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ABSTRACT Plants from temperate climate zones are able to increase their freezing tolerance during exposure to low, above-
zero temperatures in a process termed cold acclimation. During this process, several cold-regulated (COR) proteins are accu-
mulated in the cells. One of them is COR15A, a small, intrinsically disordered protein that contributes to leaf freezing tolerance by
stabilizing cellular membranes. The isolated protein folds into amphipathic a-helices in response to increased crowding condi-
tions, such as high concentrations of glycerol. Although there is evidence for direct COR15A-membrane interactions, the orien-
tation and depth of protein insertion were unknown. In addition, although folding due to high osmolyte concentrations had been
established, the folding response of the protein under conditions of gradual dehydration had not been investigated. Here we
show, using Fourier transform infrared spectroscopy, that COR15A starts to fold into a-helices already under mild dehydration
conditions (97% relative humidity (RH), corresponding to freezing at �3�C) and that folding gradually increases with decreasing
RH. Neutron diffraction experiments at 97 and 75%RH established that the presence of COR15A had no significant influence on
the structure of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membranes. However, using deuterated POPC we
could clearly establish that COR15A interacts with the membranes and penetrates below the headgroup region into the upper
part of the fatty acyl chain region. This localization is in agreement with our hypothesis that COR15A-membrane interaction is at
least, in part, driven by a hydrophobic interaction between the lipids and the hydrophobic face of the amphipathic protein a-helix.
INTRODUCTION
Plants are constantly exposed to a multitude of environ-
mental challenges that they cannot evade because of their
sessile nature. Consequently, plants have evolved a vast
array of physiological adaptations, many of which are trig-
gered in response to particular stimuli. One of the best inves-
tigated of these responses is termed cold acclimation (see
(1,2) for reviews). It describes the ability of temperate
climate plants to increase their freezing tolerance upon
exposure to low, but nonfreezing temperatures. Cold accli-
mation is regulated at the gene expression level, and signif-
icant changes in the expression of over 2000 genes have
been documented in the model plant, Arabidopsis thaliana
(e.g., (3,4)). Although elucidating the regulatory networks
underlying such expression changes has been a major focus
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in plant research (see (5,6) for reviews), very little is known
about the functional roles that the encoded proteins may
play in freezing tolerance.

A group of highly cold-induced genes in Arabidopsis has
been termed cold-regulated (COR) genes (7). Many of the
proteins encoded by these genes were later found to be
part of the larger group of late embryogenesis abundant
(LEA) proteins. LEA proteins are not plant specific, but
also occur in many microorganisms and invertebrate ani-
mals (8). Their accumulation is almost always induced by
cellular dehydration triggered by drought, desiccation,
cold, salt, or freezing stress (9). Most LEA proteins are pre-
dicted to belong to the group of intrinsically disordered
proteins (10). For several LEA proteins, it has been experi-
mentally shown that they are largely unstructured in dilute
solutions, but fold into a mainly a-helical structure during
drying (see (8,11) for reviews). However, this is not the
case for all LEA proteins. In Arabidopsis, 51 different
LEA proteins have been identified that belong to nine
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different Pfam families that share no sequence similarities
(10). Only very few of these proteins have been investigated
in detail, making more general structural and functional
comparisons impossible.

To-date the best studied COR/LEA protein is COR15A
fromA. thaliana. It is a nuclear-encoded protein that accumu-
lates in the chloroplast stroma during cold acclimation
(12–14). The mature protein has a molecular mass of
9 kDa, and is highly hydrophilic with a net charge of �6 at
pH 7. COR15A is mainly unstructured in dilute solutions,
but folds into amphipathic a-helices in a helix-loop-helix
configuration in the presence of high concentrations of glyc-
erol or by complete desiccation (15,16). Folding is further
enhanced in the presence of lipidmembranes under such con-
ditions of glycerol-induced crowding (17). In vivo, COR15A
stabilizes cellular membranes during freezing (16), and in
agreement with this finding, the protein also protects
liposomes with a lipid composition modeling chloroplast
membranes during an in vitro freeze-thaw cycle (16,17).
Fourier transform infrared (FTIR) spectroscopy indicates
that COR15A forms H-bonds with the sugar headgroup of
the chloroplast galactolipid monogalactosyldiacylglycerol
in the dry state, and that the protein reduces the phase transi-
tion temperature of dried 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) (15,17). Molecular dynamics
simulation and circular dichroism (CD) spectroscopy data
suggest that COR15A folds into an amphipathic helix-
loop-helix structure in vacuo that is �85% a-helical (18),
and we have hypothesized that the protein interacts with
membranes through the hydrophobic face of these helices
(17). However, although there is limited experimental evi-
dence for a direct interaction between COR15A and mem-
branes from small- and wide-angle x-ray scattering data
(16), experimental information about the orientation and
depth of protein penetration is still missing.

In this article, we therefore first determined the extent of
the structural transition from unfolded to a-helical in
COR15A, along a gradient of relative humidity (RH) from
solution to 11% RH, by FTIR spectroscopy. We then used
controlled dehydration (97 and 75% RH) to elucidate the
position of COR15A in POPC lipid membranes, using
neutron diffraction measurements. Our results indicate
gradual folding of the protein, with reduced water content
and an orientation parallel to the membrane surface at the
membrane-water interface, with only shallow penetration
into the lipid phase.
MATERIALS AND METHODS

Sample preparation

POPCwas purchased fromAvanti Polar Lipid (Alabaster, AL). Additionally,

chain-deuterated POPC (POPCD) was prepared at the Australian Nuclear

Science and Technology Organisation, using a previously published method

(19). Chloroform solutions both of POPC or a mixture of POPCD/POPC

(10:90mol/mol)were prepared, dried under a streamof nitrogen, and put un-
der vacuum for at least 12 h to remove traces of solvent. Lipids were rehy-

drated in double-distilled water, and liposomes were formed using a hand-

held extruder with two layers of polycarbonate membranes with 100 nm

pores (Avestin, Ottawa, Canada (20)). The plant protein COR15A from

A. thaliana was expressed and purified as recently described (18). Lyophi-

lized COR15A was rehydrated in double-distilled water and added to the

liposome mixture. A 1:10 protein/liposome mass ratio was used for neutron

diffraction measurements, and a 1:4 mass ratio was used for FTIR spectros-

copy. Sampleswere pipetted onto either quartz slides (76.2� 25.4� 1.0mm;

Alfa Aesar, Ward Hill, MA) for neutron diffraction measurements, or cal-

cium fluoridewindows for FTIR spectroscopy. Samples were put under vac-

uum for at least 12 h, and then rehydrated in chambers of defined RH at 25�C
for at least 12 h or at 20�C for 24 h (FTIR). The salt solutions and RHs gener-

atedwere 97%(potassiumsulfate), 93% (potassiumnitrate), 85% (potassium

chloride), 75% (sodium chloride), 33% (magnesium chloride), and 11%

(lithium chloride) (21). Humidity, temperature, and dew point were contin-

uously recorded using EL-USB-2 Temperature and Humidity Data Loggers

from Lascar Electronics (Whiteparish, UK).
Neutron diffraction measurements and data
analysis

A membrane sample consisting of a stack of lipid bilayers is a quasi, one-

dimensional crystal, and the structure of a membrane along its profile

perpendicular to the membrane plane can be determined by diffraction ex-

periments using x rays or neutrons. As a result of such experiments, the

scattering length density (SLD) is determined along the profile axis. In

the case of x rays, the scattering length of an atom is determined by the

number of its electrons and increases with the atomic number Z, whereas

the scattering length for neutrons is determined by its nucleus and appears

randomly by element or isotope. In the case of a neutron diffraction mea-

surement, the coherent scattering length bc determines the SLD profile,

and the fact that the isotopes of hydrogen 1H (H, protium) and 2H (D, deute-

rium) have vastly different scattering lengths, with bc(H) ¼ �3.739 fm and

bc(D) ¼ 6.671 fm (22), is often exploited as contrast variation or isotopic

replacement in neutron diffraction experiments.

Neutron membrane diffraction was performed on the V1 membrane

diffractometer at the Helmholtz-Zentrum Berlin (Berlin, Germany). The

wavelength of the neutron beam was 4.56 Å. An area detector (19 �
19 cm) was rotated around the sample at a constant distance of 1.0 m to

define the scattering angle q. The sample on a quartz slide was mounted

vertically and sealed in an aluminum container of a defined RH and temper-

ature. Humidity was set at 97 or 75% using saturated salt solutions, whereas

temperature was fixed at 25 5 0.1�C, using a JULABO temperature

controller to circulate water through tubing surrounding the container.

Well-ordered multilamellar lipid stacks give rise to intensity peaks

caused by the constructive interference of scattered neutrons in neutron

diffraction measurements. Thereby, the distance (d) of adjacent membranes

is described by the Bragg equation

2d sinq ¼ hl; (1)

where q is half of the scattering angle 2q, i.e., the angular position of the

peaks, h is the diffraction order, and l is the wavelength of the neutron
beam. SLD profiles of the samples were reconstructed using Fourier syn-

thesis (23). In all measurements, no Bragg peaks higher than the fifth order

were detected, and rocking curve measurements were performed for each

of the first five diffraction orders. A single rocking curve measurement

consisted of fixing the detector at the 2q position of the diffracted peak,

and rotating the sample through a small angle relative to the incident

beam. The recorded intensities for each angle q were then summed to

produce the final rocking curve. These were fit with a Gaussian function

and the area of the curve used to determine the intensity of each peak.

These intensities were corrected for the different pathlengths of the

scattered neutrons through the sample at different scattering angles, using
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absorption and Lorentz corrections to obtain the structure factor magni-

tudes f(h) (24),

f ðhÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IðhÞ AðhÞ sinq

p
; (2)

where I(h) is the scattered intensity, A(h) is the absorption correction, and

sinq is the Lorentz correction.

The SLD in real space across the unit cell of a single bilayer and water

layer is related to the full structure factor by a Fourier transformation.

The structure factors f(h) sample the full structure factor at discrete points.

A real-space SLD profile r(z) can then be synthesized by a Fourier cosine

series,

r�ðzÞ ¼ r�0 þ
2

dk

Xn

h¼ 1

f ðhÞ
�
cos

2phz

d

�
; (3)

where d is the repeat spacing (d-spacing), k is an instrumental scaling con-

stant, r0 is the average scattering density of the unit cell, and z is the dis-

tance from the center of the bilayer.

The SLD profiles were scaled to a ‘‘per lipid’’ absolute scale by first

calculating the average SLD r0 from the scattering lengths of the constitu-

ents of the unit cell. This shifts the profiles to fluctuations around the ex-

pected average SLD of the measured unit cell. The instrumental scaling

constants (k), which are generally unknown and depend on each individual

measurement condition and sample, were then determined by using the

variation of the water layer after measurements from the three water con-

trasts. Variation of the water-layer contrast has no effect on the regions of

the SLD profiles that are not penetrated by water molecules, (i.e., the center

of the bilayer). The scaling constants were varied so that differences in the

water-free sections of the profiles between separate water contrast measure-

ments of each sample were minimized.

The spatial resolution of the SLD profiles depends on the number of

terms in the measured reflections. A finite number of terms leads to Fourier

truncation artifacts in the profiles. The artifacts most commonly show up as

overshoots or small ripples in regions of high SLD variation. In all systems

measured in this study, five reflections were routinely measured. Uncer-

tainty of the SLD profiles was calculated using the equation from Dante

et al. (25).
FTIR spectroscopy

Solutions containing COR15A, COR15A, and POPC, or only POPC lipo-

somes were spread on calcium fluoride windows and equilibrated at

different RH levels as described above. Additionally, anhydrous samples

under vacuum and samples rehydrated over heavy water were prepared.

A second calcium fluoride window was placed on top of the sample to avoid

rehydration. FTIR spectra were recorded from 4000 to 900 cm�1 with a

PerkinElmer (Rodgau, Germany) GX2000 FTIR spectrometer. Sixteen

spectra were coadded and analyzed using the Spectrum 10.4.3 software

(PerkinElmer). At least three samples per condition were measured.
RESULTS

COR15A gradually folds upon dehydration

Gradual folding of COR15A in the presence of increasing
concentrations of glycerol has been shown previously
(18). In addition, we provided evidence that partial folding
in the presence of glycerol is necessary for protein interac-
tions with POPC membranes (16,17). However, whether
reduced water activity due to reduced RH would also induce
folding was not known. Therefore, before performing
574 Biophysical Journal 113, 572–579, August 8, 2017
neutron diffraction experiments at different RHs, we inves-
tigated whether these conditions would induce folding in
COR15A. The secondary structure of the protein was as-
sessed by FTIR spectroscopy in response to RH between
97 and 11%. The Amide I peak of the FTIR spectrum con-
tains information about protein secondary structure. It is the
sum of several underlying peaks that are indicative of
different secondary structure elements, such as a-helices
(1660–1650 cm�1), b-sheet (1640–1620 cm�1), and unor-
dered regions (1650–1640 cm�1) (26,27). Because water ab-
sorbs strongly in the FTIR spectral region where the Amide
I peak is localized, such structural studies in solution are
usually performed in heavy water to shift the water peak
away from the Amide I peak (27,28). To control for the
contribution of the water peak to the Amide I peak, we
measured FTIR spectra at all RH levels for POPC liposomes
in the absence of protein, and normalized the spectra to the
lipid C¼O peak (Fig. S1). The data showed that even at 97%
RH, the highest RH used in our experiments, the water peak
was very small compared to the Amide I peak in samples
containing liposomes and COR15A. Consequently, sub-
tracting the water peak from the Amide I peak did not result
in significant changes in Amide I peak positions.

Under conditions of high humidity and in solution (heavy
water), COR15A showed a peak at �1644 cm�1 (Fig. 1, A
and C), indicating the presence of mainly unordered regions,
in agreement with previous CD spectroscopy experiments
(15). Upon dehydration, the Amide I peak was shifted to-
ward higher wavenumbers up to �1655 cm�1, indicating a
predominantly a-helical structure in dehydrated and anhy-
drous COR15A, again in agreement with previous CD mea-
surements (15) and molecular dynamics simulations (18).
The presence of POPC liposomes had no significant influ-
ence on the Amide I peak position at any of the investigated
RHs (Fig. 1, B and C).
COR15A is located near the headgroup region of
POPC lipids in dehydrated samples

We probed the location of COR15A molecules relative to
the bilayer membrane, using neutron membrane diffraction.
Aligned systems of pure POPC and POPC/COR15A at a
10:1 mass ratio were used to reconstruct total average
SLD profiles across the bilayers. In addition, measurements
were performed with POPCD using a 10:90 POPCD/POPC
molar ratio. Typical diffraction peaks for POPC 5
COR15A at 97% RH are shown in Fig. 2. The diffraction
peaks were Gaussian in shape. They were shifted slightly
to smaller angles in the presence of COR15A because of
an increase of 1–2 Å in the repeat spacing of the bilayer sys-
tem (Fig. 3). This increase was within the estimated errors.
However, it was consistent for all samples at both RHs.

Since COR15A is localized in chloroplasts and chloroplast
membranes do not contain phosphatidylcholine, we also per-
formed neutron diffraction measurements with membranes
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containing chloroplast glycolipids. Unfortunately, however,
these measurements only yielded one diffraction peak and
were therefore not suitable for SLD reconstruction. Structure
factors were obtained using Eq. 2 in Materials and Methods.
97% RH

q [A-1]
5 10 15 20 25

In
te

ns
ity

 [a
.u

.]

1

10 POPC
+ COR15A

FIGURE 2 Neutron membrane diffraction results, showing the measured

peaks for POPC and POPC 5 COR15A equilibrated at 97% RH, with a

0.08 heavy water volume fraction in water. Each peak is fit with a Gaussian

function to determine the scattered intensity and position. The baseline is

determined by the incoherent scattering of the samples and vertically offset

for clarity.
Each structure factor f(h) for a centro-symmetric system,
such as an aligned bilayer system, can be either positive or
negative. To determine these phases, we used an isomor-
phous replacement method. This was achieved bymeasuring
each sample three times, after equilibration with saturated
salt solutions containing 8, 20, or 50% heavy water in water
(see (29) for more information on structure factor phasing).
Each increase in the heavy water content of the water phase
increases the SLD of the water layer. In Fourier space, this
either increases the magnitude of a structure factor or de-
creases it depending on the phase of the structure factor.
The sign of each structure factor is thus chosen according
to the sign of the gradient of the structure factor as a function
of heavy water volume fraction. Correctly phased structure
factors will then exhibit a linear relationship with the volume
fraction of heavy water, as shown in Fig. 4. For consistency,
all profiles are shown for 8% heavy water, where the SLD of
the water layer equals zero.

Neutron SLD profiles of POPC 5 COR15A were recon-
structed using Fourier synthesis. The profiles represent one
lipid bilayer together with its hydration shell (Fig. 5). The
profiles are shown so that z ¼ 0 Å is the bilayer center,
where the methyl groups are located. Moving away from
the center of the bilayer, the conformation of the partially
saturated POPC hydrocarbon chains results in plateaus at
around j6j Å (30). Further out from the center of the bilayer,
the glycerol backbone and the polar lipid headgroup give
rise to the main peaks at j17j Å in the SLD profile because
of their high positive scattering lengths. The 95% confi-
dence limits shown were calculated from the errors in the
structure factor magnitudes.

The presence of COR15A had little effect on the overall
structure of the bilayer. It retained the same qualitative pro-
file when the protein was added to the system. However,
there was an increased scattering density in the backbone
and headgroup parts of the membrane, as well as in the wa-
ter layer. This increase was well outside the 95% confidence
band, whereas the center of the bilayer in the hydrocarbon
chain region remained unchanged within the error margin
when COR15Awas added. The differences in the SLD pro-
files at around j10j Å may be attributed to a slight increase in
the width of the headgroup region in the presence of
COR15A, caused by intercalation of the protein.
Biophysical Journal 113, 572–579, August 8, 2017 575
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The SLD of COR15A at the concentrations used in this
study was quite low. This complicates the determination
of the contribution of the protein and the scaling of the
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FIGURE 5 Bilayer centered SLD profiles from neutron diffraction mea-
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lipid mass ratio was used. 95% confidence limits are shown. The schematic

of the lipids is a guide to the eye and indicates the average lipid position, as
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profiles. This is particularly noticeable in the difference pro-
files, which are susceptible to Fourier truncation artifacts in
the two contributing profiles. Therefore, we performed
neutron diffraction measurements of POPC with deuterated
hydrocarbon tails (POPCD), using a 10:90 POPCD/POPC
molar ratio. This has the advantage of modulating the
SLD of the POPC profile while leaving the contribution of
the protein constant, thus allowing verification of the scaling
procedure, as well as producing COR15A difference profiles
to compare with the POPC system (Fig. 6). The results from
both systems were consistent.

To determine the changes induced by the presence of
COR15A, the pure POPC system profiles were subtracted
from the POPC 5 COR15A and POPCD/POPC 5
COR15A profiles to create difference profiles (Fig. 6).
Although subtracting the pure POPC profiles highlights
the effects of COR15A, the difference profiles are more sus-
ceptible to Fourier truncation artifacts and the slight in-
crease in headgroup width due to the presence of the
protein. This can be observed in the higher spatial frequency
ripples of the difference profiles and the discrepancies be-
tween the POPC and POPCD/POPC systems. Nevertheless,
there is a clear confinement of COR15A to the water layer
and outer section of the bilayer in both systems and at
both humidities.

The SLD profiles are a time-averaged description of the
SLD per unit length across the unit cell. The profiles can
be decomposed into quasimolecular segments, each with a
known SLD calculated from the coherent scattering lengths
of the constituent atoms. These contributions are usually
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described by a Gaussian function because of the fluid mo-
tion of the systems studied (31,32). For a bilayer system,
this decomposition is difficult without a satisfactory initial
guess of each of the overlapping segmental contributions.
In this case, we simply model the contribution of the
COR15A molecule using a single Gaussian distribution.
This contribution can be directly compared with the differ-
ence profiles defined above (Fig. 6). The area under the
curve of the calculated Gaussian function is equal to the
calculated total scattering length of COR15A in the bilayer
system. This is simply the sum of the coherent scattering
lengths of the atoms comprising COR15A, multiplied by
the COR15A/lipid molar ratio. This scattering length value
(1.78 � 10�14 m) is fixed as the area under the curve,
whereas the width and amplitude of the distribution are al-
lowed to vary so that the difference between the calculated
SLD profile and the difference profile is minimized.

The profiles show that the time-averaged distribution of
COR15A extends as far as the first five to six carbon atoms
of the acyl chains. The COR15A molecule is therefore
capable of inserting between the glycerol backbone and
headgroups of the lipid molecules in this system. This is
further into the bilayer than the water molecules penetrate,
and indicates that the protein is not simply a freely dissolved
solute in the water phase, but directly interacting with the
lipid phase.
DISCUSSION

COR15A is accumulated in the chloroplasts of Arabidopsis
leaves when the plants are exposed to low temperatures
(12–14). This accumulation is necessary for the plants to
obtain their full, cold-acclimated freezing tolerance (16).
Although it is clear from our previous work that COR15A
is able to protect membranes from damage during freezing
and thawing (16,17), it was still unresolved how this highly
hydrophilic, intrinsically disordered protein may interact
with membranes to achieve this effect. In plant leaves,
where COR15A is accumulated in the cold, ice crystalliza-
tion occurs in the intercellular spaces, leading to vapor-
phase dehydration of the cells. This freeze-induced
dehydration leads to an increase in intracellular solute
concentrations and to membrane destabilization (33). We
hypothesized earlier that partial folding of the protein into
amphipathic a-helices because of this freeze-induced in-
crease in crowding may generate a hydrophobic face on
the protein that could be responsible for a protective pro-
tein-membrane interaction (17).

Here, we have shown that already mild dehydration at
97% RH, which corresponds to �4 MPa or freezing to
�3�C (34), is sufficient to induce partial folding in
COR15A. Since cold-acclimated Arabidopsis leaves can
survive freezing to temperatures well below �10�C (35),
this indicates that this folding reaction takes place under
physiologically relevant conditions. Interestingly, we did
not observe an additional increase in folding during dehy-
dration in the presence of membranes by FTIR spectros-
copy, although a small increase was apparent from CD
spectroscopy experiments (16,17) in the presence of high
concentrations of glycerol (R50 vol%). This may reflect
slightly different folding behavior of COR15A in the two
experimental systems, but it should also be noted that in
general, CD spectroscopy is more sensitive for the detection
of a-helical structure than FTIR (36).

Although COR15A is localized in chloroplasts, and there-
fore its natural target membranes do not contain phosphati-
dylcholine, our data still reveal the general mode of
interaction of this amphipathic helical protein with lipid bi-
layers. Similarly, our earlier small- and wide-angle x-ray
scattering data indicate that COR15A interacts with mem-
branes, and that POPC bilayer thickness is slightly reduced
in the presence of COR15A and 50% glycerol, whereas in-
terlipid chain distance is increased (16). Further, x-ray scat-
tering and NMR experiments show a stabilization of the
lamellar lipid phase in lipid mixtures containing nonbilayer
lipids (37). Together with the fact that COR15A is able to
protect liposomes from leakage of soluble content during
a freeze-thaw cycle (16,17), these data suggest a direct inter-
action of COR15Awith membranes under conditions of par-
tial dehydration. However, it was unclear from these data
how the COR15 molecule is oriented relative to the bilayer
surface, and whether it interacts with the hydrophobic fatty
acyl chains of the lipids or only with the hydrophilic head-
groups. Since COR15A is a highly hydrophilic protein that
folds into amphipathic a-helices during dehydration (18),
both depths of insertion seemed physically possible.

The substrate-supported oriented POPC bilayers studied
here provide a simple model of the stacking and close
approach that cellular membranes may undergo upon dehy-
dration, e.g., during extracellular freezing. The RHs of 97
and 75% RH used in this study are equivalent to equilibrium
freezing to �3 and �33�C, respectively (34). These temper-
atures are well in the range of freezing temperatures that
herbaceous plants may encounter and survive in temperate
climate regions of the Earth (see (33) for a review).

Our data provide clear evidence that, under dehydration
conditions, COR15Apartially folds and inserts into themem-
brane parallel to the surface. The neutron diffraction results
indicate changes in the SLD in the membrane headgroup re-
gion when COR15A is added to the system. These density
profiles contain contributions from the SLD of COR15A,
as well as changes to the POPC SLD profile due to the pres-
ence of COR15A. Bymaking the assumption that only insig-
nificant perturbations are made to the POPC profile, the
difference profiles can be treated as SLD profiles of the
COR15A molecule, showing the location of the protein in
relation to the bilayer. Although the experimental difference
profiles aremore complex than a simple Gaussian profile, the
areas under the curves are similar to those under theGaussian
model curves, indicating that the assumption that the lipid
Biophysical Journal 113, 572–579, August 8, 2017 577
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profile is not significantly disturbed by the presence of the
protein is valid, and difference profiles are related to the
density profiles of COR15A. The more complex distribution
profiles of the protein in the bilayer system most likely result
from the limited resolution of the membrane diffraction
measurements due to the relatively low contrast of the
COR15A molecule. This makes Fourier truncation artifacts
a likely cause for the non-Gaussian difference profiles.

However, it is clear from these profiles that COR15A lo-
cates in the headgroup region of the POPC bilayer at both hu-
midities. The center of the bilayer remains protein free, as
would be expected for a hydrophilic, highly charged protein
without a transmembrane segment. Consequently, the struc-
ture of the POPC bilayer is not significantly affected by the
presence of the protein. A small change in the bilayer thick-
ness could contribute to the small increase in the repeat
spacing. Determining the position of the POPC headgroup
precisely enough in the presence of COR15A to evaluate
such a change in bilayer thickness is not trivial, because of
the requirement to deconvolve the headgroup profile and the
COR15A profile. However, the similarity in the hydrocarbon
tail region of the POPC bilayer in the absence and presence of
protein suggest very little changes in the bilayer dimensions.
Therefore, the increase in d-spacing is most likely because of
the presence of the protein in the interbilayer solution and the
headgroup region, thereby increasing its volume.

Although COR15A molecules are present in the aqueous
space between the membranes, they also penetrate the mem-
brane surface further into the bilayer than the water mole-
cules, reaching as far as the first five to six methylene
groups of the fatty acyl chains. This location is in agreement
with our hypothesis that the hydrophobic face of the amphi-
pathic a-helices of the protein is important for the observed
effects of the protein on membranes. Such a localization is
not common of all membrane cryoprotectants. Cryoprotec-
tive sugars, such as trehalose, do not interact with mem-
branes under similar conditions, but rather are confined to
the aqueous space between the membrane stacks (29,38).
CONCLUSION

Our study shows that the highly hydrophilic, intrinsically
disordered plant stress protein COR15A folds into a-helices
upon mild dehydration. Under the same conditions, the pro-
tein localizes to the membrane-water interphase, penetrating
the membrane to the level of the first methylene groups of
the fatty acyl chains. Further research is required to show
how the protein interacts with membranes containing chlo-
roplast galactolipids, and how such interactions result in
membrane stabilization during freezing and thawing.
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