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Abstract

The thylakoid membrane is in a temperature-sensitive equilibrium that shifts repeatedly during the life cycle in response to

ambient temperature or solar irradiance. Plants respond to seasonal temperature by changing their thylakoid lipid composition,

while a more rapid mechanism for short-term heat exposure is required. The emission of the small organic molecule isoprene

has been postulated as one such possible rapid mechanism. The protective mechanism of isoprene is not known, but some

plants emit isoprene during periods of high-temperature stress. In this work, we investigate the dynamics and structure for

lipids within a thylakoid membrane at different temperatures and varied isoprene content using classical molecular dynamics

simulations. The results are compared with experimental findings from across the literature for temperature-dependent changes

in the lipid composition and shape of thylakoids. We find that the surface area, volume, and flexibility of the membrane,

as well as the lipid diffusion, increase with temperature, while the membrane thickness decreases. Saturated thylakoid 34:3

glycolipids derived from eukaryotic synthesis pathways exhibit significantly different dynamics than lipids from prokaryotic

synthesis paths, which could explain the upregulation of specific lipid synthesis pathways at different temperatures. Increasing

isoprene concentration was not observed to have a significant thermoprotective effect on the thylakoid membranes, and that

isoprene readily permeated the membrane models tested here.
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Abstract

The thylakoid membrane is in a temperature-sensitive equilibrium that shifts re-

peatedly during the life cycle in response to ambient temperature or solar irradiance.

Plants respond to seasonal temperature by changing their thylakoid lipid composition,

while a more rapid mechanism for short-term heat exposure is required. The emission

of the small organic molecule isoprene has been postulated as one such possible rapid

mechanism. The protective mechanism of isoprene is not known, but some plants emit

isoprene during periods of high-temperature stress. In this work, we investigate the dy-

namics and structure for lipids within a thylakoid membrane at different temperatures

and varied isoprene content using classical molecular dynamics simulations. The results

are compared with experimental findings from across the literature for temperature-

dependent changes in the lipid composition and shape of thylakoids. We find that the

surface area, volume, and flexibility of the membrane, as well as the lipid diffusion,

increase with temperature, while the membrane thickness decreases. Saturated thy-

lakoid 34:3 glycolipids derived from eukaryotic synthesis pathways exhibit significantly

different dynamics than lipids from prokaryotic synthesis paths, which could explain the

upregulation of specific lipid synthesis pathways at different temperatures. Increasing

isoprene concentration was not observed to have a significant thermoprotective effect on

the thylakoid membranes, and that isoprene readily permeated the membrane models

tested here.
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Introduction

Plants must constantly adjust to changes in environmental temperature caused by seasons,

sun intensity, and day/night cycles. Maintaining the efficiency of the photosynthetic reac-

tion center inside the chloroplast during temperature fluctuations is critical for survival.1 The

photosynthetic machinery of plants is composed of membrane embedded complexes. Within

the chloroplast, the photosynthetic reaction center and its antenna complexes are embedded

in the grana formed by stacked thylakoid membranes,2,3 consisting of glycolipids, phospho-

lipids, isoprenoids and proteins.4 The granas are connected in the chloroplast stroma through

unstacked thylakoid membranes. The main lipids in these thylakoids are the glycolipids

MGDG (monogalactosyldiacylglycerol) and DGDG (digalactosyldiacylglycerol) that account

for ∼57% and ∼27% of the total lipid content, respectively.5 The ratio between MGDG and

the other lipids determines the thylakoid ultrastructure and is strictly regulated.6,7 While

MGDG does prefer a hexagonal-II phase, the other lipids DGDG, SQDG (Sulfoquinovosyl

diacylglycerols) and PG (phosphatidylglycerol) form lamellar bilayer phases.8,9 The anionic

phospholipid PG is essential for the function of photosystem (PS) II.10 SQDG can partially

replace for PG’s photosynthetic role, and plant regulatory mechanisms keep the total amount

of PG and SQDG constant.11,12 Thylakoids also contain traces of PI (Phosphatidylinositol),

an important signaling lipid, which communicates different stresses by phosphorylating var-

ious positions on the inositol ring.13

Not all lipids contained in the thylakoids are synthesized entirely via the prokaryotic

pathway maintained within the chloroplast. Specifically, lipids with 18 carbon fatty acid

chains at the sn-2 position are synthesized via the eukaryotic pathway in the endoplasmic

reticulum (ER).14 The chloroplast genome synthesizes lipids whose fatty acids have 16 car-

bon chains in the sn-2 position, distinguishing them from the eukaryotic pathway. The

transport mechanism between ER and chloroplast is not fully understood, but presumably

diacylglycerol, PC or PA is transported to the chloroplast and further synthesized into PG

and PI glycolipids.15
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The lipid dynamics and structure for thylakoid membranes respond to changing envi-

ronmental temperatures. The nanoscale response to temperature change thylakoid structure

and dynamics overall, which consequently affects photosynthesis.16,17 At higher temperatures

the grana is reorganized with thylakoid membranes destacking18 resulting in a dissociation

of the light harvesting units from PS II.19 This also potentially alters the reaction center of

PS II,20 inhibiting electron transfer between QA and QB
21 and resulting in an energy im-

balance.22 At higher temperature, the fluidity of the thylakoid membrane increases, leading

to an increase in membrane permeability23 that allows protons to leak through, lowering

the potential proton motive force built up by photosynthetic action. Conversely, at tem-

peratures below 13°C, the volume occupied by thylakoids decreases,24,25 the total number

of granas reduces,26–28 and the granas may also unstack,29 leading to the degradation of

thylakoid membranes at longer incubation times.30 Below the freezing point, thylakoids can

phase-transfer to the gel phase, drastically reducing the flexibility and fluidity. Although the

phase transition point for the thylakoid is much lower than for other membrane types,31 ice

crystal formation disrupts the membrane structure and leads to wavelike deformations.32

Thus, temperature variation requires a response from the plant to protect the photo-

synthetic reaction center. Across seasonal variation and diurnal temperature swings, the

plant has hours to adjust the lipid composition in the thylakoid membranes. The fluidity

of the membrane at higher temperatures is decreased by saturating the lipid acyl chains

and increasing the isoprenoid content.33–35 Conversely, lipid acyl chains are desaturated at

low temperature.36,37 Furthermore, the MGDG/DGDG ratio and the PG content generally

decrease at low temperatures, varying depending on plant species.36–38 Higher glycosylated

lipids tri- and tetragalactosyldiacylglycerol (TGDG, TeDG) accumulate during freezing con-

ditions.6

In the short term, plants have to endure localized high temperatures from intense sunlight.

In this case, changing the membrane composition may not be metabolically fast enough or

energetically not advantageous. Plants respond with heat shock proteins (HSP) that act as
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chaperons to quality control protein folds.22 Another mechanism discussed in the literature

is the expression of isoprene.39,40 While the function of isoprene within plant tissues remains

unresolved, current hypotheses include preventing oxidative stress or protecting the photo-

synthetic reaction center from thermal damage.41–43 Experimentally, isoprene was shown to

increase the temperature at which thermal damage occurred by 10°C.44 Computational stud-

ies for membranes containing isoprene identified a potential mechanism by which isoprene

stabilized lipid tails, preventing the membrane from becoming too fluid at elevated temper-

ature.45 A later experimental study contested this hypothesis, pointing to no dependence on

isoprene concentrations in liposome viscosity measurements at naturally occurring isoprene

concentrations, but suggesting that isoprene may bind to thylakoid embedded proteins and

modulate their dynamics.46

In this work, we investigated the dynamic properties and space requirement of lipids in

a thylakoid membrane at different temperatures and different isoprene content using molec-

ular dynamics simulations, and compare directly with prior simulation models.45 The lipid-

type decomposed temperature-dependent change in these properties provides insight into

the required thylakoid compositional changes to try to keep the overall membrane properties

constant. On the basis of the decomposed properties, we predict thylakoid properties for

experimentally obtained lipid compositions at different temperatures to evaluate the changes

in membrane properties after metabolic lipid composition adjustments.

Methods

The broad simulation plan was to conduct classical molecular dynamics simulations for

thylakoid membranes with and without isoprene at varying temperatures, and to compare

these results with a fresh look at the model DMPC membrane used to measure the effect of

isoprene in prior studies.45 The details to implement this outline is presented below.
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Membrane Model

34:3 (1%)

34:6 (31%)

36:6 (26%)

34:3 (5%)

34:6 (2%)

36:6 (20%)

32:0 (1%)

34:3 (6%)

34:3 (1%)

34:4 (6%)

34:3 (1%)

MGDG
58%

DGDG
27%

SQDG
7%

PG
7%

PI
1%

Isoprene

Figure 1: Initial thylakoid membrane structure at the beginning of the simulation. The
membrane is comprised of cyan monogalactosyldiacylglycerol (MGDG), purple digalactosyl-
dialcylglycerol (DGDG), yellow sulfoquinovosyl diacylglycerol (SQDG), green phosphatidyl-
glycerol (PG), and blue phosphatidylinositol (PI). Either 0 or 20 mol-% isoprene were added
to the composition.

All thylakoid membrane bilayers were build with the CHARMM-GUI membrane builder47,48

using literature-derived lipid compositions for spinach thylakoids.4,5 Both leaflets contained

198 lipids with 60 MGDG (18:3/16:3), 52 MGDG (18:3/18:3), 2 MGDG (16:0/18:3), 4 DGDG

(18:3/16:3), 40 DGDG (18:3/18:3), 10 DGDG (16:0/18:3), 12 SQDG (16:0/18:3), 2 SQDG

(16:0/16:0), 2 PG (16:0/18:3), 12 LYPG (18:3,16:1), 2 PI (16:3/18:3) lipids (Figure 1). The

membrane surface was square with a size of 10.9 nm2 × 10.9 nm2. A pure DMPC bilayer

with the same dimensions was also made in CHARMM-GUI, equivalent to the simulation

design in prior research studying the effect of isoprene.45 For each of the 9 temperatures

from -3°C to 77°C in 10°C steps, 5 membranes were generated with the same composition,

but different starting positions of the lipids to reduce the bias introduced into the system by
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our starting configuration. Each membrane was minimized and equilibrated in a NPT en-

semble for 11.5 ns, before collecting the data for 400 ns in the same ensemble. Starting from

the equilibrated membrane systems, 100 isoprene molecules (20 mol-% based on the number

of lipid molecules) were introduced into the water phase of each system and the systems

were equilibrated for another 10 ns, before 400 ns of data collection. During data collection,

trajectory frames are written every nanosecond to enable detailed and statistically rigorous

analysis.

Molecular Dynamics Simulations

Molecular dynamics simulations were calculated with NAMD 3.0a9.49 Lipids and ions force

field parameters were defined by the CHARMM36m force field,50 while water was described

with the TIP3P model.51 Isoprene was parameterized with CGenFF 2.4.0 using the CGenFF

force field 4.4.52 Periodic boundary conditions are applied to the system and intermolecular

interactions are considered up to 12Å with a switching function at 10Å. Long-range electro-

static interactions are described by PME using a grid spacing of 1Å.53 The interaction pair

list is generated every 100 steps within a cutoff of 14Å. The temperature and pressure were

maintained at 298 K and 1 bar, respectively, using a Langevin thermostat and barostat.54,55

Langevin coupling coefficient was set to 1.0 s−1, and the Langevin piston period and decay

were set to 100, and 200, respectively. A semiisotropic barostat was applied to account for

the different compressibility of the lipids and water molecules. All bonds to hydrogen are

constraint with the SETTLE algorithm to the optimal length to enable 2 fs timesteps during

simulation.56

Analysis

VMD 1.9.4a5557 and Python 3.8.558 are used to analyze the trajectories, leveraging in par-

ticular the numpy59 and matplotlib60 libraries. The time point in the trajectory at which

the physical properties of the membrane no longer change with time is determined by the
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area per lipid (Figure 4). After 200 ns, the area per lipid was constant for the remaining

simulation time for all temperatures. The membrane properties were calculated between

200–400 ns and standard errors are estimated between the 5 membrane replicas.

Area per Lipid

Figure 2: Top view upon the membrane surface with an overlaid voronoi diagram constructed
from the C1-glycerol atoms of each lipid. The different lipid types are colored with cyan
MGDG, purple DGDG, yellow SQDG, green PG, and red PI. All voronoi cells with their
points included in the black rectangular square are analyzed for the average area per lipid.

The average area per lipid (APL) was calculated from the product of the xy membrane

plane dimensions divided by the number of lipids NL in one leaflet.

APL =
x× y

NL

(1)

The surface area is decomposed into independent contributions of lipid types with the 2D

voronoi algorithm utilizing the python implementation.61 First, the membrane is centered

to the system origin P (0, 0). In a second step, a 2D voronoi diagram is generated with the

xy atom positions of the glycerol carbon that is connected to the phosphate or carbohydrate
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head group as input. Subsequently, all voronoi cells with carbon atom positions that are

not within a 8 nm × 8 nm square from the center point P (0, 0) are omitted from further

analysis (Figure 2). This avoids voronoi cells that have a common edge with the voronoi

diagram border and thus an artificially high area. Third, the polygon areas of all voronoi

cells that share a common lipid type are averaged. The surface area per lipid for an arbitrary

composition is calculated by the weighted sum with respect to the lipid head type using the

decomposed values for the respective temperature (Table S1).

Order Parameter

Order parameters SCH were calculated for all trajectories as the time-averaged angle θ be-

tween the lipid tail C-H bonds and an assumed magnetic field parallel to the membrane

plane normal in the z-direction.

SCH =
(
3cos2θ − 1

)
/2 (2)

The order parameter for the compositions from literature is calculated similarly to the area

per lipid by the weighted sum of the decomposed values for lipid tail types (Table S1).

Mass and Probability Density

Probability and mass densities of membrane components were determined along the mem-

brane normal in z-direction with respect to the center of the membrane as the origin. The

thickness of the membrane was calculated as the difference in z-position between the max-

imum glycerol mass density of the two membrane leaflets, equilvalent to the hydrophobic

thickness of the membrane, sometimes abbreviated Dc.62 This metric was chosen since not

all of our membrane components have phosphate groups. For decomposing the membrane

thickness into specific lipids, the mass densities around the maxima were noisy and a Sav-

itzky–Golay filter with a third order polynomial and a window size of 51 (10.2Å) was applied
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to reduce the impact of limited statistics for single lipid types within the membrane.63

Lateral Lipid Diffusion

Lateral diffusion coefficients for lipids within the membrane plane, Dxy were calculated from

mean square displacements (MSDxy) over lag time t along the membrane surface plane of

the glycerol carbons connected to the phosphate or carbohydrate oxygen atom.

Dxy =
∆(MSDxy)

4∆t
(3)

This is the Einstein relation for two dimensional diffusion.64 Following best practices,65 linear

regression was performed for data points between and including lag times 1 and 50 ns.

Isoprene Permeability

Permeabilities were calculated by counting transition events Et for the crossing of one iso-

prene molecule from the water phase through the membrane to the water phase on the other

side:66

P =
r

2cw
=

EtVz

2tsNw

(4)

The transition rate r is calculated from the transition events Et occurring over the sim-

ulation time ts and the membrane surface area. The equilibrium isoprene concentration in

the water phase cw is the average number of isoprene molecules Nw divided by the water

volume. Dividing the water volume by the membrane surface area gives the water height

Vz. The description of a crossing is based on the definition of a membrane boundary that

distinguishes between isoprene molecules that are inside or outside the membrane. In this

study, we defined this boundary by the membrane thickness described above, padded by 5Å

and 1Å for the thylakoid and DMPC membranes, respectively, to account for lipid head

groups.
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Results

The thylakoid membrane and a reference DMPC membrane were simulated at nine different

temperatures between -3°C and 77°C in steps of 10°C (270-350 K). Although the membranes

largely equilibrated within a few nanoseconds, lateral lipid diffusion was slow within the

400 ns sampling time, and thus the sampling is biased by the initial starting positions of the

lipids. This bias was partially removed by simulating five replicas with different initial lipid

positions for each membrane and temperature. The thickness, surface area, and measures of

membrane structure and dynamics, were extracted from the molecular dynamics trajectories.

The temperature dependence for these quantities is quantified in Figure 3. Qualitatively, the

membrane surface area, volume per lipid, and lateral lipid diffusion increase with tempera-

ture, while the membrane thickness and order parameter decrease, irrespective of isoprene

content.

In separate simulations, isoprene was added to the membrane systems and the changes

in membrane properties were calculated (Figure 3). Isoprene quickly accumulates inside the

membrane center and the glycerol layers, and diffuses only rarely into the aqueous phase

(Figure S1,S2). The relatively high isoprene concentration consistently increases the mem-

brane surface area. Since the trend between membrane thickness and isoprene was not

consistent, the presence of isoprene effectively increased the total hydrophobic volume per

lipid. Comparing the average dynamics, quantified by lateral diffusion coefficients or order

parameters, even the high concentration of isoprene used within our simulation system did

not elicit significant differences (Figure 3).

Membrane Dimensions

As expected for complex and mixed membrane compositions, the lateral dimensions for

the membrane are not fixed under changing temperatures, with lower temperatures lead-

ing to membrane compression while high temperatures led to membrane expansion for both

11
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mixed thylakoid and single-component DMPC membrane compositions (Figure 4). For some

membrane-temperature combinations, it could take up to 200 ns for the membrane dimen-

sions to equilibrate around a mean value, and thus equilibrium properties reported in Figure 3

are only averaged over the last 200 ns of our simulation time. Even from the relatively crude

quantification presented within Figure 4, we find that changing the temperature has a much

strong impact on membrane area than isoprene content, with the 12-15Å2 per lipid range

across temperatures far exceeding the 2-3Å2 per lipid difference with and without isoprene.

Where we do see a strong isoprene effect is the behavior for the 300K trend in single compo-

nent DMPC membranes, where the area per lipid shifts by over 5Å2. This reflects a change in

the gel to liquid phase transition temperature for the DMPC bilayer, with isoprene fluidizing

the membrane at temperature where it might otherwise form a gel phase.

For the thylakoid membrane, the membrane surface area rises linearly with temperature

in the investigated temperature range by 1.2Å2 every 10K (Figure 3). With 20 mol-%

isoprene present in the system, the surface area increases independently of temperature by

2Å2. While these collective properties are reported in Figure 3, we find that not all lipids

contribute equally to the temperature response. Instead, the area assigned to a specific lipid
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as assigned by our Voronoi tesselation scheme varies based on the exact lipid type. We find

that the type of lipid head group is the main influence on the amount of space that a lipid

occupies inside the thylakoid membrane (Figure S3A). Phospholipid surface areas are in the

same range as glycerolipid surface areas, as MGDG had the smallest area per lipid, whereas

DGDG had the largest area per lipid. Within a class of lipid headgroups, the unsaturation

and length of the tails had smaller impacts on membrane structure.

The thickness of the membrane, measured as the distance between glycerol moieties in

the upper and lower leaflets, decreases with temperature (Figure 3). However, since the

thickness decreases more slowly than the surface area increase, there is an overall increase in

the hydrophobic volume for an individual lipid with increasing temperature (Figure 3). The

thickness of the membrane depends on the head groups and tails of the lipids. The MGDG

glycerol group is around 1Å closer to the membrane center, compared to the other glycolipids

DGDG and SQDG in a mixed system (Figure S3B). Lipids synthesized in the ER with tail

combinations 16:0/18:3 or 16:0/16:0 result in thicker membranes than lipids synthesized in

the chloroplast. In contrast, the highly unsaturated 18:3/18:3 lipids synthesized in the ER

contributed to the membrane thickness similarly to lipids from the prokaryotic synthesis

pathway. PI phospholipids commonly have signaling roles within cells. These lipids have

the largest height from the membrane midplane (Figure S3B,C), sticking out and allowing

interactions with peripheral proteins.

Membrane Structure and Dynamics

The fluidity or order within the membrane structure can be determined from our simulations

by measuring the membrane order parameter. The individual acyl tails within a thylakoid

membrane demonstrate lower order with increasing temperature (Figure 3), with acyl tail

saturation strongly influencing the order. Increasing the number of unsaturations decreases

the order of the lipid tails (Figure S4). The length of the lipid tail, and particularly the

position for lipid unsaturations dictate where the membrane is the most disordered. As has

14



been shown in other systems,67,68 increasing acyl tail length and double bonds both reduce

membrane ordering, increasing membrane fluidity. The ER-derived lipids with 16:0/18:3

and 16:0/16:0 acyl tails generally had a higher order at the end of their tails than the lipids

synthesized in the chloroplast, which featured more unsaturation sites and thus disorder

the membrane. Isoprene was not observed to influence the flexibility of the lipid tail, but it

shifted the phase transition point of the DMPC membrane to lower temperatures (Figure S5),

similar to what was observed based on area per lipid measurements. No phase transition to

the gel phase was observed for the thylakoid membrane.

Lateral lipid diffusion within the membrane is 100 times slower than water self-diffusion,

and increases with temperature (Figure 3). Measured diffusion coefficients for individual

lipid types are all similar (Figure S6), indicating that diffusion is effectively homogeneous

over these short simulation timescales where large-scale clustering cannot take place. Adding

isoprene to the membrane did not noticeably increase or decrease lipid diffusion.

Discussion

From the totality of the results, we find that isoprene, even at very high concentration,

is alone not sufficient to counteract the impact of elevated temperature on thylakoid mem-

branes. Our simulation results demonstrate that high isoprene concentrations only minimally

influences membrane structure, increasing the area per lipid in a thylakoid membrane by the

equivalent of a 15-20°C temperature increase. However, dynamical properties such as lateral

lipid diffusion and membrane ordering are unchanged when isoprene is added (Figure 3).

Similarly, the overall membrane thickness with and without isoprene remains relatively sim-

ilar, suggesting that solving mismatched hydrophobic thicknesses for membrane proteins or

altering membrane structure or dynamics directly is not the primary reason some plants

emit isoprene.

Instead, perhaps isoprene is a signaling molecule that activates metabolic pathways69,70
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that alter the membrane composition, thereby maintaining membrane homeostasis.71,72 An

important consideration is whether or not isoprene requires an active transport mechanism,

as has been discussed for other volatile organic compounds.73,74 Active transport is only effec-

tive when the inherent membrane permeability is low enough so that active transport is faster

than passive diffusion, typically when the permeability coefficient is below 10−6 cm s−1.75 By

measuring permeation events where isoprene transits the bilayer from within our simulations,

we can estimate the isoprene permeability coefficient via Eq. 4. We find that the isoprene

permeability for the thylakoid and DMPC membrane is 1− 10 cm s−1 over the temperature

range in the simulations suggesting passive transport as the favored transport mechanism

(Figure S7). From prior simulations of lignin permeability under different membrane compo-

sitions,75,76 as well as our comparison between thylakoid and DMPC membranes, we do not

anticipate that isoprene transport would be dependent on active transport processes under

any physiological conditions.

Quantifying Temperature-Dependent Lipid Composition Changes in

vivo

If the ratio between lipids were to change, that could conceivably alter membrane phys-

ical properties to counteract temperature-dependent changes within the membrane. For

instance, replacing DGDG with MGDG at elevated temperature would reduce the overall

increase in membrane surface area, but also make the hydrophobic region thinner (Figure S3).

Within our simulations, we only consider a fixed membrane composition. However, by using

the property decomposition alongside experimentally determined membrane compositions

for Arabidopsis at different temperatures,77–82 we can estimate what the overall membrane

properties would be at these new compositions (Figure 5).

Figure 5 highlights the predicted response to changing temperature for two membrane

structural properties, the area per lipid and the average order parameter. As shown in Fig-

ure 5, we find that the surface area per lipid for the lipid compositions within one study
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Figure 5: Area per lipid and order parameter for the lipid composition in this study (white
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Consequently, their data is only present in one of the respective plots.

broadly follows the trend line for the simulated lipid composition used in this study, suggest-

ing that the temperature induced compositional changes cannot arrest membrane expansion

at elevated temperature. However, in the lipid compositions from Degenkolbe et al.,80 Welti

et al.,78 and Li et al.,81 the slope is clearly below the trend from the simulated membrane,

and may indicate that the membrane changes are compensatory for increasing temperature.

Observing the compensation effect in only three of five experimentally determined mem-

brane compositions on its own is not statistically significant, and highlights the changes in

membrane structure that would be expected over a day/night cycle where the temperatures

can swing significantly.

Modulating the order parameter in response to temperature similarly shows a mixed

trend. The compositions determined by Zheng et al.,79 Tarazona et al.,82 and Degenkolbe

et al. 80 have slopes similar to the simulated static composition, suggesting that membrane

composition changes do not influence lipid ordering. By contrast, Li et al. 81 and Falcone

et al. 77 demonstrate clear deviations from the overall trend, with near-zero or even positive
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slopes. Near-zero slopes for the tail order trend over a significant temperature range would

clearly show membrane adaptation to a changing environment. Taken together, the evidence

that isoprene directly mediates a response to elevated temperature by changing membrane

properties is much weaker than that membrane composition is enzymatically modified, pos-

sibly triggered by isoprene binding or interaction with these enzymes.

Chloroplast Membrane Responses to Temperature Changes

At high temperatures, the total volume of thylakoid membranes increases, with the mem-

brane surface area strongly increasing, while the thylakoid membranes become only modestly

thinner (Figure 3). This means that, in general, the volume of chloroplast membranes would

increase at high temperature, consistent with experimentally observed swelling of mesophyll

chloroplasts.83,84 Further, in experiments it was found that the thylakoid grana destack at

high temperatures.16,18 It is possible that thinner but bulkier membranes are not able to

maintain the same stacking arrangement, leading to a breakdown of the grana.

There are metabolic and organizational changes that help the plant deal with the ex-

tra thylakoid volume and thinner membranes. One is to transfer lipids from thylakoids to

plastoglobuli, and experimentally the number of plastoglobuli increases significantly at high

temperatures.83,85 Furthermore, at high temperatures, plants increase the total contribution

of lipids from the eukaryotic pathway.81,86 Based on our data on the contribution of indi-

vidual lipids to membrane thickness (Figure S3B), the transport of saturated 16:0/18:X ER

lipids to the chloroplast can counteract decreasing membrane thickness at elevated temper-

atures, which decreases permeability and reduces the likelihood that protons leak through

the membrane and waste the PMF generated by photosynthetic activity.

The volume of the membrane can be further reduced by converting DGDG to MGDG,

which has a smaller surface area for interaction with its environment (Figure S3A). As a

consequence for the smaller size of MGDG versus DGDG, a membrane enriched in MGDG

would be thinner (Figure S3B). Experimentally, DGDG content is found to increase with
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temperature.81,87–89 As noted previously (Figure 5), estimating area per lipid values in a

changing temperature environment based on reported lipid compositions78–82 roughly follow

the trend expected for a fixed membrane composition. At physiological temperatures, al-

tering other membrane properties such as membrane thickness to reducing ion leakage may

be better for the plant overall, thereby driving the exchange towards DGDG at elevated

temperature.

At low temperatures, plants generally convert MGDG to DGDG depending on the plant

species.37,81,90 The higher surface area of DGDG (Figure S3B) mitigates the shrinking thy-

lakoid volume at these temperatures. Although TGDG and TeDG were not measured in this

study, we expect the surface area of TGDG to be higher than DGDG, allowing the plant to

increase the surface area even further as needed to accommodate freezing temperatures.

Our simulated membranes follow the trends observed within the literature for decreasing

thylakoid volume at low temperatures.24,25 It is possible that the stroma thylakoids reduce

in volume and cannot support the grana structure anymore, leading to dissociation of the

grana thylakoid stacks from each other as previously reported.24,25

Beyond headgroups, desaturating lipid acyl tails is known to induce better thermotoler-

ance,91 and there is some evidence from our study that this may be a more active modification

mechanism. Measures of the lipid order parameter, which quantifies in part the rigidity of

the lipid tail, decreases with temperature and is much higher for unsaturated tails (Fig-

ure S5). Interestingly, our data suggest that saturated 16:0/18:X lipids from the eukaryotic

synthesis pathway have lower flexibility than lipids produced in the chloroplast (Figure S4),

supporting the argument that lipids are transferred from the ER to the chloroplast at high

temperatures. The flexibility of the membrane gradually decreases with temperature, requir-

ing increased lipid tail unsaturation at cold temperatures.17,92,93 In the reverse of the response

to elevated temperatures, it is beneficial at low temperatures to transport 16:0/18:X lipids

synthesized by the eukaryotic pathway away from the thylakoid membrane, as they are more

rigid than their prokaryotic counterpart (Figure S4). In wheat at low temperatures, the
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total contribution of ER lipids compared to chloroplast lipids is reduced, supporting this

argument.81

After adding isoprene to our model membranes, we find that isoprene localizes inside the

thylakoid membrane, increasing surface area and lipid mobility, but not membrane thick-

ness and rigidity, in contrast to previous simulation studies.45 It should be noted that the

simulation field has advanced tremendously since isoprene impacts on membranes were last

investigated computationally, with substantially longer simulation times and better repre-

sentations for the intermolecular interactions in membranes.94 Indeed, given how much equi-

libration time was needed for our low temperature DMPC bilayers to settle into a consistent

surface area per lipid (Figure 4), it is entirely possible that the 40 ns simulations previously

conducted were never fully equilibrated. Using more modern force fields and the longer sim-

ulation times performed here yields results consistent with more recent experiments, which

did not find a change in membrane viscosity after adding isoprene.46

Conclusion

In summary, the spatial and dynamical properties of thylakoid membranes respond to

changes in temperature. Thus, in order to maintain membrane homeostasis, plants must

adapt their membranes to this changing environment. Based on our findings, plants likely

do not make isoprene in response to elevated temperature as a membrane intercalating agent

that would alter membrane properties. Instead, membrane modifications through enzymatic

activity likely play a larger role in maintaining membrane homeostasis, balancing struc-

tural changes brought about via accelerated dynamics at high temperature. Through the

computational microscope, we find that increased thylakoid membrane volume at elevated

temperature may have its origins at the molecular scale, with implications for lipid traf-

ficking within plant cells, as well as the spatial organization of lipids within chloroplasts by

exchanging grana stacks for plastoglobuli.
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Supporting Information

Figures S1-S7 showing membrane cross-section mass and probability densities, permeabilities

and decomposed membrane physical properties. Table S1. with decomposed values for the

calculation of the order parameter and area per lipid in Figure 5.
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