The coloring of the lipids is
identical as in Fig 3. Water is colored light blue, sodium ions colored pink, and chloride
ions are lime colored.
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The glycerol groups reside at the interface and are still partially solvated.
Water penetration is somewhat larger in the plant membrane. In all
membranes, the characteristic density dip in themiddle of themembrane
is observed. A number of additional features pertaining to the thylakoid
membrane organization are worth pointing out. In general, the electron
density peaks of the plant membrane are broader and are located more
to the center of the bilayer compared to the cyanobacterial membrane,
in line with the thinner and more disordered nature of the plant mem-
brane discussed above. Despite the smaller thickness of the plant mem-
brane, the spread of the tail beads is much larger. This is due to the
ability of the poly-unsaturated lipids to backfold toward the interface
and has been seen before in AA[52] and CG[53] simulations. The sugar
rings of the different glycolipid headgroups are positioned at a very sim-
ilar position along the bilayer normal for both thylakoid membranes.
Even the two sugar rings of DGDG show strongly overlapping distribu-
tions, pointing to an overall perpendicular orientation of the ring–ring
vector with respect to the membrane normal. This is also visible in the
snapshots (Fig. 6). A slight shift of the second sugar ring (GA) toward
the aqueous solution is, however, noticeable. Interestingly, the PG
headgroups are located most to the exterior of the bilayer in both the
cyanobacterial and plant membrane.

In comparison to the atomistic data, the profiles show clearly that
theCGmembranes are somewhat thicker than theAAones, as discussed
above (cf. Table 4). In line with the larger area of the AA membranes, it
appears that there is more water penetration in the atomistic mem-
branes than in the CG membranes. Noticeable is also the somewhat
smaller spread of the headgroups in the atomistic membranes in case
of the plant membrane.

Another interesting observation is the closer approach of sodium to
themembrane compared to chloride ions. This is seen at both AA andCG
resolution and likely results from the electrostatic attraction between
the negatively charged PG and SQDG lipids and the positive sodium
ions. A similar condensation effect of counter ions has been reported
in other atomistic simulations of anionic lipids [54]. Comparison of the
hydration level of each lipid with its percentage of ion contacts
(Table 6) demonstrates that the PG and SQDG headgroups indeed make
relatively more contact with Na+ compared to neutral headgroups.
Another significant observation is the increased exposure to the solvent
of DGDG compared to MGDG. This can be attributed to the large head
group size of DGDG; in particular the second sugar ring is shifted toward
the outer rim of the bilayer, and is therefore more solvent accessible
(cf. Fig. 5).

Together, our analyses of the cross-sectional organization of the thy-
lakoid membranes reveal a complex membrane/water interface, with
all glycolipid sugar rings as well as PG head groups competing for the
same space. The negatively charged PG and SQDG lipids attract counter-
ions in their vicinity, leading to the formation of an electrical double
layer. Overall, the plant membrane appears more diffuse compared to



Table 6
Lipid solvation properties. Contact percentages are shownbetween the lipid headgroups and
water and sodium beads, respectively, based on the CG systems. Numbers indicate the
percentage of the headgroup – water/sodium contacts compared with all headgroup –

sodium/water contacts. Percentages between parentheses following the lipid names indicate
the total share of that lipid in the system.Deviations in contact percentages ofmore than 20%
from what can be expected from random solvation are shown in bold face. Cyanobacterial
contact percentages are from the simulation at 293 K; the differences between those with
the contact percentages of the simulation at 328 K are only minor. The standard error for
the CG simulations is below 0.1%. For the calculation of the standard error it was assumed
that every 250 ns of each leaflet counts as an independent observation.

Water Na+

Cyanobacterial membrane
18:1(9)-16:0 PG (10%) 8% 12%
18:1(9)-16:0 DGDG (25%) 37% 27%
18:1(9)-16:0 MGDG (40%) 29% 26%
18:1(9)-16:0 SQDG (10%) 10% 14%
di16:0 SQDG (15%) 15% 21%

Plant membrane
16:1(3t)-16:0 PG (5%) 4% 9%
16:1(3t)-18:3(9,12,15) PG (10%) 9% 15%
18:3(9,12,15)-16:0 DGDG (5%) 7% 6%
di18:3(9,12,15) DGDG (25%) 37% 22%
18:3(9,12,15)-16:0 MGDG (5%) 3% 4%
di18:3(9,12,15) MGDG (40%) 25% 19%
18:3(9,12,15)-16:0 SQDG (15%) 15% 25%
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the cyanobacterial membrane in the way the lipid moieties are
distributed along the membrane normal.

3.4. Inverted hexagonal phase of the thylakoid membranes

To study the ability of the thylakoid membranes to form inverted
hexagonal phases, we investigated the propensity for stalk formation
as a function of hydration level. The stalk is the main intermediate in
the transition from a lamellar phase to an inverted hexagonal phase
[55,56]. A stalk can be formed when the headgroups of two apposed
bilayers get into contact and start interacting, triggering the flipping of
tails between the leaflets [57]. This depends on the amount of solvent
A

t=0 ns

B

t=10 ns

E

t=0 ns

F

t=0.8 ns

Fig. 7. Stalk formation in thylakoidmembrane stacks. Snapshots of the spontaneous stalk forma
of 5 CGwater beads per lipid (equivalent to 20 AAwatermolecules per lipid) (A–D) and the CG
per lipid) (F–H).
present between the two bilayers and the propensity of the bilayer to
undulate. The more solvent present and the smaller the undulations of
the membrane, the less likely the bilayers make contact and form a
stalk. By varying the hydration level in simulations involving a double
bilayer setup, we probed the propensity of stalk formation (see
Methods). Fig. 7 shows snapshots from the process of stalk formation
in both the cyanobacterial (at T = 328 K) and plant membrane (T =
293 K). In case of the cyanobacterial membrane, a spontaneous stalk
can only be triggered at hydration levels of 6 CG water beads per lipid
(equivalent to 24 AA water molecules per lipid) and below. The plant
membrane, which exhibits more pronounced undulations, forms a
spontaneous stalk already at a hydration level of 9 CG waters per lipid
(36 AA waters per lipid). In each case, after the stalk has formed, the
stalk elongates until it connects with its periodic boundary image,
thereby transforming the lamellar state into the inverted hexagonal
one. The lamellar to inverted hexagonal transformation of the thylakoid
membrane is similar to the transformation described for unsaturated PC
lipids [58], also based on CG simulations.

To pinpoint the critical hydration level for the lamellar to inverted
hexagonal phase transformation more precisely, we performed a sys-
tematic set of simulations in which we started from a state in which a
stalk had already formed. If the stalk started growing, we increased
the hydration level, until we reached a point where the stalk no longer
elongated. Vice versa, if the stalk disappeared, we lowered the hydra-
tion level until the stalk proved stable. For the cyanobacterial mem-
brane at 293 K, we found that 7.3 CG water beads per lipid (29.2 AA
waters per lipid) are needed to stabilize the stalk. At 328 K, the hydra-
tion level needed to be increased to 9.0 CG water beads per lipid (36
AA waters per lipid). For the plant membrane, a further increase to
12.5 CG water beads per lipid (50 AA waters per lipid) was required
to stabilize the stalk. These results confirm that the plant membrane
has a higher propensity to form an inverted hexagonal phase compared
to the cyanobacterial membrane. We attribute this difference to the
presence of polyunsaturated fatty acids in the plantmembrane. Polyun-
saturated lipids have a large negative spontaneous curvature, which
stabilizes the stalk state. Moreover, the increased flexibility and less hy-
drophobic nature of polyunsaturated chains compared to fully saturated
C

t=104 ns

D

t=156 ns

G

t=4 ns

H

t=9 ns

tion between two leaflets of the CG cyanobacterial membrane at 328 K and hydration level
plant membrane at 293 K and hydration level of 9 CGwater beads per lipid (36 AAwaters
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chains increases their exposure at the lipid/water interface bymeans of
back-folding. Solvent-exposed tails in general, and polyunsaturated
lipids in particular, are key intermediates in the formation of a stalk at
the onset of membrane fusion and fission [57,59,60].

Our simulations demonstrate that the thylakoid membrane is close
to the formation of an inverted hexagonal phase. Inverted hexagonal
phases have been shown to be present in thylakoids [11] and it has
been established experimentally that their formation depends on
temperature [11], fatty acid saturation grade [61] and hydration level
[62], which is in line with our data. Inverted hexagonal phases might
be vital in regulating photosynthesis by tuning the activity of the
violaxanthin cycle [13,63].

We did not observe the formation of any MGDG clusters in the
inverted hexagonal phase, as was proposed in the literature [12,13].
Instead, we see a well mixed system in both the lamellar and inverted
hexagonal state, as was seen experimentally on the mesoscopic scale
[16].
Fig. 8. Conformations of plastoquinone in the cyanobacterial thylakoid membrane.
Snapshots of plastoquinone in the L (A), I (B) and U (C) conformation.
3.5. Conformation and dynamics of the plastoquinone pool

The organization and dynamics of the cofactors plastoquinone
(PL9one) and plastoquionol (PL9ol) in the thylakoid membrane, the
so-called plastoquinone-pool, is of great importance for the transport
of protons to the lumen and of electrons betweendifferent protein com-
plexes in the photosynthetic pathway. We simulated PL9one and PL9ol
in the cyanobacterial thylakoid membrane, at T = 310 K and at a molar
concentration of about 0.5%. Representative snapshots of the simulation
in case of PL9one are shown in Fig. 8. The cofactors can be seen to reside
with their head groups at the level of the glycerol linker, with the ali-
phatic tails pointing inside. The embedding of PL9ol is rather similar
(not shown).

Cluster analysis of the molecular conformations showed three
preferred orientations of the cofactors, the L-, the I- and the U-
conformation that differ in the position and shape of the tail. In the
L-conformation the PL9one tail is in a L-shape, where the vertical
part of the ‘L’ extends from the headgroup region of one leaflet towards
the bilayer midplane and the horizontal part of the ‘L’ proceeds into the
midplane of the bilayer (Fig. 8A). In the I-conformation the tail extends
from the headgroup region of one leaflet into the opposite monolayer,
sometimes with slight S-turn at the bilayer midplane (Fig. 8B). In the
U-conformation the tail curls back up to the head group region of the
same leaflet (Fig. 8C). The ratios of L, I and U conformations were
58(1):14(3):15(4)% and 61(1):10(3):17(2)% for the systems contain-
ing PL9ones and PL9ols, respectively. The values between parentheses
indicate the standard deviation calculated over the four solutes. The
PL9ones and PL9ols adapted, respectively, 87% and 88% percent of the
time a L, I or U conformation, The remaining 13% and 12% consist of
less well defined, often less extended, conformations. The dominant
conformation, both for PL9one and PL9ol, is the L-shape. A similar con-
clusion was reached from CG simulations of these cofactors in a DPPC
membrane, using a similar setup [37].

During the 3 μs simulation, the PL9one head group was observed to
flip from onemonolayer to the other, a so-called flip-flop event. In total,
eighteen flip-flop events were counted for the four PL9one molecules
present, resulting in a flip-flop rate of 1.5 × 106 s−1. This rate is about
one order of magnitude slower compared to the flip-flop rate in a
DPPC bilayer [37]. For the 3.5 μs simulation containing PL9ol no flip-
flop events were observed, whereas a flip-flop rate of 5 × 105 s−1 was
reported for the DPPC membrane. The much lower flip-flop rate of
PL9ol as compared to PL9one is due to the more hydrophilic head
group of PL9ol. The lower flip-flop rates in the cyanobacterial thylakoid
membrane compared to a DPPC membrane can be attributed to the
more compact nature of the former.

Summarizing, our simulations of PL9one and PL9ol showed that
these cofactors can adapt different conformations in the thylakoid
membrane and that the more hydrophilic PL9ol makes fewer flip-
flops.

4. Conclusion

Using a multiscale approach, we modeled the thylakoid membranes
of two different species, namely cyanobacteria and higher plants.
Contact analysis, as well as visual inspection, reveals that the lipids in
both membranes are distributed homogeneously on the microscopic
scale. Not all lipids mix ideally however, and heterogeneities on the
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nanoscale occur. For instancenegative charged lipids have a tendency to
repel each other, andDGDG lipids avoid self-interaction probably due to
steric hindrance of the bulky headgroups. In the more complex plant
membrane the mixing is not only determined by the headgroups, but
also by the lipid tails. In particular, lipids with fully saturated fatty
acids tend to cluster.

Due to the presence of more saturated lipid tails, the cyanobacterial
membrane is thicker, denser, more ordered and less compressible com-
pared to the plant membrane. Even at the elevated temperature of
328 K, the cyanobacterial remains less fluid than the plant membrane
at room temperature. The integrity of the cyanobacterial membrane is
likely important considering the harsh conditions under which
cyanobacteria operate. Electron densities of both thylakoid membranes
demonstrate a similar transmembrane organization, with the sugar
rings of the glycolipids occupying overlapping positions at the
membrane/water interface. The PG headgroups are located more to
the exterior of the bilayer. In line with the more fluid character of the
plantmembrane, the electron density distributions have a bigger spread
than those of the cyanobacterial membrane. We find that the plant
membrane also has a higher propensity to form an inverted hexagonal
phase. Whether this difference is physiologically important, however,
remains unclear.

Our characterization of the molecular structure of the thylakoid
membrane opens the way for future studies involving the embedded
photosynthetic complexes. For instance, it will be interesting to see
whether specific lipid binding sites exist, similar to the membrane
exposed cardiolipin binding sites recently revealed on mitochondrial
respiratory chain complexes [64–66]. Understanding the interplay
between the specific lipids found in the thylakoid membrane and the
formation of photosystem supercomplexes is an open problem, ready
to be explored using multiscale simulations.
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