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Abstract

Lipid-water interaction plays an important role in the properties of lipid bilayers, cryoprotectants,
and membrane-associated peptides and proteins. The temperature at which water bound to lipid
bilayers freezes is lower than that of free water. Here, we report a solid-state NMR investigation on
the freezing point depression of water in phospholipid bilayers in the presence and absence of
cholesterol. Deuterium NMR spectra at different temperatures ranging from -75 to +10°C were
obtained from fully 2H,0O-hydrated POPC (1-palmitoyl-2-oleoyl-phosphatidylcholine) multilamellar
vesicles (MLVSs), prepared with and without cholesterol, to determine the freezing temperature of
water and the effect of cholesterol on the freezing temperature of water in POPC bilayers. Our 2H
NMR experiments reveal the motional behavior of unfrozen water molecules in POPC bilayers even
at temperatures significantly below 0°C and show that the presence of cholesterol further lowered
the freezing temperature of water in POPC bilayers. These results suggest that in the presence of
cholesterol the fluidity and dynamics of lipid bilayers can be retained even at very low temperatures
as exist in the liquid crystalline phase of the lipid. Therefore, bilayer samples prepared with a
cryoprotectant like cholesterol should enable the performance of multidimensional solid-state NMR
experiments to investigate the structure, dynamics, and topology of membrane proteins at a very low
temperature with enhanced sample stability and possibly a better sensitivity. Phosphorus-31 NMR
data suggest that lipid bilayers can be aligned at low temperatures, while 1°N NMR experiments
demonstrate that such aligned samples can be used to enhance the signal-to-noise ratio of 1°N
chemical shift spectra of a 37-residue human antimicrobial peptide, LL-37.

Introduction

Cellular membranes are liquid crystalline lipid bilayers composed of phospholipids, proteins,
water, cholesterol, and other components. Water plays an important role in the formation,
stability, and function of the bilayer membrane and also in maintaining the liquid crystalline
phase of the membrane.L Many properties of lipid membranes strongly depend on the
interaction of lipids with water. Previous studies on model lipid membranes revealed the
presence of two different types of water in bilayers: free water and water that is bound to the
phospholipid headgroups near the surface of the bilayer.z'4 The number of water molecules
bound to phospholipid bilayers depends on the type and the physical phase of lipids. Tightly
bound water molecules resist to freeze and maintain significant amount of motional freedom
even at subzero temperatures.5'8 An important property of cellular membranes is that they
behave as two-dimensional fluids in which molecules can rotate and move in lateral directions.
In this process, the fluidity is critical for their function and is determined by the lipid
composition and temperature. Therefore, it is important to understand the mobility and freezing
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temperature of water molecules that are bound to lipids in membranes. Previous studies using
thermal analysis and NMR experiments reported that water molecules are mobile even at
subzero temperatures under various environments such as water bound to macromolecules,
biopolymers, or different compounds present in food.6-10 In this study, we present a solid-
state NMR investigation on the mobility of water molecules in lipid bilayers.

Cholesterol, soluble in phospholipid bilayers, plays an important role in controlling the fluidity
and stability of biological cellular membranes at different temperatures. Previous studies
showed that the addition of cholesterol into phospholipid membranes increased the number of
unfreezable water molecules, and also lowered and broadened the main phase transition
temperature of Iipids.lll12 The presence of cholesterol and related changes in the fluidity of
a cell membrane are important factors in the function of antimicrobial peptides, toxicity of
amyloid peptides like IAPP (islet amyloid polypeptides) and AB.13'18 In this study, we have
used 2H solid-state NMR techniques to investigate the freezing behavior of water in POPC (1-
palmitoyl-2-oleoyl-phosphatidylcholine) bilayers in the presence and absence of cholesterol
in order to understand the role of cholesterol in biological membranes. Since the quadrupole
coupling is very sensitive to molecular motions, in the present study, 2H NMR experiments
are used to study the dynamics of water.19-26 2 guadrupole coupling value of deuterated
water is used to study the freezing temperature of pure water, and water present in lipid bilayers
with and without cholesterol. POPC bilayers are used as model membranes as this lipid is
naturally present in cellular membranes, has a low phase transition temperature, and commonly
used in biophysical studies. Our experimental results show that the thermal mobility of water
freezes at temperatures much lower than that of the pure water and the presence of cholesterol
further lowers the freezing point of water in POPC bilayers.

Materials and methods

Materials

POPC was purchased from Avanti Polar Lipids (Alabaster, AL). Chloroform and methanol
were purchased from Aldrich Chemical Company (Milwaukee. WI). DO was purchased from
Cambridge Isotope Lab Inc. (Andover, MA). All chemicals were used without further
purification.

Sample preparation

MLVs were prepared by mixing a 5 mg of POPC with 5ul D50, followed by several freeze in
liquid nitrogen and thaw at room temperature cycles. For Cholesterol/ POPC samples, 25%
Cholesterol by mole was mixed with POPC and 5 ul D,0 was added through several freeze-
thaw cycles. The final sample had 42 mole % of water. Sample was stabilized at least an hour
before data acquisition at each experimental temperature. Mechanically aligned lipid bilayers
were prepared using the naphthalene procedure as described elsewhere.27

Solid-state NMR

All experiments were performed on a Chemagnetics/Varian Infinity 400 MHz solid-state NMR
spectrometer operating at resonance frequencies of 400.138, 161.979, 61.424, and 40.55 MHz
for IH, 31, 2H, and 15N nuclei, respectively. A 5 mm Varian/Chemagnetics double resonance
MAS probe was used to acquire the 2H quadrupole coupling NMR spectra of multilamellar
vesicles packed in 5 mm glass tube. All experiments on oriented samples were performed with
the lipid bilayer normal parallel to the external magnetic field of the spectrometer. The 31p
and 1N chemical shift spectra of mechanically aligned samples were obtained using a home-
built double resonance probe. Sample temperature was controlled and maintained using a
temperature controller unit (Varian/Chemagnetics) with an accuracy of +0.3°C; some of the
low-temperature experiments were also performed in different spectrometers to confirm the
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accuracy of the measured temperature and spectra. All 2H quadrupole coupling NMR spectra
of water in POPC bilayers were acquired using a quadrupole echo pulse sequence (90°-t-90°-
t-acquire)28 with a 2H 90° pulse length of 2.3 ps. The recycle delay was 1 s and the spectral
width was 500 kHz. 3P spectra were obtained using a spin-echo sequence (90°-t-180°-t-acq
with t=100 ws), 40 kHz proton-decoupling rf field, 50 kHz spectral width, and a recycle delay
of ~4 seconds. A typical spectrum required the co-addition of 100-1000 transients. The 31p
chemical shift spectra are referenced relative to 85% H3PO,4 on thin glass plates (0 ppm). 15N
chemical shift spectra of a 1°N-labeled LL-37 peptide in oriented bilayers were acquired using
a ramp cross-polarization sequence29 with a 1H 7/2 pulse length of 3.5 s, 35 kHz cross-
polarization RF field strength, and a 'H decoupling of 71 kHz during acquisition. The recycle
delay was 3 s and the spectral width was 50 kHz. 1°N chemical shift spectra are reference
relative to liquid ammonia (at 0 ppm). All spectra were processed using the Spinsight software
(Chemagnetics) on a Sun Sparc workstation. The powder spectrum was simulated using a
FORTRAN program on a PowerBook G4.

2H NMR spectra of pure water

In this study, deuterium NMR spectroscopy is used to determine the mobility of water in lipid
bilayers. 2H NMR spectra of deuterated water were collected at several different temperatures
to understand the freezing temperature of water and the mobility of water molecules. Under
normal experimental conditions, pure liquid water freezes to form ice around 0°C. Due to the
fast tumbling motion of water molecules in the liquid state, 2H quadrupole interaction of water
is averaged out at temperatures above 0°C and a narrow peak at its isotropic chemical shift
frequency is observed (spectra not shown). On the other hand, as the temperature of water is
lowered below the freezing temperature, it is expected that water molecules become immobile
in the NMR time scale (i.e., the inverse of the quadrupole coupling) and therefore a 2H powder
pattern would be observed. While a quadrupole coupling powder pattern from immobile water
was observed below 0°C, a narrow line at the isotropic frequency indicating the presence of
mobile water molecules was also present in the spectrum (data not shown). The intensity of
the narrow peak at the zero-frequency decreased as the temperature lowered further. For
example, the spectrum obtained at -15°C in Figure 1A suggests that most water molecules are
frozen and resulted in a powder pattern but some water molecules still experienced rapid
reorientational motions as evidenced by the presence of an isotropic peak at the center of the
spectrum. Representative 2H quadrupole coupling NMR spectra of D,O given in Figure 1
suggest that the isotropic peak disappears at temperatures <-23°C and a typical 2H quadrupole
coupling powder (or Pake doublet) spectrum is observed (Figure 1B). The powder pattern line
shape was simulated using a Fortran program and the best-fitting spectrum is shown in Figure
1C. The measured magnitudes of the principal components of the 2H quadrupole coupling
tensor are 73.0, 90.1, and -163.1 kHz with an asymmetry parameter, 1, of 0.1. A typical 2H
guadrupole coupling constant for simple crystalline hydrates is known to be about 200 kHz.

It was previously shown that water molecules in ice reorient with a tetrahedral symmetry.
10 The reorientational motion was frozen around 240 K. At the intermediate temperatures
(above -15°C), 2H spectra showed the characteristic features of slow molecular reorientation
(1/tc<200kHz).

2H NMR spectra of water in POPC bilayers

Analysis of 2H NMR spectra of deuterated water molecules in model membranes provides
useful information on the motional behavior of water molecules and on the role of water in the
stability of lipid bilayer structures. For this purpose, 2H quadrupole coupling spectra of well-
hydrated (with D,O) POPC MLVs were obtained at several different temperatures ranging
from +25 to -65°C. Representative spectra are given in Figure 2. An isotropic peak was
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observed for temperatures well above -5°C, indicating that the mobility of water molecules in
POPC bilayers averages out the 2H quadrupole interaction. As shown in Figure 2, at -5°C the
spectrum shows a combination of an isotropic line at the zero-frequency and a broad line
indicating the presence of two types of water molecules. The two different spectral patterns
originate from two types of water molecules in the sample: (a) free water molecules resulting
in an isotropic peak and (b) water molecules bound to the hydrophilic phospholipid headgroups
resulting in a motionally averaged small quadrupole splitting, which is more clear from the
line shapes observed at -10°C (Figure 2).

Previous studies showed similar spectra resulting from the effects of different solutes (DMSO,
sorbitol, sucrose, and trehalose) on the hydration of DOPC as a function of temperature.9
During the hydration of lipid molecules, water molecules can form many layers of water
molecules near phospholipid headgroups. A previous study showed that only a small fraction
of water molecules (<5) per lipid are considerably affected by the interaction with the bilayer
surface. For samples with >5 water molecules per lipid, an isotropic peak was observed.30 In
this study, a small quadrupole splitting is clearly seen in 2H spectra at temperatures ranging
from -10 to -30°C; two representative spectra obtained at temperatures of -10°C and -18°C are
shown in Figure 2. The splitting is attributed to the reduction in the mobility of water molecules
that are bound to hydrophilic phospholipid headgroups; the rigid quadrupole splitting (~200
kHz) observed in rigid solid ice is motionally averaged out in hydrated lipid bilayers to a small
value, 1.5 kHz.

The peaks in the small doublet broadened as the temperature decreased below -18°C. Similar
spectral patterns were reported from dehydrated phospholipid bilayers and studies have
reported deuterium spectra of purple membrane associated water as a function of hydration.
31 At the same time, the rigid quadrupole coupling pattern also appeared as evidenced by the
Pake doublet powder pattern with the maximum intensity at £80 kHz. Spectrum obtained at
-47°C shows both features. A complete freezing of water in POPC vesicles occurs around -65°
C (Figure 2). This observation is consistent with the previous DSC (differential scanning
calorimetry) data.32 Thus, the temperature to completely freeze the water molecules bound to
POPC is lowered by about 40°C compared to that of the pure water. A 2H NMR study that
investigated the exchange between deuterium of D,0O used to hydrate the sample and hydrogen
in phosphatidylcholine headgroups reported a little exchange of deuterons with the hydrogens
of the Iipid.5 Therefore, this possibility is not considered in the interpretation of 2H spectra in
this study.

2H NMR spectra of water in POPC bilayers containing cholesterol

Cholesterol is an important component, naturally occurring in biological cellular membranes.
To understand the role of cholesterol on the phase transition temperature of the membrane, in
the present study, MLVs composed of 3:1 POPC:Cholesterol were prepared by direct hydration
using deuterated water and 2H quadrupole coupling spectra were obtained at several different
temperatures. Experimental spectra are given in Figure 3. At 0°C, a single narrow peak
dominated the spectrum due to the motional averaging of water molecules, but a small intensity
from bound water was also noticeable. The mobility of water molecules is significantly
suppressed at -10°C as evidenced by the reduction in the intensity of the isotropic peak and
the increase in the intensity of the spectral line from bound water with a splitting of 1.5 kHz
as shown in Figure 3. At -15°C, the isotropic peak almost disappeared and the 2H signal
broadened out. Figure 3 shows an averaged quadrupole coupling of 1.5 kHz at -20°C, indicating
that water at this temperature still experiences a rapid motion that averages out the quadrupole
interaction.

Around -40°C, the splitting is merged to a single broad line at the center of the spectrum with
a full-width at a half-maximum of 4 kHz (Figure 3). However, water molecules are not frozen
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and their motion is still fast to average the rigid quadrupole splitting of 200 kHz to 4 kHz. The
increase in the observed 2H quadrupole splitting from 1.5 kHz at -30°C to 4 kHz at -40°C could
be due to the change in the lipid phase from L, to gel phase.25 For temperatures below -40°C
and above -50°C, bound water molecular motion is frozen in the NMR time scale to result in
a rigid 2H quadrupole coupling powder pattern and the signal intensity increases as the
temperature decreases to -75°C (Figure 3). Therefore, our results infer that the presence of 33
mole % cholesterol decreases the temperature at which the mobility of water molecules in
POPC hilayers freezes by about 15°C.

31p Chemical shift spectra of mechanically aligned bilayers at low temperature

As shown in Figure 4, for temperatures down to -30°C, bound water molecules undergo motion
that results in an averaged quadrupole splitting of 1.5 kHz. Therefore, lipid molecules should
be in a fluid phase even at this low temperature, which can be determined from 3P NMR.
Since mechanically aligned lipid bilayers are commonly used in NMR studies of model
membranes,33'37 we explored the possibility of aligning lipids at a low temperature and the
possibility of using cholesterol to align lipid samples below the main phase transition
temperature of the lipid. 31P chemical shift spectra of uniaxially aligned POPC bilayers without
(Figure 5A) and with cholesterol (Figure 5B) obtained at different temperatures are given in
Figure 5. The appearance of a single peak ~32 ppm in Figure 5A suggests that the pure POPC
sample is well aligned for temperatures as low as the phase transition temperature (~-5°C) of
the lipid. As the temperature of the sample decreases the frequency of the observed peak
increases: for example, 32 ppm at 20°C to 34 ppm at -5°C. This is because a decrease in the
sample temperature reduces the lipid head group motion and therefore decreases the span

of 31P chemical shift; the low frequency edge of the broad low intensity signal at the noise
level arising from unaligned lipids can be seen to change from ~ -14 ppm at 20°C to ~ -16
ppm at -5°C. Therefore, the observed peak from aligned lipids in the sample is always at the
parallel (or low-field) edge of the 31P powder pattern suggesting that the lipid orientation did
not change even at -5°C. However, at -10°C, that is below the main phase transition temperature
of the lipid, a broad signal ~40 ppm indicating the contribution from lipids in gel phase is
observed (Figure 5A). On the other hand, interestingly, alignment of lipid molecules are
retained for temperatures as low as -17°C for POPC bilayers containing cholesterol as indicated
by the appearance of a narrow peak ~25 ppm (Figure 5B). The difference in the frequency of
peaks observed in the pure (at ~32 ppm) and cholesterol-containing (~25 ppm) POPC bilayers
could be attributed to the additional motional averaging experienced by the lipid head group
in the presence of cholesterol. Since cholesterol increases the fluidity of lipid bilayers, more
motional averaging is expected for water bound to lipids as observed by the relatively less 2H
quadrupole splitting in the presence of cholesterol (Figures 2-4) as well as by the reduced 31p
chemical shift anisotropy span of the lipid head group.

15N Chemical shift spectra of a peptide embedded in mechanically aligned bilayers at low

temperature

Since lipid bilayers can be aligned at low temperatures as demonstrated by 31P experiments
(Figure 5), it should be possible to align peptides and proteins at very low temperatures and
therefore it could be possible to increase the sensitivity of solid-state NMR experiments.38 To
demonstrate this point, experiments were performed on mechanically aligned POPC bilayers
containing a human antimicrobial peptide, LL-3739,40 gt different temperatures. Sample 1°N
chemical shift spectra given in Figure 6 suggest that it is possible to align samples at low
temperatures and the observed signal-to-noise ratio is ~1.3 times better than that observed at
a higher temperature. Lowering the sample temperature suppresses molecular motions, which
average dipolar couplings that are needed to transfer proton magnetization to nitrogen in a
cross-polarization experiment, and therefore enhances the signal-to-noise ratio of the
observed 1°N spectrum of the peptide embedded in lipid bilayers. Previous NMR studies have
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reported the high-resolution structure,41 topology,36'37 and mechanism of membrane
disruption of LL-37.42 Previous solid-state NMR studies have shown that this peptide is
oriented near the surface of lipid bilayers and functions via carpet/toroidal-pore mechanism to
disrupt bacterial membranes.

Discussion

There is considerable current interest in understanding the role of water-lipid interactions in
the structure, folding, and function of a variety of molecules embedded in the cell membrane.
Particularly, the structural and dynamical differences between the free water molecules and
lipid-bound water molecules are interesting. In this study, we have investigated the dynamics
of water in pure water and when it is bound to lipids using 2H NMR spectroscopy.

Freezing point of water in phospholipid vesicles

Previous studies have shown that deuterated water and regular water have the same swelling
behavior of POPC.2+43 Thus, the results obtained from lipid samples hydrated by deuterated
water are comparable with those obtained from the lipid samples hydrated by H,O. In the
present study, 2H solid-state NMR spectra of water in phospholipid bilayers were obtained at
several different temperatures in order to see their motional properties and phase behaviors.
Pure water undergoes a phase transition from liquid to solid around 0°C. However, as suggested
by 2H NMR results (Figure 1), the motional properties of water molecules still exist even at
temperatures below the normal freezing point of water. The temperature at which water
molecular motions freeze depends on its environment, such as membranes, macromolecules,
and other ultrastructural elements in cells, tissues, or food products.2 Table 1 summarizes the
approximate freezing temperatures of water in several different systems. As seen from Table
1, the freezing temperature of water in biological environments is less than that of the pure
water.

Molecular origin of the isotropic 2H NMR signal of deuterated water bound to lipid membranes
below subzero temperature is not clear. However, it has been explained in a few different ways.
In the case of pure water, one study proposed that naturally occurring small defect in ice
crystalline could cause free rotation of water molecules, 11 which results in the observed
isotropic peak in the 2H quadrupole coupling spectrum. Another study of ice using 2H NMR
showed that water molecules in normal hexagonal ice experiences tetrahedral jumps even at
subzero temperatures.10 The latter results were used to explain the conductivity and
polarizability of ice.10 These experimental results supported Pauling’s assumption that ice can
exist in a large number of configurations in ice, each corresponding to certain orientations of
water molecules. These results also confirmed Pauling’s calculation of residual entropy of ice,
which depends on the motional contribution and contributions from the geometrical disorder
in hydrogen bondings of molecules in lattice. Tetrahedral reorientational motion has been used
to explain the behavior of water molecules in pure crystalline ice.10 Wolfe and collaborators
analyzed unfreezable water in terms of quantitative measurements of the interaction among
membranes or macromolecules at the freezing temperature.2 Three effects were used to explain
the observed freezing point depression:2 (i) due to the presence of small solutes, (ii) due to the
presence of macromolecules, membranes and other hydrophilic ultrastructure, (iii) due to the
effect of viscosity. Wu and coworkers studied freezing and dynamics of non-freezable water
in fully-hydrated sphingomyelin bilayers at subzero temperatures using 13C, 2H, and 31P NMR
techniques and DSC experiments.44 They observed that the bound water molecular motion in
phospholipid bilayers freezes at -70°C, which is in good agreement with the results presented
in this study. However, 2H quadruple coupling line shape was not the same as observed for the
hexagonal phase in normal ice. In addition, they proposed that freezing of hydrated lipid
bilayers composed of lipid and water occurred through several steps. During the phase
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transition of a lipid from liquid crystalline to gel phase, the phase of the hydrocarbon chains
of lipid molecules changes first and followed by the bulk water molecules present between
lipid bilayers. As the temperature of the sample continuously decreased, phospholipid
headgroups freeze and finally water molecules bound to the headgroup freeze. The temperature
of each event in the freezing process depends on the types of lipids in the sample. As shown
in Figure 2, our results are in excellent agreement with this explanation. Bulk water molecules
moving freely between lipid bilayers freeze first as noted by the disappearance of the isotropic
peak in the 2H NMR spectrum, and followed by the freezing of water molecules weakly bound
to lipids as evidenced by the small quadrupole splitting. DSC and 2H NMR study on water in
waxy corn starch showed that a large fraction of water was as mobile as the molecules in the
liquid water even at a temperature around -32°C.8 Hansen and coworkers’ studied hydrated
soybean protein and showed that water bound to soy protein and carbohydrates freeze below
-70°C. Frozen water in this system also did not adopt ice structure due to the interaction with
these macromolecules. The present study of water in POPC and POPC/Cholesterol showed the
typical 2H quadrupole coupling powder pattern spectra as those observed from ice. This
suggests that the bound water in POPC bilayers exists in the ice structure. Studies have reported
the different states of water in polymers.4 A deuterium NMR study of water organization in
cellulose reported the presence of water molecules that undergo fast (107 s'1) 180° flips around
the bisector axis.4’

Effect of cholesterol on the physical property of lipid bilayers

Cholesterol molecules insert into the hydrophobic acyl chain region of cellular membranes,
and play a very important role in controlling the fluidity of the cell membrane.#9 At lower
temperatures, they act as an efficient cryoprotectant, which protects the lipid bilayer structure
from damaging under severe conditions. This study was aimed at addressing the role of
cholesterol on the mobility of water molecules bound to lipid bilayers. Our experimental results
show that cholesterol affects the fluidity of POPC bilayers in such a way that the bound water
freezes at a significantly lower temperature than the pure water (Figures 1°4). The results are
in excellent agreement with previous studies.26:32 This depression of the freezing point of
water could be explained by the structural basis of cholesterol molecules in lipid bilayers.
Cholesterol is naturally found in both leaflets of biological cellular membranes. The OH group
of cholesterol is known to form a strong hydrogen bond with the carbonyl group of a
phospholipid. In addition, it may also form a hydrogen bond with water generating more space
between lipid molecules.#9 As shown in a previous study,11 cholesterol increases the fluidity
of lipid membranes and therefore water in cholesterol-containing POPC bilayers can be
prevented from freezing at low temperatures. A study on the water penetration depth in bilayer
membranes and the role of cholesterol in modulating this penetration depth showed that
cholesterol might decrease the depth of water penetration by about 2.5 angstroms.E'0 Another
study51 on the effect of cholesterol in the lipid bilayer and water proton magnetization transfer
showed that the pseudo-first-order magnetization exchange rate was increased as cholesterol
concentration increased. It was suggested that the cholesterol-induced 1H magnetization
exchange may be related either to longer correlation times of the lipid or to an increase in the
number of water molecules associated with bulk water.®1 As shown in the present study, water
in cholesterol-containing POPC bilayers freezes at a much lower temperature than the pure
water and the water in POPC bilayers. This observation provides an explanation to the role of
cholesterol as a cryoprotectant. The molecular behavior of water at reduced temperatures may
further be compared with the dehydration effect of lipids. As the temperature decreases, free
mobile water molecules located between lipid bilayers form ice and the number of water
molecules bound to the lipid headgroups decreases. Cholesterol could support the bilayer
membrane to hold more hydration layers near lipid headgroups and change the conformation
of the lipid headgroup, and thus protect the lipid membranes.
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Low-temperature solid-state NMR experiments on lipid bilayers

Although solid-state NMR has been shown as an useful tool in structural and dynamical studies
of biomolecules embedded in lipid bilayers, there are still intrinsic difficulties such as low
sensitivity and stability of mechanically aligned lipid bilayers need to be overcome. Aligned
model membranes are commonly used to determine the orientation or topology and the
structure of membrane proteins usin%time-consuming multidimensional solid-state nuclear
magnetic resonance experiments.34v 8,52,53 pye to the long experimental time of
multidimensional experiments, the phospholipid bilayers can be damaged by dehydration,
which can further cause misalignments of the aligned lipid bilayers. It was demonstrated in
our previous study that some of the difficulties in solid-state NMR experiments could be
overcome by conducting experiments on the mechanically aligned lipid bilayers at reduced
temperatures.?’8 The results obtained from the present study further prove that incorporation
of cholesterol into POPC bilayers can stabilize lipid bilayers in fluid state at much reduced
temperatures by decreasing the freezing point of water. Thus, as demonstrated in this study,
cholesterol or other cryoprotectants could be added to phospholipid bilayers in the form of
mechanically aligned lipid samples for solid-state NMR experiments to increase the sensitivity
of solid-state NMR experiments and also to enhance the stability of model membranes.

Conclusion

Here, we have investigated the mobility of water and freezing temperature of fully 2H,0
hydrated MLVs of POPC in the presence and absence of cholesterol using solid-state 2H NMR
techniques. A series of 2H quadrupole coupling NMR spectra were obtained from lipid bilayers
at several different temperatures to understand the freezing behavior of water molecules in
POPC lipid bilayers and the effect of cholesterol in the freezing temperature of water bound
to lipids in bilayers. Our experimental results show that water molecules in POPC bilayers
exhibited motional behavior even at temperatures as low as -20°C and freeze at a much lower
temperature than the pure water. With the introduction of cholesterol into POPC bilayers, the
temperature at which the dynamical motion of water freezes is further reduced. The degree of
freezing point depression was dependent on the concentration of cholesterol in the sample.
These observations provide insights into the cryoprotectant role of cholesterol in the cell
membrane. In addition, our results suggest that cholesterol, as a cryoprotectant, can be used to
prepare model membranes for structural studies using solid-state NMR spectroscopy to
enhance the sensitivity of the experiment and stability of model membranes.”4-61 A
temperature-dependent 2H spin-lattice relaxation time study, as reported for amorphous ices,
could pr%\éide information on dynamical differences between different states of water in lipid
bilayers.
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Figure 1.

2H quadrupole coupling NMR spectra of deuterated water obtained at -15°C (A), -23°C (B),
and by computer simulations (C). The spectrum (C) is the best-fit for the experimental spectrum
(B). The magnitudes of the principal components of the quadrupole coupling tensor determined
from the best-fit spectrum are 73.0, 90.1 and -163.1 kHz.
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Figure 2.

2H quadrupole coupling NMR spectra of deuterated water in POPC multilamellar vesicles
obtained at different temperatures. Typically 250 to 2048 scans were used with a recycle delay
of 1s to obtain these spectra.
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Figure 3.

2H quadrupole coupling NMR spectra of deuterated water in 3:1 POPC:cholesterol
multilamellar vesicles obtained at different temperatures. 256 to 2048 scans were used with a
recycle delay of 1s.
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Figure 4.
A comparison of experimentally measured frequencies of the 2H quadrupole splitting at the
maximum intensity (A) DO in POPC MLVs and (B) D0 in 3:1 POPC:cholesterol MLVs.
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Figure 5.

31p chemical shift spectra of the uniaxially aligned POPC bilayers at different temperatures
without (A) and with (B) cholesterol. Each spectrum was the resultant of 128 scans with a
recycle delay of 3s.
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Figure 6.

15N chemical shift spectra of 2 mole % 1°N-Phe-6-LL-37 in POPC bilayers. A 6.6 mg of LL-37
was used in the sample. 27,000 scans with a 3 s delay and a ramp-cross-polarization contact
time of 250 us were used to obtain the spectra at (A) 37°C and (B) 2°C.
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Table 1

Temperatures at which water molecular motions freeze in different environments.

System Freezing temperature Reference
Pure water -40°C 10
Water/Egg sphingomyelin -70°C 44
Water/Lecithin <-100 45
Water/Starch <-80°C 8
Water/DMPC <-80°C 46
Water/DOPC <-20°C 2
Water/Soybean Protein <-50°C 7
Water/Cellulose <-83°C 47
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