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Article
MAS 1H NMR Probes Freezing Point Depression of
WaterandLiquid-GelPhaseTransitions inLiposomes
Abhishek Mandal1 and Patrick C. A. van der Wel1,*
1Department of Structural Biology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania
ABSTRACT The lipid bilayer typical of hydrated biological membranes is characterized by a liquid-crystalline, highly dynamic
state. Upon cooling or dehydration, these membranes undergo a cooperative transition to a rigidified, more-ordered, gel phase.
This characteristic phase transition is of significant biological and biophysical interest, for instance in studies of freezing-tolerant
organisms. Magic-angle-spinning (MAS) solid-state NMR (ssNMR) spectroscopy allows for the detection and characterization of
the phase transitions over a wide temperature range. In this study we employ MAS 1H NMR to probe the phase transitions of
both solvent molecules and different hydrated phospholipids, including tetraoleoyl cardiolipin (TOCL) and several phosphatidyl-
choline lipid species. The employed MAS NMR sample conditions cause a previously noted substantial reduction in the freezing
point of the solvent phase. The effect on the solvent is caused by confinement of the aqueous solvent in the small and densely
packed MAS NMR samples. In this study we report and examine how the freezing point depression also impacts the lipid phase
transition, causing a ssNMR-observed reduction in the lipids’ melting temperature (Tm). The molecular underpinnings of this
phenomenon are discussed and compared with previous studies of membrane-associated water phases and the impact of mem-
brane-protective cryoprotectants.
INTRODUCTION
Integral membrane proteins are essential for many cellular
functions and represent important drug targets. The ability
of membrane-embedded proteins to perform their biological
activity is frequently influenced by, and even dependent on,
the structure, dynamics, and physical properties of the sur-
rounding lipid bilayer (1–4). Moreover, critical biological
processes such as membrane fusion and fission require the
modulation of physical and structural properties of the
membrane. To probe the molecular underpinnings of these
processes, there has been an ongoing effort to understand
the fundamental character of lipid bilayers, based in large
part on the study of membrane-mimicking lipid vesicles
(5). Under biologically relevant conditions, biomembranes
feature a lipid bilayer that is in a liquid crystalline, highly
dynamic, state. Upon changing of conditions, lipid mem-
branes can experience cooperative phase transitions be-
tween fluid and gel-like phases, and between bilayer and
nonbilayer assemblies. These phase transitions occur in
response to changes in the level of hydration, temperature,
and membrane composition. There is much interest in these
phenomena, for instance, in context of the protective mech-
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anisms employed by drought- and freezing-tolerant organ-
isms (6). An improved understanding of the impact of
solvent and lipid freezing on the structure of membranes
is also important for structural biology methods that employ
low temperature conditions to study lipid-bilayer-embedded
proteins.

Both low temperature and sample dehydration can lead to
a lipid or lipid mixture undergoing a transition from the
liquid crystalline (La) to the gel state. The transition temper-
ature between the La and gel phase is known as the melting
temperature (Tm). This kind of phase transition has impor-
tant biological consequences, affecting both the barrier
function of the membrane and the structure and function
of membrane-associated proteins. Thus, it is not surprising
that organisms and cells modulate their membranes’ acyl
chain composition in response to changes in, e.g., growth
temperature (7–9). It is also known that membrane-interact-
ing proteins and peptides modify the phase behavior of their
lipid membrane environment (10,11).

Given the above, there has been a long-standing interest in
studying the molecular underpinnings of lipid structure, dy-
namics, and phase behavior. Depending on their chemical
structure, different lipids can have dramatically different tran-
sition temperatures.Althougha lipid’sTm depends onboth the
type of lipid head group and the identity of the attached acyl
chains (Fig. 1), it is well-established that the acyl chains have
Biophysical Journal 111, 1965–1973, November 1, 2016 1965
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FIGURE 1 Phospholipid species and their gel-to-liquid crystalline phase transition temperatures (Tm): (A) DPPC, (B) DPPG, (C) DOPC, (D) DOPG, (E)

DMPC, (F) SOPC, (G) POPC, (H) OPPC, and (I) TOCL. The corresponding Tm value is indicated alongside each lipid species, based on literature reports

(13,14) and DSC (Fig. S1).
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a particularly prominent effect (12,13). Despite having
different headgroups (in both charge and size), 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmi-
toyl-sn-glycero-3-phosphoglycerol (DPPG) have similar Tm
values of 41.3�C and 41.5�C, respectively (Fig. 1, A and B)
(13,14). In comparison, the monounsaturated variants,
DOPC and DOPG, have Tm values of �18.3�C and �18�C,
respectively (Fig. 1, C and D). Thus, the Tm of a lipid bilayer
strongly correlates to the acyl chain structure (12). These data
also illustrate the general observation that the introduction of
double bonds cause increased disorder and thus lowers theTm.
Thus, the gel transition reflects an event that predominantly
involves the acyl chains, and appears to be decoupled from
the headgroup and solvent motion. The apparent indepen-
dence of solvent and acyl chain dynamics can also be appre-
ciated from the abovementionedDOPCandDOPGTm values,
which are well below water’s freezing point.

These insights are derived from numerous studies report-
ing transition temperatures based on a variety of techniques,
including x-ray methods, calorimetry, and nuclear magnetic
resonance (NMR). Among these methods, the use of solid-
state NMR (ssNMR) is based on its ability to detect changes
in the site-specific dynamics of lipids, which undergo dra-
matic changes at the transition temperatures (15–17). The
ssNMR measurements of order parameters and relaxation
rates provide direct insight into the dynamics of individual
chemical groups along the lipid acyl chains and head
groups. Classical ssNMR studies took advantage of the abil-
ity of 31P NMR to probe the dynamics of the lipid head-
groups and thus detect the phase transitions (18). 2H NMR
on lipids with deuterated acyl chains allows the extraction
of site-specific order parameters, within the hydrophobic
core of the lipid bilayer. More recent ssNMR studies of
membranes increasingly employ magic-angle spinning
(MAS) to permit the observation of individual 13C and 1H
lipid sites, without isotopic labeling (19–23). Another
1966 Biophysical Journal 111, 1965–1973, November 1, 2016
benefit of MAS-based ssNMR is that it also provides power-
ful tools to study proteins associated with the membrane
(24,25). This allows unique opportunities to probe how
membrane dynamics and phase behavior affect the structure
and dynamics of membrane-bound proteins (26–29).

We recently reported on our MAS ssNMR studies of
peripherally membrane-bound cytochrome c (29), in which
we observed the correlated dynamics of lipids and lipid-
bound protein, in line with earlier studies (26,27). In the
course of that work we also noted a surprising degree of
apparent correlation between the dynamics of the hydropho-
bic core of the membrane and the dynamic properties of the
bulk solvent. Here, we provide an in-depth and systematic
examination of this phenomenon, through the use of MAS
NMR spectroscopy. We show a consistent impact on the
Tm of a variety of hydrated lipids, in absence of protein.
The observed phase transition behavior furthers our under-
standing of lipid bilayer dynamics and phase behavior,
with associated implications for our understanding of mem-
brane cryoprotection in biology and in low-temperature
structural biology of whole cells and membrane proteins.
MATERIALS AND METHODS

Materials

Purified1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dimyristoyl-

sn-glycero-3-phosphocholine (DMPC), 1-stearoyl-2-oleoyl-sn-glycero-3-

phosphocholine (SOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

(POPC), 1-oleoyl-2-palmitoyl-sn-glycero-3-phosphocholine (OPPC), and

1’,3’-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol (TOCL) lipids

were obtained fromAvanti Polar Lipids (Alabaster, Alabama). The lipid struc-

tures are shown in Fig. 1.
Sample preparation

Stock solutions containing 10 mg of single or mixed lipids in chloroform

were dried to a film under N2 flow and left under vacuum overnight to
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remove trace solvents. The lipid film was resuspended by adding 1 mL of

Milli-Q H2O and shaking gently for 15 min on a tabletop shaker at room

temperature. In the case of lipids with a Tm close to room temperature,

the sample was shaken at 32�C. Multilamellar vesicles (MLVs) were pre-

pared by freeze-thawing the resuspended lipids five times as described

before (29). A final sample volume of 35 mL each was packed for all lipid

samples. To maintain a hydrated environment in the samples, lipid MLVs

were pelleted directly into 3.2 mm NMR sample rotors using ultracentrifu-

gation. Excess supernatant was removed after which the sample rotors were

sealed before ssNMR measurements. The sample pelleting was done as

described before (29–31), using a custom-built packing tool reminiscent

of sedimentation devices (32). The packing process involved ultracentrifu-

gation in a Beckman Coulter (Indianapolis, IN) L-100 XP centrifuge with a

SW-32 Ti rotor for 1 h at 134,000 g. For most samples the packing was done

at 4�C, except for DMPC that was packed at 30�C.
MAS ssNMR spectroscopy

MAS ssNMR experiments were performed on wide-bore 600 and 750 MHz

spectrometers (Bruker Biospin, Billerica, MA), as indicated. The former

system was used with a 3.2 mm MAS probe with a HCN ‘‘EFree’’ coil,

whereas the latter employed a 3.2 mm HCN MAS probe. Unless indicated

otherwise, the samples were studied at a MAS rate of 8.333 kHz. Spectra

were obtained at specified MAS rates using direct 1H detection at multiple

temperature points across a wide temperature range. On the 750 MHz spec-

trometer, cooling and heating series of 1D spectra for DOPC/TOCL and

DMPC samples were acquired at intervals of ~4�C between 22�C (49�C
for DMPC) and �38�C sample temperatures. On the 600 MHz spectrom-

eter the 1D spectra for POPC, OPPC, and SOPC were acquired at intervals

of 7�C from 28�C down to�7�C, and then at intervals of 1.4�C from a sam-

ple temperature of �12�C to �40�C. The samples were allowed to equili-

brate at each temperature for 15 min before a spectrum was acquired.

Additional experimental details are specified in figure legends and in

text. Temperature was regulated using cooled gas from a BCU-X or BCU

II chiller units (Bruker Biospin). All reported temperatures reflect the inter-

nal sample temperature, as determined by a combination of external

calibration and measurements on the sample itself. The external sample

temperature calibrations were performed on a reference KBr sample under

identical experimental conditions, in the form of 79Br T1 and chemical shift

measurements (33,34). These measurements were complemented with an

analysis of the 1H shifts of unfrozen water and lipid methyl peaks, as pre-

viously reported (35,36). NMR spectra were processed using Bruker

Topspin and NMRPipe software (37). Indirect referencing of the 1H shifts

relative to aqueous DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) was

based on measurement of the adamantane 13C chemical shift (29). Phase

correction, baseline correction, and Fourier transformation were applied

to all spectra. Exponential line broadening of 5 Hz was applied to all spectra

acquired on the 600 MHz spectromter. Peak picking, peak intensity mea-

surements, and plotting were done using CcpNmr Analysis program from

the Collaborative Computation Project for the NMR community (CcpNmr)

(38,39).
Differential scanning calorimetry

DSC measurements were performed on a PerkinElmer (Waltham, MA)

Pyris 6 DSC instrument in the Materials Characterization Lab of the Uni-

versity of Pittsburgh. Lipid samples were prepared as discussed above. The

hydrated MLVs were packed in a sealable sample pan (TA Instruments,

New Castle, DE) and cold-welded to hermetically seal the sample. The

DSC measurement started with an initial sample equilibration at �30�C
for 10 min before ramping up the temperature to 20�C at a scan rate of

2�C/min. After a 10 min incubation at 20�C, a cooling run was performed

at the same scan rate and then the entire procedure was repeated once

more.
RESULTS

MAS NMR probing of solvents and lipid dynamics

We recently reported on our MAS ssNMR studies of
TOCL/DOPC (1:4 molar ratio) large unilamellar vesicles
(LUVs) in presence of 2.5 mol-% of membrane-bound
cytochrome c (29). In variable temperature 1H and 13C
MAS ssNMR measurements we detected the temperatures
at which the solvent froze and the liquid-to-gel transition
of the lipids occurred. In line with earlier MAS ssNMR
studies (40–43), the aqueous solvent (20 mM HEPES buffer
at pH 7.4) froze at temperatures significantly lower than
0�C. This effect stems from the reduced length scales of wa-
ter pockets in the sample, compared with bulk water that
freezes at 0�C (see Discussion). To our surprise, we also
noted a substantial lowering of the lipid phase transition.
To gain a better understanding of this unexpected observa-
tion, we pursued a series of systematic studies in absence
of protein, which we report herein.

In analogy to our previous work (29), we probe the
dynamics of the membrane and the solvent via 1H MAS
ssNMR measurements. At moderate MAS rates, as em-
ployed here, immobilized protons are strongly coupled to
each other through 1H-1H dipolar interactions. These strong
dipolar couplings lead to a large broadening of the 1H sig-
nals in typical solid samples, which causes extensive peak
overlap and a dramatic reduction in peak heights. This has
led to (biomolecular) MAS ssNMR studies typically avoid-
ing the detection of these 1H signals, instead focusing on 13C
or 15N detection. 1H detection in liquid-state NMR experi-
ments is not affected by this line-broadening effect, as
the fast isotropic motion of molecules in solution cause
motional averaging of the dipolar interactions. This aver-
aging effect permits the detection of high-intensity, narrow
peaks. Thus, only highly dynamic lipid and protein seg-
ments have narrow and intense 1H signals in MAS NMR.
The freezing of solvent and the liquid-to-gel lipid phase
transition are detected as dramatic increases in 1H line width
and corresponding reductions in peak intensity (20–22).
Phase changes in monounsaturated mixed-lipid
vesicles

First, we performed MAS ssNMR experiments on MLVs
prepared from the same mixture of TOCL and DOPC, at a
1:4 molar ratio, as were used in our previous protein-bound
vesicle studies (29). Thus, we test that the observed
lowering of the solvent and water melting points was not
due to the membrane-bound cytochrome c. The results of
our 1D 1H MAS NMR measurements on hydrated TOCL/
DOPC MLVs are shown in Fig. 2. At room temperature
(Fig. 2 A), the mobile water protons yield a sharp peak
near 4.8 ppm. At this temperature, we also observe rela-
tively narrow peaks for the lipids’ methyl (CH3) and
Biophysical Journal 111, 1965–1973, November 1, 2016 1967



FIGURE 2 1H MAS ssNMR spectra of DOPC/TOCL MLVs at different

sample temperatures. (A) At room temperature, narrow water (~4.8 ppm)

and lipid CH2 and CH3 peaks indicate liquid-like motion. (B) At �9�C,
peaks remain narrow and intense. (C) At �13�C, the water signal is atten-
uated due to ice formation, but lipid acyl chain signals remain intense. (D)

At �22�C, the water peak has largely disappeared, and lipid peaks are

partly attenuated because of the lipid phase transition. (E) At �38�C, all
1H peaks are broadened beyond detection. The inset to the right shows

enlarged versions of the lipid peaks. (F) Temperature-dependent peak

heights for the acyl chain CH2 peaks are shown.

TABLE 1 Phase Transition Temperatures

Species Acyl Chains Tm,Lit. (
�C) Tm,MAS (

�C) DTm (�C)

DMPC C14:0/C14:0 23.6 25 1.4

SOPC C18:0/C18:1c 6.9 �4 �11

POPC C16:0/C18:1c �2.5 �14 �11

OPPC C18:1c/C18:0 �8.9 �19 �10

Literature Tm values from are from (13), the listed MAS ssNMR Tm values

are from this study, and the final column (DTm) lists the difference in Tm.
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methylene (CH2) protons, showing up near 1 ppm (see
inset). The CH3 and CH2 peak height and widths indicate
that the lipid acyl chains are highly dynamic, consistent
with the lipids forming a liquid crystalline bilayer phase
(La) (20–22,29). As the temperature is decreased to �9�C
(Fig. 2 C), the water peak moves (in accordance to
the known temperature dependence of water 1H shifts
(35,36)), but remains intense and narrow. Thus, the water re-
mains unfrozen even at�9�C. As is discussed in more detail
below, this kind of solvent freezing point depression is typi-
cally seen for densely packed MAS ssNMR samples
(29,42,43). Consistent with the Tm values of the DOPC
and TOCL lipids, which are well below 0�C (Fig. 1), the
lipid signals also remain narrow, indicating the persistence
of the La phase (29). The Tm of hydrated TOCL was not
1968 Biophysical Journal 111, 1965–1973, November 1, 2016
previously reported, to the best of our knowledge, but was
determined to be �8.4�C in DSC measurements shown in
Fig. S1 in the Supporting Material. The peak intensities
change notably at �13�C, when the intensity of the water
peak dramatically decreases, indicating a freezing of most
of the water in the sample (Fig. 2 C). However, a similar in-
tensity change is not observed for the lipid protons (inset).
These lipid proton signals remain intense until the sample
is cooled to �22�C. Ultimately there is a complete loss of
signal at the final temperature of �38�C (Fig. 2 E). The
midpoint of the acyl chain dynamical transition was deter-
mined from the temperature-dependent acyl chain peak in-
tensities to be at �20�C (Fig. 2 F). The acyl chain
intensity changes were very similar in heating and cooling
runs (Figs. 2 F and S2), with the cooling and heating transi-
tion points differing by a mere ~1�C. Thus, in these pure-
lipid samples, we obtain a behavior of both the solvent
and lipid dynamics that reproduces the data that we previ-
ously reported on DOPC/TOCL LUVs in presence of 2.5
mol-% of membrane-bound cytochrome c (29). The noted
reduction in the lipid Tm is therefore not due to the effect
of the membrane-bound protein.
Lipid and solvent freezing for single-lipid vesicles

Intrigued by these data, we performed analogous variable-
temperature measurements on samples consisting of pure
lipids with varying transition temperatures (Table 1). These
single-lipid samples were chosen as they are well-character-
ized and have well-known Tm values determined by various
different methods (12–14). The selected lipid types reflect
a range of Tm values: near room temperature (DMPC),
near water’s normal freezing point (SOPC and POPC),
and significantly below zero degrees Celsius (OPPC). The
chemical structures and Tm values of the four lipid species
are shown in Fig. 1, E–H, and Table 1. The fully saturated
lipid DMPC has the highest Tm value, whereas the presence
of double bonds in the monounsaturated lipids (SOPC,
POPC, and OPPC) leads to lower Tm values.

Systematic series of 1H MAS ssNMR spectra were ob-
tained for each sample, with cooling runs starting at room
temperature (or 49�C for DMPC) and cooling down to
~�38�C sample temperature. As noted above, measured
cooling and heating runs were found to yield very similar
transition points (Figs. 2, S2, and S3). As a function of tem-
perature, we monitored the peak heights of the water and
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lipid methylene (CH2) signals, in analogy to the data in
Fig. 2. The obtained results are plotted in Fig. 3, A–D),
for each sample, as indicated. In all four samples, the water
signal (blue diamonds) retains a similar intensity down to
well below the normal freezing point (indicated with a ver-
tical blue line at 0�C). The freezing of water occurs around
�20�C, as determined from the midpoint of the observed
transition (dashed blue vertical lines in Fig. 3). We observe
variations of a few degrees in the exact temperature at which
water freezes in different samples, due to variability in the
volume of the bulk water present in the samples.

We determined the lipids’ phase transition via a similar
analysis of the change in intensity of the CH2 lipid signals.
Fig. 3 shows these peak heights after normalization relative
to the maximum peak intensity across the entire temperature
range under study. Similar to the solvent, the lipid acyl chain
signals show a relatively sudden intensity drop across a nar-
row temperature range, as they undergo the cooperative La
to gel transition. One difference with the solvent molecules
is that the lipid acyl chain signals also show a gradual, but
notable, temperature-dependent intensity decrease before
the phase transition. We attribute this to temperature-depen-
dent changes in acyl chain fluidity within the motional
regime that affects the NMR relaxation behavior. These mo-
tions are sensitive to the viscosity of the membrane core,
which is dictated by lipid composition, presence of sterols,
and the presence of double bonds. The temperature-depen-
dence in the La phase is emphasized in saturated DMPC
or partially saturated lipids (SOPC/POPC/OPPC), due to
their increased viscosity compared with solvent molecules
or lipids without saturated acyl chains (e.g., Fig. 2).

For each lipid, we determined the apparent Tm value by
identifying the narrow temperature range over which the
phase transition occurred, and then interpolating the
halfway point. The resulting Tm,MAS points are marked
with dashed red lines in Fig. 3. As a reference point, the
figure also shows the published Tm values for each lipid
with vertical red solid lines in Fig. 3 (13). In the case of
DMPC, we find a Tm,MAS of 25

�C (Fig. 3 A), which is close
the Tm observed by DSC (23.9�C; data not shown). MAS
NMR heating and cooling runs again yield very similar tran-
sition point temperatures (Fig. S3). Unlike DMPC, but
similar to the DOPC/TOCL sample, the SOPC, POPC and
OPPC MLVs all have Tm,MAS values that are systematically
lower than their normal Tm temperatures (Fig. 3, B–D).
As listed in Table 1, SOPC, POPC, and OPPC have a Tm
at 6.9�C, �2.5�C, and �8.9�C, respectively, in calorimetric
measurements, but here have Tm,MAS values of �4�C,
�14�C, and �19�C, respectively.
DISCUSSION

Freezing of water under MAS NMR conditions

We previously reported the freezing point of water and the
Tm of unilamellar lipid vesicles to be depressed in our
MAS ssNMR studies of a peripherally bound protein (29).
Here, a similar reduction in the freezing point of water
was observed in MAS NMR studies of a variety of multila-
mellar lipid samples—both lipid mixtures and pure lipids.
As shown in Figs. 2 and 3, the water freezing point was
changed by as much as �25�C (SOPC MLVs; Fig. 3 B).
A similar reduction in the water freezing temperature is
commonly observed in MAS ssNMR studies of biological
samples (42–45). For instance, MAS NMR studies on
tightly packed protein crystals showed that the bulk water
did not completely freeze until below �15�C, whereas crys-
tal waters remained unfrozen until �25�C (42). One mech-
anism likely contributing to the observed freezing point
reduction is a concentration-based effect, as is typically
used to explain the dose-dependent effect of solutes on the
freezing point of their solvent (46). Earlier studies have
also discussed confinement effects, sometimes also referred
to as capillary effects (42,47,48). In confined spaces the
FIGURE 3 Intensity of 1H MAS ssNMR peaks

of water (diamonds) and lipid CH2 groups

(squares) as a function of sample temperature.

These peak heights correlate to the dynamics of

the solvent and lipid core, respectively. Data are

shown for MLVs of (A) DPMC, (B) SOPC, (C)

POPC, and (D) OPPC. For both water and lipid,

the midpoint of the phase transition (Tm,MAS) is

marked with dashed vertical lines. Solid vertical

lines show the normal Tm (red), and 0�C (blue).

To see this figure in color, go online.
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freezing point of water is very much dependent on the
heterogeneous nucleation of water (47), causing, e.g., small
water droplets to have a much lower freezing point (40,41).
MAS ssNMR sample holders (rotors) have mL-sized internal
sample volumes: ~35 mL for the 3.2 mm (outer diameter) ro-
tors employed in this study. More importantly, protocols for
preparing MAS ssNMR samples typically maximize signal-
to-noise by densely packing the (nonaqueous) material of
interest: lipids, proteins, or other (bio)materials. In our
studies (29–31,45,49), this is routinely accomplished by
pelleting membrane or fibril samples in an ultracentrifuge.
In the resulting sample, the amount of ‘‘bulk’’ water is pur-
posely minimized, while (even transient) sample dehydra-
tion is reliably avoided.

In the resulting samples of tightly pelleted LUVs, the total
water content constitutes ~77% of the total sample mass
(29). In MLVs there is little bulk water, with most of the wa-
ter being either within, or associated with, MLV PC vesicles
(50). To gain an appreciation of the different water pools in
densely packed lipid vesicle samples, we constructed a
simplified schematic model assuming hard-sphere optimal
packing of spherical vesicles. This model is illustrated in
Fig. 4. The vesicle spheres have a diameter of 200 nm and
a 5 nm total bilayer thickness. The figure also shows the
~25 Å hydration water layer that is associated with the lipid
bilayers (51). The different types of water pools are indi-
cated: intravesicular water, membrane-associated hydration
water, and intervesicle water pockets. The latter pool has
also been described as ‘‘lake water’’ in previous work
(52). Using this highly schematic model, we calculated
the expected relative sizes of the different water pools
within the packed pellet (Fig. 4 B, inset). Most water
(64%) is within the vesicles, and 26% is in the intervesicle
spaces. In ‘‘real’’ samples the latter number may be smaller
due to the ability of the vesicles to deform during sample
packing. None of these water pools have length scales
exceeding 200 nm, resulting in a confinement that lowers
the water freezing point. This effect is not constrained to
MAS NMR samples, as earlier non-NMR work also reports
1970 Biophysical Journal 111, 1965–1973, November 1, 2016
nonbulk (e.g., interlamellar and internal) water in phospho-
lipid preparations to experience large reductions in its
freezing point (6,53).
Lowering of the lipid melting temperatures

Although the changes in the freezing point of the hydration
water were in line with previous reports on other types of
MAS ssNMR samples, we also found a surprising lowering
of the Tm of a variety of lipid types and mixtures. Aside
from our recent report (29), we are not aware of previous
MAS NMR studies of this particular phenomenon. We
find a large reduction (by more than 10�C) of the Tm of
lipids with freezing points that are normally close to, or
below, the freezing point of water. In contrast DMPC,
which has a Tm near room temperature, showed a much
smaller change in its phase behavior. The Tm reduction af-
fects both LUVs and MLVs, in presence and absence of
bound protein, and both in pure lipids and mixed lipid ves-
icles (29). Thus, this effect appears to be generally appli-
cable to the hydrated lipid bilayers found in these MAS
ssNMR samples.

At first glance, there is an apparent analogy between the
reductions in the Tm of water and that of the lipid bilayers.
Although this may suggest an analogous molecular origin,
it is unlikely that similar confinement effects can explain
the changed lipid Tm values. Unlike the solvent molecules,
the lipid acyl chains are not present in true three-dimen-
sional ‘‘bulk’’ phase, but are instead constrained to the
pseudo-two-dimensional lipid bilayer plane. Then, the pri-
mary variable in the geometry of lipid vesicles of a certain
composition relates to the in-plane bilayer area (i.e., the sur-
face area of spherical vesicles). Neither previous studies,
nor our data, show a strong correlation between this param-
eter and the observed Tm value, at least in the regime of
MLVs and LUVs that we studied. We observe a similar
Tm depression in both MLVs and LUVs (29). Previous
work also notes that MLVs and LUVs have very similar
Tm values (13,14). Thus, the confinement-induced effect
FIGURE 4 Schematic model of the geometry of

densely packed LUVs. (A) Hexagonal dense pack-

ing of hard-sphere LUVs with a 200 nm diameter

is shown. (B) Enlargement of the boxed area from

(A) is provided. Dimensions of the bilayer (5 nm)

and associated hydration water (2.5 nm) are indi-

cated. The bar graph indicates the volumetric break-

down of water inside the LUVs (INT), between

vesicles (EXT), hydration water layers (HYD),

and the lipids themselves (LIP). To see this figure

in color, go online.
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does not apply to the lipid phase transition. What is then the
cause of the Tm change?
On the potential role of centrifugal forces due to
MAS

There are a few experimental parameters that are modulated
by the use of MAS, and that conceivably could affect the
lipid phase behavior. The centrifugal force caused by
MAS can lead to increases in the local pressure and cause
dehydration of the lipid bilayers. Both these parameters
are known to affect lipids’ gel-to-liquid crystalline transi-
tions. Previous studies (54,55) report that increased pressure
causes a shift of the Tm toward higher temperatures. In
contrast, we observe a change of Tm toward lower tempera-
tures. We also performed variable temperature measure-
ments on OPPC MLVs at reduced MAS rates of 1 and 5
kHz, with little effect on the detected Tm values (data not
shown). Thus, the lowering of the lipid Tm values is not
due to increased pressures under MAS.

Centrifugal forces associated with (fast) MAS can also
lead to partial dehydration of the lipid headgroups (56).
Might this contribute to the observed lowering of Tm values?
First, the dehydration of lipid bilayers is generally only
observed at MAS rates well above 10 kHz, whereas all
data in this study were obtained at 8.33 kHz or below. Sec-
ond, dehydration favors the formation the gel phase, as it
features fewer water molecules per lipid (57–61). Indeed,
it is well known that dehydration of membranes (and cells)
causes a dramatic increase in the lipids’ Tm, rather than a
decrease. Thus, not only is significant lipid dehydration un-
likely under the employed conditions, but it would also
cause the Tm to change in the opposite direction. Thus, we
conclude that the MAS per se is not causing the lipid Tm
depression.
Connection between lipid Tm and lowering of
water’s freezing point

We propose that the Tm change of the lipids is an indirect
consequence of the freezing point depression of water. Ice
formation, gel phase transitions, and membrane dehydration
are connected processes (6). Ice formation in a confined
pool of water depends on the volume of the water pool,
with small volumes or droplets showing dramatically lower
freezing points (47). As a consequence, ice formation hap-
pens first in the extravesicular bulk water, well before the in-
travesicular or interlamellar water pools freeze. This is
analogous to the bulk and protein-associated water pools
in crystalline and fibrillar protein samples (42–45). For lipid
vesicles or cellular preparations, the formation of extrave-
sicular (or extracellular) ice leads to both a dehydration
and a disruption of the lipid bilayer. Dehydration of mem-
branes favors gel formation, and thus causes a dramatic
increase in the Tm. Indeed, it is thought that dehydration-
induced gel phase formation plays a key role in freezing-
induced damage to cells and cellular membranes (6). As
the ice formation happens at much lower temperatures in
our samples, the gel-phase-favoring membrane dehydration,
which results from the ice formation, does not occur until
lower temperatures. Thus, a lower lipid Tm may be achieved
if one delays the dehydration effect that accompanies the
(normally occurring) ice formation. There may also be
another mechanism that takes effect in the absence of ice
formation. When the solvent freezes, the lipid headgroup
mobility is measurably reduced (29). The reduced mobility
of the headgroups could limit the mobility of the attached
acyl chains, which may also favor the gel transition.
Lowering of the freezing point of the solvent can delay
the gel-phase-transition through one or both of these
processes reflecting an indirect coupling of solvent and
acyl chain dynamics. Additional insights into their respec-
tive contributions may be available via simulation studies
(61–63).
Implications

These observations have a number of practical and theoret-
ical implications. First, they enhance our understanding of
the fundamental underpinnings of lipid phase behavior,
and in particular point to a role for solvent dynamics.
The connections between ice formation and cell membrane
integrity are also important in ongoing studies of freezing-
tolerant organisms and other aspects of cryobiology. A
number of previous studies have reported that cryoprotec-
tants, such as trehalose, prevent dehydration-induced Tm
increases (64–67). An interesting aspect of our study is
that the freezing point depression was achieved without
involvement of direct cryoprotectant-lipid interactions
(68). The obtained results are also of interest for their
implications for variable temperature studies of mem-
brane-bound proteins and peptides, as well as whole cells,
by MAS ssNMR. This notably includes the ongoing efforts
to apply low-temperature dynamic nuclear polarization
(DNP) to membrane-embedded proteins and whole cells
(69,70).
CONCLUSION

We have examined in detail the melting point suppression of
aqueous solvent and hydrated lipid bilayers. The solvent’s
melting point suppression generally affects biomolecular
applications of ssNMR, not only to membranes and mem-
brane-associated proteins, but also other kinds of densely
packed biological solids. In addition, the surprising impact
on the Tm of lipid-based biomembranes enhances our under-
standing of lipid phase behavior, and may have practical
implications ranging from cryobiology to the use of cryo-
protectants in the freezing and lyophilization of cells and
lipid-based drug-delivery systems (71).
Biophysical Journal 111, 1965–1973, November 1, 2016 1971
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