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Stacks of monogalactolipid bilayers can transform
into a lattice of water channels

Jakub Hryc,1,3,* Michal Markiewicz,1 and Marta Pasenkiewicz-Gierula1,2,*

SUMMARY

The lipid matrix of thylakoid membranes is a lamellar bilayer, but under a certain condition it can
convert locally into a nonlamellar structure. This is possible because one of the main membrane lipids,
MGDG, promotes the formation of an inverse hexagonal phase. Here, the spontaneous transforma-
tion of aligned hydrated MGDG bilayers into nonlamellar structures is investigated using all-atom
molecular dynamics simulation. Previous studies have demonstrated that MGDG polar head groups
connect vertically across the interface. In this study, the evolution of the system’s initial structure
into a lattice of water channels and contacted surfaces created by numerous vertical MGDG connec-
tions depended on the width of the hydrating water layers. These widths controlled the bilayers’ abil-
ity to bend, which was a prerequisite for channel formation. Locally, an intensive exchange of MGDG
molecules between apposing bilayer leaflets occurred, although a stable semi-toroidal stalk did not
develop.

INTRODUCTION

The lipid matrix of plant thylakoid membranes is composed of two neutral galactolipids, monogalactosyldiacylglycerol (MGDG,

�50%) and digalactosyldiacylglycerol (DGDG, �20%–30%), as well as two less represented (�20%–40%), anionic lipids, namely sul-

foquinovosyldiacylglycerol (sulfolipid, SQDG) and phosphatidylglycerol (PG).1,2 The matrix is a lamellar structure, even though

the two main lipids, MGDG and DGDG, have opposite phase tendencies. These tendencies follow from their chemical structures.

The head group of MGDG contains b-D-galactose and that of DGDG additionally contains a-D-galactose. Their acyl chains are

commonly 18-carbon triple-cis-unsaturated (18:3-cis).3 In effect, di-18:3-cis DGDG has a cylindrical shape and a tendency to form

a lamellar bilayer in water,4 whereas di-18:3-cis MGDG (Figure 1) has a cone shape and a tendency to form an inverse hexagonal

phase (HII).
5,6

The HII phase forms in the process of spontaneous aggregation of nonbilayer lipids, such as MGDG or phosphatidylethanolamine

(PE) when dispersed alone or in a mixture with other lipids, in water.7 This phase consists of an ordered lattice of hexagonally packed

water cylinders surrounded by lipid molecules. Their heads face the water and form the wall of each cylinder, whereas the hydrocar-

bon chains spread outward and fill the inter-cylinder space.5,7,8

The HII phase can also emerge as a result of La/HII phase transition of aligned lamellar bilayers (La).
9–11 As the La/HII transition and

membrane fusion12,13 proceed similarly, it has rationally been assumed that they pass through the same intermediate state13–16

called a stalk.17 A stalk is a locally formed semi-toroidal lipid connection between apposing leaflets of two bilayers.18,19 In bilayers

containing the non-bilayer lipids PE9 and MGDG20 stalks form spontaneously. In other lipid bilayers, they can form only when the

bilayer surfaces are sufficiently dehydrated;21 this is because the inter-bilayer water prevents close contact between neighboring

bilayers. Moreover, water molecules that bind to the lipid polar groups effectively compete with lipid-lipid interactions. To enable

inter-bilayer lipid-lipid connections that are necessary for stalk formation, the inter-bilayer water has to be removed. Natural mem-

branes fuse with the help of fusogenic v-SNARE and t-SNAREs proteins22–24 that bring them together and dehydrate. Bilayers con-

taining negatively charged cardiolipin or phosphatidic acid can transform into a nonlamellar phase in the presence of divalent

ions.8,25

An alternative mechanism of membrane fusion and La/HII phase transition is based on an extended (splayed-chain) lipid confor-

mation that was first proposed by Kinnunen14 and later elaborated in Refs.11,26. The involvement of the splayed-chain lipid confor-

mation in initiating bilayer fusion has been demonstrated in computer simulations27,28 and experimentally29,30 but the fusion itself did

not proceed as proposed in.14
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In this study, the formation of water channels induced by strong vertical links between MGDG molecules from apposing leaflets in

the system initially consisting of aligned MGDG bilayers is investigated using all-atom molecular dynamics (MD) simulation. These

channels should be thought of as locally connected poorly hydrated and locally bent fully hydrated fragments of the neighboring

bilayers in the form of water-filled tubes. This nonlamellar phase is possibly a transient state in La/HII phase transition and consists

only of lipid and water molecules. These lipid-based water channels accumulate rather than transport water, unlike aquaporins,

intrinsic membrane proteins, also called water channels, whose main biological function is the controlled transport of water across

cell membranes.31 They should also be distinguished from water nanochannels that can be used as selective fillers in specially de-

signed desalination and water treatment membranes.32

The choice of subject was motivated by the role of MGDG in biophysical processes that take place in thylakoid membranes.

MGDG, due to its shape, high negative intrinsic curvature, and high propensity to form lipid-lipid hydrogen bonds, promotes stack-

ing of thylakoids into grana by forming intermembrane stalks,20 induces a curvature stress in thylakoid membranes,33,34 affects their

curvature,35 and plays a major role in their structural dynamics,36 although the extreme curvature of the grana margins is induced

mainly by CURT1 proteins.37 Moreover, there is in vitro experimental evidence that the HII phase plays a crucial role in the xantho-

phyll cycle, e.g.,38–40 MGDG, as a main lipid component of thylakoid membranes and a HII phase promoting lipid, is very likely

involved in this process.

MD simulation studies on galactolipid polymorphism carried out so far have used a coarse-grained lipid model, e.g.,

Refs.41–44. In contrast, an all-atom galactolipid model is consistently applied in our studies of both lamellar45–48 and nonlamel-

lar49,50 phases.

The goal of this study is to investigate, on the molecular and atomic level, when and how the initial lamellar system consisting of

aligned MGDG bilayers evolved into a structure consisting of water-filled channels that extend horizontally across the system and

form a hexagonal-like lattice. Elucidation of this process could help in better understanding how the formation of nonlamellar lipid

structures in general and in thylakoid membranes in particular proceeds. In the thylakoids, these structures are called the HII phase,

but they should rather be recognized as locally formed water-filled cylinders necessary for the xanthophyll cycle to occur, e.g.,

Refs.38,40. Their presence has been indirectly evidenced experimentally,36,38 although how they form and what their precise architec-

ture is remains rather obscure. More generally, nonlamellar lipid phases are common in biomembranes and play important roles in

cellular processes.51–53 They are also used as carriers in drug delivery,54 thus the atomic-level details of the nonbilayer phase forma-

tion revealed in this study should deepen understanding of the important purely biotechnological processes that involve nonlamellar

lipid phases.

This study provides evidence that the necessary condition for the channels to form is strong vertical connections between MGDG mole-

cules from apposing leaflets and bending of the bilayers. The bending depends on the widths of the water layers in a multibilayer system

simulated under periodic boundary conditions (PBC). However, it does not show that on a microsecond timescale semitoroidal lipid stalks

form between apposing leaflets, even though MGDG molecules exchange locally between leaflets via extended lipid conformations. The

lipid exchange between lipid bilayers is an indispensable step in membrane fusion, a fundamental biological process that takes place in

each living cell and is also utilized in drug delivery.

Figure 1. Molecular structures of di-18:3-cis MGDG

The acyl chains and glycerol atoms are numbered according to Sundaralingam’s nomenclature55 (the positions of atoms C1 and C3 are swapped

relative to the sn convention). The galactose atoms are numbered according to the IUPAC convention.56 The galactose carbon atoms are marked

with 0 to distinguish them from the C1, C2, and C3 atoms of the glycerol. The chemical symbol for carbon atoms, C, is omitted, and the hydrogen

atoms are not shown except for the polar ones shown as empty circles. Oxygen (O) atoms are dark, and the carbon atoms are light gray circles,

respectively. Some of the torsion angles discussed in the text are marked, q3 in the glycerol backbone, b1 and b3 in the b (sn-2) chain, and g2 and

g4 in the g (sn-1) chain.
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Models

The initial structure of theMGDGbilayer was constructed using the Packmol program57 from scratch in.50 The bilayer consisted of 450MGDG

molecules (2 3 15315) and 13,500 water molecules (30 H2O/MGDG). The all-atom models of the MGDG molecule and the MGDG bilayer

Figure 2. Snapshots of double bilayers with different numbers of water molecules in the inner and the outer water layer

(A–J) Initial (A, C, E, G, I) and final, after 585, 700, 320, 820, and 500 ns of simulation (B, D, F, H, J, respectively) structures of double bilayers. W8-30 (A, B), W12-30

(C, D),W15-30 (295 K, E, F),W15-30 (333 K, G, H), andW30-30 (I, J) (see text). The atoms are represented in standard colors, except for the acyl chain carbon atoms,

which are dark blue. The water is shown as a transparent blue surface. The MGDG hydrogen atoms are not shown. The temperature corresponding to each

structure is given below the structure.
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were validated previously.45,50 When creating simulation systems for this study, the last frame of the MGDG bilayer simulated in Ref.50 (single

bilayer) was used.

Double bilayer

The double bilayer consisting of twoMGDG bilayers was constructed by duplicating the single MGDG bilayer, placing one bilayer above the

top of the other and rehydrating them with a chosen number of water molecules.

Outer layer with fixed, inner layer with varied numbers of H2O/MGDG. Four such double bilayers were constructed (Figures 2A–2J).

In all systems, the outer water layer (outside the bilayers but common via PBC, cf. STAR Methods) contained 13,500 H2O molecules

(30 H2O/MGDG). The intra-bilayer water layer (inner layer) contained 3,600 (8 H2O/MGDG, W8-30); 5,400 (12 H2O/MGDG, W12-30); 6,750

(15 H2O/MGDG, W15-30); or 13,500 (30 H2O/MGDG, W30-30) water molecules.

The same number of H2O/MGDG in outer and inner layers. Three such double bilayers were constructed (Figures 3A–3F). In these sys-

tems, the inner and the outer water layer contained 3,600 (8 H2O/MGDG, W8-8); 5,400 (12 H2O/MGDG, W12-12); or 6,750 (15 H2O/MGDG,

W15-15) water molecules.

Quadruple bilayer

The quadruple bilayer (Figures 4A–4D) consisting of four MGDG bilayers was constructed by duplicating the last frame of theW15-15 double

bilayer simulated for 500 ns and placing one on top of the other. Each water layer contained 6 750 H2O (15 H2O/MGDG, 2xW15-15).

Figure 3. Snapshots of double bilayers with the same number of water molecules in the inner and the outer water layer

(A–F) Initial (A, C, E) and final, after 1000, 500, 1000 ns of simulation (B, D, F, respectively) structures of double bilayers. W8-8 (A, B), W12-12 (C, D), W15-15 (E, F).

Other details as in Figure 2.
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Triple bilayer

To build the triple bilayer (Figures 4E–4G), five copies of the single bilayer were created; two of themwere placed adjacent to the bilayer along

the x axis and the other three behind them, in the x-y plane (453 30MGDG in each leaflet). Then, two copies of the enlarged system, one after

the other, were placed on top of it. Each water layer contained 40,500 H2O molecules (15 H2O/MGDG, 6xW15-15-15).

The numbers of lipid and water molecules in the models and the width of each water layer together with some simulation conditions/pa-

rameters are summarized in Table S1; the main details are also given in Tables 1 and 2. The width of each water layer was estimated as the

distance between the cross-points of the lipid and water density distributions in the double bilayer, as is shown in Figure S1A and described in

STAR Methods.

RESULTS

There are twomajor aims of the analyses of the systems of alignedMGDGbilayers described earlier. One is to determine the level of hydration

of the bilayers necessary for water channels to form spontaneously. The other is to reveal themolecular level details of the exchange ofMGDG

molecules across a polar interfacial region. The formation of water channels requires multiple, strong, and locally extended vertical connec-

tions between theMGDGmolecules from apposing leaflets. A comprehensive analysis in Ref.50 reveals, thatMGDGmolecules connect across

the interface by forming direct hydrogen (H-) bonds, or water bridges, or both between their head groups (Figure S2). In the analyses below,

only pairs of vertically connected MGDG molecules are considered, irrespective of how many individual short-range interactions (H-bonds

and water bridges) link two molecules in the pair. These inter-lipid connections are very dynamic—they form and break constantly. Neverthe-

less, the number of vertically connected pairs of MGDGmolecules (vertical MGDG pairs), after initial growth, is stable (Figures 5 and S3–S7).

In this simulation study, water channels are horizontally oriented water-filled tubes that form between two adjacent bilayers and cross the

whole system along one of the system’s horizontal axes (x or y). The tubes are separated by connected surfaces created by numerous vertical

MGDGpairs, and their cross-sections aremore lenticular than circular, cf. Figures 2, 3, and 4. The formation of a water-filled channel is coupled

with the bending of the bilayers.

Water channel formation and level of hydration

Double bilayer, outer layer with fixed, inner layer with varied numbers of H2O/MGDG

The W8-30 double bilayer containing 8 H2O/MGDG in the inner, 3.4 Å wide, and 30 H2O/MGDG in the outer, 23.6 Å wide, water layer

(Figures 2A and 2B) was simulated at 295 K (30 ns), then at 333 K (52.5 ns) with anisotropic pressure control (aniso), and finally at 353 K

(500 ns) with semiisotropic pressure control (Table 1); 353 K (80�C) is the highest temperature at which an experimental study onMGDG poly-

morphism has been carried out.5 Themotivation for using higher temperatures and different simulation protocols at different temperatures is

given in STAR Methods.

Figure 4. Snapshots of quadruple and triple bilayers

(A–G) Initial (A, B, E) and final, after 1000 ns of simulation (C, D, F, G) structures of 2xW15-15 (A, B, C, D) and 6xW15-15-15 (E, F, G) systems. To show the direction of

the water channels in 2xW15-15, (A, C) are the front (x,z-plane) and (B, D) are the side (y,z-plane) views. (E, F, G) are the front views of 6xW15-15-15. In (A, B, E, F,

and partially in D) the water is shown as a transparent blue surface; to show the water-filled channels better, in (C, G, and partially in D) the water molecules are

shown explicitly to expose the water-filled caves better. Other details as in Figure 2.
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Vertical MGDG pairs across the inner water layer formed almost immediately at the start of the simulation at 295 K (Figure 5A).

Their number increased to a stable value of �310 in less than 30 ns (Figure 5A; Table 3) and did not change significantly at higher

temperatures (Figures 5B and 5C; Table 3). The close contact between the vertically paired head groups was confirmed by a signif-

icant overlap of their density profiles along the W8-30 normal (Figure S1B). In contrast, no vertical pairs formed across the outer water

layer during the simulation; consequently, the density profiles of the rings of MGDG from the outer leaflets remained separated

(Figure S1B).

The vertical MGDGpairs involved virtually all MGDGmolecules in each of the inner leaflets, i.e., 225. The number of MGDGmolecules in a

leaflet was smaller than the number of vertical pairs (�310) because oneMGDGmolecule from a leaflet could connect tomore than one in the

opposite leaflet (Figure S2). At each temperature, the numerous and strong inter-lipid vertical interactions created one firm connected surface

that prevented the bilayers from bending, hence the formation of water channels was inhibited. Moreover, a comparison of the number of

water molecules in the inner water layer (8 H2O/MGDG) with that which each MGDG molecule in the bilayer binds on average (7.14 G

0.09 H2O/MGDG50) implies that almost all watermolecules from the inner layer were bonded to the lipids; in effect, there were no ‘‘free’’ water

molecules to form a channel.

Table 1. Simulation systems and parameters for the double bilayers with a fixed number of H2O/MGDG in the outer water layer

System name #H2O/lipid (width [Å]) Inner #H2O/lipid (width [Å]) Outer

Temperature [K]/pressure

control/simulation time [ns]

W8-30 8 (3.4) 30 (23.6) 295/aniso/30

333/aniso/52.5

353/semi/500

W12-30 12 (8.4) 30 (23.6) 295/aniso/200

333/aniso/500

W15-30 15 (11.3) 30 (23.6) 295/aniso/320

333/semi/500

W30-30 30 (23.6) 30 (23.6) 353/aniso/500

The numbers of water molecules per lipid (#H2O/lipid) in the inner (Inner) and the outer (Outer) water layer, additionally, estimated widths (width) of each water

layer are given in parentheses. Temperature, pressure control algorithm (anisotropic [aniso] or semiisotropic [semi]), and time length of each simulation are given

in the 4th column. See also Table S1.

Figure 5. Time profiles of the number of vertical MGDG pairs linking the inner leaflets of W8-30

(A–C) (A) 295 K (30-ns simulation, aniso); (B) 333 K (52.5-ns simulation, aniso); (C) 353 K (500-ns simulation, semi). At each temperature, the pairs were counted

during the first and the last 10-ns period of simulation every 1 ps; each point on the plot is a 10-ps average. Each bilayer leaflet contained 225 MGDG

molecules. See also Figures S3–S7 and Table 3.
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The W12-30 double bilayer containing 12 H2O/MGDG in the inner, 8.4 Å wide, and 30 H2O/MGDG in the outer, 23.6 Å wide, water layer

(Figures 2C and 2D) was simulated at 295 K for 200 ns and then at 333 K for 500 ns, using anisotropic pressure control (Table 1). InW12-30, as in

W8-30, vertical MGDG pairs formed almost immediately and only across the inner water layer, but in a much smaller number (Figure S3). At

both temperatures, their average saturating numbers were �170 (Figures S3A and S3B; Table 3). The fewer vertical MGDG pairs in W12-30

than in W8-30 were additionally illustrated by a smaller overlap of the head group density profiles (Figure S1D).

The 50% smaller number of connected pairs in W12-30 than in W8-30 implies that in W12-30 only half of the MGDGmolecules in the inner

leaflets were connected. These connections, due to their dynamics, formed a ‘‘floating’’ rather than a firm connected surface, although it pre-

vented the bilayers from sufficient bending. Thus, instability of the vertical MGDG pairs and too small a number of water molecules able to

form a channel were the reasons why a stable water channel did not emerge.

The W15-30 double bilayer containing 15 H2O/MGDG in the inner, 11.3 Å wide, and 30 H2O/MGDG in the outer, 23.6 Å wide, water layer

was simulated at 295 K (320 ns) using anisotropic pressure control (Figures 2E and 2F), then at 333 K (500 ns) using semiisotropic pressure

control (Figures 2G and 2H) (cf. STAR Methods). In W15-30, as in the previous systems, vertical MGDG pairs formed across the inner water

layer only. Their number grew slowly to a steady value (Figures S4A and S4B; Table 3), and with its increase, a stable water channel emerged

within�50 ns (Figures 2F–2H). This was possible because the outer water layer was wide enough to enable the bilayers to bend, and the inner

layer contained enough unbound water molecules to form the channel. Roughly estimated numbers of water molecules and MGDG head

groups in the channel were 5230G 90 and 278G 3, respectively, which gave 18.8G 0.3 H2O/MGDG in the channel and 8.8G 0.5 H2O/MGDG

in the remaining locally flat, partially dehydrated fragments of the inner leaflets. The latter number indicates that the flat fragments created, as

in W8-30, firm connected surfaces, which stabilized the channel at both temperatures (Figures 2F and 2H).

The W30-30 double bilayer containing 30 H2O/MGDG both in the inner and the outer, 23.6 Å wide, water layer (Figures 2I and 2J)

was simulated at 353 K for 500 ns. In line with the results above, during the simulation time neither vertical MGDG pairs nor water

channels formed.

Double bilayer, the same number of H2O/MGDG in outer and inner layers

TheW8-8 double bilayer containing 8H2O/MGDGboth in the inner and the outer, 3.4 Å wide, water layer (Figures 3A and 3B) was simulated at

353 K for 1000 ns (Table 2). In W8-8, as in W8-30, vertical MGDG pairs appeared almost immediately, but in contrast, they formed across both

the inner and the outer water layer. Their respective numbers of �318 and �340 (Figure S5) were similar to that of �314 in W8-30 (Table 3).

Also, the overlap of the density profiles of the MGDG rings along the normal in W8-8 andW8-30 was similar (Figures S1C and S1B). Thus, the

reasons why water channels did not form in W8-8 were the same as in W8-30.

The W12-12 double bilayer containing 12 H2O/MGDG both in the inner and the outer, 8.4 Å wide, water layer (Figures 3C and 3D) was

simulated at 353 K for 500 ns (Table 2). In W12-12, as in W8-8, vertical MGDG pairs formed across both the inner and the outer water layer.

The average numbers of pairs across each layer in W12-12 and their dynamics, and the overlapping of the head groups density profiles, were

essentially the same as those across the inner water layer inW12-30 (Figures S1E, S1D, S3, and S6; Table 3). Thus, the reasons why water chan-

nels did not form in W12-12 were the same as in W12-30.

The W15-15 double bilayer containing 15 H2O/MGDG both in the inner and the outer, 11.3 Å wide, water layer (Figures 3E and 3F) was

simulated at 353 K for 1 ms (Table 2). The process of vertical MGDG pairs and water channel formation and its time course in W15-15 were

similar to those in W15-30, but in W15-15 it took place in both the inner and outer water layers (Figure S7). In effect, two stable, diagonally

shifted, water channels emerged, each in one interface (Figure 3F). The channels were horizontally sealed by firm connected surfaces, which is

more visible in Figure 4A, where W15-15 is vertically conjoined with its replica.

During the course of simulation some of the MGDG molecules from the outer leaflets swapped (exchanged) between the leaflets (Fig-

ure 6A; film Video S1). The vigorous exchange started at �350 ns and somehow died away at 900 ns of simulation and involved splaying

of the acyl chains (Figures 6 and S9).

Table 2. Simulation systems and parameters for the multibilayers with the same number of H2O/MGDG in the inner and outer water layers

System name # Bilayer #H2O/lipid (width [Å]) Inner

#H2O/lipid

(width [Å]) Outer

Temperature [K]/pressure control/

simulation time [ns]

W8-8 2 8 (3.4) 8 (3.4) 353/semi/1000

W12-12 2 12 (8.4) 12 (8.4) 353/semi/500

W15-15 2 15 (11.3) 15 (11.3) 353/semi/1000

2xW15-15 4 15 (11.3) 15 (11.3) 353/semi/1000

6xW15-15-15 3 15 (11.3) 15 (11.3) 353/aniso/1000

The numbers of bilayers (# Bilayer) in the system; water molecules per lipid (#H2O/lipid) in each inner (Inner) and the outer (Outer) water layers, additionally, esti-

mated widths (width) of each water layer are given in parentheses. Temperature, pressure control algorithm (anisotropic [aniso] or semiisotropic [semi]), and time

length of each simulation are given in the 5th column. See also Table S1.
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Water channel formation and transformation

The quadruple bilayer, 2xW15-15 (Figure 4A), consisting of four MGDG bilayers separated by water layers, each containing 15 H2O/MGDG

and initially 11.3 Å wide, was assembled from the last frame of W15-15 simulated for 500 ns. Thus, from the very beginning, in each interface

there was one water channel (Figure 4A) and an intensive exchange of MGDG molecules between two outer and two middle leaflets (film

Video S2). The bilayer was simulated for 1 ms using semiisotropic pressure control. After�800 ns (film Video S2) the middle channel, originally

along the x axis, closed up and in its place, a new one appeared along the y axis; two other channels transformed into water filled caves

(Figures 4C and 4D). The fourth channel between the outer leaflets remained intact (Figure 4C).

In contrast to W15-15, in 2xW15-15 the exchange of MGDG molecules between leaflets continued during the whole simulation. Density

profiles across the fragment of the quadruple bilayer where there was no lipid exchange (marked with a red rectangle in Figure S8A) and that

where there was exchange (marked with a yellow rectangle in Figure S8A) were compared in Figures S8B and S8C. In the former case, the

density of acyl chains in the interfacial region was zero (Figure S8B); in the latter, it was nonzero (Figure S8C).

Water channel formation and the system size

To ascertain how the formation of water channels depended on the size of the MGDG bilayers in a multibilayer system, the triple bilayer,

6xW15-15-15 (cf. Models), was constructed (Figure 4E) and simulated for 1 ms at 353K (Tables 2 and S1). Its x and y dimensions were three

and two times, respectively, as large as those in the single and double bilayers (Figures 4E–4G). During 1-ms simulation, horizontally wa-

ter-filled channels that would have extended across the system did not form. Instead, two quite deep caves oriented orthogonally to each

other formed. The caves can be seen better in Figure 4G.

Swapping of MGDG molecules

Swapping (exchange) ofMGDGmolecules across the interface (Figure 6) was a random, local (Figures 7 and S8), concerted, and relatively slow

process. It took place in the regions of connected surfaces even though they were not totally dehydrated (�8H2O/MGDG). The head group of

an MGDG during exchange was H-bonded with 6 G 2 H2O molecules (average range 360–460 ns, step 10 ps); also, its acyl chains were

exposed to water, as inferred from the radial distribution functions (RDF) of water molecules relative to the chain carbon atoms (Figure 8).

The exchange started when the head group protruded further into the interface; this may have happened accidentally as a combined effect

of the vertical inter-head attraction and thermal fluctuations (Figures S9A and S9B). The protruding headdraggedbehind its acyl chains some-

what away from the nonpolar core. At some instance, either the MGDG b (sn-2) or the g (sn-1) chain spread across the interface and possibly

inserted into the opposite leaflet (Figure S9C); in several cases this resulted in an exchange of the MGDGmolecule across the interface. The

processes initiated by the MGDG b chain (blue) and the g chain (yellow) are shown in films Videos S3 and S4, respectively.

MGDG swapping shown in films Videos S3 and S4 indicate that the initiating chain inserted into and left the opposite leaflet several times

without returning to the original one, whereas the other chain left and returned to the original leaflet several times. During exchange, the

MGDG molecule resided mainly in the interfacial region, oriented horizontally. When both chains inserted even partially into a leaflet, the

whole molecules oriented vertically and both chains embedded deeply into it. However, film Video S5 somehow contradicts this observa-

tion—the whole MGDGmolecule shown there left and returned to the original leaflet several times. The processes presented in films Videos

S3, S4, and S5 lasted �20, �100, and �160 ns, respectively, during which each of the chains assumed different conformations and the

extended one was only one of them. The films clearly demonstrate that the swapping process was erratic and dynamic.

Chain splaying—Conformational analysis

To find out which torsion angle was responsible for chain splaying, the time profiles and distributions of torsion angles in the b and the g chain,

as well as the glycerol backbone of three representativeMGDGmolecules, were calculated. In the case of the b chain, the first of the lipids was

Table 3. Equilibrium numbers of vertical MGDG pairs

System 295 K inner/outer (av. period) 333 K inner/outer (av. period) 353 K inner/outer (av. period)

W8-30 309.7 G 6.8/0 (20–30 ns) 348.6 G 11.5/0 (42.5–52.5 ns) 314.3 G 11.5/0 (575–585 ns)

W12-30 167.8 G 8.3/0 (190–200 ns) 175.0 G 7.9/0 (490–500 ns) —

W15-30 111.4 G 6.0/0 (310–320 ns) 139.4 G 12.9/0 (810–820 ns) —

W30-30 — — 0/0

W8-8 — — 317.9 G 10.7/342.5 G 12.6 (990–1000 ns)

W12-12 — — 177.4 G 13.2/158.8 G 9.7 (490–500 ns)

W15-15 — — 130.54 G 7.20/176.1 G 10.2 (990–1000 ns)

Equilibrium time average numbers of vertical MGDGpairs across the inner (inner) and the outer (outer) water layer at the end of simulation at a given temperature,

in the double bilayers. The number of pairs was averaged over the indicated time period (av. period); errors are standard error estimates. See also Figures 5 and

S3–S7.
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from the singleMGDG bilayer (black), the second was a lipid fromW15-15 whose b chain was changing conformation to extended over�2 ns

(blue), and the third was the lipid fromW15-15 whose b chain was in a splayed-chain conformation, stable for 48 ns (red). The conformations of

the first four torsion angles of the b chain and that of the glycerol q3 (Figure 1) for the three MGDG molecules determined over 2 ns are

compared in Figures S10 and S11.

Kinnunen14 proposed that the torsion that changed conformation at splaying was of the C(2)-C(3) glycerol bond, i.e., q3 in Figure 1. How-

ever, conformational analysis reveals a significant difference between the black lipid and the blue and red lipids for the b3 torsion only

(Figures S10–S12). The panels in row 4 of Figure S10 and of Figure S11 indicate that the black lipid b3 oscillated between 180� and 330�,
the red lipid b3 oscillated between 60� and 240�, essentially never occupying gauche– conformation, whereas the blue lipid b3 changed

conformation from gauche– to gauche+ during the first �500 ps of the analysis time and then for the remaining 1500 ps oscillated within a

similar range to that of the red lipid, i.e., �60�–200�, again, never occupying the gauche– conformation. However, the actual transition

from gauche– to gauche+ was much faster and took place within �9 ps (Figure S13). The difference between the conformations of b3 torsion

of the black and the red lipid is especially apparent in Figure S12, where the distributions of the torsion angles over 100-ns (black) and 48-ns

(red) analyses are compared. Unfortunately, a longer analysis for the blue lipid b chain was not possible because its continuous splayed-chain

conformation lasted only �2 ns.

A similar comparative analysis was performed for the g chains of selectedMGDGmolecules. The time profiles and distributions of g chain

torsion angles recorded over 2 ns are compared in Figures S14 and S15, respectively, for three MGDGmolecules, one from the single MGDG

bilayer (black), another fromW15-15 whose g chain was changing conformation to extended (green), and the other was the blueMGDG from

Figures S10 and S11 whose b chain was changing conformation to extended (blue). As in the case of the b chain, the significant differences in

the profiles and distributions were for the g3 only (Figures S14 and S15).

Concerted MGDG swapping

The analyses in Refs.27,28 indicate that insertion of an acyl chain of one phospholipid into the bilayer interface triggered other lipids to follow,

which resulted in the formation of a stalk. In simulations of W15-15 and 2xW15-15 a similar triggering was observed, although MGDG mol-

ecules did not form a ‘‘classic’’ stalk but located in one of the opposing leaflets. The concerted exchange of several MGDGmolecules started

in W15-15 at �350 ns of simulation but at �900 ns the exchange slowed down (film Video S1). In 2xW15-15 it lasted for the whole simulation

(film Video S2). An example of a synchronized swapping of a chosen pair of MGDG molecules is shown in film Video S6.

Effect of pressure control algorithm

To make a comparison of the behavior of systems simulated with a semiisotropic and an anisotropic barostat (cf. STAR Methods) easier, new

names were given to these systems (Table 4). In Table 4, the effects of the chosen pressure control algorithm are also summarized.

The pressure control algorithm used in these simulations had a significant effect on the systems’ behavior and stability (Table 4). As already

noted, simulations of the systems at 295 K (Table 1) using an anisotropic barostat did not introduce any distortion of the dimensions of the

systems relative to the initial ones. At 333 and 353 K in some systems one of the dimensions increased and the other shrank. To enable com-

parison and evaluation of the behavior of all systems, the systems that distorted at higher temperatures were resimulated (Table 4) and others

Figure 6. Exchanging of MGDG molecules between leaflets

(A) Snapshot of W15-15 at the end of 1000-ns simulation. Acyl chains are colored red for the upper bilayer and blue for the lower bilayer to make the exchanging

MGDG molecules more visible.

(B) An MGDG molecule from the ‘‘red’’ bilayer in the splayed-chain (extended) conformation—it remains in this conformation for 48 ns.

(C) Two simultaneously exchanging MGDG molecules, red and blue; each is in the extended conformation with chains embedded in the opposing leaflet and

head groups in the interface. See also Figures S8 and S9.
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(Table 2) were simulated with a semiisotropic barostat. Anisotropic-pressure-induced change of the box-length proportions somehow facil-

itated formation and stability of the water channels. Finding a correlation between theMGDGbilayer compulsion to form stalks and channels

and a pressure-induced change of the system dimensions that enabled these formations and proposing a putative driving force behind such

behavior are beyond the scope of this paper. However, it was interesting to compare W15-30_semi and W15-30_ani (Table 4). The final

enlarged structures of the systems are compared in Figures S16B and S16D. When the proportions of the simulation box were preserved,

there was no water channel in the middle layer of W15-30_semi; this is because the bilayers could not bend sufficiently to close the tube

with the accumulated ‘‘free’’ water (Figure S16B). When the system lengthened, to close the tube a smaller curvature of the bilayers was

required, so the second water channel with the vertical cross-section of a flattened ellipse was formed (Figure S16D). Similar reasoning as

to why the water channels in 2xW15-15_ani were more stable than in 2xW15-15_semi could probably be offered, but this would not convinc-

ingly explain other cases, thus the effect of anisotropic pressure control was classified as ‘‘unpredictable’’.

DISCUSSION

Molecular modeling with atomic resolution allows the behavior of molecules to be studied on amuch shorter timescale than that with coarse-

grained resolution. Nevertheless, it provides a much deeper insight into molecular and atomic level mechanisms, leading to certain behavior

of the molecules. The simulations carried out in this study were long enough to capture, step by step, events leading to spontaneous forma-

tion of a hexagonal-like lattice of water channels in stacks of hydrated MGDG bilayers. The formation and the number of water channels

depend predominantly on the widths of the water layers separating the bilayers. The results obtained for double bilayers that have 15 3

15 MGDG molecules in each leaflet indicate that a water channel forms when the width of the inner water layer is not smaller than �10 Å

and significantly smaller than �23 Å, whereas that of the outer layer is larger than �10 Å. When the widths of both water layers are �10 Å,

then two water channels develop, and when one width is �10 Å and the other is �23 Å, only one channel develops. When these conditions

are fulfilled, the two bilayers bend locally in opposite directions and create a space where the inter-bilayer unbound to MGDG water mole-

cules can accumulate. To complete the channel formation, the accumulated water has to be sealed in a tube; this can happen only when other

fragments of the bilayers, either oppositely curved or flat (cf. Figure S16D), but certainly poorly hydrated, come into close contact, enabling

numerous vertical lipid-lipid connections to be made. Otherwise, the channel is not created. Both a situation where a channel is created and

onewhere it is not are depicted in Figure S16B, whereW15-30_semi (Table 4) is graphically enlarged in the x- and z-direction by translating the

simulation box. In each of the outer layers, two channels are fully created, whereas in the middle one no channel could form because sealing

the accumulated water in a tube would require too much bending of the bilayers due to the large width of the water layer.

However, not only the widths of the water layers separating the bilayers in amultibilayer system but also the system size and shape have an

impact on the formation and stability of the water channels. The former is exemplified by 6xW15-15-15, consisting of three bilayers (23 45330

MGDG molecules each), initially separated by �11 Å-wide water layers. Even though such a width is sufficient for water channels to form in

W15-15 and 2xW15-15, in the system consisting of bilayers that are six times as large, no channel forms. During 1-ms simulation only deep

caves between bilayers develop (Figures 4E and 4F).

The effect of the system shape is exemplified by W15-30_ani and 2xW15-15_ani (Table 4; Figures S16C, S16D, and S17). Their horizontal

cross-section is originally a square. Due to pressure anisotropy it changes to an elongated rectangle of the same area, thus the widths of the

water layers in the systems remain unchanged. Nevertheless, in W15-30_ani the second channel emerges, and in 2xW15-15_ani the channels

are stable, even though this is not the case in W15-30_semi and 2xW15-15_semi.

These results agree with the common-sense assumption that the development of a water channel in a multibilayer system requires a large

reorganization of the system and cooperative action of MGDGmolecules. Thus this should depend on the overall size of the bilayers and the

proportion of their dimensions. When one bilayer side is significantly narrower than the other (in the case of W15-30_ani the proportion is

�25:5 nm), cooperativity is easier to achieve; this notion is backed by the formation of the second channel in W15-30_ani but not in W15-

30_semi. It is then quite likely that the completion of the channel formation in 6xW15-15-15 simply needs more time than 1 ms.

Figure 7. Local exchange of MGDG molecules across the interface

(A and B) The (A) front and (B) side view of the outer leaflets of 2xW15-15. Both in (A) and (B) acyl chains of several MGDGmolecules can be seen in the interfacial

region. Other details as in Figure 2. See also Figure S8.
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Instability but not disappearance of the channels in 2xW15-15_semi illustrates both the propensity ofMGDGbilayers to bend and the high-

ly dynamic character of the lipid systems, as not only vertical MGDG connections continually form and break but also water channels can

locally disappear to appear in a different location or temporally transform into water-filled caves. Nevertheless, the formation of a channel

is not a reversible process.

The result that�15 H2O/MGDG is needed for a water channel to develop between twoMGDGbilayers apparently concurs with the exper-

imental results obtained for the MGDGHII phase where the number of H2O/MGDGwas estimated as�12–135 and 14.58 However, the actual

number of H2O/MGDG inside thewater channel estimated here as 18.8G 0.3 is larger than that estimated experimentally5,58 and smaller than

30 H2O/MGDG in each water channel of the MGDG HII phase generated in our previous study.49

The effect of bilayer hydration on the connected surface (stalk) formation between MGDG bilayers in a double bilayer revealed in this

atomistic (AA) simulation somewhat disagrees with that revealed in the coarse-grained (CG) simulation of the dioleoylPE (DOPE) multibilayer

at 308 K.59 In that CG simulation, no stalk formed at hydration higher than 12 H2O/DOPE, whereas in this AA simulation, vertical MGDG con-

nections (stalks) formed at hydration up to 15 H2O/MGDG at both 295 and 333 K. Connections did not form when hydration was 30

H2O/MGDG at 353 K. The difference between the two systems arises presumably from much stronger cross-interface links between

MGDG head groups than between DOPE head groups and a higher negative intrinsic curvature of MGDG. Nevertheless, none of the

MGDG multibilayer systems investigated in this study converted to the HII phase, which was the case in the CG simulation.59

Protrusion of phospholipid acyl chains out of the bilayer hydrophobic core as well as induced or spontaneous exchange of lipid molecules

between apposing leaflets triggered by local ‘‘manual’’ dehydration of the bilayer leaflets were observed in previous computer simulation

studies using AA60 and CG27,28 lipid and water models. The CG simulations indicate that lipid exchange proceeded via the splayed-chain

conformation.

This AA simulation study, carried out over a much longer timescale than in Ref.60, captures subsequent steps of lipid exchange between

apposing bilayer leaflets. The exchange occurs locally, even though vertical MGDG pairs form over the large area of the adjacent leaflets. In

general, the process ofMGDGexchange over the interface proceeds similarly to that of phospholipids shown in CG simulations;27,28 however,

there are two substantial differences between them. First, in the MGDG systems dehydration of connected fragments of opposing leaflets is

spontaneous due to bilayer bending, which allows for the local accumulation of ‘‘free’’ bilayer water and significant dehydration of other

bilayer surfaces. Second, even though the swapping of MGDG molecules between adjacent leaflets proceeds mainly via splaying of lipid

chains, and swapping is a concerted process, the lipids do not form a stable ‘‘classic’’ semi-toroidal stalk, but instead they locate eventually

in one of the facing leaflets.

This study also reveals that the torsion angle that drastically changes during chain transition to the extended conformation is either b3 or g3,

depending onwhich of theMGDGchains initiates exchangeof themolecule. Thus, the torsion that changes conformation at splaying is not q3,

as suggested by Kinnunen.14 Moreover, contrary to the speculation of Corkery26 that the sn-2 acyl chain (b) of a native phospholipid has a

higher probability to extend than the sn-1 chain (g), these simulations indicate that, on the basis of 15 cases, the probability of the extended

conformation is almost the same for the b and the g chain of MGDG. However, phospholipids generally have only one mono-cis-unsaturated

chain (b), whereas both chains of MGDG are triple-cis-unsaturated, and this is the possible cause of the difference.

Experimental studies on model thylakoid membranes presented in Ref.20 show that MGDG and DGDG directly contribute to stacking of

thylakoids into grana and that thylakoid membranes are locally linked by stalks. Our present and previous50 results strongly support these

experimental findings by demonstrating that the head groups of MGDG and DGDG50 form strong and numerous short-range interactions.

Moreover, in the case of MGDG bilayers, these interactions take place across the bilayer interfacial region. It is rational to suppose that be-

tween the aligned mixed MGDG-DGDG bilayers cross-interface connections are even stronger.

Spontaneous formation of water channels between stacked MGDG bilayers is in line with experimental results that the HII phase is neces-

sary for the xanthophyll cycle to occur,38–40 but then the HII phase should not be understood as a structure with a long-range orientational

order but locally formed water-filled cylindrical structures. Such structures were able to emerge when, under a certain condition, lipids consti-

tuting thylakoid membranes segregated locally into lateral domains and MGDG domains in adjacent leaflets came into close contact. Most

Figure 8. Hydration of a MGDG molecule during swapping

RDFs of water molecules relative to the MGDG b-chain (blue) and g-chain (green) carbon atoms and head group oxygen atoms (red) of an MGDG molecule

during swapping between leaflets.
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likely, two domains facing each other would behave similarly to a model MGDG double bilayer, that is, form a hexagonal-like lattice of water

channels.

The results obtained in this study and those published in the literature are combined in Table 5 in order to summarize them and to make

the comparison easier.

Limitations of the study

This MD simulation study was carried out with force field parameters for theMGDG andwater molecules that were verified in several previous

studies45,47–50 and with simulation parameters recommended in the GROMACS User Manual. This, together with the quite conventional

methodology employed, should give confidence that the results of the study are reasonable. Furthermore, it should be rather straightforward

to perform similar calculations of similar systems.

The processes modeled here have not been investigated with atomic resolution so far, so during the study unexpected effects were

encountered. We did not foresee that some of the results would depend on such factors as the effect of the pressure control algorithm or

the shape and size of the simulation box. To avoid false conclusions, simulations were carried out using both a semiisotropic and anisotropic

barostat. In some cases, the latter had an effect on the shape of the simulation box, which resulted in a different evolution of the simulated

system compared with that simulated using a semiisotropic barostat, which maintained the box proportions. The conclusions presented in

discussion were drawn on the basis of the results obtained for the systems where box proportions were preserved relative to the initial ones;

this enabled general conclusions to be drawn. However, it turned out that the conclusions derived for smaller systems could not be straight-

forwardly extended on a much larger system, even though it was simulated for a similar time; this is most likely because in larger systems

reorganization processes take more time to complete than in smaller ones.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to, andwill be fulfilled, by the lead contact, JakubHryc (jakub.

hryc@uj.edu.pl).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Simulation parameters and conditions

Structurally, an MGDG molecule consists of a polar head, which comprises the b-D-galactose residue and the glycerol backbone, and two

a-linolenoyl (di-18:3, cis) chains (Figure 1). For galactose, the all-atom optimized potentials for liquid simulations (OPLS-AA) parameters

for carbohydrates were used.66 The acyl chains and glycerol backbone parameters were taken directly from the OPLS-AA force field associ-

ated with theGROMACS 5.05 software package,61 supplemented with partial charges for the polar parts of lipids, that were derived in67 in the

framework of the OPLS-AA force field.

Before MD simulation, each system, described in the section Models, was optimised using the steepest descent algorithm. Energy mini-

mization and simulation were carried out using the package GROMACS 5.05.61 The electrostatic interactions were evaluated using the par-

ticle-mesh Ewald (PME) summationmethodwith a b spline interpolation order of 5 and a direct sum tolerance of 10-5.68 For calculations of the

Ewald sum in real space and the van derWaals (vdW) interactions, a cut-off of 1.0 nm, 3D PBC and theminimum image convention were used.

Simulations were carried out in the isothermal-isobaric NPT ensemble under a constant pressure of 1 bar and at temperatures 295, 333 and

353 K (Tables 1, 2, and S1). In line with our previous practice, the first group of lamellar systemswere simulated initially at ambient temperature

with anisotropic pressure control. However, due to relatively large systems (the number of atoms was between �70 000 and �200 000, and

�900 000) and a relatively short timescale of the simulations (inmost cases 1000 ns), to capture transition processes that were the subject of the

study, the temperature of the systems was elevated from the initial 295 K to 333 K and to 353 K (80�C), which is the highest temperature at

which an experimental study on MGDG polymorphism has been carried out.5 A CG simulation study of the non-bilayer phases of DOPE indi-

cated that in a multilamellar stack of pure DOPE bilayers at any hydration, increasing the temperature by 20 K in the range between 273 and

320 K increased the rate of stalk formation by a factor of �4.59 In this study, the effect of the increasing temperature was milder.

As a computer model of the lipid bilayer patch is built by replicating lipids in the x-y plane, it has axial symmetry relative to the bilayer

normal, and as long as it remains lamellar, controlling its pressure semi-isotropically is justified by the geometry. However, due to rotational

and translational diffusion of the bilayer lipids, the stress on different simulation box-sides may be different, therefore anisotropic pressure

control may be a better choice. In this study, spontaneous transition from the stack of lamellar bilayers to a lattice of water-filled channels is

investigated. This transition changes the symmetry of the system and the normal is not an axis of symmetry any more. When starting the sim-

ulations, the authors anticipated that pressure anisotropy would give the systemmore flexibility and facilitate the transition. However, this was

not the case. Simulations carried out at room temperature (295 K) and with anisotropic pressure control proceeded without any distortions of

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

GROMACS 5.05 software package Abraham et al.61 https://www.gromacs.org/

VMD 1.9.3 Humphrey et al.62 https://www.ks.uiuc.edu/Research/vmd/

PyMOL 1.8.4 DeLano63 https://pymol.org/2/

Gnuplot Williams et al.64 http://www.gnuplot.info/

AWK Aho et al.65 https://www.gnu.org/software/gawk/manual/gawk.html
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the geometry of the box relative to the initial one. However, when the temperature was increased, in some systems the proportions of the in-

plane box dimensions significantly changed (cf. Figures S16 and S17); this prompted us to reconsider the pressure control algorithm used.

Eventually, the first group of systems was initially simulated at 295 K with an anisotropic barostat, then the temperature was increased and

the systems that became distorted at higher temperatures were re-simulated (Table 4) and others (Table 2) were simulated with a semiiso-

tropic barostat. The effect of the pressure control algorithm on the behaviour of selected simulation systems and some putative explanation

of the behaviour is presented in the section effect of pressure control algorithm.

For the first 1 ns of each simulation, the pressure and temperature were controlled using the Berendsen thermostat and barostat69 and

afterwards using the Nosé-Hoover thermostat70 and the Parrinello-Rahman barostat71 with time constants 0.5 ps and 1.0 ps, respectively.

The temperatures of the solute and solvent were controlled independently. The linear constraint solver (LINCS) algorithm72 was used to pre-

serve the length of each covalent bond with a hydrogen atom. This allowed us to use a 2 fs time step when simulation was carried out at 295 K,

and 1.5 fs when it was carried out at 333 and 353 K, except for the largest system, 6xW15-15-15, for which the time step was 2 fs. The trajec-

tories were recorded every 1.5 ps when the time step was 1.5 fs, and every 1.0 ps when the time step was 2 fs. The list of nonbonded pairs was

updated every 10 steps. The centre-of-mass motion was removed every time step.

To visualize the results the programs PyMOL 1.8.4.63 and the VMD 1.9.362 were used. The scripting language Bash and the domain-specific

language AWK65 were used to process the data and write the scripts for the analyses. The gnuplot software64 was used to create the graphs.

Inkscape73 was used to assemble, process and modify images obtained from the programs Pymol and VMD.

QUANTIFICATION AND STATISTICAL ANALYSIS

The averages and standard deviations were calculated using AWK. In most cases, numerical data were obtained from 100-ns trajectory frag-

ments, with a 10-ps step unless stated explicitly in the main text. The width of each water layer was estimated as the distance between the

cross-points of the lipid and water density distributions (Figure S1A). Each distribution was obtained by dividing the simulation box along the

z-axis into 1000 slices and in each slice the densities of the lipids or water were calculated using the program GROMACS,61 generating

1000-point distribution curves. As the height of the simulation box (z-axis) was �12-13 nm (depending on the system), the value of density

was determined every 12-13 pm.
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