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Anja Thalhammer,4 Wendy González,1,5 and Dirk K. Hincha2,*
1Center for Bioinformatics and Molecular Simulations, Universidad de Talca, Casilla, Talca, Chile; 2Max-Planck-Institut f€ur Molekulare
Pflanzenphysiologie, Potsdam, Germany; 3Groningen Biomolecular Sciences and Biotechnology Institute and Zernike Institute for Advanced
Materials, University of Groningen, AGGroningen, The Netherlands; 4Physikalische Biochemie, Universit€at Potsdam, Potsdam, Germany; and
5Millennium Nucleus of Ion Channels-Associated Diseases (MiNICAD), Universidad de Talca, Casilla, Talca, Chile
ABSTRACT Plants from temperate climates, such as the model plant Arabidopsis thaliana, are challenged with seasonal low
temperatures that lead to increased freezing tolerance in fall in a process termed cold acclimation. Among other adaptations, this
involves the accumulation of cold-regulated (COR) proteins, such as the intrinsically disordered chloroplast-localized protein
COR15A. Together with its close homolog COR15B, it stabilizes chloroplast membranes during freezing. COR15A folds into
amphipathic a-helices in the presence of high concentrations of low-molecular-mass crowders or upon dehydration. Under these
conditions, the (partially) folded protein binds peripherally to membranes. In our study, we have used coarse-grained molecular
dynamics simulations to elucidate the details of COR15A-membrane binding and its effects on membrane structure and dy-
namics. Simulation results indicate that at least partial folding of COR15A and the presence of highly unsaturated galactolipids
in the membranes are necessary for efficient membrane binding. The bound protein is stabilized on the membrane by interac-
tions of charged and polar amino acids with galactolipid headgroups and by interactions of hydrophobic amino acids with the
upper part of the fatty acyl chains. Experimentally, the presence of liposomes made from a mixture of lipids mimicking chloro-
plast membranes induces additional folding in COR15A under conditions of partial dehydration, in agreement with the simulation
results.
INTRODUCTION
Plants are constantly exposed to a wide range of abiotic
stresses, such as drought, salinity, and high and low temper-
atures. Plants native to temperate and boreal climates are
challenged with seasonal low temperatures that may result
in freezing stress, i.e., the crystallization of ice in the inter-
cellular spaces, in particular in the exposed above-ground
tissues. Such plant species are able to increase their freezing
tolerance in fall in response to low temperatures above the
freezing point in a process termed cold acclimation (1–3).
In the model plant Arabidopsis thaliana, massive changes
in gene expression occur during cold acclimation, leading,
among other reactions, to the accumulation of cold-regu-
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lated (COR) proteins (4). Although the physiological func-
tion of most of these proteins is still unknown, the two
chloroplast-localized proteins COR15A and COR15B func-
tion redundantly in the stabilization of chloroplast mem-
branes during the freezing of leaves (5).

COR15A/B and several other COR proteins belong to
the larger group of late embryogenesis abundant (LEA)
proteins. There are 51 genes in the Arabidopsis genome
that encode LEA proteins. They are divided into nine fam-
ilies based on amino acid sequence domains, and COR15A
and B belong to the Pfam LEA_4 (PF02987) family that
consists of 18 members (6). Members of this protein family
have also been identified in other plant species and several
species of invertebrate animals (7,8). All LEA_4 proteins
that have been characterized so far are intrinsically disor-
dered proteins (IDP) that show no stable secondary struc-
ture in dilute solutions. However, several LEA_4 proteins
form amphipathic a-helices during drying (see (7,9) for
reviews).
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COR15 Binding to Membranes
Folding of the COR15 proteins can also be induced by
trifluoroethanol and glycerol (5,10). Molecular dynamics
(MD) simulations indicate that glycerol stabilizes the
folded state because it is excluded from the proteins
leading to backbone dehydration (11), as suggested previ-
ously for the folding of IDPs in the presence of other
osmolytes (12–14). Additional folding is induced in
COR15 proteins suspended in glycerol solutions by the
addition of membranes (5,10). This is not observed in
the absence of osmolyte, indicating that a certain degree
of helicity is necessary for the proteins to interact with
membranes. In agreement with the subcellular localization
of the proteins, liposomes containing a high fraction of
chloroplast glycolipids were stabilized by COR15 pro-
teins during a freeze-thaw cycle, in line with their physi-
ological role as in vivo membrane stabilizers under such
conditions (5,10).

Evidence for direct interactions between COR15 proteins
and membranes has been obtained for mixed membranes in
the dry state by Fourier-transform infrared (FTIR) spectros-
copy (15), for pure phospholipid membranes in the presence
of 50% glycerol by x-ray scattering (5), and during mild
dehydration (equilibration at 97 or 75% relative humidity)
by neutron membrane diffraction measurements (16).
Because all previous evidence suggests that COR15A and
COR15B are physiologically redundant and show the
same folding behavior (5,11,15), we have concentrated
our efforts in this study on COR15A. We have used
coarse-grained MD simulations and FTIR spectroscopy to
answer the following questions that had remained unre-
solved in previous work: 1) what is the relationship between
COR15A folding and membrane binding? Is folding neces-
sary for binding and is binding dependent on a particular
orientation of the amphipathic helices with respect to the
membrane surface? 2) Which amino acids interact with
the membrane and what type of interaction (hydrophobic,
ionic, polar) is responsible for membrane binding? 3) Is
there lipid specificity in the binding of COR15A to mem-
branes? 4) Does binding of COR15A to membranes influ-
ence the physical state of the membrane (lipid mixing,
lipid dynamics)?
MATERIALS AND METHODS

Coarse-grained simulation of COR15A and
membranes

Coarse-grained (CG) representations of the involved molecules were used.

By coarse graining, the number of atoms of a system is reduced by

creating pseudoatoms/beads, thus reducing the degrees of freedom of

the overall system. This decreases the computational cost of the simula-

tions, allowing longer simulation times. We used the Martini force fields

(17) to model both the different lipid molecules (18) and the protein

(19). To reduce the degrees of freedom of the system, the Martini force

field creates a four-to-one mapping, in which on average four heavy atoms

and associated hydrogens are represented by a single interaction center

(bead), for which four main types of beads are defined: polar, nonpolar,
apolar, and charged. The interactions between particles are defined by

Lennard-Jones potentials that can be used to estimate interaction energies

between amino acids and lipid molecules (17). For the simulations of

COR15A interaction with membranes, the polarizable Martini 2.2p protein

force field (20,21) was used with a relative permittivity of the medium of

2.5. Long range electrostatic interactions beyond the real-space cutoff of

1.2 nm were treated using a shift method (22). All production runs were

performed using the default Martini cutoffs with the parameter set

‘‘new-ref’’ (23). The script martinize.py v2.5 was used to create the CG

representations of the molecules.
As templates for the COR15A structures, we used the atomistic models

previously derived from MD simulations described recently that yielded a

helix-loop-helix structure for the fully folded protein (11). To evaluate

how the folding state of COR15A influences its membrane adsorption,

three different conformations of the protein were used: folded, partially

folded, and unfolded. For folded, we used the structure obtained by a

comparative modeling approach in vacuo, yielding 46% a-helix content.

For partially folded, the structure after 30 ns of MD simulation in the

presence of 40% glycerol was used, resulting in 35% a-helix content,

whereas for unfolded, the structure after 30 ns of MD simulation in water

was used, containing 20% a-helix. The structures were constrained dur-

ing the simulations to avoid unfolding of the protein in water (11). Pro-

tein flexibility was determined by analysis of the root mean-square

deviation of the backbone of the protein, using the module g_rms of

GROMACS 5.0.x.
To investigate the lipid specificity of the COR15A-membrane in-

teractions, five different lipid molecules were used: 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphatidylcholine (POPC, 16:0, 18:1), unsaturated

monogalactosyldiacylglycerol (MGDG(U), 18:3, 18:3), saturated MGDG

(MGDG(S) 18:0, 18:0), digalactosyldiacylglycerol (DGDG, 18:3, 18:3),

and sulfoquinovosyldiacylglycerol (SQDG, 18:3, 16:0). Details of the

headgroup structure of the three glycolipids are shown in Fig. S1. To

approximate the composition of the native chloroplast membrane that

would be the target of COR15A, we used a slightly simplified inner

chloroplast mimicking membrane (ICMM) lipid composition (10) of

40% MGDG(U), 30% DGDG, and 30% SQDG, using published lipid

parameters (24,25).
To create each system (COR15A þ membrane þ water or membrane þ

water), the ‘‘insane’’ script (26) was used. A box of 100� 100� 150 Åwith

�340 lipids was created using periodic boundary conditions. The tempera-

ture was kept at 300 K by weak coupling to an external heat bath using the

Berendsen thermostat (27) with a relaxation time of 2 ps. The pressure was

maintained by weak coupling to an external reference pressure of 1.0 bar

using a Berendsen barostat (27) with a compressibility of 3 � 10�4 bar�1

and a time constant of 1 ps. The time step for integration of the equations

of motion was 20 fs, and the center of mass (COM) motion was removed

linearly every 10 steps. In the systems including COR15A, the protein

was positioned 60 Å from its COM to the COM of the bilayer. Four different

orientations of COR15A relative to the membrane surface were used

by rotating the protein along its long axis parallel to the bilayer, where

0� corresponds to the hydrophilic faces of the a-helices oriented toward

the bilayer surface, whereas the 180� configuration had the hydrophobic

faces toward the membrane (Fig. 1 C). GROMACS 5.0.x (28,29) was

used to set up, launch, and analyze the coarse-grained MD (CGMD)

simulations.

Additional simulations of 10 ms duration were performed in a bigger sys-

tem in a box of 250 � 250 � 120 Åwith 2046 lipid molecules and between

two and six folded COR15A molecules. To reduce the computational time

needed for the simulation of these large systems, proteins were positioned

with their COM at a distance of 40 Åwith respect to the COM of the mem-

branes to reduce the total number of water molecules.

Before creating the mixed membranes used for the protein interaction

analysis, four different bilayers consisting of pure lipids POPC, MGDG(S),

DGDG, and SQDG were constructed. For each system, three replicates of

2 ms of CGMD simulations were performed, from which the first ms was

discarded as an equilibration step. Structural parameters, such as the area
Biophysical Journal 115, 968–980, September 18, 2018 969



A B C

FIGURE 1 Schematic representation of the coarse-grained MD model. (A) Details of the lipid model are shown. Tails, glycerol backbone, and headgroup

of the lipid POPC are represented in gray, yellow, blue, and cyan. The second bead in the fatty acyl tail is drawn in dark gray to indicate the presence of a

double bond. Details of the glycolipids (headgroup structures and CG models) are shown in Fig. S1. (B) Models of COR15A in the folded, partially folded,

and unfolded states are shown. (C) A representation of COR15A at configurations of 0, 90, 180, and 270� relative to the membrane surface is shown. 0� refers
to an orientation of the hydrophilic faces of the protein a-helices toward the membrane surface. Of the 50 simulations of 200 ns each, 13 were at the 0� config-
uration, 13 at 90�, 12 at 180�, and 12 at 270�.
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per lipid (average bilayer area divided by the number of lipids per leaflet)

and membrane thickness (average distance between the headgroup beads

in the opposing bilayer leaflets) were evaluated for each membrane using

the GridMAT-MD tool (30) to validate the results in comparison with pre-

vious experimental and theoretical studies.

For adsorption simulations, 50 CGMD replicates were launched, each

having a length of 200 ns. A protein was scored as ‘‘adsorbed’’ when it

was attached to the membrane, irrespective of whether the whole protein

was interacting with the membrane or only part of the protein. To estimate

the adsorption differences in the protein-membrane systems, the Kaplan-

Meier survival function (31) was used in the R package ‘‘survival,’’ in which

each ‘‘death’’ in the survival function corresponded to an adsorption event.

Because no dissociation events were observed during the 200 ns run time of

the simulations when protein binding had occurred, adsorption events could

be summed up over the 50 simulation replicates. The significance of differ-

ences among adsorption curves was tested with the G-r test (32) using the R

package ‘‘survival.’’ To quantify the involvement of different amino acid

residues in COR15A in the protein-membrane interaction, we determined

the average number of lipid and water molecules within a radius of 10 Å

around each amino acid side chain at the end of the 50 simulations. We

then calculated the probability of a given amino acid side chain interacting

with lipid or water molecules.

To analyze the fatty-acyl-tail order of the different lipids, we estimated

the second-rank order parameter, which is defined as

P ¼ 1

2

�
3cos2hqi � 1

�
; (1)

where q is the angle between the bonds and the bilayer normal (z axis).

P ¼ 1 would indicate a perfect alignment of the bonds with respect to

the bilayer normal, whereas P ¼ 0 would indicate a random orientation

of the tail groups.

Lateral diffusion of the lipid molecules was calculated from their mean-

square displacement in the membrane plane as

MSD ¼ � jrðt þ t0Þ � rðt0Þ j 2
�
; (2)
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where r represents the position of the COM of a given molecule and the

angular brackets indicate an average over both the simulation time t and

the number of analyzed molecules.

The compressibility modulus KAwas calculated as

KA ¼ kThAi�N�ðA � A0Þ2
���1

; (3)

where N corresponds to the total number of lipids per leaflet and A0 to the

equilibrium area (18). In the 200 ns simulations, only the last 150 ns were

used for the determination of KA. Likewise, in the 10 ms simulations, only

the last 8 ms were used.

In total, 600 simulations of 200 ns each and six simulations of 10 ms each

were performed on different COR15A-membrane systems. Additional sim-

ulations were performed on pure lipid systems (Fig. S3; Table 1), yielding a

total of more than 192 ms of CGMD simulations.
FTIR spectroscopy

MGDG, DGDG, SQDG, and egg phosphatidylglycerol (EPG) were pur-

chased from Lipid Products (Redhill, Surrey, UK). The ICMM liposomes

used in the experiments contained 40% (w/w) MGDG, 30% (w/w)

DGDG, 15% (w/w) SQDG, and 15% (w/w) EPG (33). Samples contained

either only liposomes or liposomes and recombinant COR15A (10) at a

1:4 (protein/lipid) mass ratio. Samples were dried under vacuum and then

rehydrated over saturated solutions of different salts, yielding the relative

humidities (RHs) indicated in the figure. Sample preparation has been

described in detail recently (16). FTIR spectra were recorded from 4000

to 900 cm�1 with a Nicolet iS10 (Thermo Scientific, Waltham, MA)

FTIR spectrometer. Sixteen spectra were coadded and analyzed using the

Spectrum 10.4.3 software (PerkinElmer, Rodgau, Germany). Infrared

spectra were smoothed using a smoothing factor of 20. Because the OH

absorbance peak of water overlaps with the amide I peak, the water band

of samples containing only liposomes were subtracted from protein/lipid

mixtures at the respective RHs as described (16). At least three samples

per condition were analyzed.



TABLE 1 Structural Parameters of Bilayers Formed by POPC, Fully SaturatedMGDG, DGDG, and SQDGCalculated fromOur CGMD

Simulations and Comparison with Theoretical and Experimental Data 5 SD

Lipid

Area Per Lipid (nm2) Membrane Thickness (nm)

Calculated Theoretical Experimental Calculated Theoretical Experimental

POPC 0.65 5 0.01 0.64 5 0.09a 0.63 5 0.13b 3.9 5 0.2 3.8 5 0.5a 4.0 5 0.1b

MGDG 0.58 5 0.01 0.62 5 0.01c – 4.4 5 0.3 4.0 5 0.1c –

DGDG 0.63 5 0.01 0.64 5 0.01c – 4.4 5 0.3 4.1 5 0.1c –

SQDG 0.58 5 0.01 0.58 5 0.07c – 4.4 5 0.2 4.5 5 0.1c –

aData are from (43).
bData are from (44).
cData are from (24). The error indicated for membrane thickness is the upper limit indicated by the authors.

COR15 Binding to Membranes
RESULTS

In plant cells, the COR15 proteins are localized in chloro-
plasts (34–36). Therefore, the membranes that these pro-
teins can potentially interact with during freezing have an
unusual lipid composition, as they mainly contain the highly
unsaturated glycolipids MGDG, DGDG, and SQDG, with a
high proportion of the nonbilayer lipid MGDG(U) (37,38).
For CGMD modeling, we used the Martini force field,
which employs a four-to-one mapping in which on average
four heavy atoms and associated hydrogens are represented
by a single bead, providing a simplified representation of the
lipid molecules (Fig. 1 A; Fig. S1). To validate the CGMD
models of the membranes to be used in the modeling of
COR15A-membrane interactions, we first performed 2 ms
simulations with the pure lipid membranes in water and
determined the area per lipid and bilayer thickness. Because
the highly unsaturated MGDG(U) does not form bilayers,
we used the saturated form of this lipid (MGDG(S)) to
obtain MGDG bilayers for these purposes (38,39). The
data we obtained from these pure lipid systems were
in good agreement with previous theoretical and experi-
mental analyses (Table 1). This indicates that the parameters
used to model these glycolipid-rich bilayers are suitable to
further investigate the interaction of COR15A with these
membranes.
Folding increases interaction of COR15A with a
glycolipid bilayer

To model the interaction propensity of COR15Awith mem-
branes, we started with a membrane lipid composition
similar to that of chloroplast membranes (40% MGDG(U),
30% DGDG, 30% SQDG) that we refer to as ICMM.
Because experimental studies indicated that folding may
be a prerequisite for COR15A-membrane interaction
(5,10), we used the folded, partially folded, and unfolded
structures of the protein (Fig. 1 B) derived from our previous
atomistic MD simulations (11) for our CGMD binding
studies. Because COR15A rapidly unfolds when transferred
into water (11), we restrained the protein structure to be able
to investigate the influence of the folding state on membrane
binding. However, the restrained structures were still not
rigid and showed a degree of flexibility when expressed as
the root mean-square deviation of the protein backbone
beads (Fig. S2). In addition, the COR15A molecules were
placed above the membranes in four different orientations
by rotation around the long axis of the helix-loop-helix
structure (Fig. 1 C). The 0� orientation was defined as the
folded protein positioned with the hydrophilic faces of the
amphipathic a-helices facing the membrane surface.
Because we used periodic boundary conditions, the protein
molecule may be displaced along the z axis when it moves
beyond the walls of the box. This can result in the protein
appearing ‘‘below’’ the membrane with an opposite orienta-
tion relative to the membrane surface compared to the start-
ing configuration. Because we were particularly interested
in the effect of protein orientation on membrane binding,
we did not include binding events of the protein that were
affected by the periodic boundary conditions in any further
analyses.

On average, over the 50 simulations in four different ori-
entations, 20% of unfolded, 38% of partially folded, and
43% of folded protein molecules had adsorbed onto the
ICMM bilayer at the end of the 200 ns simulations. This in-
dicates that COR15A has to be at least partially folded to
efficiently interact with membranes, in agreement with our
previous experimental data (5,10). In addition, the orienta-
tion of the protein relative to the membrane surface also
played an important role in adsorption, indicating that the
fully folded protein interacted most efficiently when the hy-
drophobic faces of the helices were oriented toward the
membrane surface (Fig. 2). In the partially folded and the
unfolded protein, this orientation was no longer dominating
the interactions.

The fact that COR15A bound to the membrane from all
four starting orientations but with different efficiencies
could indicate either that the protein can bind to the mem-
brane in different orientations, i.e., by interacting with the
membrane through different amino acids, or that the protein
needed to reorient before binding in all but the 180� cases.
To distinguish between these possibilities, we determined
the ratio of lipid and water molecules within 10 Å from
each amino acid residue in COR15A (Fig. 3). The analysis
indicates that for all starting orientations of the fully folded
protein (Fig. 3 A), the interactions between membrane and
Biophysical Journal 115, 968–980, September 18, 2018 971
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tion), 13 with a 90�, 12 with a 180�, and 12 with a 270� rotation around

the long axis of the protein (compare Fig. 1).
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protein are mainly characterized by an insertion of the hy-
drophobic amino acids in the amphipathic a-helices be-
tween the lipids. This suggests that the protein is
reorienting with its hydrophobic helix faces oriented toward
the membrane to affect binding. Interestingly, there are two
FIGURE 3 Preference of the amino acids in COR15A to interact either with wa

of lipid and water molecules within a radius of 10 Å around each amino acid side

partially folded (gray) (B), or unfolded (white) (C) state in four different orientat

which the protein had bound to the membrane were considered for this analysis.

protein. The squares on top of the panels indicate the localization of a-helical st

formation is taken from our previous atomistic MD simulations (11) of COR

(unfolded).
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hydrophobic amino acids in the central loop region of the
fully folded protein that also show strong interactions with
the lipids. These interactions are much less prominent in
the partially or completely unfolded protein and may have
an important role in membrane binding. In the partially
folded state (Fig. 3 B), a similar picture emerges, although
for the 0� starting orientation in particular, much less inter-
action is observed for the central part of the protein, which
spans the loop region between the two helices (11). For the
unfolded protein, the situation is not as clear as for the
folded or partially folded protein (Fig. 3 C). This is probably
due to the fact that fewer simulations could be included in
the analysis because many fewer binding events were
observed for the unfolded protein (Fig. 2). Nevertheless, it
is clear from Fig. 3 that the unfolded protein also mainly in-
teracted with the membrane through its hydrophobic amino
acids.

Finally, we determined whether COR15A interacted pref-
erentially with any of the glycolipids MGDG(U), DGDG, or
SQDG (Fig. 4 A). SQDG showed the lowest interaction with
the protein, whereas MGDG(U) and DGDG showed approx-
imately equal degrees of interaction. Interestingly, this
pattern was the same for the folded, partially folded, and
unfolded protein, indicating that although folding deter-
mined the overall degree of binding of the protein to the
ter (blue) or lipid. This preference was determined from the average number

chain at the end of the simulations. COR15Awas either in a folded (red) (A),

ions relative to the membrane surface (compare Fig. 1). Only simulations in

Vertical black lines indicate the positions of hydrophobic amino acids in the

ructure (red), turns (gray), and unfolded domains (blue). This structural in-

15A in vacuo (folded), in 40% glycerol (partially folded), and in water
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COR15 Binding to Membranes
membrane, the main interacting amino acids and lipids re-
mained the same irrespective of the protein folding state.
The preference of COR15A to interact with the galactolipids
could have been due to a demixing of MGDG(U)/DGDG
from SQDG before protein binding. However, a nearest-
neighbor analysis showed clearly that during the 200 ns
simulation time, in the absence of the protein, no such dem-
ixing occurred (Fig. 4 B). Alternatively, the adsorption of
the protein and its preferential lipid interaction could have
triggered a demixing of SQDG from the two galactolipid
species. To answer this question comprehensively, we con-
structed a larger simulation system and monitored the near-
est neighbor distribution of the lipids in the presence of 2, 3,
4, 5, or 6 protein molecules over a simulation time of 10 ms.
Again, we did not find any indication for lipid demixing,
indicating that preferential lipid interactions of the protein
molecules had no influence on the average lipid distribution
(Fig. 4 C).

Although COR15A adsorption did not lead to lipid dem-
ixing in ICMMmembranes, it nevertheless had a marked in-
fluence on the physical behavior of the lipids. Fig. 5 shows
that the lateral diffusion of all three lipid species was signif-
icantly reduced with an increasing number of bound protein
molecules (p ¼ 0.0001 for MGDG(U) and DGDG, p ¼
0.0016 for SQDG when comparing the membranes without
proteins and in the presence of six COR15A molecules).
Although the nonbilayer lipid MGDG(U) showed the high-
est lateral diffusion rate in the absence of protein, with
DGDG and SQDG showing progressively lower rates (dif-
ferences between MGDG(U) and the other lipids significant
at p¼ 0.0269), all three lipids already showed highly similar
diffusion rates in the presence of two protein molecules. The
lateral diffusion rates of all three lipids remained similar
when further protein molecules were added, although the
overall diffusion rate decreased further. This is in agreement
with COR15A interacting with all three lipid types. Interac-
tions of COR15Awith the lipid fatty acids occurred mainly
(40–45%) at the first bead of the chains, whereas interac-
tions became progressively less frequent toward the center
of the bilayer (Fig. S3).

We further used the simulations to calculate the
compressibility modulus (KA) of the ICMM membranes as
a function of COR15A adsorption. The compressibility
modulus defines the resistance of a membrane to a compres-
sive force. When we compared the bilayer in the absence of
protein with a bilayer with six bound COR15A molecules,
we observed a significant (analysis of variance; ANOVA
p < 0.05) reduction in KA, from 68.07 5 8.78 to
47.21 5 3.40 mN m�1 (mean 5 standard error (SE)). KA

was further determined from the simulations that were run
with either the folded, partially folded, or unfolded protein
in the presence of ICMM. Here, we either made the calcu-
lations from all 50 simulations with each protein conforma-
tion or only with those that resulted in a binding event
(Table 2). KAvalues were consistently lower when only sim-
ulations with binding events were considered, again indi-
cating that protein binding reduced KA. Interestingly, this
was true for all three conformations of COR15A, indicating
that the bound protein had a similar effect on membrane
rigidity independent of its conformation. It should also
be noted that the smaller bilayer patches used in these
simulations (340 lipids) had a higher compressibility than
the larger patches used for the absorption of up to six
protein molecules (2046 lipids), in agreement with simula-
tion data on dimyristoylphosphatidylcholine (DMPC) bila-
yers (18).
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TABLE 2 Compressibility Modulus KA of ICMM Bilayers

Formed by 40% MGDG, 30% DGDG, and 30% SQDG Calculated

from the 200 ns CGMD Simulations

Folded Partially Folded Unfolded

All simulations 227.73 5 9.94 310.23 5 7.10 360.38 5 9.22

Simulations with

bound protein

only

200.81 5 22.23 274.67 5 11.57 281.44 5 15.57

KAwas either calculated from all 50 simulations (i.e., both those in which

binding had occurred and those in which no binding of COR15A to the

bilayers was observed) or only from those simulations that resulted in

COR15A binding. The values (mN m�1) denote means 5 SE. ANOVA

(analysis of variance) indicated that the values for the folded, partially

folded, and unfolded protein were significantly different at p < 0.001 for

all simulations and at p < 0.01 when only simulations with bound protein

were considered.

A B

FIGURE 6 Adsorption of folded COR15A to membranes. Membranes in

(A) were made from equimolar mixtures of POPC with MGDG(U), DGDG,

SQDG, or MGDG(S). Membranes in (B) were made from 100% POPC,

90% POPC/10% MGDG(U), 80% POPC/20% MGDG(U), 70% POPC/

30% MGDG(U), 60% POPC/40% MGDG(U), and 50% POPC/50%

MGDG(U). See Table S1 for further details. Because no binding was

observed with 100% POPC and 90% POPC/10%MGDG(U), only the latter

curve is visible in (B).
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MGDG(U) and DGDG show phase separation from
POPC during simulation

To study the role of the different thylakoid glycolipids in the
adsorption of COR15A separately for each lipid species,
several membrane models were constructed that contained
mixtures of the phospholipid POPC with the different glyco-
lipids. Because the nonbilayer properties of MGDG depend
strongly on the degree of unsaturation of its fatty acyl chains
(39), in addition to the naturally occurring highly unsatu-
rated MGDG (MGDG(U)), we also included a fully satu-
rated version (MGDG(S)) in our analyses. In all cases, the
membranes contained equal numbers of POPC and glyco-
lipid molecules.

Before adding the protein into the system, we ran three
replicates of 1 ms simulations of each mixed bilayer. Inter-
estingly, unlike in the mixed ICMM system, here a clear
phase separation was observed in the mixtures containing
POPC and either DGDG or MGDG(U) (Fig. S4). During
the first 50 ns, POPC was completely phase separated
from DGDG or MGDG(U) into different domains, staying
demixed through the remaining simulation time. On the
other hand, in the simulations with POPC/MGDG(S), only
partial demixing occurred, indicating the importance of
fatty-acyl-chain unsaturation for this process. In the case
of the negatively charged lipid SQDG, no phase separation
from POPC was observed.
Binding of COR15A depends on membrane lipid
composition

Next, we quantified the binding of COR15A to membranes
with different lipid compositions (Fig. 6; Table S1). Because
the fully folded protein showed the highest affinity for the
ICMM, only this state of the protein was used for the
following adsorption analyses. In addition, because we
observed no differences in adsorption between the different
orientations of the protein relative to the bilayer (analysis
not shown), the mean of all 50 simulations combining all
four orientations is presented.
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The adsorption of COR15A onto ICMM indicated a
higher affinity of the protein for MGDG(U) and DGDG
than to SQDG (Fig. 4). In agreement with these data,
COR15A was unable to adsorb onto membranes composed
of POPC/SQDG (Fig. 6 A). On the other hand, with mem-
branes composed of POPC and either MGDG(U) or
DGDG, the adsorption events increased significantly, reach-
ing 92 and 74%, respectively. The fact that with bilayers
formed by POPC/MGDG(S) only three out of 50 simula-
tions resulted in protein adsorption (Table S1) indicates
that fatty-acyl-chain unsaturation is a decisive factor for
binding. Adsorption of COR15A to membranes was a direct
function of the fraction of MGDG(U) in POPC membranes
(Fig. 6 B). Although 20% MGDG(U) was not sufficient for
effective protein adsorption (only 3 out of 50 simulations re-
sulted in binding after 200 ns; Table S1), this was strongly
increased for 30% MGDG(U) (24 out of 50 simulations)
and reached 48 binding events in 50 simulations in the pres-
ence of 50% MGDG(U)/50% POPC.

Similar to the binding to ICMM membranes, binding to
membranes containing 50% MGDG(U)/50% POPC also
involved interactions between the membrane lipids and hy-
drophobic amino acids (Fig. S5). However, hydrophobic in-
teractions between COR15A and lipids were not the only
contribution to membrane adsorption. To fully assess the
contributions of charged, polar, and hydrophobic interac-
tions to the energetics of the protein-membrane interaction,
we extended a single simulation from the 50 replicas in
which an adsorption event had occurred for lipid composi-
tions of 50% MGDG(U) or MGDG(S) and 50% POPC
from 200 ns to 1 ms. The analysis showed that although in-
teractions of hydrophobic amino acids with MGDG(U) ac-
counted for a significant fraction of the total binding
energy, charged and polar amino acids together pro-
vided two-thirds of the total energy (Fig. 7). In the case of



FIGURE 7 Interaction of charged, hydrophobic, and polar amino acids of

fully folded COR15A with MGDG(U) (A) and MGDG(S) (B) in mixed

MGDG/POPC membranes containing either unsaturated MGDG(U) or

fully saturated MGDG(S). The contribution of the different classes of

amino acids to the binding energy of the protein to the membrane is plotted

as a function of the simulation time up to 1 ms.

COR15 Binding to Membranes
MGDG(S), the contribution of hydrophobic amino acids
was very low, and only charged amino acids contributed
significantly to the binding energy. This may indicate that
in the presence of saturated lipids, insertion of the protein
into the membrane was more shallow, allowing mainly inter-
actions between the lipid headgroup and the protein.

We therefore wanted to know whether the interactions of
COR15A with the different lipids had an influence on the
fatty-acyl-chain dynamics. Hence, we quantified these dy-
namics as the average order parameters of both fatty acyl
chains of each lipid in the absence and presence of an ad-
sorbed COR15A molecule. We again extended a single
simulation from the 50 replicas in which an adsorption event
had occurred from 200 ns to 1 ms. In those systems in which
no protein adsorption could be observed (POPC and POPC/
SQDG; compare Fig. 5), order parameters could only be
determined without protein. In all cases, the order parameter
decreased from the membrane surface (bead 1) toward the
membrane center (bead 4) (Fig. 8). In addition, the relatively
saturated lipids MGDG(S) and POPC showed the highest
FIGURE 8 Order parameter analysis of lipids in pure POPC or POPC/

glycolipid membranes. Average order parameters obtained from the

beads of the two fatty acyl tails of the lipids (compare Fig. 1 A) are de-

picted for MGDG(U), DGDG, SQDG, POPC, and MGDG(S). Solid

lines indicate measurements in systems without protein, and dotted

lines indicate the presence of membrane-bound COR15A. Error bars

denote 5 SD.
order parameters, whereas highly unsaturated MGDG(U)
and DGDG showed the lowest order parameters. For these
two lipids, the binding of COR15A decreased the order
parameter specifically at the second bead, indicating
increased spacing and a higher free volume in this part of
the bilayer. In contrast, MGDG(S) showed a higher order
parameter specifically at the first bead, indicating a more
shallow interaction, in agreement with the interaction en-
ergies as described above (Fig. 7).
Folding of COR15A is increased more by ICMM
than pure POPC liposomes

The simulation data clearly indicate that COR15A binds
much more efficiently to ICMM than to pure POPC bilayers.
To test this prediction experimentally, we measured the
secondary structure of recombinant COR15A by FTIR spec-
troscopy in the presence of ICMM liposomes. For this anal-
ysis, the samples were first dried under vacuum and then
equilibrated at different RHs over saturated solutions of
different salts (40). We subsequently evaluated the amide I
peaks of the FTIR spectra of the different samples that
contain information about the secondary structure of the
protein (41,42). At 100% RH (i.e., equilibration over
D2O), COR15A showed an amide I peak at �1644 cm�1,
indicating a largely unstructured state of the protein
(Fig. 9). With a progressive reduction in RH, the amide I
peak shifted to higher wavenumbers, up to �1655 cm�1,
in agreement with the previously shown folding of
COR15A into a-helices (11,15). Comparison of the amide
I peak positions of COR15A in the presence of ICMM at
different RHs with previously published data (16) for the
pure protein and COR15A in the presence of POPC lipo-
somes (Fig. 9) indicates the presence of more a-helix con-
tent in the protein in the presence of ICMM membranes,
in agreement with the predictions from the simulations
reported above.
DISCUSSION

Properties of the simulated bilayers

We have used CGMD simulations to investigate interactions
between the COR15A protein and membranes of different
lipid composition. Within these simulations, we determined
various membrane parameters (area per lipid, bilayer thick-
ness, lateral lipid diffusion, lipid order parameters, lipid
mixing, and phase separation) in the absence of the protein,
and we will first discuss these before discussing the factors
affecting COR15A-membrane binding and its effect on
membrane properties.

The data on area per lipid and bilayer thickness we ob-
tained from the pure lipid systems are in good agreement
with previous theoretical (24) and experimental (43,44) an-
alyses. The lateral lipid diffusion rates we determined for
Biophysical Journal 115, 968–980, September 18, 2018 975
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FIGURE 9 Impact of POPC and ICMM liposomes on the folding of

COR15A at different relative humidities (% RHs). Protein secondary struc-

ture was investigated using FTIR spectroscopy. The position of the amide

I peak maximum of COR15A is shown as an indication of secondary struc-

ture content. A 1:4 protein/lipid mass ratio was used for all measurement.

The amide I peak position 5 SD of at least three replicate measurements

is shown for samples containing ICMM liposomes. Curves indicating cor-

responding measurements with pure COR15A or COR15A in the presence

of POPC liposomes were taken from a recent publication (16).
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the ICMM membranes are consistent with the rates deter-
mined by CGMD simulations of phospholipids (45) and of
lipids in a more complex thylakoid lipid mixture (25). The
latter study found, in agreement with our analysis, that poly-
unsaturated lipids show slightly faster diffusion rates than
saturated lipids and that lipids with an identical degree of
unsaturation but with a larger headgroup (DGDG) diffuse
more slowly than those with a smaller headgroup
(MGDG(U)). Lipid diffusion measurements in thylakoid
membranes of a cyanobacterium, on the other hand, yielded
diffusion constants that were�100-fold lower. However, the
lipids in these membranes are largely saturated, and in addi-
tion, these membranes contain a very high proportion of
intrinsic membrane proteins that will slow down lipid diffu-
sion compared to a pure lipid membrane (46).

The compressibility modulus for ICMM membranes that
we determined in the presence of the unfolded protein (50
simulations � 20% binding events; KA ¼ 360 mN m�1)
was similar to the value of 400 mN m�1 reported for a simi-
larly sized bilayer patch (260 lipids) of DMPC (18). Inter-
estingly, although KA decreased to 260 mN m�1 when the
bilayer patch of DMPC was larger (6400 lipids), this
decrease was much more drastic for the larger ICMM
bilayer, for which a simulation with 2046 lipids resulted
in a KA value of only 68 mN m�1. Why the glycolipid-
rich, highly unsaturated bilayers responded much more
strongly to the increase in model membrane size remains
to be elucidated.
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The fatty-acyl-chain order parameters decreased from the
membrane surface toward the membrane center. The same
dependence has been found in a previous CGMD study
(25) as well as in an atomistic MD simulation (47) and
experimentally by electron spin resonance (48) and NMR
(47,49) spectroscopy. A theoretical analysis of this phenom-
enon has been presented previously (50). The order
parameters that we determined are quantitatively and qual-
itatively similar to those reported from another CGMD
simulation (25).

In the ICMMmembrane, we found a homogeneous distri-
bution of all three lipid species, in agreement with a CGMD
study of a similar thylakoid lipid membrane (25). However,
membranes composed of 50% POPC and 50% of either
MGDG(U) or DGDG showed complete lipid segregation
into phospholipid and galactolipid domains. This could be
driven by both the different headgroup structure (sugar
versus phosphorylcholine) and/or the higher degree of unsa-
turation of the galactolipids. Because MGDG(U) showed a
stronger separation from POPC than MGDG(S), the latter
factor is clearly important. A contribution of sugar head-
groups has, however, been suggested from a CGMD study
of gangliosides in phospholipid membranes (51). In contrast
to these CGMD results, it was found experimentally that
equal mixtures of DMPC (a fully saturated PC, 14:0) and
DGDG were completely mixed in the fully hydrated state
(52) and only showed very moderate demixing in the dry
state (53). Similarly, only weak demixing was found be-
tween DMPC and MGDG (the highly unsaturated form
from green leaves) in dried liposomes (54), whereas no
demixing was observed in an atomistic MD simulation of
a fully hydrated bilayer of the same two lipids (55) or
from NMR spectroscopy experiments (56). These data indi-
cate that the force field used in our study tends to overesti-
mate demixing between galactolipids and phospholipids.
However, for our analysis of protein-membrane interactions,
this should not be problematic because COR15A showed a
strong preference to interact with the polyunsaturated galac-
tolipids both in the well-mixed ICMM membrane and
the phase-separated POPC/MGDG(U) and POPC/DGDG
membranes.
Factors determining COR15A-membrane
interaction

Our simulation results clearly show that both the folding
state of COR15A and membrane lipid composition deter-
mined the extent of membrane binding of the protein. Bind-
ing increased with increasing protein a-helix content, in
agreement with a recent CGMD study on two 21-amino-
acid model peptides (57). In our simulation system, protein
structure was restrained to prohibit protein unfolding that
would otherwise take place when the folded protein is sus-
pended in water (11,15). However, the restrained structures
still displayed a similar degree of flexibility, as we observed
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in a previous atomistic simulation in which the folded,
partially folded, and unfolded protein were modeled in va-
cuo, in 40% glycerol, and in water, respectively (11). This
situation obviously cannot be exactly replicated in experi-
ments. However, there is indirect evidence that at least par-
tial folding is also necessary for membrane binding under
different experimental conditions. Experimentally, different
degrees of folding can be induced in COR15A by either
glycerol-induced crowding (11) or by gradual rehydration
of the fully folded, dry protein at different RHs (16). Indirect
evidence for membrane binding is obtained by adding lipo-
somes to the crowded system, which leads to an increase in
protein folding (10). Following the same logic, we have
shown here that the presence of ICMM liposomes increased
COR15A folding under partially dehydrated but not under
fully hydrated conditions. Induced folding of an IDP due
to membrane binding has previously been shown also for
example, for a-synuclein, a mammalian protein of similar
size involved in the neuropathology of Parkinson’s disease
(58–60), and for the Arabidopsis protein LEA18 (61), indi-
cating a wider relevance for such a mechanism. It should,
however, be pointed out that in these latter cases, the initial
binding of the unfolded protein to the membrane is driven
by electrostatic interactions between the positively charged
protein and acidic lipids such as phosphatidylserine or phos-
phatidylglycerol. COR15A, on the other hand, is negatively
charged and consequently showed a depletion of SQDG
among its nearest neighbor lipids when bound to ICMM
membranes. In addition, it did not bind to POPC/SQDG
membranes but rather required highly unsaturated galactoli-
pids. Consequently, approximately two-thirds of the binding
energy between protein and membrane was contributed by
polar and charged amino acids. The remaining third of the
interaction energy was contributed by hydrophobic amino
acids. This is in agreement with the fact that COR15A folds
into an amphipathic a-helix (11,15) and that the hydropho-
bic amino acids were in closest contact with the lipid mol-
ecules in the membrane-bound state. Interestingly, this
was even true for the progressively more unfolded
COR15A proteins, indicating that these hydrophobic inter-
actions are essential for membrane binding. Also, the fact
that increased folding of the protein into amphipathic a-he-
lices resulted in enhanced membrane binding indicates the
importance of a hydrophobic interface on the protein for
its interaction with membranes.

An additional requirement for COR15A binding to mem-
branes was the presence of polyunsaturated lipids. This is
demonstrated by the fact that the protein only bound to
membranes containing highly unsaturated DGDG or
MGDG(U) but not to those containing saturated MGDG(S)
or monounsaturated POPC. It has been shown that polyun-
saturated phospholipids facilitate binding of the proteins dy-
namin and endophilin to membranes, thereby increasing
membrane deformation and vesicle fission (62). These find-
ings are in agreement with the idea that accessibility of a
membrane surface for proteins and peptides is largely gov-
erned by the frequency and depth of lipid packing defects
(63–65) due to the presence of polyunsaturated bilayer
and nonbilayer lipids that induce spontaneous membrane
curvature (64–66).

Neutron diffraction experiments showed that COR15A
can also bind to POPC membranes (16), although this was
not observed in our simulations. In addition, COR15A re-
duces the lipid phase transition temperature of anhydrous
POPC, also indicating protein-lipid interaction (10,15).
However, it should be noted that in the experimental system,
the samples were dehydrated to induce protein folding,
whereas in the simulations, a comparatively large water vol-
ume was present. The removal of water will obviously bring
the protein into greater proximity to the membrane and
could therefore induce interactions that would not occur in
a situation in which the protein has sufficient aqueous space
for diffusion.
Effects of COR15A binding on bilayer properties

Because experimental evidence shows a protective effect of
COR15A for chloroplast membranes during freezing in vivo
(5,67) and for ICMM liposomes in vitro (5,10), another
interesting aspect of the current study concerns the influence
of COR15A binding on membrane properties.

Our analysis showed that COR15A preferentially inter-
acted with MGDG(U) and DGDG in ICMM, whereas it
showed less interaction with SQDG. This can be easily
rationalized by the fact that both SQDG and COR15A carry
a net negative charge leading to mutual repulsion. However,
this preferential interaction with MGDG(U) and DGDG did
not lead to lipid demixing at the site of protein binding.
Similarly, the positively charged proteins annexin a5 (68)
and a-synuclein (69) do not induce lipid demixing upon pe-
ripheral binding to model membranes containing negatively
charged lipids. Rather, both studies indicate transient inter-
actions of lipids with the proteins and a rapid exchange be-
tween lipids directly in contact with the proteins and lipids
in the bulk phase. Despite this, COR15A binding to ICMM
resulted in a significant reduction in the rate of lateral diffu-
sion of all three lipid species. This is in agreement with
experimental studies of the effect of binding of annexin a5
and a-synuclein on lateral lipid diffusion (68,69). In addi-
tion to the reduction in lateral diffusion, we also found a sig-
nificant reduction in the compressibility modulus of the
ICMM membranes upon binding of COR15A, indicating a
less-rigid bilayer.

Recent neutron membrane diffraction measurements
indicate that in a dehydrated system, COR15A inserts be-
tween the lipid headgroups of POPC down to the first five
to six carbon atoms of the fatty acyl chains (16). In agree-
ment with this position, we found only small effects
of COR15A binding on lipid order parameters. In particular,
there were no effects on the order parameters of beads 3 and
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4 at the center of the bilayer, indicating that the protein was
indeed only peripherally interacting with the membranes,
similar to the experimentally observed effects of peripher-
ally bound a-synuclein (70,71). Also in agreement with
these studies, we observed decreased order parameters of
bead 2 specifically upon binding of COR15A to membranes
containing MGDG(U) or DGDG. We interpret this as an in-
crease in lipid spacing around the position of bead 2 due to
the insertion of the protein at and directly below the glycerol
backbone region of the membrane lipids, which is also indi-
cated by the highest affinity of COR15A for bead 1 in all
lipids of the ICMM membrane. This increase in lipid
spacing is also consistent with the reduced membrane rigid-
ity indicated by the reduced compressibility modulus of the
membranes after protein binding. Interestingly, COR15A
binding to membranes containing MGDG(S) resulted in a
slightly increased order parameter at bead 1. This may be
due to motional restriction of this bead caused by a
shallower insertion of the protein between the saturated
lipids, in agreement with the much smaller contribution
of hydrophobic amino acids to the interaction energy in
this case.

As indicated above, the physiological role of COR15A
and its close homolog COR15B is the stabilization of chlo-
roplast membranes during freezing. The analyses presented
in this study, together with previous experimental and
computational results, allow us to propose the most detailed
mechanism of action for any LEA protein thus far. COR15A
is induced under cold but nonfreezing conditions at the tran-
scriptional level (72) and is imported into the chloroplast
stroma, where it resides as an intrinsically disordered, solu-
ble protein (34–36). Upon freezing, ice crystallization takes
place in the apoplastic space and cells are dehydrated (73).
Freeze-induced dehydration results in (partial) folding of
COR15A (5,10,11,16), leading to membrane binding and
additional folding (5,10). The high content of polyunsatu-
rated MGDG in chloroplast membranes (37) leads to nega-
tive curvature stress, as unsaturated MGDG is a nonbilayer
lipid that in isolation arranges in a hexagonal II phase in an
aqueous environment (37–39). When MGDG is incorpo-
rated into a lipid bilayer, this makes the resulting mem-
branes highly unstable under conditions such as freezing
(33). The peripheral insertion of COR15A into these mem-
branes alleviates the negative curvature stress and thus sta-
bilizes the membranes. Collectively, these data indicate
that the COR15 proteins are a protective system that has
evolved to specifically stabilize chloroplast membranes
with their unique lipid composition.
CONCLUSIONS

COR15A is a cold-induced IDP that contributes to the
freezing tolerance of A. thaliana by stabilizing mainly the
inner chloroplast envelope membrane. Our CGMD simula-
tions indicate that at least partial folding of the protein is
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required for efficient interaction with membranes composed
of chloroplast glycolipids because the hydrophobic amino
acids located on the hydrophobic face of the amphipathic
helices are important for membrane binding. On the other
hand, the presence of highly unsaturated galactolipids in
the membranes is necessary for adsorption even of the fully
folded protein. This suggests that lipid packing defects in
the membrane are necessary to allow the protein access be-
tween the lipid headgroups to hydrophobically interact with
the upper parts of the fatty acyl chains. At the same time,
this interaction reduces the negative curvature stress
induced by the presence of a nonbilayer lipid such as
MGDG(U) and stabilizes the membrane. Our work provides
the first physical description, to our knowledge, of how an
intrinsically disordered LEA protein interacts with and sta-
bilizes a membrane. This provides a basis for further
rational experimental and theoretical approaches that will
allow us to understand the vast natural variability in these
proteins and to optimize them for technical applications
such as cell and tissue preservation.
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