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ABSTRACT Quantitative deuterium nuclear magnetic resonance is used to study the freezing behavior of the water in
phosphatidylcholine lamellar phases, and the effect upon it of dimethylsulfoxide (DMSO), sorbitol, sucrose, and trehalose.
When sufficient solute is present, an isotropic phase of concentrated aqueous solution may coexist with the lamellar phase
at freezing temperatures. We determine the composition of both unfrozen phases as a function of temperature by using the
intensity of the calibrated free induction decay signal (FID). The presence of DMSO or sorbitol increases the hydration of the
lamellar phase at all freezing temperatures studied, and the size of the increase in hydration is comparable to that expected
from their purely osmotic effect. Sucrose and trehalose increase the hydration of the lamellar phase, but, at concentrations
of several molal, the increase is less than that which their purely osmotic effect would be expected to produce. A possible
explanation is that very high volume fractions of sucrose and trehalose disrupt the water structure and thus reduce the
repulsive hydration interaction between membranes. Because of their osmotic effect, all of the solutes studied reduced the
intramembrane mechanical stresses produced in lamellar phases by freezing. Sucrose and trehalose at high concentrations
produce a greater reduction than do the other solutes.

INTRODUCTION

This study reports the freezing behavior of phases containehanging proportion of unfrozen water, which is limited by
ing water, lipid bilayers, and solutes chosen for their relethe passage of heat through the sample by conduction or
vance to cryobiology. It uses a quantitative deuterium nuconvection (Wolfe and Bryant, 1992).) Ice contains a very
clear magnetic resonance (NMR) technique, which hasow concentration of solutes, so the extracellular solutes are
previously been used to study the freezing behavior otoncentrated in the remaining unfrozen extracellular water.
lamellar phases and the hydration forces between lipidf the plasma membrane remains intact, the cells then con-
lamellae (Yan et al., 1993; Wolfe et al., 1994; Yoon et al.,tract osmotically as water leaves the cell (Steponkus and
1997). At each freezing temperature, we determine the totalvebb, 1992; Hincha and Schmitt, 1992). At modest freez-
amount of unfrozen water and the amounts of unfrozening temperatures, cells may reach water contents on the
water present in the lamellar solution and in the bulk solu-order of 10%. This has two obvious effects: 1) the remain-
tion. The results are discussed in terms of osmotic effect§ng intracellular solution has very high concentrations of
hydration forces, and the mechanical stresses producesblutes and 2) the nonaqueous intracellular components,
within bilayers. The aim of this work is to improve the jncluding membranes, are brought into very close proxim-
understanding of how solutes, including some of those thaty. These conditions often produce stacks of membranes
are accumulated by freezing-tolerant species, affect thghat resemble lamellar phases. Sufficiently severe dehydra-
freezing behavior of membranes and thus how such solutagn of cells that are not freezing tolerant produces a variety
reduce some types of membrane damage produced byt different membrane deformations associated with mem-
freeze-induced dehydration. brane damage, including lateral phase separations and the

One type of cellular freezing damage is the loss of meMtormation of the inverse hexagonal (Hphase (Gordon-
brane semipermeability in the dehydrated state caused Qysmm and Steponkus, 1984).

extracellular freezing (Steponkus, 1984; Steponkus and a; this level of dehydration, the separation between mem-
Webb, 1992; Uemura et al., 1995). In slow freezing ofp anes (and among other nonaqueous components) is often
biological tissues or cell suspensions, ice formation almosfaq,ced to about a nanometer or less. In this range, the

always occurs first ir! 'the extracellular fluid. (Biological forces between surfaces are dominated by the strongly re-
freezing can be classified as “slow” or *fast’ according t0 , 5jye hydration force—a repulsive interaction that de-

whether ofsmotlc eﬂumbrﬁtlon, vt\)/hlch is II(lmlted by the ,pﬁr'hcreases approximately exponentially with separation, with a
meation of water through membranes, keeps pace with thgy, o . cteristic length of 0.2 nm and an extrapolated magni-
tude of tens or hundreds of MPa at zero separation (Le-
Received for publication 8 October 1997 and in final form 6 January 1998.Neveu etal, 19,77; Horn, 1984; Israelachvili and Wenner-
. . versity oSrOM. 1990; Leiken et al., 1994). The resultant stresses and
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elevated phase transition temperatures and phase separag b

tions (Lis et al., 1982; Bryant and Wolfe, 1992; Zhang and g o5l 3 ) ra

Steponkus, 1996), and inverse hexagonal,)(Hbhases Q 1 ?‘ S s q \ CIVRE

(Webb et al., 1993). These anisotropic mechanical stressyg §)(( \ s 9 J| ss, °%s

and strains have been suggested as a contributing factor o s s X gss 0% Ss : s: §

the freeze-induced membrane damage listed above (Wolfgs s $°° ¢ ® \ o (s s s

1987; Bryant and Wolfe, 1992; Wolfe and Bryant, 1992). dﬂ ﬂ h /1 (s ° ‘ V
A range of solutes, including sucrose, trehalose and sor K ( s 3 5 ‘ |Ice

bitol are accumulated by many freezing-tolerant specieq 0¥ |s ° $S8S g¢ g5 | [

(Leopold, 1990; Lee, 1989; Ring, 1980; Rojas et al., 1986;| (%%s s s s ‘ \ H /

Wasylyk et al., 1988). Sucrose and trehalose are reported t 09 S ss

stabilize membranes during freezing and during dehydration M ﬂ |h /1 s s 0 J‘N oy

at room temperature (Anchodorguy et al., 1987; Sun et al. % ss

1996).
We StUdle,d the effects of sucrose, trehalose, and sorbltq—llGURE 1 Anidealized sketch of two of the phase coexistence regimes
on the freezing of model membranes. We also studied thgported heres represents a solute molecule, the traditional cartoon figure
effect of dimethylsulfoxide (DMSO), which is widely used represents a lipid, and liquid water is unshaded. At temperatures above
as an artificial cryoprotectant. DMSO permeates bilayerdreezing and at sufficiently high hydration, a lipid-solute-water phase may
rapidly, and we chose it also to provide an example in WhiCI‘FC'eX'St with a bulk aqueous solution)( When freezing occurs, a more

th lut I th t icklv t ilibri concentrated bulk solution equilibrates with (solute-free) ibg This
€ Solute, as well as the water, comes quicly to equil rlumfigure depicts a solute whose content in the lamellar phase remains con-

For model membranes we used phosphatidylcholine lagtant, presumably because it does not permeate bilayers. Upon freezing,
mellar phases. Phosphatidylcholine is an abundant lipid invater leaves the lamellar phase by osmosis. (When the bilayers are very
cellular membranes. Osmotic equilibration in lamellarclose to each other, they experience the hydration repulsion and the
phases at freezing temperatures is relatively slow if th&esultant compression in the plane that is shown here.)
lipids are in the gel phase (Yan et al., 1993). Furthermore,
the membrane lipids of organisms that survive freezing
usually have lipids with low transition temperatures. Forbe in monomers or small micelles as well as or instead of
these reasons we used dioleylphosphatidylcholine (DOPCjhe lamellar phase, but these compositions were not studied
which remains in the liquid crystal phase over a substantiahere either. (The possibilities of solute crystallization and
range of temperatures in the freezing range (the exacolution vitrification are discussed later.)
amount depends on the type and concentration of solute The results reported in detail in this study are for solute:
present). We also conducted experiments with egg yolkipid ratios of ~0.5:1 and initial hydrations of-20 waters
phosphatidylcholine (EYL) to allow comparison with the per lipid. When such samples are well mixed, nearly all of
results of Yan et al. (1993). the solute is located in the lamellar phase. As the lamellar

We use quantitative NMR to determine the amount ofphase is dehydrated by freezing, the concentrations rise, and
water in the bulk solution phase and the lamellar phase anslo one observes the effect of high concentrations of solute.
thus, by subtraction, the amount in the ice phase plus glasSsamples with this composition always produced a small
phases, if present (Yan et al., 1993). Water molecules in thamount of bulk liquid solution phase at temperatures both
bulk, liquid solution phase have rapid isotropic motion andabove and below freezing. This is the situation shown in
therefore give a narrow signal. This may be separated frorfig. 1.
the broader signal from liquid water molecules in the aniso- Cooling of hydrated lamellar phases usually produces a
tropic interlamellar solution. The signals from ice and frombulk ice phase (Yan et al., 1993; Yoon et al., 1997). Ice may
glass phases are so very much broader than the others thatexist with a concentrated bulk solution whose concentra-
they effectively form part of the baseline. In our experi- tion at equilibrium is determined by the temperature (freez-
ments, we most frequently use© instead of HO because ing point depression), as shown in Figh1The chemical
the lipids and solutes contain many hydrogens that contribpotential of the water in this concentrated solution is lower
ute to the observetH NMR signal, and this complicates the than that in a lamellar phase at high hydration (Fig),1so
use of proton NMR to study hydration. Klose et al. (1992) some water leaves the lamellar phase. In equilibrium in the
have shown that the hydration of lipids is similar fo,  presence of pure ice, the chemical potential of water is a
and H,0, although the freezing temperatures are differenfunction of the temperature. The hydration of the lamellar
for the two (D,O freezes at 277 K). phase is determined by the chemical potential of water, the

Fig. 1 shows the two phase coexistence regimes of lipidspsmotic effects of the solutes, the hydration properties of the
water and solutes, which are the main object of this studylipid, and interactions between lipid and solute.

We were unable to detect the concentration of these solutes At low temperatures and high concentration of suitable
in ice, so we assume that the ice is a pure phase. We alsmlutes, it is also possible to produce glass phases. Such
neglect the concentration of lipid monomers in water. Atphases are not amenable to direct study by the techniques
very high hydrations, a substantial fraction of the lipids mayreported here, for two reasons. First, their NMR signal is
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difficult to distinguish from that of ice with the available was added to the sample, which was then weighed. The sample was
spectrometer. Second, they are nonequilibrium phases, argporarily sealed with a plastic cap and removed from the nitrogen
so one cannot use equilibrium thermodynamics to deduc&MesPhere:

. - ... In the second method, the lipid solution was transferred directly to a
the properties of the different phases. These problems I'”“;Sreweighed NMR tube that was placed in a desiccator wi@;PThe

the extent to which conclusions can be drawn about theressure in the desiccator was then reduced by vacuum pump for 12 h, at
results obtained on some of the samples studied here at tlfe end of which the EYL formed a fine powder. Aqueous solution was
lowest temperatures. Over most of the range studied howadded in an amount determined by weighing, in the laboratory atmosphere,
ever, the temperature and the Composition of the aqueogfore temporary sealing. The exposure to the atmosphere lasted less than

. . . . . 1"min, and we expect that the adsorption of water from the air by the
phases are outside the region of the phase diagram in whi mple in the NMR tube was insignificant. The hydration behaviors of

vitrification is reported (Green and Angell, 1989). samples produced by the two methods were indistinguishable.

Limitation of this study to the equilibrium hydration DOPC was purchased as a powder, and samples were prepared in the
means that its implications for cryobiology are primarily for second manner described for EYL. Because the exact amounts of lipid and
environmental freezing, where temperature changes aisémlunon arg known only after weighing, .|t_ is not possible to produce

. . samples with exactly the same composition. In all cases the sample

slow, rather tha'm for_ (.:r.yOpreservatlon' I_DMSO is used 5_15 %omposition is well known, however, and the variations in composition
cryoprotectant in artificial cryopreservation, where coolingamong samples do not hinder the analysis of results.
is rapid and vitrification is common. We included DMSO in ~ The temporarily sealed tubes were centrifuged~d000 X g. The
this study, however, because we wished to make the confwttom of the tube, containing the sample, was then frozen in liquid
parison between solutes that do not permeate bilayers ea5|l' rogen. The other end was quickly flame sealed to produce a size

o . . . propriate 20 mm long) for NMR measurement while keeping the
(solvent equilibration only) and one that does (in which CaSl3samp|e end frozen. After sealing, samples were mixed by further centrif-

both water and solute may equilibrate). ugation for several hours with intermittent reversal of sample orientation,
and by several cycles of freezing and thawing.
For solution samples without lipidy50—100pul of solution was added

MATERIALS AND METHODS to a preweighed NMR tube that was then reweighed. The sample tube was
. then frozen and flame sealed as described above.
Materials The samples were first cooled to 253 K to initiate crystallization of

water and allowed to equilibrate at least for 30 min. Measurements were
usually carried out during warming, with occasional returns to lower
temperatures to ensure that there was no thermal hysteresis apart from
supercooling. The sample equilibration at each successive temperature was

onitored. In most cases, 20 min of equilibratiorr deK increase in
temperature was sufficient to ensure that the signal amplitude did not
change appreciably with time. At some temperatures the signal was mon-
A itored for several hours after this equilibration, and no further changes were
Exchange between hydrogen and deuterium observed. The process is described in more detail by Yan et al. (1993) and
oon (1996).

Dioleoylphosphatidylcholine (DOPC, MW 786.12) was bought from
Avanti Polar Lipids, and egg yolk phosphatidylcholine (egg PC) was from
Sigma. DO with nominal purity 100% was bought from Sigma. Trehalose
and sorbitol were purchased from ICN Biochemicals. Sucrose was boug
from BDH Chemicals Australia. All were used without further purification.

Sugars and sorbitol have hydroxyl groups that can exchange protons Wit\rq

D,0. This would produce DHO and @ in D,O. The composition of the

ice and water phases might be different, and so the unfrozen fraction Cou'ﬁuantitative NMR

not be accurately determined. To minimize this effect, the exchangeable

protons were replaced with deuterons. The solutes were dissolved in exceasBruker MSL 200 spectrometer operating at 30.720 MHz was used for the

D;0. The ratio of the number of OD groups of,® molecules to ex-  NMR measurements. A cooling system using evaporating liquid nitrogen

changeable OH groups of the solutes was 10. The solution was dried in thgs a coolant gave temperature control with a precision of 0.1 K. The

oven until the crystal form of the solutes was obtained. This procedure wagnethod was previously described by Yan et al. (1993), and further details

repeated. After two repetitions, we expect 99% OH-OD replaced solutesare given by Yoon (1996). The spectral width was adjusted usually in the

All of the normal solutes used in O solutions in the work reported here range of 2—40 kHz, depending on the type of samples used. The typial

are hydroxyl group deuterated solutes. It is not easy to determine directlpulse length was-8 us. Data file size was chosen to be betwdeK and

the extent to which the OD groups of the solutes contribute to the narrovg K. The number of acquisitions was typically 64 to 256. The recycle time

NMR signal. One way of so doing is to compare the standard freezing poinbetween subsequent acquisitions was usually-3 s.

depression curves measured for sucrose (a widely studied solute) with The temperature sensitivity of the induction coil and associated elec-

those obtained here. These agree well if it is assumed the OD groups of theonics was calibrated by measuring the total signal in samples that do not

solutes do not contribute to the “NMR visible” signal, because of the slowfreeze over the range of the experiment. Perdeuterated methanol was used

exchange and/or molecular rotation in the viscous solution. We return tdor one calibration. Pure ID was used over a limited range of freezing

this point in the Discussion. temperatures by performing cooling experiments and recording the total
signal as a function of temperature over the range of supercooling. These
calibrations were consistent. The temperature controller was calibrated by

Samples and measurements measuring the melting temperature of@ which was set at 276.97 K

N (Weast, 1983).
Two methods were used to prepare EYL samples. The lipid was purchased

dissolved in chloroform and methanol. In the first methee? ml of

solution (containing~200 mg of EYL) was dried in a stream of dry RESULTS

nitrogen to remove most of the solvent, then placed in a desiccator with

P,Os. The pressure in the desiccator was then reduced by vacuum pump f@uantitative NMR

12 h, at the end of which the EYL formed a fine powder. The desiccator . . . . .

was opened in a nitrogen atmosphere, ans0 mg of lipid was then T he freezing behavior of solutions was determined using the

transferred to an NMR tube. An appropriate amount of aqueous solutioimethod of quantitative NMR described by Yan et al. (1993).
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Representative deuterium spectra from samples containingould expect there to be an exchange of water molecules
D,0 are shown in Fig. 2. Fig. @ shows the spectrum from between isotropic and lamellar phases, leading to a single
a sorbitol-D,O sample at 266 K, Fig. 2 is that of a “averaged” lineshape rather than separate broad and narrow
DOPC-D,0O sample at the same temperature, and Fig. 2 components. Apart from the lower approximate bound on
shows that of a DOPC-sorbitol- sample at that temper- the size, we have no information about the nature of the bulk
ature. The spectra obtained using other solutes,i@ Were  phase. It could comprise a number of small volumes of
not very different from those in Fig. 2 andc. solution surrounded by a lamellar phase.

The spectrum of the deuterons in ice is so broad 50 At any temperature, the free induction decay NMR signal
kHz) that it can be used as a baseline for the narrows proportional to the number of deuterons contributing to it.
spectrum (tens of Hz) attributed to the deuterons in théOnce the temperature sensitivity of the spectrometer is
unfrozen water. In the case of a simple solution (Fi@)2 calibrated as described above, the number of deuterons
the water is in an isotropic environment and the signal widthcontributing to the signal can therefore be determined. In
is smallest €75 Hz). The interlamellar water whose spec- Fig. 2 the ice signal forms the baseline, so the integral of the
trum is shown in Fig. 2 is in an anisotropic environment signal shown gives the total content of unfrozen water.
that gives rise to the characteristic powder-type pattern with The principal aim of this study is to examine the effects
a broader bandwidth (Bryant et al., 1992a,b). When lipid-of solutes on the freezing of lamellar phases. The freezing of
water-solute samples are frozen, the spectra produced dselutions, and of lamellar phases in the absence of solutes,
pend on the composition. If the solute content is sufficientlyhas been studied by other authors using different techniques
high, then the spectrum resembles the superposition of and/or different systems. Nevertheless, to interpret the re-
narrow isotropic component and a powder-type pattern, as isults of lipid-solute-water systems, it is necessary to report
the case shown in Fig. & We attribute the narrow com- briefly on the freezing behavior of solutions, then on that of
ponent to water in a solution whose physical dimensions aréamellar phases, for the components and the technique used
large compared to the distance diffused by water on théere.

NMR time scale. We attribute the broader anisotropic com-
ponent to water in an interlamellar solution. This is consis-
tent with the thermodynamic model in which a lamellar . .

. . . - Freezing of solutions
phase, a bulk solution, and ice may equilibrate at freezing
temperatures (Yoon et al., 1997), as shown in Fig. 1. Th&he unfrozen water content of several different water-solute
linewidths of the narrow component were typically tens ofsystems was measured as a function of freezing tempera-
Hz, so characteristic times were at least several ms. Takingire; the results are shown in Fig. 3. We also measured the
the diffusion constant of water at 20°€2 X 10 °m?s *  liquid water content as a function of temperature for NaCl
for this approximate calculation, the characteristic length ofand KCI in the same way. The freezing point depression for
diffusion in the isotropic phase i’ 2Dt ~ to severalum. NaCl is available in detail in standard and widely accepted
If the size of the isotropic phases were less than this, wéables (Weast, 1983), and this allows us an independent

Sorbital/D,0 DOPC/D,0 DOPC/Sorbitol/D,0

T T T T T T T T T T T T T T T T T T T T T {
-2000 -1500 -1000 -500 4] 500 1000 1500 2000 -2000 -1500 -1000 -500 4 500 1000 1500 2000 -2000 -1500 -1000 -500 0 500 1000 1500 2000

Frequency (Hz) Frequency (Hz) Frequency (Hz,
Y

FIGURE 2 Typical deuterium NMR spectra (arbitrary units) of samples containy@ydd freezing temperatures)(Spectrum of a sorbitol-BD sample

at 266 K at a mole ratio of 9.7:1bY Spectrum of a DOPC-fD sample at 266 K at a mole ratio of 1:9.6) A DOPC/sorbitol/DO mixture at 266 K. For
the whole sample, the mole ratio of water to lipi} is 20.1, and that of solute to lipiYis 0.52. Inc a calculated Lorentzian fit has been superimposed
on the central narrow peak.
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Hydration of Solutes liquid water give the concentration of the unfrozen solution.
Such data give solution concentration as a function of
40 bl U temperature and thus osmotic pressure as a function of
] concentration. These solution data are helpful in analyzing
the effect of solutes on the lamellar phase freezing behavior.
At equilibrium, the chemical potential of water in the solu-
tion equals that in the ice, and the latter is determined
directly from the temperature, in this case using the empir-
ical method of Pitt (1990) and the standard data fg©D
(Budavari, 1987). In these samples there are no variations in
hydrostatic pressure, so the depression of the chemical
potential of water is due only to the osmotic pressure of the
solution.

The data shown in Fig. 3 represent values that did not
N o - change with time over several tens of minutes and showed
8% .- C no hysteresis in the experiments performed here. This does
. not necessarily imply equilibrium, because the sugar solu-
tions may form glasses at sufficiently low temperature and
low hydration. The NMR signals from ice and from a glass

0 +——T——— T ————F could not be distinguished with the spectrometer employed
255 260 265 270 275 here, because in both cases the linewidth is too large. Green
Temperature (K) and Angell (1989) studied and summarized the vitrification
data for sugars, including trehalose and sucrose. Interpolat-
FIGURE 3 Measurements of the composition of the unfrozen solution ining from the data in that study on the freezing curves here,
samples of DO and solute for the solutes NaCl, DMSO, sorbitol, sucrose, yitrification would be expected at a hydration of approxi-
and trehalose, as indicated. The ordinate is the ratio of the number %ately six waters per solute for trehalose and about three

unfrozen DO molecules to the number of solutes, at the temperatures . . . .
yaters per solute for sucrose. The viscosity varies rapidly

indicated by the abscissa. For NaCl, complete dissociation was assumed.’ ) i .
For sucrose and trehalose and for values of hydration less#1anD,0  With temperature in the region near the glass transition, but
per solute, the solutions may not be in equilbrium, as discussed in the texit remains large for a few degrees above the transition. In
this experimental technique, stirring at low temperatures is
not practical, and the magnitudes of the phases must be
measure of the accuracy of the measurement technique. Theasonably large (some mg) to maintain good ratios of
freezing point depressions agreed to withif.1°C over the  signal to noise. Some of the lowest hydration data in the
range of freezing point depressions from 2°C to 20°C.  table therefore probably do not represent equilibrium. At
A further assumption is required when considering sol-water:solute mole ratios below8, the sucrose freezing
utes with OD groups. In solutions with high viscosities andpoint data differ from the activity data tabulated elsewhere
low temperatures, the OD exchange between solute an@Robinson and Stokes, 1961). For sucrose and trehalose in
solvent and the rotation of solute molecules are both rathefFig. 3, the lowest values of temperature and hydration
slow. If this exchange is slow enough, the solute OD groupsherefore are probably not equilibrium values. We return to
would not contribute to the narrow component of the NMR the problem of equilibrium when discussing the behavior of
signal. In the discussion that follows, we have made thesolute-lipid-water systems.
assumption that they do not contribute to the narrow com- The freezing behavior of KCI solutions was also mea-
ponent when we calculated the unfrozen water content. Thisured (data not shown; Yoon, 1996). This curve resembled
assumption can be justified post hoc by comparing thehe NaCl curve at temperatures above 268 K, but below that
freezing point depression measured here with the knowtemperature the amount of liquid water fell abruptly to zero.
values for sucrose and sorbitol. The good agreement fofhis is consistent with crystallization of KCI, leading to a
temperatures above 260 K suggests that this approximatiosystem comprising solute crystals and pure ice, with no
is appropriate. It might be argued, however, that at higHiquid solution present, as reported by Derbyshire (1982).
temperatures and low solute concentration, the exchangdone of the other solutes studied here showed this behavior,
and rotation rates are sufficiently high that OD groups in theand we therefore think it unlikely that any of the other
solution make a nonnegligible contribution to the narrowsolutes crystalized under the conditions studied here.
component of the spectrum. In this case, however, the ratio
of solvent molecules to solute molecules is high, and so the
error thus prodgced is at most a few percenfn. Freezing of lipid-D,0 mixtures
For large regions of the solution phase diagrams, equi-
librium is readily achieved. In such conditions, the known Quantitative NMR was used to determine the unfrozen
amount of solute in the sample and the measured amount @fater content of lamellar phases in the absence of solutes, as
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described by Yan et al. (1993). Fig. 4 shows the amount ofrum shows a narrow peak centered on a broad powder
liquid water as a function of temperature for thregC®  spectrum. The narrow peak is very well fitted by a Lorent-
DOPC samples with different total hydration. The vertical zian lineshape that has been superimposed upon the signal
axis is expressed as the number of liquid water moleculem the figure. It closely resembles the narrow signal mea-
per lipid, which we callR, and so the curve can be read assured in the solute-fD samples (see Fig.&. We attribute
hydration per lipid as a function of temperature. The totalthis narrow Lorentzian signal to JO with rapid isotropic
hydration of each sampldR{) is shown as the plateau on motion in a bulk solution with dimensions of at least several
each curve where all of the water in the sample is liquid.um as described previously. If this Lorentzian peak is
Alternatively, if one rotates the figure by 90°, it can be readremoved, the broad powder spectrum closely resembles the
as freezing point depression as a function of compositionspectra obtained from lipid-water samples (Fifp) 2and we
Note that, in these samples, the total water content of thattribute the broader signal to,D in the lamellar phase.
initial sample makes no difference to the hydration at freezAgain, the integral of this combined signal is assumed to be
ing temperatures: samples with higher water content simplyproportional to the number of deuterons contributing to it,
have more ice present in a bulk ice phase. The unfrozeand the total amount of unfrozen water at any temperature is
water is in equilibrium with a pure, macroscopic ice phasethus determined. No attempt was made to fit the broad
and so the hydration of the lamellar phase is a function onlypowder spectrum. In the absence of a Lorentzian peak, the
of the chemical potential of water, and thus of the temperaturdoroad powder spectrum was simply integrated. The powder
spectrum was always broader than the narrow central peak,
and the baseline for the Lorentzian fit was made by inter-
polation. This and the fitting process itself introduce an
Fig. 2 ¢ shows a deuterium NMR spectrum for DOPC- error of a few percent in the integral for the isotropic phase.
sorbitol-D,0 at 266 K. Its features are typical of those of the This integral is then subtracted from the total integral to
spectra measured for DOPC-solutgdDmixtures at freez-  give the contribution from the anisotropic (lamellar) phase.
ing temperatures in all samples where there was sufficienBecause the isotropic component is only several percent of
solute present to produce a bulk solution phase. The spethe total integral, the errors in the Lorentzian fit have little

effect on the calculated hydration of the lamellar phase.

In these experiments, the temperature was changed be-

Freezing of lipid-solute-D,O mixtures

Freezing Point Depression (K) tween measurements as rapidly as the control system (Yan
22 47 2 .7 2 et al., 1993) would allow, which usually mear0.01-0.1
35 b b e b e e b K s~*. They were usually made in the direction of increas-
] ! ing temperature, with occasional returns to lower tempera-
20 _ @ ¢ : _ tures to check that there was no hysteresis. In response to a

sudden change in temperature in the freezing range, the
hydration of the lamellar phase changed rapidly over the

25 YV ¥ 'y i §:— first few minutes. After a time that varied from several to 40
£ 1 - min, there was no further change in the intensity of the
% 50 -] r liquid water signal over several hours. Except in the cases
2 ] . . i where the composition was such that vitrification might be
5 1 i expected, we regard this change in hydration as due to the
g 15 if C equilibration of water among the lamellar phase, the solu-
=y

] [ tion phase, and the ice phase.
10 L Fig. 5 shows the amount of unfrozen water in bulk
L solution and in the lamellar phase as a function of temper-

ature for four typical samples of DOPC-solutg) where

5 - :
] i the solutes are DMSO, sorbitol, sucrose, and trehalose. In
1 i all of these samples, a small bulk solution phase was present
0 e T T at all temperatures. The total amount of unfrozen water is

255 260 265 270 275 280 285 290 295  also shown. In all cases they are expressed as number of
water molecules per lipid molecule. On the same graphs, we
also show for comparison the number of water molecules
FIGURE 4 The amount of unfrozen water as a function of temperaturdd€rl '|!pld in samples of DOPC-®, without solutes. In

for samples of DOPC-FD. The ordinate is the mole rat® of unfrozen ~ addition, we know the number of waters per solute at any
water to lipid. The results are shown for three samples with different totaltemperature for a sample without |ipid (Fig. 3)_ In all cases
hydrations Ry = 17.7, 25.0, and 30.0. When all ice is unfroz8w= Rr.  the sum of the hydration of the solutes (measured without

For all three samples, there are measuremdntskaspacing from 257 to . . - .
277 K. When ice is present, however, the three curves overlap. Thiélplds) plus the hydratlon of the |IpIdS (measured without

supports the interpretation that the unfrozen interlamellar water is inSOlUtes) is larger than the observgd hydratio'n of lipids plus
thermodynamic equilibrium with the pure ice phase. solutes, although the difference is smaller in the case of

Temperature (K)
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FIGURE 5 The water contents as a function of temperature for samples of DOPC/sglutei€luding each of the solutes studied. In all cases, the points

(O) are the total unfrozen water content, expressed as the mole ratio of water to lipid. The ¥piats the water component giving a narrow anisotropic

signal (liquid interlamellar water). The point&) are the water component giving a narrow isotropic signal (bulk solution). Both are presented as the mole
ratio of water to lipid. The lower dashed linkog dashepis the measured hydration per lipid in a DOPGEDsample, without solutes. The upper dashed

line (short dashesis the sum of that hydration of the lipid and the hydration of solutes measured in a solute-water sample, calculated at each temperature
for the sample composition. The solid line near the bottom is the number of water molecules one would expect to find in the bulk solution phase if the
number of solute molecules in that phase were fixed. The total compositions (lipid:solute:wateroR{Lpf the samples shown are DMSO (1, 0.52,

19.9); sorbitol (1, 0.52, 20.1); sucrose (1, 0.52, 22.5); trehalose (1, 0.86, 22.5).

sorbitol. In all cases, the hydration of the lamellar phaseéhigh hydration, a bulk solution forms which, above freez-
including solutes is higher than that without solutes in theing, includes most of the solute and most of the water. When
high-temperature region. The presence of DMSO and sorsuch samples are frozen, most of the solute remains outside
bitol in the lamellar phase increases the hydration for althe lamellar phase, giving rise to a relatively large unfrozen
temperatures. Sucrose and trehalose increase the hydratibualk solution phase. This makes it difficult to analyze the
of the lamellar phase at warm freezing temperatures (or higlwvater content of the lamellar phase with precision. We
hydration) and make little difference at low temperature (orreturn to this point in the Discussion.
low hydration).

The samples whose results are reported in detail in this
paper have total hydrations 6f20 waters per lipid and DISCUSSION
solute:lipid ratios on the order of 1. This implies solute
concentrations in exces$ bM above freezing temperature,
and greater still at low temperatures. At solute concentraComposition is described with the following notation. The
tions much less than 1 M, the lipid-solution samples behavéotal mole ratio of water to lipid in the sample is callBg,
like the lipid-water samples in Fig. 4. In samples that haveand the mole ratio of solute to lipid & The mole ratio of

Composition of phases and solute partitioning
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liquid water to lipid isR, which is less thafR; when ice or  hereafter, we shall assume that the quantity of trehalose in
a glass is present. Where glasses are not present, the averaige lamellar phase is conserved, i.e., that trehalose does not
composition of the liquid agueous phase(s) can be reprepermeate. (The continuous line in Fig.cowhich fits the
sented byS/R, but the compositions of the interlamellar measured data within the accuracy of the measurements, is
solution and of the bulk solution phase (where present) aréhe hydration of sucrose from Fig. 3 multiplied by a constant.)
not necessarily equal. For DMSO and sorbitol, the solid line does not fit the
The total amount of liquid water (Fig. ®mpty circley  data, so the amount of these solutes in the bulk solution
may be decomposed into the isotropic water componenphase is not conserved. Because DMSO permeates bilayers
(Fig. 5, filled triangles pointing up and the anisotropic easily, it is expected to approach equilibrium distribution
narrow band component (Fig. filled triangles pointing between bulk solution and lamellar phase at freezing tem-
down) by calculation of the integral of the fitted Lorentzian peratures. (Some DMSO may also be present in the hydro-
and that of the remaining spectral components (see Fig. 2¢arbon region of the lamellae, but we do not expect this
We identify these as the water in liquid bulk solution andcomponent to be large.) In contrast to the behavior of
the liquid water in the lamellar phase and show them sepsucrose, the water contents of the bulk solution phase for
arately in Fig. 5. DMSO (filled triangles pointing upincrease more rapidly
Fig. 5 also shows the hydration as a function of temperwith increasing temperature than does a curve proportional
ature for lamellar phases of DOPC containing no solutego the data of Fig. 3dontinuous ling Thus the number of
(lower dashed ling Comparing these, we see that, at anyDMSO molecules in the bulk solution phase increases with
given temperature, the hydration of the lamellar phase isemperature. We argued above that no pure solute phase
nearly always greater in the presence of solutes. For DMS@rmed for DMSO or sorbitol over this range of tempera-
and sorbitol, the increase is a few water molecules per lipidures. Furthermore, there is no expectation that a glass
over the whole temperature range studied. The presence wfould form at least in the high-temperature range of the
sucrose and trehalose increases the hydration of the lamelldata. It follows that an increase in solutes in the solution
phase at high temperatures (high hydration), but makes littiphase implies that the number of solutes in the lamellar
difference at low temperatures (low hydration). phase decreases with increasing temperature. This is readily
Fig. 5 also shows the behavior of the bulk solution phaseexplained by the high permeability of bilayer membranes to
that coexists with the solute-lipid-water phase. In theseDMSO. As the temperature is decreased, more water is
experiments, we measured the water content of the bulkurned to ice. Because of the strong hydration of the bilay-
solution phasefilled triangles pointing up, but we did not  ers, relatively little of this water comes from the lamellar
measure the solute content directly. For each of these sophase. The concentration of the bulk solution increases in
utes, we do know, however, the concentration of a bulkhe manner determined by the freezing point depression
solution in equilibrium at any temperature (Fig. 3). For eachbehavior of DMSO (Fig. 3), and so the concentration of the
solute, the continuous lines in Fig. 5 represent the behavidoulk solution increases more rapidly than that of the inter-
of a solute/water system measured for each temperature. lamellar solution. DMSO can permeate the bilayers, and so
Fig. 5,a—¢ these lines are the data of Fig. 3 multiplied by it can partition into the lamellar phase. Thus, even though a
a constant to allow comparison with the measured watesmall amount of water leaves the lamellar phase as the
content of the bulk solutiorfi{led triangles pointing ujp. In  temperature falls, the concentration of DMSO in the bulk
the case of sucrose, the points and the line agree within thghase is greater than that in the interlamellar solution, and
precision of the measurements. In other words, the wateso some DMSO permeates and diffuses into the lamellar
content of the bulk solution phasglleéd triangles pointing  phase. Conversely, as the temperature rises and ice melts,
up) is proportional to the hydration per soluteoftinuous the bulk solution becomes more dilute than the interlamellar
line) measured in the absence of lipids. This simply indi-solution, so with increasing temperature, DMSO leaves the
cates that the number of sucrose molecules in the bullamellar phase to join the bulk solution, and this produces a
solution phase does not change with temperature, which igigher total amount of unfrozen water in this phagke(
consistent with the expectation that these relatively largdriangles pointing up at high T than one would expect if
molecules do not readily permeate the bilayers. In the casBMSO were conserved in the phasmijtinuous ling
of trehalose, one cannot simply make such a comparison For the concentration and temperature range in which
because, for the lowest temperatures and highest concentnaeither solute crystals nor glass forms, the data in Fig. 5
tions, the data in Fig. 3 probably do not represent equilibfurther allow us to calculate the number of solutes present in
rium at the lowest hydrations. In Fig. % and d, the the lamellar phase. At equilibrium, the water content of the
hydration of bulk sucrose solution and that of the bulkbulk solution at any temperature gives the number of solutes
trehalose solutionfifled triangles pointing upare close to in the solution from Fig. 3. Subtracting this from the total
proportional over the range above 259 K. A possible explanumber of solutes gives the number of solutes in the lamel-
nation is that trehalose does not permeate the bilayers and & phase. For sucrose, the number is approximately inde-
the quantity in the lamellar phase is conserved, and that thpendent of temperature. For DMSO and for sorbitol to a
trehalose and sucrose solutions have somewhat similar hgmaller extent, the calculated number of solutes in the
dration behaviors in this case. For the calculations usethmellar phase increases at lower temperatures, which is
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consistent with the partitioning argument made above. Fopic components can be made with less accuracy for solute
sucrose, the calculated ratio of solutes to lipids in thethan for solvent.
lamellar phase is approximately constant, which is consis- Does DMSO equilibrate between the bulk solution and
tent with the expectation that sucrose does not permeate thke interlamellar solution at low temperatures? The molec-
bilayer membranes, and that it would be much slower taular ratio DMSO:BO is lower in the interlamellar solution
diffuse along the narrow interlamellar space, particularly athan in the bulk solution for all temperatures. This could be
low temperatures. For the discussion of the effects of solutesxplained by excluded volume effects (discussed later), by
on hydration (later), we assume that trehalose does natn attraction between lipids and water stronger than that
redistribute between the phases, and we therefore assurbetween lipids and DMSO (see Appendix), or by disequi-
that for both sucrose and trehalose the number of solutes iibrium of DMSO between the two phases. Without further
the lamellar phase is independent of temperature. information, we are unable to answer this question.

We also studied the hydration behavior of samples with
relatively high hydrationR; > 100) and solute:lipid ratios
Sfrom 0.3t0 2.3. These samp!es used both EYL'an.d DOPCI‘-Iydration force,
In the results of these experiments, the total liquid wately i interaction
content of the sample, measured at any temperature, was
equal to the sum of the hydration of a pure lipid-water The results shown in Fig. 4 (lamellar phase with no solutes)
sample plus the hydration of the solutes in the absence dfre readily explained in terms of interlamellar forces, and
lipids. (In the symbols of Fig. 5, the empty circles and theindeed this technique may be compared with the osmotic
upper dashed line were equal withinl, which is approx- stress technique of Parsegian and co-workers (LeNeveu et
imately the resolution of the measurement for samples wittal., 1976). Liquid water in a lamellar phase at low hydration
high hydration.) In these samples, a bulk solution phase waas low chemical potential. In the osmotic stress technique,
present at temperatures above freezing. This phase presuthe lamellar phase water equilibrates with a solution of
ably contained most of the solutes. A likely explanation ofknown osmotic pressure at room temperature. In our exper-
these results is that most or all of the solutes remained in thignents, it equilibrates with ice at known temperature. The
bulk solution phase during freezing, and that we were meahydration of lamellar phases is usually analyzed in terms of
suring the total hydrations of a lamellar phase with little the forces per unit area acting between lamellae at a distance
solute present and a bulk solution with no lipid present. Folequal to the separation between interfaces (LeNeveu et al.,
that reason, the results of these measurement are not showfi76). (The way in which the lower chemical potential is
here: they can be calculated from the behavior of lamelladescribed is to some extent a matter of definition. In an
phases without any solutes and the behavior of solutionglternative picture, one could define an energy of hydration
without any lipids, both of which are shown. In all of the of the lipids that is a decreasing function of distance from
samples where concentrations could be determined (such &3 lipid headgroup. We use this formulation in the Appen-
those shown in Fig. 5), the concentration of the interlamelladix because it is helpful to treat the differential interaction
solution was lower than that of the bulk solution, which of lipids with solutes and solvent. In the absence of solutes,
suggests that solutes may, to some extent, be excluded frothe two pictures are physically equivalent in a simple way:
the interlamellar layers. The composition of the lamellarthe pressure in the former picture equals the derivative of
phase appears to be dependent on the total sample hydratithre energy of hydration with respect to partial molar volume
and possibly on the history of the sample. For this reasongf water in the latter picture. The hydration force is, how-
we urge caution in any comparisons of the measuremen®ver, a helpful and widely used concept, and so we use that
made between samples with greatly differing initial hydrations.accounting in the main text of this paper. It is worth pointing

In all of the results of Fig. 5, the water was® and the  out that the very large suctions implied by the hydration
distribution of both water and solute was determined fromforce do not cause cavitation: the water is between two
the D,O NMR spectra as studied above. It is also possiblehighly hydrophilic surfaces, and its thickness is smaller than
to study the partitioning of solutes between lamellar andhe critical radius for cavitation.) When water has equili-
bulk phases by deuterium labeling the solutes and hydratingrated between ice and a lamellar phase containing no
with H,O, resolving the narrow and broad components ofsolutes, the chemical potentigls and u,, are equal, so
the deuterium signal, and attributing these to bulk and
lamellar solute components, respectively (Yoon et al., Wi =ty = o T PV,
1997). The deuterated solvent method reported here, al-
though less direct, gives more precise data for two reasonsvherepus, is the standard chemical potential of water apd
First, there are many fewer hydrogen atoms or deuterons iis the partial molecular volume of watey, is assumed to be
the solutes of a solution than there are in the solvent, eveapproximately equal to its bulk value, and the difference
at moderately high concentrations. As a result, the signalfy; — w$) is determined by the temperature. Thus the
to-noise ratio is smaller with deuterated solutes. Second, thieydrostatic pressur® can be readily calculated, and me-
deuterium NMR signal for the solute is narrower than thatchanical equilibrium requires that the interlamellar force per
of the solvent, so the resolution into isotropic and anisotro-unit areaF = —P.

solute osmotic effects, and
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At small separations, interlamellar forces are dominatedvhere) is a characteristic length. The interlamellar distance
by the hydration force. This large, repulsive force decays/ between the density-weighted average surfaces of two
approximately exponentially with hydration or with separa-adjacent lamellae can be calculated from the solute and
tion (Rand and Parsegian, 1989; Horn, 1984; Marra andolvent contents of the interlamellar solution, their partial
Israelachvili, 1985). We have previously shown that themolar volumes, the area, per lipid in the plane of the
freezing behavior of lipid-water forces is consistent with bilayer, and the area elastic modukis(Yan et al., 1993).
exponential repulsion between the bilayers (Yan et al.For DOPC, values ok andF, were calculated using, =
1993). In this study also, the hydration data for DOPEBD  0.77 nnf at full hydration, andk, was taken as 140 mN
(Fig. 6a) and EYL-D,O (data not shown; see Yoon, 1996) m™~*. This conversion of the data in Fig.26is shown as the
yield data that are well fitted by an exponential decay, i.e.dashed line in Fig. 6. The values obtained fdét, andA are
. RR sensitive to the parameteag andv,,, which are not well
F=Fe (1a) known under these conditions. The valugg,X) for DOPC
whereR is the number of water molecules per ||p|q, is a in this study were 2505 MPa, 0.174 nm, which are similar
characteristic value, arf, is the extrapolated force per unit to the values 2523 MPa, 0.183 nm, obtained by Ulrich et al.
area at contact. In other studies, the hydration force i§1994). The differences shown by these comparisons may

related to the interlamellar separation (LeNeveu et al., 197¢herefore be the result of the differences in the techniques
Rand and Parsegian, 1989; Horn, 1984; Marra and Isand the assumptions made in the calculations, as well as of

raelachvili, 1985): the differences in temperature.

F=Fe (1b)
Effect of solutes

In the case of the lipid-water-solute system, the low chem-
A ical potential in the extralamellar bulk phase can be bal-
anced by both a combination of the suction between the

[ I . .
100 bilayers and the osmotic effect of the lamellar solutes. We
_ can write the equilibrium of water among ice, bulk solution,
£ %*‘fth and interlamellar solution (as shown in Fig. 1) thus:
=10 5 —
w T ice  bulk solution _ interlamellar solution )
e B~ S+ KTINA, = wo+KTIna, + Py, @
1 mal
| |

where @), and a,, are the activities of water in the bulk

solution and the interlamellar layer, respectively. As above,

we continue to treaP as the hydrostatic pressure in the

interlamellar solution, and we regard the tekhlin a, as

B being due to the osmotic effect of the solutes in that layer.
(If the solutes did not penetrate into the lamellar phase, then

I
0 5 10 15 20
Hydration/DOPC

| | | . :

100 trehalose the equation at right would heS, + kTIn &), = ud, + PV,
. sucrose whencep = (kThv,) In a,. In this case the experiment
£ \\ would resemble the osmotic stress technique (LeNeveu et
Z 107 \ al., 1976). The presence of solutes in the interlamellar
> no solutes T \DMSO : : - :

; N\ Sorbital solution complicates the interpretationRj In other words,

\\ the effect of the bilayers on water is to redueeand the
1 l | | effect of solutes is to reduce,,. It is convenient here to
0 05 1.0 15 2.0

Separation (nm)

introduce the water potential, defined by Slatyer (1967)

as @ — po)MN,, wherey,, is the partial molecular volume of
) i ) water. The volumetric modulus of water4s200 GPa, and
FIGURE 6 @) The negative water potential(= (n — n°)/,)) in MPa

as a function of hydration for DOPC/D with no solutes. In the absence sothe partlal molecular volume is little ChanQEd by pressure

of solutes, this equals the hydrostatic pressure in the interlamellar laye€hanges much smaller than this. Making this approximation,
which is equal in magnitude to the force per unit area between the bilayersSlatyer rearranges the terms in the expression for the chem-
The dotted line is an exponential fit to the data of Ulrich et al. (1994). Injcal potentialw = u° + kT In a, + Py, to give

b the ordinate is stil-V, but the abscissa has been converted to interla-

mellar separation. The data in the absence of solutes (the poiajsaie kT

shown as a dashed line m The continuous lines are for DOPC-solute- ¥V =-—Ilng,+P=P-1I 3

D,O. The total compositions (lipid:solute:water) or (3, R;) of the Vi

samples shown are DMSO (1, 0.52, 19.9); sorbitol (1, 0.52, 20.1); sucrose h I defined by thi fi is th fi
(1, 0.52, 18.6) and (1, 0.9, 18.9); trehalose (1, 0.80, 22.0). Two different’ €€ 11, GETINEA Dy IS equation, IS theé 6SMOUC pressure.

samples of sucrose are presented to show the effect of greater solufd N€ OSmotic pressure here_ means the pressure difference
content: the higher line has the higher sucrose content. that would have to be applied between a solution of that
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composition and pure water to bring them to equilibrium. (Itsolutes in both extralamellar solution and the lamellar
is called “osmotic potential” by some authors to make itphase, determined as described above.
clear that it is not necessarily equal to the hydrostatic When solutes are added to lipid-water systems, the results
pressure.) According to this convention, widely used inof measurements made using this technique and the differ-
plant biophysics and water relations, a solution of a giverent techniques mentioned above do not change in the same
composition has a given osmotic pressure, independent afay. In the osmotic stress technique, the controlled and
the phase with which it is actually equilibrated, if any. measured stress variable is the osmotic pressure of the
When two solutions with different osmotic pressufbsand  extralamellar solution (Leikin et al., 1994). When permeat-
I1, are equilibrated, the hydostatic pressure difference being solutes are used, this is not simply related to the inter-
tween them idI; — IL,. Some authors redistribute compo- lamellar force because of the effects of solutes in the lamel-
nents ofP andIl into another component called the matric lar phase. That is also true in Fig. 6: the vertical axis can be
potential, especially in the case of dissociating surfacesiead as interlamellar force per unit area only in the absence
Such an accounting unnecessarily complicates the analysitf solutes. In the surface forces apparatus (SFA), on the
of cases such as this (Passioura, 1980).) other hand, the interlamellar force is measured directly, and
Fig. 6 b shows the water potentials as a function ofthe technique is not usually sensitive to osmotic effects. In
interlamellar separation for samples of lipid plus each of thehe SFA, both the reservoir solution and the layer of water
four solutes studied. The interlamellar separation in DOPChetween the approaching bilayer surfaces have, over most of
D,0 at the same water potential is plotted for comparisonthe range, the same composition. Composition differences
In the absence of solutes; W is equal to the (repulsive) and osmotic effects are possible in the SFA, however, when
force per unit are& between lamellae, and the DOPC@  the separation between the approaching bilayers becomes
data @ashed lingshow the exponential decay characteristiccomparable to the size of the solute. Pincet et al. (1994)
of the hydration force. For all solutes and for &l the reported hysteresis in the force-separation behavior that was
intermembrane separation is increased by the presence obnsistent with solutes being excluded from the region of
solutes. The increase is greater for a greater concentration ofose approach between bilayers. In SFA experiments, and
solutes in the lamellar phase. in the absence of an attraction between the solute and the
V.melar the water potential of the water in the interla- bilayer, the interlamellar solute concentration would there-
mellar layers, has two componen®s,«i1.-IS its hydrostatic ~ fore decrease at small separation, whereas in the method
pressure and is equal tol times the force per unit area used here, and possibly in the osmotic stress technique, the
between the lamelladl, 1o IS the osmotic pressure due solute concentration would rise as water is removed. Com-
to the presence of solute in the lamellar phase. The bularisons among the methods therefore must be made with
solution phase has zero hydrostatic pressure and osmotoaution.
pressurdl,,,.. Equilibrium between the water in the bulk
solution and the interlamellar layers may then be written ag, simple model

~Wiametiar =~ Piametiar T Hiametiar = Hpuk = = Whui (4)  To study the effect of solutes in lamellar phases, we find it
conceptually useful to divide the effect into two compo-
nents: a purely osmotic effect, similar to that shown in Fig.
F + Mhamere = Mo (5) 3 and relat'ively similgr for different solutes, and specific
effects, which may differ among molecules according to
The above equations are tautologies unlgs,.,-and how they interact with lipids and how they compete with
Piameliar OF F can be determined. For a lipid-water system,lipids for water. We treat the interlamellar layers as a
I, meiar (s defined here) is zero, so in that case the intersolution and the lamellae as rigid, macroscopic walls sub-
lamellar repulsion per unit area equals the osmotic pressuiected to a repulsive force acting at a distance, and we make
in the bulk phase. For a system with solutdg,,,.;,,cannot  severe simplifications to obtain the osmotic pressure in the
be determined directly becauBeis unknown. To calculate solution. We have also used a more complicated model in
I1,4menar iS NOt Simple, because these solutes do not distribwhich the hydration interaction between lamellae and water
ute uniformly between lamellar phase and bulk phase ani$ treated explicitly, and which gives similar results (Ap-
because they do not show simple osmotic behaviours. Theendix 1).
lipid and solute might be said to be competing for water— The hydrostatic pressure equals the negative of the inter-
indeed, that is a simple interpretation of Eq. 5 and the datéamellar force, which, at low hydration, is dominated by the
in Fig. 5. The difficulties in calculatindl,,eo Make the €xponentially decreasing hydration force (Rand and Parse-
determination oP, .., difficult. Nevertheless, it is useful gian, 1989; Marra and Israelachvili, 1985). Thus for low
to discuss the effects of solute on fRg,./in terms of the  hydration we substitute (Eq. 1a) into (Eq. 2) to write
osmotic behavior of the lamellar solutes, using the number R B _RIRe
of solutes in the lamellar phase as determined above, and Ho = g KT I yX, = (Foe vy (6)
using simple models foll,,.1o» The data for this model where the activity of water is written as the product of the
are the solution data in Fig. 3 and the concentration ohumber fraction of watekK,, and the activity coefficieny.

or
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The presence of any solute reducgs If the solute had no How should one choos&or h in this model? Rather than
effect onF,, R, and vy, then the presence of any solute fit them to the data, we attempt to estimate the effect of
would lead to a greater value of the lamellar hydratioiin ~ excluded volume. If the solute molecules were hard spheres,
the alternative formulation of Eq. 1b, this would correspondthen they would be unable to come closer to the wall of their
to an increase in the interbilayer separatjoiWe call this  container than one radius. A sphere with the same volume as
the purely osmotic effect (Bryant and Wolfe, 1992). Notea DMSO molecule has a radius of 0.14 nm; for sorbitol the
that the proportional increase yrwould be generally larger value is 0.17 nm (neither molecule is spherical, of course,
than that inR because of the molecular volume of the solute.put this argument is for estimation only). Choosthg 0.16

The solute might also have effects Bg, R, andy. These  nm givesh = 4. Note that the excluded volume effect on
may differ, in principle, among solutes, and we call thesesolute-solute interactions is not included explicitly in the
specific effects. To put this another way: the purely osmoticmodel because it is already present in the measurements of
effect occurs because any solute increases the mixing efreezing point depression of solutions. Sucrose and treha-
tropy of water, this is balanced by an increase in pressurgyse have approximately twice the volume, and so (making
(here a decrease in suction), which means a smaller hydragain the crude approximation of hard spheres) the value of
tion force and therefore greater hydration or separationg \vould be 2 greater, which give$ = 5. To apply this
Solutes may also have specific effects on the energy ofndel, we subtract thé “inaccessible” waters from the
interaction between lamellae, or betwee.n lamellae angl Wahydration per lipid, and this hydration, plus the number of
ter. If they decrease the magnitude of either of these intergy tag per lipid, gives the average composition of the

actions .they reduce hydration, and conversely. interlamellar layer without the hard-sphere exclusion layer.
How is the osmotic effect of the solutes related to thelnterpolation of Fig. 3 and the curves in Fig. 5 give an

gonlclzentrati(zn of 'lchelirt\terlamellarfolution?m'tl'ge dats i:?(Fig'estimate of the osmotic pressufk for the solution. The

allow us 1o caicuiate an osmofic pressuleior a bu hydrostatic pressur is thenW — I1, and the interlamellar
solution of given composition: the temperature gives therepulsive force per unit area & = —W + II
chemical potential of water (using the method of Pitt, 1990), '

and for bulk solutions the hydrostatic pressure is zero, so th Fig. 7 shows the nonosmotic effect of the solutes on the
: L y P ' ﬁydration interaction, where the osmotic effects have been
osmotic pressure is just

calculated as described above. For DMSO and sorbitol, the

o _ resulting curves show only a modest difference from the
I=-v = Pw = Bw (7) hydration force measured in the absence of solutes. For
Vi sucrose and trehalose, the hydration force is comparable at

high hydration, but is substantially reduced at low hydra-

The interlamellar solution is not a bulk phase, of course.

The solute molecules are not very far from the walls of their O™ In this figure the abscissa Is lamellar hydratignand

container, and this must affect their spatial distribution and® the appropriate statement of the hydrqtlon force l"?‘W IS
their orientation at small separation. A typical interlamellarEq' la. If one used separatigras the abscissa (hydration
separation is 1.5 nm, whereas a typical solute dimension gw 1b), then the effect of all solutes would appear greater
0.3 nm. In this simple model, we set the concentration of?€cause of the volume of the solutes. Equations 1a and 1b
solutes at zero in a layer of thicknessadjacent to each '€ both empirical laws. In most studies to date, thg volume
interface. Let the number of water molecules in this layer bl interlamellar solutes has been small, and the difference
h per lipid, whereh = adlv,,, anda is the interfacial area per between the two formulations is rarely discussed (Wolfe
lipid. We assume that the partial molecular volume of wate2nd Bryant, 1992). _

is equal to its bulk value. For the intervening layer of The datain Figs. 6 and 7 suggest that very high concen-
thicknessy — 25, we set the concentration constant in this trations of trehalose and sucrose cause a specific decrease in
model (but see also Appendix 1 for an explicit treatment ofthe hydration force between bilayers, when expressed in
concentration variation). The number of solutes in this layefterms of hydration. All of the solutes, when added to the
is known, and the number of waters is just the total hydralamellar phase, bring in extra water because of their purely
tion minus the number in the excluded layers. We then sg@smotic effect. But, in the same or larger mole fraction as
the osmotic pressure of the interlamellar solution equal t®®?MSO and sorbitol, sucrose and trehalose increase the
that of a solution with this composition. The osmotic pres-hydration of the lamellar phase by a smaller amount. Over
sure is calculated by interpolation from Fig. 3 at high most of the temperature range investigated, sucrose and
hydration, and by using the empirical fits shown in Fig. 5 trehalose exert a higher osmotic pressure than do the smaller
for low hydration. This model is, of course, very simplistic. solutes at the same mole fraction (Fig. 3); so, for any given
The restricted volume of the interlamellar layer must alsochemical potential, they would be expected to bring more
limit the rotational motion of the solutes, and this may affectwater from purely osmotic effects alone. Figs. 6 and 7
the entropy of the water and thus the osmotic pressure. Wauggest that these solutes may reduce the hydration repul-
do not think that the severity of other approximations andsion by several MPa or more at low hydrations. To the
the precision of the available data justify a model with extent that this simple model represents the osmotic effect
independent, disposable parameters. of solutes in a lamellar phase, one may interpret our results
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thus: the effects of sorbitol and DMSO on the hydration ofintramembrane stresses
lamellar phases is due primarily to their osmotic effect andF

) . i [ i h ra-
the effect of excluded volume, and relatively little specific rom the force per un|.t area on the bilayer and the separa
- tion, the lateral stress it experiences can be calculated from

effect on the interbilayer forces need be invoked to explalr][he condition of mechanical equilibrium for the case where

their effect on hydration. The effects of trehalose and su- . . .
;Ci interlamellar layer supports no anisotropic stress

crose also have a large osmotic gffect, buta §|mple moqlel 9 olfe, 1987). The lateral stress in the lamellae cannot be
their osmotic pressure substantially overestimates their ef: . o . :
. easured directly, but the strain it causes (the thickening of
fect on lamellar phase hydration. If one uses such a mode . : S o
he bilayer in the normal direction and the contraction in the

then their specific (honosmotic) effects can be treated as ) : .
) . ) - plane) has been measured by x-ray diffraction on dehy-
substantial reduction of the hydration force at sufficiently .
. S drated lamellar phases (Lis et al., 1982). We express the
high concentration (i.e., several molal or more). These con- . :
. ; . .. stress as the lateral pressure or force per unit lengththe
centrations correspond to high volume fractions, and it is lane of the bilaver:
possible that the structure of water, which is proposed ) yer.
explain the hydration repulsion (Kjellander and Melja, 7= —Plamelia (8)
1985a,b), is considerably disrupted. _ )
Pincet et al. (1994) measured the effect of DMSO, sorFig. 8 shows the lateral stressas a function of tempera-
bitol, and trehalose on the force of interaction between

DOPC surfaces in the surface forces apparatus (SFA), in

. : . . = | 1 |

which osmotic effects can only arise at separations of a g 20

. . = ~ ——— No solutes
fraction of a nm. These authors found little effect of DMSO, E 15 oo~ L

: . : £ 157sorbitol
sorbitol, and trehalose on the interbilayer force, although v DMS\O\\
DMSO did affect the membrane structure. The concentra- % 10 -
tions they used (1.5-2 M) were similar to the smallest = 5_/ |
values in Fig. 7, and at the smallest values in Fig. 7 (the I ;\\mﬁ\
greatest hydration) there is the least or zero effect. More- S g =
over, Pincet et al. reported results consistent with the ex- 256 260 264 268 272
clusion of solutes at close approach (an effect that would Temperature (K)

follow from an excluded volume model as used here), so the )
effective concentration at close approach would have beeﬁlGURE 8 The lateral intramembrane stress as a function of temperature

| In th . t ted h th trati calculated with the simple excluded volume model, and neglecting any
ower. In he experments reporte ere, the concentra IOQ,nisotropic stresses in the interlamellar layer. The continuous lines are

increases at close approach, as it might do in some cases dR\culated for the samples shown in Fig. 6. The dashed line is the values of
vivo. DOPC-D,O in the absence of solutes.
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ture, using the data in Fig. 7. In all cases, the calculatednined. If the solutes are excluded from lamellar phases in
lateral stresses are reduced by the solutes, but the reductiomodel systems or membrane-rich regions in biological sys-
is greater for sucrose and trehalose at low hydration. Thesems, then they may remain excluded after freezing and
calculations assume that the interlamellar layer is still liquidhave little effect. If, on the other hand, they are constrained
and therefore cannot support an anisotropic stress. Zhartg remain in high concentration in a system with low hy-
and Steponkus (1996) point out that a vitrified interlamellardration, then their effects, especially their purely osmotic
layer can support some of the lateral stress, and so the lateraffect, may be substantial, as was the case here. The effect
stress in the lamellae is less than that calculated according tuf vitrification is also a key issue for two reasons. First, a
Eqg. 8. In the lowest temperatures shown in Fig. 8 and fowitrified or very viscous solution may not come to equilib-
sucrose and trehalose, it is possible that the viscosity wasum, and so the osmotic dehydration may be substantially
high enough to invalidate the assumptions of hydraulidess than that predicted by equilibrium models as used here.
equilibrium and of isotropic stress, and so the values ofSecond, the vitrified phase may itself support an anisotropic
lateral stress shown in Fig. 8 may be overestimates in thessress, so that the lateral stress in the membrane may be
cases. reduced. These aspects are treated elsewhere by other au-
thors (Koster et al.,, 1994; Zhang and Steponkus, 1996;
Zhang and Steponkus, manuscript in preparation).

Implications for cryobiology

The substantial reduction in lateral pressure, both by os-
motic effect and by apparently specific effect, has importanp ONCLUSIONS
implications for cryobiology, and for the phase behavior of At freezing temperatures, DMSO redistributes between the
lipids. Increased lateral pressures increase the temperatuggnellar phase and a coexisting bulk solution phase when
T,, of the L,-L; transition because of a two-dimensional present. Sucrose does not redistribute over times of up to
version of the Clausius-Clapeyron effect (Bryant andseveral hours. In samples prepared with high initial hydra-
Wolfe, 1992; Zhang and Steponkus, 1996). Furthermoretion, solutes had little or no effect on bilayer freezing,
the internal mechanical stress might, for some membranegossibly because they are excluded from the lamellar phase.
be relaxed by topological changes, such as those observed|in samples prepared with low initial hydration, high con-
freeze-damaged cells by Steponkus and co-workers (Gokentrations of all solutes studied were present in the lamellar
don-Kamm and Steponkus, 1984; Uemura et al., 1995)phase, and all four solutes increased the hydration of that
Thus all solutes should limit the dehydration-induced rise inphase at high freezing temperatures. For sorbitol and
Tmand the tendency toward topological freezing damage. IIDMSO, the increase was about what one would expect from
the absence of vitrification, sucrose and trehalose should bgeir purely osmotic effect. For sucrose and trehalose, the
more effective than DMSO or sorbitol at reducing the risepurely osmotic effect was dominant at concentrations less
in T, than several molal. At concentrations of several molal, these
It should be noted, however, that the results shown insolutes increased the hydration by an amount substantially
Figs. 5-8 were obtained only in samples prepared withess than would be expected from considering only their
rather low initial hydration of the lipids, and that this purely osmotic effect, as calculated by the simplest model.
resulted in high concentrations of solutes (several molal) imThis may be interpreted as a reduction in the repulsive
the lamellar phase at freezing temperatures. In samples withydration interaction between membranes at very high vol-
high initial hydration, the effects of solutes on the freezingume fractions {50%) of solute. All solutes reduce the
behavior of the lamellar phase were too small to be meaintramembrane lateral stress via the mechanisms discussed
sured with this technique. The results of Pincet et al. (1994py Bryant and Wolfe (1992). Sucrose and trehalose at very
were consistent with an exclusion of solutes when interhigh volume fractions produce a greater reduction than that
membrane separation became sufficiently small. Our resultsroduced by the other solutes.
are also consistent with such an exclusion in that all prep-
aration techniques produced a solution phase whose con-
centration was higher than that of the interlamellar solution
(Figs. 3 and 5). It is plausible that the highly hydrophilic APPENDIX: EFFECTS OF HYDRATION FORCE
headgroups exclude solutes and that, under many conditiofN SOLUTE DISTRIBUTION IN
of sample preparation, the concentration of solutes in thdNTERLAMELLAR LAYERS
interlamellar layer is low. The concentration of such solutesro analyze the effect that hydration forces may have on the spatial
in the regions of closely stacked membranes in cells dehydistribution of solute and solvent in a lamellar phase, one may ascribe a
drated by freezing is unknown. hydration energy to each water molecule in the vicinity of an interface.

Thus the distribution of the solutes, especially of poor|yBecause this energy will vary with pos!tlon, the_ hyc'irostatlc. prgsE’ure
the water must be allowed to vary with position in the vicinity of the

permeatlng' ones, Is a kEy issue, and comparisons of ﬂ‘\‘r:rterface (Demoiseau and Wolfe, 1988). Water molecules are regarded as
effects of different solutes should be attempted only whenncompressible and having volume The sizes of solute and solvent

the intermembrane concentration of the solute can be deteirolecules are assumed to be much smaller than the interlamellar separa-
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tion, which is a severe simplification. Lgthe the interlamellar separation,

x is the distance from one of the surfaces, and defirey/2 — x.
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water with the lamellae. Thus for the water, whose number fraction at any
zis X,(2), we write

z
w=p°+KkTInX, — Pove‘y’z"coer + Pv

Let us suppose that this water is in equilibrium with an external phase in

First let us consider the pure water and lipid case. We give the water &/hich the hydrostatic pressure is zero, but there is a number fraction of
hydration energy due to the lamellae that has a characteristic magnitude SolutesX, giving an osmotic pressutld,. The number fraction of water in

per water molecule and a characteristic length We then write the
chemical potentialw of the water:

= V‘O _ aefx/A _ aef(yfx)/A + Pv

z
=pup°— 2ae‘y’2AcoshK + Pv

For a total, one-sided aré®of the interlamellar water, the total hydration

energy of water is

yi2
U =
—yl2

VA . Yy
—yI2A _ —y/2A
2Aae cosh \ dz= —4AAae Slllh2 \

this phase is - X, which is a constant:

= pu’ +KTIn(L - X,)
7 (Ad)
=’ +KTIn X, — Pove‘y’ZAcoer + Pv

This is the first equation that relates P(z) tq,(X).

Now consider the solutes in the lamellar phase. For a first attempt, we
assume that the solutes have no energy of interaction with the lamellae, i.e.,
that they have a purely osmotic effect. In this model, the variation in the
solute concentration is therefore due only to the fact that, very near the
lamellae, the water is strongly attracted to the surface (hydration interac-
tion) and that this excludes the solute. (Such an effect is consistent with the
results of this study and of Pincet et al., 1994.) Consider the case where the
solute equilibrates between a bulk solution, where its number fractin is

Now consider the interlamellar water to be in equilibrium with a pure waterand the hydrostatic pressure is zero, and the interlamellar solution, where

bulk phase with hydrostatic pressupg To increase the separation by, d
the water does workW = —P,A dy, so

—PpAdy = dW = —dU = 2Aae Y dy

Pydy = —2ae YAdy

its number fraction is  X,, and the hydrostatic pressureHAsThis gives

pus=pS+ kTInX, = w+ kTIn(L — X,) + Pv,  (A5)
This is the second equation that rela®g) to X,,(2).

P may be eliminated from Eqs. A3 and A4 to yield a single equation for
X (2) and thusX((2). This can be substituted in Eq. A5 to obt&i(z). The
integral of X(2) with respect toz gives the total number of solutes
contributing to the broad NMR signal and can be compared with those data.

(Strictly speaking, it also does work in compressing the bilayers in theSimilarly, the integral oiX,,(2) gives the total number of fD contributing
plane. In this model we ignore this, because its effect is small in compart® the broad NMR signal in those experiments.

ison with the error bars in the data.) The empirical parameteasd A
assumed above may now be related to the empirical parantefersd A,
because experiments yield

P, = —Pe ¥ (A1)

soa = P2 andA = A. Thus we may write the chemical potentiabf the
interlamellar water as

V4
=l — Pove‘ymcoshx + Pv (A2)

From (A1) we havee Y** = \/—P,JP,, so (A2) becomes
z
w=pu’— \/— PP, v cosrﬁ + Pv

which may be rearranged to give an expresd®gg for distribution of
pressure in the interlamellar phase:

ke

z
P + \|=PyP, coshy

— z
=P, + |—P,P, coshX (A3)

For water equilibrium between lamellar and bulk phases:

pw— o KT z
- = _ —Yy/2X\ .-
v v In X, + P cosh)\

Ms— Mg KT
—T—Vsln(l—xw)

Let us use the definitions of water potential and solute pote¥tiad (u. —

v, Vo = (ng — pdlve. ¥ = ¥(T) and is calculated directly¥’ can be
calculated from the freezing point depression measurement¥/ se

WY (T) as well. To write the above equation in termsXaf= 1 — X, <<

1:

kT . z KT
v — v In(1—X) + Pe™ coshX =V, — v In X,
(A6a)

which, for X, << 1, yields a slightly simpler form:

kT % " z

v X+ v InNX| = ¥,— ¥ — Pe Acoskﬁ (A6b)
S

vJV is large, so the variation iR will have a large effect on the solutes in
the range wherPv, is comparable to or greater thki. Equation A4 is not
very different from Eq. A2, because the In term is weakPsstill has an
approximately cosh dependence oriThus, for the range of parameters

Now let us consider a lipid-water-solute system. First consider thecorresponding to the current study, the concentration of solutes is less in
water, and we shall suppose that the introduction of the solutes has only ahe interlamellar phase than in the bulk, and the concentration is higher
osmotic effect on the water and that it does not affect the interaction of thanear the midplane than near the interface. Thus the effect of this model, in
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the absence of explicit solute-membrane interactions, is to exclude solutd§jellander, R., and S. Marelja. 1985a. Perturbation of hydrogen bonding in

from a region near the bilayer surface whéRy] = KT, i.e., with a water near polar surface€hem. Phys. Lett120:393-396.

thickness of orden In(P,vJ/KT). For typical values of the parameters, this Kjellander, R., and S. Marelja. 1985b. Polarization of water between

length is comparable to solute dimensions, and so its effect may be molecular surfaces: a molecular dynamics studigemica Scripta25:

included, to first order, in the excluded volume effect discussed in the main 73-80.

text. Klose, G. H., B. Kmig, and F. Faltauf. 1992. Sorption isotherms and
The model presented in this appendix may be extended, however, to swelling of POPC in HO and?H,0. Chem. Phys. Lipid$1:265-270.

include putative explicit interactions between the solute and the bilayersKoster, K. L., M. S. Webb, G. Bryant, and D. V. Lynch. 1994. Interactions

even though the available data are not yet sufficiently explicit to testit. Let between soluble sugars and POPC (1-palmitoyl-2-oleoyl-phosphatidyl-
the energy of this interaction decrease exponentially with distance from the choline) during dehydration: vitrification of sugars alters the phase
surface. The characteristic length could once again be setuaing the behaviour of the phospholipidiochim. Biophys. Actal193:143-150.
argument that this force is mediated by water, and so ought to have theee, R. 1989. Insect cold-hardiness: to freeze or not to freégipscience.

same characteristic length. Let it have a strerjtrer molecule, wherg@ 39:308-313.

is positive for repulsion and negative for attraction toward the bilayer.|eiken, S., D. C. Rau, and V. A. Parsegian. 1994. Direct measurement of

Equation A5 is then replaced by forces between self-assembled proteins: temperature-dependent expo-
nential forces between collagen triple helic®soc. Natl. Acad. Sci.
USA.91:276-280.

LeNeveu, D. M., R. P. Rand, and V. A. Parsegian. 1976. Measurement of
forces between lecithin bilayerblature.259:601-603.

LeNeveu, D. M., R. P. Rand, V. A. Parsegian, and D. Gingell. 1977.
Measurement and modification of forces between lecithin bilay&os.
phys. J.18:209-230.
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