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A B S T R A C T   

From cyanobacteria to higher plants, photosynthetic membranes are composed of two galactolipids, mono- and 
digalactosyldiacylglycerol (MGDG and DGDG, respectively), and two negatively charged lipids, sulfoquinovo
syldiacylglycerol (SQDG) and phosphatidylglycerol (PG). In many environments, plants and algae grow in a 
shortage of nutrients, leading to the development of nutrient-saving mechanisms. For example, at the cellular 
level, in phosphate starvation, these mechanisms include conversion of phospholipids into phosphorus-free 
lipids. In photosynthetic membranes, PG is supposed to be replaced by SQDG in phosphate starvation whereas 
the opposite occurs in sulfur deprivation. All biological data confirm a complementary relationship between 
SQDG and PG and suggest the importance of maintaining the total amount of anionic lipids in photosynthetic 
membranes. Using neutron diffraction on reconstituted SQDG or PG lipid membranes, we demonstrate that, 
despite chemically different headgroups, PG and SQDG have similar physicochemical properties. With an 
equivalent diacylglycerol backbone, PG and SQDG membranes have a similar bilayer thickness and bending 
rigidity. They also have essentially the same response to hydration in terms of repulsion and interaction forces. 
The results presented here establish that SQDG and PG are good substitutes to each other in nutrient starvation 
conditions to maintain the chloroplast functional organization and its photosynthesis activity.   

1. Introduction 

Chloroplastic cells, where photosynthesis takes place, are composed 
by 80 % of non‑phosphorus lipids, mostly galactolipids [1,2] but also the 
sulfolipid sulfoquinosyldiacylglycerol (SQDG), which is synthetized and 
localized mainly in chloroplast membranes. Plastid membranes are also 
characterized by the presence of a phospholipid synthetized in the 
chloroplast envelope, phosphatidylglycerol (PG) [1,3]. In contrast, non- 
plastidial membranes are mainly composed of phospholipids that are 
synthetized in the endoplasmic reticulum (ER). Due to their immobility, 
plants take the nutrients directly from the soil in their environment. 
They are exposed to nutrient starvations, and therefore need to cope 
with the limitation of essential nutrients using adapted metabolisms. 
Phosphorus is one of the essential macronutrients for plant develop
ment, because it composes many molecules important for life, such as 
DNA and proteins, and because it is necessary for photosynthesis and 

energy transfer [4–6]. 
Under phosphate (Pi) starvation, the strategy for plant cells is to 

improve Pi absorption, decrease Pi consumption and remobilize Pi re
serves. It is well known that the lipid composition is strongly impacted in 
phosphate starvation with a phospholipid decline and a non‑phosphorus 
lipid synthesis. Indeed, in plant cells, phospholipids constitute one third 
of Pi reserves [7], and in the ocean, phospholipid synthesis represents 
more than 18 % of the Pi taken up by the total planktonic community 
[8]. In plant cells, non-plastidial membrane phospholipids are replaced 
by the galactolipid DGDG (digalactosyldiacylglycerol) and the increase 
of DGDG synthesis is supposed to be related to an export of DGDG to
wards extraplastidial membranes and not to a change of the thylakoid 
galactolipid composition [9–11]. In algae, betaine lipids are synthetized 
to compensate the decrease of phospholipids [12,13]. In both organisms 
(plants and algae), when cultivated under Pi starvation, the level of PG 
in photosynthetic membranes decreases significantly. This decrease is 
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compensated by an increase of the SQDG level [9,12,14–17]. In sulfur 
deprivation in Chamydomonas reinhardtii, the opposite trend is 
observed with a decrease of SQDG and a remobilization of PG from the 
photosystem I [18,19]. 

SQDG is synthetized in the chloroplast from diacylglycerol (DAG) by 
the SQDG synthase (SQD2) adding a UDP-sulfoquinovose (uridine 
diphosphate-sulfoquinovose) with an α-link on position 3 (sn-3) of the 
glycerol motif [16,20]. PG is synthetized in the plastid, in the mito
chondria, and in the ER. Phosphatidylglycerophosphate (PGP) synthase 
catalyzes the conversion of cytidine diphosphate-diacylglycerol and 
glycerol-3-phosphate to PGP, which is subsequently dephosphorylated 
to PG by PGP phosphatase [21]. Genes for PGP synthase have been well 
characterized, particularly in model organisms such as Arabidopsis 
thaliana [22] and genes responsible for the PGP phosphatase activity 
were recently identified by sequence similarity to the yeast [23]. In 
Arabidopsis thaliana, two homologs for PGP synthase have been identi
fied: PGP1 and PGP2 [24]. PGP1 is dually targeted to plastids and 
mitochondria [25], whereas PGP2 is targeted to the ER [26]. In the sqd2 
mutant of A. thaliana, loss of SQDG was accompanied by an increase of 
PG content [20], reinforcing the idea that PG and SQDG are 
interchangeable. 

Lipids contribute to the architecture and physical properties of 
membranes in terms of thickness, curvature, fluidity, and interactions. It 
is already known that PG and SQDG both self-organize in lamellar phase 
(Lα), a multilayer structure composed of parallely stacked bilayers 
[27,28]. At a given temperature, the membrane fluidity strongly de
pends on the fatty acid composition. The phase transition temperature 
indicates the transition between two states of the fatty acid chains: the 
gel phase, below the transition temperature, where fatty acids are solid 
(crystalline) and ordered, and the liquid phase, above the transition 
temperature, where fatty acids are fluid and disordered. The length and 
the unsaturation number in fatty acid chains modifies the transition 
temperature. In A. thaliana, SQDG and PG are rich in fatty acids 16:0 and 
18:3. However, PG is the sole lipid that contains 16:1t (trans) [29]. 
Chilling-sensitive plants contain a high proportion of PG 16:0/16:0 and 
PG 16:0/16:1 t. The phase transition temperature of these two species is 
42 and 32 ◦C respectively [30,31]. The phase transition temperature of 
SQDG 16:0/16:0 is 42 ◦C [30]. This indicates that with a similar fatty 
acid composition (16:0/16:0), but a distinguished polar head, PG and 
SQDG have a similar phase transition temperature. So far, PG and SQDG 
have been widely assumed to be interchangeable without any impact on 
membrane cell physiology, because they are both anionic, bilayer- 
forming lipids with similar transition temperature, and because they 
are located both in the plastids. However, to scrutinize this assumption, 
a deeper physicochemical characterization and comparison of these two 
lipids is required. 

Neutron diffraction is a powerful and non-destructive technique that 
gives physical information on the membrane state, such as its organi
zation, the bilayer and water layer thicknesses, the membrane in
teractions and the membrane bending rigidity. At physiological pH, the 
polar head of PG is negatively charged as the one of SQDG (Fig. 1), 
creating a repulsive electrostatic interaction between adjacent bilayers 

[32,33]. The phosphate group and the sulfur trioxide carry the negative 
charge in PG and SQDG, respectively. 

Experimental studies on the structure of SQDG bilayers are still 
lacking, but Coarse-Grained Molecular Dynamics (CGMD) simulation 
studies predicted the SQDG bilayer thickness to be around 44 Å [34,35]. 
In contrast, PG bilayers have been studied using both small angle X-ray 
and neutron scattering (SAXS and SANS) yielding a thickness of 35 Å for 
PG 16:0/16:0 (DPPG) [36,37], and 33.9 ± 1.1 Å for egg PG [38]. 

In this work, using neutron diffraction on PG and SQDG purified 
from plants, we show that the physicochemical properties of PG and 
SQDG are very similar. It is well known that PG is essential for photo
synthesis and growth of all oxygenic phototrophs examined to date [39], 
whereas the requirement of SQDG for photosynthesis and growth varies 
with species [40]. Because a complementary relationship between 
SQDG and PG amount in thylakoid exists to maintain a constant amount 
of anionic lipids in membranes [22], our work gives proof to the hy
pothesis that SQDG is a good substituent for PG inside chloroplast 
membranes during phosphate starvation. 

2. Materials and methods 

2.1. Cultivation of Arabidopsis thaliana plants 

Arabidopsis thaliana plants were first cultivated 15 days in long-day 
photoperiod (16 h light/8 h night) and then 4–5 weeks in short-day 
photoperiod (8 h light/16 h night) to produce maximum of leaves. 
The temperature was controlled at 22 ◦C during the day and 16 ◦C 
during the night. The quantity of light was 120 and 150 μmol⋅m− 2⋅s− 1, 
respectively for the long and short days. The hygrometry was fixed at 60 
%. Leaves of plants were collected after 6 to 7 weeks of culture. They 
were immediately dropped in liquid nitrogen to be stored at − 80 ◦C until 
further lipid extraction. 

2.2. Lipid analysis 

2.2.1. Lipid extraction 
Leaves were lyophilized overnight. In liquid nitrogen, the frozen 

leaves were grind in powder, and transferred in an Erlenmeyer flask with 
120 mL of boiled absolute ethanol during 5 min. Lipids were extracted 
according to Folch [41] adding 40 mL of methanol (MeOH) and 160 mL 
of chloroform (CHCl3). The Erlenmeyer flask was saturated with argon, 
then closed and left for 1 h at room temperature on a stirrer. The lipid 
extract was filtered in a separatory funnel with ethanol washed quartz 
wool. To rinse the quartz wool, 60 mL CHCl3/MeOH 2/1 (v/v) were 
added. After the end of the filtration, 68 mL NaCl 1 % were added 
directly in the separatory funnel, and the solvents were mixed up under 
argon. Then, the separatory funnel was closed and left overnight for the 
formation of a biphase. The organic phase (bottom phase) was collected 
and dried under argon in a warm water bath during around 3 h30. Lipids 
were transferred in Pyrex tubes using pure CHCl3. After solvent evapo
ration, lipids were stored at − 20 ◦C. 

Fig. 1. Chemical structures of PG and SQDG. The phosphate or the sulfur trioxide groups carry the negative charge for PG and SQDG, respectively. The two fatty acid 
chains are denoted with R1 and R2. 
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2.2.2. Lipid separation by thin layer chromatography (TLC) 
1 mg of lipids was separated by two-dimensional thin layer chro

matography (TLC) onto glass-backed silica gel plates (Merck). The first 
solvent was CHCl3/MeOH/Water 65/25/4 (v/v), and the second solvent 
was CHCl3/Acetone/MeOH/Acetic Acid/Water 50/20/10/10/5 (v/v). 
Lipids were visualized under UV light, after spraying with 2 % 8-anilino- 
1-naphthalenesulfonic acid in methanol. Each lipid class was scraped off 
the plate and lipids were extracted from the silica using the Bligh and 
Dyer method [42]. PG and SQDG were quantified by fatty acid methyl 
esters (FAMEs) production and gas chromatography coupled to flame 
ionization detector (GC-FID) (Clarus 580, Perkin Elmer), or were 
analyzed by ion trap mass spectrometry (MS) (Amazon XL, Bruker) to 
validate their purity and determine the lipid molecules with their fatty 
acid position on the glycerol backbone, as described in [43]. 

2.3. Neutron diffraction experiments 

Neutron diffraction data were collected at the D16 cold neutron 
diffractometer of the Institut Laue-Langevin (ILL, Grenoble, France). The 
experiments were repeated twice, with two sets of lipid extracts but with 
different water contrasts, either 100 % D20 or 8 % D20. These mea
surements gave consistent results, but because only the 8 % D2O 
contrast is suited to disentangle the bilayer and water layer thicknesses 
[44], only this data set is presented here. 

2.3.1. Sample preparation 
Samples consisted of oriented lipid multilayer films (500 μg of dry 

material) spread from a 500 μL chloroform/methanol solution (1/2: v/v) 
on silicon wafers (3 in. diameter, 275 μm thick) from Si-Mat (Kaufering, 
Germany). Each wafer was cut to produce a rectangular shape of 20 mm 
(width) × 75 mm (height). After lipid deposition, the solvent mixture 
was evaporated at room temperature and pressure until a solid film was 
obtained, and then dried 30 min under vacuum. The samples were then 
annealed at 25 ◦C in saturated D2O vapor overnight, before transfer into 
a humidity chamber where the sample was equilibrated before the 
diffraction experiments. 

2.3.2. Relative humidity control 
Relative humidity (RH) scans at fixed sample temperature were 

performed in situ using the high-precision BerILL humidity chambers 
developed at ILL and described elsewhere [45]. The samples were 
mounted vertically on a manual 4-axis goniometer head (Huber, Ger
many) embedded in the humidity chamber and pre-aligned using a laser- 
based optical setup. 

For both lipids, the temperature in the chamber was maintained at 
25 ◦C during the measurements and the humidity was varied by 
changing the temperature of the water reservoir generating the water 
vapor. For each sample, the relative humidity was increased and 
monitored in situ step by step after each data collection of the previous 
RH condition, without opening the chamber at any time during the 
isothermal humidity scans. 

Each sample was incubated in the humidity chamber prior to data 
collection. Since three identical chambers are available at ILL, two 
samples can be equilibrated while a third one is being measured. To 
reach 100 % RH at the end of the relative humidity ramping up, the 
chamber was taken out of the instrument and maintained overnight for 
further equilibrium at 100 %. The resulting range of humidities inves
tigated was 30 % to 100 % RH. The error associated to the RH value was 
calculated using the errors of the temperature sensors of the sample and 
the reservoir bath, estimated to δTsample = ±0.05 ◦C and δTres =

±0.05 ◦C. To each couple of temperatures corresponds a value of RH, 
and the standard deviation of the calculated RH is the error δRH. 

Typical equilibrium times were ranging from 1 h at low humidity up 
to 3 h at high humidity. During this in situ equilibration phase, the po
sition and intensity of the most intense Bragg reflections was monitored 
to ensure that for every condition (temperature, RH, and water contrast) 

the sample was at equilibrium, a condition satisfied when constant d- 
spacing and constant intensity of Bragg reflections is observed. 

The neutron scattering length density (NSLD) contrast between 
water and the lipid bilayers was obtained using H2O/D2O ratios of 0:100 
and 92:8 (v/v). Using the 8 % D2O contrast lipid headgroups are high
lighted thanks to the zero NSLD of water. From these profiles, the bilayer 
thickness can be directly extracted [44]. 

2.3.3. Osmotic pressure determination 
The pressure ℿ applied to the membrane stacks by precise control of 

the humidity of the air in equilibrium with the sample, is calculated 
according to [46]: 

ℿ = −
kb × Tsample

vw
◦ × ln

(
P
P0

)

(1)  

where kb is the Boltzmann constant (kb = 1.38.10–23 J⋅K− 1), Tsample, the 
sample temperature, vw

◦ the molecular volume of water (30 Å3) and P/ 
P0 the relative humidity RH. 

2.3.4. Neutron diffraction instrument setup 
D16 is a cold neutron diffractometer that uses a highly oriented 

pyrolytic graphite (HOPG) monochromator made of nine crystals whose 
orientation can be set to focus the beam vertically in a continuous 
manner from unfocussed to detector or sample focusing. The wavelength 
of the neutron beam was λ = 4.47 Å. 

For membrane diffraction experiments, the graphite crystals are 
oriented in sample focusing geometry combined to a horizontal slit 
collimation to maximize the incident neutron flux at the sample (3 × 107 

N⋅cm− 2⋅s− 1). 
Fig. 2 shows the geometry of the experiment in top-view. The inci

dent beam illuminates the sample plane with an adjustable angle of 
incidence Ω and is scattered into various directions at angles 2θ with 
respect to the incident beam. For each Ω, the 2θ-dependent intensity is 
recorded with a position-sensitive 3He detector (MILAND) set to a dis
tance of 950 mm from the sample. This 2D detector is made of 320 X by 
320 Y wires spaced by 1 mm providing a pixel resolution of 1 mm × 1 
mm and a detection area of 320 × 320 mm. By rotating the sample stage, 
and thus by stepwise variation of Ω, 2-dimensional maps of the intensity 
as a function of 2θ and Ω are recorded, as described previously [47,48]. 
These so-called “rocking curves” (Ω-scans) were collected by steps of 
0.05 deg. in an Ω-range of − 1 to 15 deg. In this procedure, the intensity 
is normalized to the detector pixels' sensitivity and solid angle, and to 
the illuminated sample area. The angles 2θ and Ω are associated with the 
reciprocal space coordinates qz and q||, i.e., the scattering vector com
ponents perpendicular and parallel to the sample plane, respectively, 
according to the geometrical relations (Fig. 2): 

qz = (2π/λ)[sin(2θ − Ω)+ sin(Ω) ] (2)  

and 

q‖ = (2π/λ)[cos(2θ − Ω) − cos(Ω) ] (3) 

Fig. 2.C shows a typical intensity map, termed I(2θ, Ω) in the 
following. It features the characteristic “Bragg sheets” of planar mem
brane multilayers [49]. The scattering intensity along the specular line 
(θ = Ω, q|| = 0) contains information on the structure perpendicular to 
the surface (notably the lamellar periodicity as encoded in the Bragg 
peak positions and the membrane scattering length density profile as 
encoded in the Bragg peak intensities). The diffuse scattering intensity 
(θ ∕= Ω, q|| ∕= 0) along the Bragg sheets additionally contains information 
on the in-plane structure, notably the membrane fluctuations in terms of 
their spatial self- and cross-correlation functions [47,49,50]. 

2.3.5. Data reduction 
Sample rocking scans (Ω-scans) were analyzed using the ILL LAMP 

software [51]. Each detector frame resulting from an Ω step was 
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normalized to a detector calibration that accounts for the detector pixels' 
efficiency and solid angle. Then, each Ω step is reduced to 1D by vertical 
integration of the intensity in a ROI (2θy vs. 2θx range) that corresponds 
to the location of Bragg peaks. Each Bragg peak position and intensity is 
fitted after summation of the intensity in an Ω range of 0.5 deg. (11 steps 
of 0.05 deg.) centered on the Bragg peak position. The peak shape of the 
fit to the data was Gaussian and a quadratic function was used for the 
background. Then, Bragg's law was used to determine the lamellar 
periodicity d according to: 

2dsinθB = nλ (4)  

where θB is the half angle of the peak position 2θB, and λ the wavelength 
(4.47 Å). A linear fit to the plot 2sinθ vs. n, considering up to n = 4 orders, 
was used to obtain the d-spacing from the slope s = λ/d. The error on the 
d-spacing, δd, was given by propagating the error on the slope of the 
linear fit to the data. 

2.3.6. Neutron scattering length density profiles 
Neutron scattering length density profiles (NSLD) were calculated 

from the integrated intensities of Bragg peaks corrected for the neutron 
absorption (Cabs), and the Lorentz factor correction (CLor) according to 
[52], resulting in the corrected discrete structure factor of order n: 

|Fn|
2
= CabsCLorIn (5)  

where In is the intensity of the Bragg peak at the order n. 
The corrections are given by: 

Cabs =
α

1 − e− α, α =
2μt
sinθ

(6)  

CLor = sin(2θ) (7)  

t is the sample thickness calculated from the deposited amount of dry 

lipid (500 μg) and the sample area (15 cm2). It is of the order of 10 μm 
before hydration, for a deposited amount of 1 mg, and scales linearly 
with the d-spacing as a result of hydration. 

The NSLD were calculated using [53]: 

ρ(z) = 2
d
∑

vnFncos
(

2πnz
d

)

(8)  

where z is the direction perpendicular to the bilayer planes and vn 
corresponds to the phase of the structure factor. At the 8 % D2O contrast, 
corresponding to the zero SLD of water, we tested different hypotheses 
for the discrete structure factor signs to obtain a centrosymmetric SLD 
profile with a minimum at z = 0, the bilayer mid-plane, where methyl 
groups are located and yield the highest density of hydrogens, and the 
maximum SLD for the polar head regions. The assigned phases that give 
the best agreement with these constraints were -, -, +, - in agreement 
with [37]. 

We consider here as a definition of the bilayer thickness (db) the 
center-to-center distance between lipid polar heads as obtained from a 
fit to the two headgroup layer positions in the NSLD profile obtained 
according to Eq. (9) (as illustrated in Fig. S2). The error associated to db 
is given by the standard deviation between the fit and the calculated 
NSLD. Finally, the water layer thickness (dw) is calculated from the 
known d-spacing and the bilayer thickness according to: 

dw = d − db (10)  

and the error is defined as δdw =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
δ2d + δ2db

√
. 

2.3.7. Bragg sheet analysis 
According to the Discrete Smectic Hamiltonian description of inter

acting multilayers [54], the membrane fluctuation self and cross cor
relations that give rise to characteristic diffuse scattering are governed 
by the mechanical properties of the interacting membranes in terms of 

Fig. 2. A. Sample and beam geometries in top-view. The incident beam (red) illuminates the sample (black) with an adjustable angle of incidence Ω (green). For each 
Ω, the 2θ-dependent (blue) intensity is recorded by the detector. The angles 2θ and Ω are associated with the reciprocal space coordinates qz and q// (yellow). B. 1D 
integrated intensity measured for each Bragg peak. C. Reciprocal-space map resulting from a typical Ω-scan I(2θ, Ω) showing the Bragg peak positions. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the membrane bending modulus κ and the inter-membrane compression 
modulus B. As we have shown earlier, the reciprocal space maps ob
tained experimentally within this framework can be satisfactorily 
modeled solely based on the underlying mechanical parameters κ and B, 
and on an empirical cut-off parameter termed R [47]. In practice, this 
procedure relies on the kinematic approximation (KA) of wave scat
tering, because application of the more accurate distorted-wave Born 
approximation [50] would require detailed additional knowledge of the 
sample structure, which is unavailable. As a consequence, our KA-based 
treatment, which is only valid wherever the intensity is weak compared 
to the incident beam, does not correctly capture the specular maximum 
of the first Bragg sheet, where this condition is typically violated. In line 
with our more recent work [55], we therefore combine information from 
the first two Bragg sheets (Fig. S3): while the Caillé parameter: 

η = πkBT
/(

2d2
̅̅̅̅̅̅̅̅̅̅̅
κB/d

√ )
(13)  

is obtained from the specular/diffuse scattering intensity ratio in the 
second Bragg sheet, the de Gennes parameter: 

Λ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
κ/(Bd)

√
(14)  

is obtained from the decay of the off-specular intensity in the first two 
Bragg sheets along q||. The best-matching values of η, Λ, and R are then 
determined by their systematic variation in the model until the best 
agreement with the experimental data is achieved. Absorption close to 
Ω ≈ 0 and Ω ≈ 2θ was modeled as described previously [55]. Finally, the 
mechanical parameters are obtained by solving Eqs. (11) and (12) for κ 
and B. 

3. Results 

3.1. Fatty acid composition in PG and SQDG extracted from plant 

Since the fatty acid composition of lipids likely affects their bio
physical properties, we used natural thylakoid lipids to reflect more 
accurately the membrane characteristics and since the fatty acid 
composition of PG and SQDG is largely unaffected by phosphate star
vation [56], we extracted them from Arabidopsis leaves grown on fertile 
soil. By ion trap mass spectrometry analysis, the fatty acid composition 
and the sn-1, sn-2 position of each fatty acid on the glycerol backbone 
have been determined (Fig. 3). PG and SQDG contain fatty acids with 
chain lengths of 16 and 18 carbons, with zero up to 3 unsaturations, 
corresponding to what is known in the literature for plant lipids [29,57]. 
In PG, the unsaturation on fatty acid 16:1 is in trans-conformation [58], 

while the other unsaturations are in cis-conformation. This means, that 
the 16:1 t in PG looks like a 16:0 in terms of shape, because the trans 
unsaturation does not modify the chain orientation, compared to a cis- 
unsaturation that provides a rigid kink of 30◦ in the chain [59]. The 
presence of a C16 fatty acid in the sn-2 position of the glycerol backbone 
in the two lipids, is the signature of a lipid synthesis occurring inside the 
chloroplast (also called the “prokaryotic” pathway) [60,61]. 

Around 80 % of PG molecules are composed of 18:3/16:1 t and 18:3/ 
16:0, both lipid molecules adopting an equivalent architecture. This is 
comparable to SQDG that is rich in 18:3/16:0 (around 50 %) and 18:2/ 
16:0 (20 %), constituting around 70 % of the SQDG molecules. PG 
contains a double saturated specie 16:0/16:0, and its structural equiv
alent 16:0/16:1 t, both representing around 8 %, whereas SQDG has no 
unsaturated C16 species. SQDG contains also around 13 % of double 
unsaturated molecules (18:3/18:3) and small proportions of combina
tions of unsaturated C18 species that are not present in PG. However, 
whereas MGDG and DGDG are mainly composed of 18:3/18:3 or 18:3/ 
16:3 molecules, it is not the case for SQDG where the fatty acid distri
bution is more similar to that of PG. Therefore, the fatty acid composi
tion of these two natural lipids extracted from plants is similar and so, it 
should have little influence on the biophysical properties of membranes 
in comparison to the polar head differences. 

3.2. Lamellar organization of PG and SQDG membranes 

To investigate the mechanical properties of PG and SQDG mem
branes, lipids were spread at the surface of silicon wafers, and analyzed 
by neutron diffraction. As described in the materials and methods sec
tion, the relative humidity inside the chamber was controlled and 
changed during the experiment, starting at RH = 30 % to RH = 100 %, 
and the temperature of samples was maintained at 25 ◦C. Because PG 
16:0/18:1 (POPG) has a melting temperature at − 2 ◦C [62], we can 
suppose that at 25 ◦C, due to their fatty acid composition, our natural 
lipids are in fluid phase for all relative humidities throughout the whole 
experiment. 

At RH = 30 %, samples are dehydrated, while at RH = 100 % samples 
are close to full hydration. During hydration, we followed the structural 
organization of membranes, the d-spacing and the modulation of Bragg 
peak intensities upon hydration. The diffraction data confirm that the 
two lipid types self-organize in lamellar phase as previously described in 
[27,28]. The presence of a high number of diffraction orders (up to 4) 
indicates that the bilayers were well correlated along the normal di
rection (regular d-spacing) (Fig. S1). PG and SQDG are not the main 
lipids in chloroplast membranes compared to the two galactolipids 
mono- and digalactosyldiacylglycerol (respectively MGDG and DGDG) 

Fig. 3. Fatty acid composition and position (sn-1/sn-2) of 
PG and SQDG solved by ion trap type MS. PG (orange) 
contains a high portion of 18:3/16:1t that is equivalent to 
18:3/16:0, corresponding together to 80 % of the PG 
molecules, and a small portion of 16:0/16:1t, 16:0/16:0 
(10 %). SQDG (blue) contains a high portion of 18:3/16:0, 
18:2/16:0, representing 70 % of the SQDG molecules, and 
a small portion of 18:3/18:3 (13 %) and all combinations 
of unsaturated C18 species. PG is the sole lipid of the 
thylakoid membranes containing a 16:1 trans-conforma
tion. ǂThe species 34:2 correspond to 18:2/16:0 in SQDG 
and 18:2/16:0 and 18:1/16:1t in PG. (For interpretation 
of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)   
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[3]. While DGDG also self-organizes in a lamellar phase, MGDG forms a 
hexagonal phase [32]. Therefore, MGDG contributes to the locally high 
curvature of thylakoids membranes, while DGDG, PG and SQDG are 
lipids that stabilize flat bilayer structures. 

The lamellar d-spacing of PG and SQDG was measured at 8 % D2O 
solvent contrast over the studied humidity range (Fig. 4). The results are 
presented in the form of pressure–distance curves, that is, plots of Π 
versus d. In our experimental conditions, because we worked under 
controlled vapor pressure, we could not explore the domain of very low 
osmotic pressure where repulsion falls off much more slowly and is 
dominated by electrostatic interactions [38]. 

For charged lipids at high pressure and at short range, there is clear 
evidence of an extra non-electrostatic repulsion that could be called 
“hydration force” [63,64]. However, here we will use the more generic 
term “short-range repulsion”. The humidity-dependent interaction 
pressure is found to exhibit an approximately exponential dependence 
on the lamellar period d (Fig. 4). We made an exponential fit to the data 
points from Fig. 4 with the following equation: 

π = π0e− d/λ  

with λ representing a decay length as defined in [63]. The observed 
decay length λ of the lamellar period d includes short-range repulsions 
and membrane compression effects. 

Here, we calculated λPG_d = 4.5 Å, and λSQDG_d = 4.7 Å, indicating 
that the decay of the forces exerted at short range between PG or SQDG 
bilayer are close to each other. This decay length is significantly higher 
than what could be observed for uncharged lipids such as phosphati
dylcholine [63], indicating that electrostatic repulsion enhances the 
short-range repulsion. However, the interaction pressure and the 
membrane compression effects, represented by the decay length, act in 
the same way in PG and SQDG membranes. In [65], the authors found a 
decay length λ = 11 Å for DPPG at pH = 7.2. For charged phospholipids, 
the decay length can be measured between 7 Å and 13 Å [65,66], that is 
higher than our result. Because we used extracted lipids from plants and 
not synthetic lipids and because we could observe in our mass spec
trometry analysis some Na+ adduct of our lipids, maybe our lipid 
preparations contain some additional salts. This might explain the lower 
decay length observed in our experiment as compared to the one 
observed in the literature for synthetic PG. 

3.3. Interaction pressures between PG and SQDG membranes 

To disentangle the bilayer compression from the interaction forces 
between membranes, we need to estimate the decay length of the 

hydration pressure versus the water layer thickness. Because experi
ments were performed at 8 % D2O solvent contrast, that highlights the 
higher density headgroups [44], the calculated NSLD profiles give access 
to the bilayer and water layer thicknesses for the two lipids and at each 
investigated humidity (Fig. S2). The NSLD profiles are considered reli
able if there is a minimum of 3 orders of diffraction in the neutron 
diffraction pattern and therefore could not be computed at the lowest 
humidity (RH = 30 %), where only 2 orders of diffraction are observed. 
In our NSLD profiles, the two peaks correspond to the middle of the polar 
head layers of a bilayer as described in [67]. Then we extracted the 
water layer thickness according to dw = d - db at each humidity for the 
two lipids (Fig. 5.A and B). 

The results show that dw increases exponentially with the same slope 
during swelling by 8 Å in both PG and SQDG membranes. In addition, 
the decay length estimated at λPG_dw = 6.4 Å, and λSQDG_dw = 7.2 Å are in 
the same range, confirming that the short-range repulsion is similar for 
PG and SQDG bilayers. In the literature, the decay length for PG is re
ported between 4.8 and 9.7 Å [38], that is consistent with our results. 

3.4. PG and SQDG bilayer thickness 

For the two lipids, the decay lengths of the lamellar period and the 
water layer agree. We confirmed this result by plotting the pressure- 
membrane thickness curve (Fig. 5.B). Indeed, the bilayer thicknesses 
of PG and SQDG decrease with the increase of hydration, by around 2 Å. 
The decrease of the bilayer thickness upon hydration is expected 
because the hydration favours disordering of the lipid components of the 
bilayer as previously reported for DOPC [68]. For PG, the bilayer 
thickness ranges from 36.8 to 35.7 Å, in agreement with the bilayer 
thickness described in the literature, measured at 36.7 ± 0.7 Å and 38.5 
Å in POPG membranes (PG 16:0/18:1) (respectively in [36,69,70]). For 
SQDG, the bilayer thickness decreases from 37.4 to 35.5 Å, i.e. 1.9 Å, 
slightly more than the PG bilayer thickness (1.1 Å). We have no litera
ture data for this lipid, only Coarse-Grained Molecular Dynamics 
(CGMD) simulations have been done on SQDG lipid. The bilayer thick
ness is calculated at 44 Å [35] and 45 Å [34] for fully saturated SQDG. 
These values obtained by simulations are higher than our experimental 
data, because they used fully saturated lipid chains that increase the 
fatty acid chain length, compared to a cis-unsaturated fatty acid that 
introduces angles in the carbon chain, and lead to its folding [71]. 

In our experiment, PG and SQDG bilayers essentially respond in the 
same way to hydration. Altogether, the bilayer thickness of PG and 
SQDG membranes is only slightly impacted by hydration, compared to 
the water layer thickness, meaning that hydration has a small impact on 
the bilayer compression, but has an influence on the swelling of water 
layers as already described for charged phospholipids [65]. 

As previously mentioned, PG and SQDG are two negatively charged 
lipids able to self-organize in lamellar phase and with this study, we 
show that the physical parameters are very similar. We also looked at the 
mechanical properties of bilayers, by analysing the off-specular intensity 
of the Bragg sheets at 100 % D2O (Fig. S1). Fig. S3 shows the first two 
Bragg sheets obtained with PG and SQDG in D2O atmosphere at 96 % 
RH. Plotted are the qz-integrated Bragg sheet intensities as a function of 
Ω, featuring the respective central specular maxima symmetrically 
flanked by the slowly decaying diffuse scattering intensity. The latter is 
locally decorated with minima at conditions of high absorption (Ω ≈
0 and Ω ≈ 2θ) and peaks arising from multiple scattering effects [55]. 
The solid lines superimposed to the experimental data points represent 
simulated Bragg sheet intensities corresponding to the best-matching 
parameters η and Λ in the continuum-mechanical model simulta
neously describing the first and second Bragg sheets. 

Two parameters can be extracted from this analysis, (1) the inter- 
membrane compression modulus B, and (2) the membrane bending 
modulus κ. The first one is a representation of the interactions between 
adjacent bilayers in a stack [67]. The higher the modulus B, the more 
strongly are the bilayers confined at a certain distance from their 

Fig. 4. Pressure-distance curves of PG (orange) and SQDG (blue) bilayer stacks 
at 25 ◦C with an 8 % D2O contrast. The decay of the d-spacing is very similar for 
PG and SQDG bilayers. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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neighbours due to interaction forces. The second modulus κ represents 
the energy required to bend a membrane from planarity to some defined 
curvature. As all previous results, the two parameters (κ and B) are very 
similar for the two membrane types. Indeed, the compression modulus B 
is obtained as 26 MPa and 32 MPa for PG and SQDG, respectively. 
Because the relative humidity was not exactly the same for the two lipids 
during experiment, the difference can be attributed to the higher hy
dration for SQDG than PG. Otherwise, the values are in the same order, 
demonstrating once again that the short-range interactions between PG 
and SQDG membranes are similar. The SQDG membrane bending ri
gidity (modulus κ) is found to be slightly higher than for PG membranes 
(4.1 and 2.8 kBT, respectively). The difference can only be partially 
attributed to the slightly higher thickness of SQDG bilayers compared to 
PG bilayers (delta dB = 1.2 Å), which according to classical theory of 
homogeneous beam would only result in a 10 % difference. The 
remaining difference must be attributed to slightly different in-plane 
compressibilities of the chemically different headgroup layer. 

4. Discussion 

The replacement of PG by SQDG in photosynthetic membranes under 
phosphate starvation conditions is well known. It has been described in 
microorganisms, such as the purple bacteria R. sphaeroides [14], diatoms 
and cyanobacteria [13,43,72,73], phytoplankton [74], but also in 
multicellular organisms, such as the plant model Arabidopsis thaliana 
[9]. In photosynthetic cells, PG and SQDG are not the main lipids in 
chloroplast membranes, where their biosynthesis occurs, and represent 
respectively around 9 and 6 % of chloroplast polar lipids in plants [75], 
and in Chlamydomonas reinhardtii [76]. However, P. tricornutum and 
M. gaditana, two secondary endosymbiont microalgae, are enriched in 
SQDG compared to green algae or land plants, with respectively around 
20 and 11 % of total lipid composition [77]. In diatoms, the 3D structure 
of thylakoids inside the chloroplast is not the same as in plant chloro
plasts [78,79], and could be explained by the specific lipid composition. 

While the galactolipid MGDG forms the hexagonal II phase, the 
galactolipid DGDG and the anionic lipids PG and SQDG self-organize in 
lamellar phase. In the thylakoids structure, the ratio of MGDG and 
DGDG is very important to maintain lipid bilayers [32]. PG is also 
required for membrane organization in chloroplasts. Indeed, in PG- 
deficient A. thaliana mutants, the formation of large vesicles is 
induced inside the chloroplasts, leading to underdeveloped thylakoid 
membranes. This phenotype could be rescued in phosphate starvation 
conditions, where the SQDG content increases [80,81]. PG plays an 
important role in the photosynthesis activity, in particular in the elec
tron transport [82], in the dimerization of the photosystem II (PSII) [83], 
for example. The loss of SQDG in SQDG-deficient A. thaliana mutant has 
no effect on the thylakoid architecture, but induces the PG synthesis to 
maintain a constant amount of total anionic lipids in membranes. During 
phosphate starvation, another anionic lipid, the 

glucuronosyldiacylglycerol (GlcADG), is synthesized in chloroplast 
membranes [84] but it was found to be unable to complement the role of 
PG, particularly in photosynthesis [22], indicating that the presence of 
the negative charge is not sufficient to replace PG. However, in SQDG 
and PG-deficient mutant, grana stacking are reduced in A. thaliana leaf 
chloroplasts [17,22]. Altogether, it suggests that PG and SQDG are both 
important for photosynthetic membrane organization, which could 
explain why they are conserved in this membrane throughout the evo
lution. However, their biophysical properties are similar, suggesting that 
PG and SQDG should be interchangeable in phosphate starvation to 
maintain the thylakoid structure. 

First of all, the fatty acid composition of PG and SQDG in A. thaliana 
is similar with a high amount of 18:3/16:0 or 18:3/16:1. However, 
SQDG contains a bit more than 15 % of 18:X/18:X species that are not 
present in PG. It is known that phospholipids with two polyunsaturated 
fatty acids make membranes highly permeable; whereas asymmetric 
saturated/polyunsaturated phospholipids provide low membrane 
permeability [85]. The fact that thylakoid membranes should prevent 
ion leakage to preserve the proton gradient to fuel the ATP synthase 
might explain why there is no PG containing 18:X/18:X species. No 
studies were done on the permeability of SQDG bilayers but according to 
the sugar lattice hypothesis, the H-bonds among glycosidic headgroups 
create a lipid domain fixed in space that could prevent membrane 
leakage [86,87]. In these conditions, like for MGDG and DGDG, the 
presence of SQDG with two polyunsaturated fatty acid would not be 
deleterious for photosynthetic membranes. Altogether, the presence of 
18:X/18:X SQDG does not seem to affect PG replacement because the 
composition of SQDG is not modified during phosphate starvation [56]. 

The thickness of the diacylglycerol moiety is similar in the two lipids, 
leading to a similar hydrophobic bilayer thickness. In Fig. 5.B, the 
bilayer thickness of SQDG is 1.2 Å higher than that of PG. The small 
difference could be due to the polar head conformation. The PG head 
group conformation has been studied by single crystal analysis, and they 
showed that the phosphate group is located at ±1.8 Å from the bilayer 
interface, and the charge carried by this phosphate is aligned in zigzag 
rows. The position of the glycerol head group attached to the phosphate 
group is alternatingly to the left and to the right from the phosphate 
rows [88]. Then, by single crystal analysis and molecular dynamics 
simulations, the orientation of PG polar headgroups has been found to 
be parallel to the membrane surface [88,89]. However, the conforma
tion of the polar head of SQDG has not been described. Howard and 
Prestegard tried to solve it by NMR and molecular modeling and 
concluded that the head group of membrane-bound SQDG is reminiscent 
of that of DGDG and MGDG, the sugar group extends away from the 
bilayer surface permitting maximum hydration by water molecules 
[90]. In a previous study, Skarjune and Oldfield looked by NMR at the 
head group conformation of N-palmitoylglucosylceramide, that has a 
similar head group structure to that of SQDG. They concluded that the 
amplitude of fluctuations of the sugar moiety are large, always keeping 

Fig. 5. Pressure-distance (dw) (A) and pressure-membrane thickness (db) (B) curves of PG (orange) and SQDG (blue), measured at 25 ◦C. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the carbohydrate head group extended from the bilayer to maximize 
hydrogen interactions with the bulk water [91]. This might explain why 
the SQDG bilayer is slightly thicker than a bilayer of PG with the same 
alkyl chains. 

In our results, the water layer thickness between two bilayers of PG 
or SQDG increases with the hydration essentially in the same way 
(Fig. 5.A), the membrane thicknesses decrease with hydration in a 
similar way, too, and both membrane bending rigidity and the 
compression modulus are similar. This result suggests that the interac
tion forces, composed of hydration forces, electrostatic repulsion and 
bilayer compression forces, exerted on PG membranes are similar to that 
of SQDG membranes. All our results confirmed the hypothesis that 
SQDG is a good substitute for PG in membrane because they have similar 
physicochemical properties. This is not the case for all glycolipid/ 
phospholipid replacements such as DGDG/PC as demonstrated previ
ously [92]. 

5. Conclusions 

Despite chemically different headgroups, PG and SQDG have similar 
properties with equivalent diacylglycerol backbone, equivalent bilayer 
and water thickness, and an equivalent response to hydration in terms of 
repulsion and interaction forces. The results presented here show that 
SQDG is a good substitute for PG in phosphate-deficiency conditions to 
maintain the functional organization of chloroplast membranes and, in 
turn, photosynthesis activity. However, in these experiments, we could 
not study the replacement of SQDG by PG within photosynthetic com
plexes where both lipids have been found to be present in crystallo
graphic structures [83,93,94]. 

In future studies, it will be interesting to have access to the head 
group conformation to understand the character of the short-range 
repulsive forces. A key question will be the coupling between hydra
tion forces and short-range electrostatic interactions. In our study, lipids 
are isolated from their natural environment, but in the cells, electrostatic 
screening by counter-ions takes place under different boundary condi
tions. For example, divalent cations such as Mg2+ are required for 
intracellular functions [95] and influence the membrane stacking in the 
stroma of chloroplasts [96]. Furthermore, in plant thylakoids, PG and 
SQDG are necessary to keep the stacked bilayer conformation, adding 
repulsion forces with their negative charges [32]. In algae, SQDG is 
more abundant than DGDG [43,77], and the thylakoid architecture is 
different from what is observed in plants [78,79]. It would be interesting 
to see if these two observations are related to each other. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbamem.2022.184037. 
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Identification and characterization of a plastidial phosphatidylglycerophosphate 
phosphatase in Arabidopsis thaliana, Plant J. 89 (2017) 221–234. 

[24] F. Müller, M. Frentzen, Phosphatidylglycerophosphate synthases from Arabidopsis 
thaliana, FEBS Lett. 509 (2001) 298–302. 

[25] E. Babiychuk, F. Müller, H. Eubel, H.-P. Braun, M. Frentzen, S. Kushnir, 
Arabidopsis phosphatidylglycerophosphate synthase 1 is essential for chloroplast 
differentiation, but is dispensable for mitochondrial function: arabidopsis 
phosphatidylglycerophosphate synthase 1, Plant J. 33 (2003) 899–909. 

[26] R. Tanoue, M. Kobayashi, K. Katayama, N. Nagata, H. Wada, Phosphatidylglycerol 
biosynthesis is required for the development of embryos and normal membrane 
structures of chloroplasts and mitochondria in arabidopsis, FEBS Lett. 588 (2014) 
1680–1685. 

[27] J.M. Seddon, Structure of the inverted hexagonal (HII) phase, and non-lamellar 
phase transitions of lipids, biochimica et biophysica acta (BBA) - reviews 
onBiomembranes 1031 (1990) 1–69. 

[28] G. Shipley, J.P. Green, B.W. Nichols, The phase behavior of monogalactosyl, 
digalactosyl, and sulphoquinovosyl diglycerides, biochimica et biophysica acta 
(BBA) -Biomembranes 311 (1973) 531–544. 

[29] J. Browse, L. Kunst, S. Anderson, S. Hugly, C. Somerville, A mutant of arabidopsis 
deficient in the chloroplast 16:1/18:1 desaturase, Plant Physiol. 90 (1989) 
522–529. 

[30] D.G. Bishop, J.R. Kenrick, Thermal properties of 1-hexadecanoyl-2-trans-3-hexa
decenoyl phosphatidylglycerol, Phytochemistry 26 (1987) 3065–3067. 

[31] N. Murata, J. Yamaya, Temperature-dependent phase behavior of 
phosphatidylglycerols from chilling-sensitive and chilling-resistant plants, Plant 
Physiol. 74 (1984) 1016–1024. 
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