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Freezing, Drying, and/or Vitrification of Membrane—
Solute—Water Systems
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Membranes are often damaged by freezing and/or dehydration, and this damage may be reduced by solute:
In many cases, these phenomena can be explained by the physical behavior of membrane—solute—water systen
Both solutes and membranes reduce the freezing temperature of water, although their effects are not simply
additive. The dehydration of membranes induces large mechanical stresses in the membranes. These stress
produce a range of physical deformations and changes in the phase behavior. These membrane stresses a
strains are in general reduced by osmotic effects and possibly other effects of solutes—provided of course tha
the solutes can approach the membrane in question. Membrane stresses may also be affected by vitrificatio
where this occurs between membranes. Many of the differences among the effects of different solutes can be
explained by the differences in the crystallization, vitrification, volumetric, partitioning, and permeability
properties of the solutes.o 1999 Academic Press
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Membranes are often damaged during thgolutes on membrane hydration and interaction
process of freezing and thawing or during desand on the effects of vitrification. The approach
iccation and rehydration. Indeed rupture of théaken is to give simple physical explanations
plasma membrane is one of the most commonind illustrations in the text, with the mathemat-
used indicators of cell death. Freezing may alsieal and formal thermodynamical detail rele-
impair activity in biological membranes. Vari- gated to appendices. The first half of the pape
ous solutes limit this damage, both in livingconcentrates mainly on the physical principles
organisms and in model systems (70, 41, 42, jayolved and the second half on the effects o
22, 66, 75, 11, 62, 64) and these solutes aty|,tes on membrane properties at freezing ten
accumulated by some freezing-tolerant and deﬁératures.
iccation-tolerant species (38, 61, 63, 82, 35). In |, discussing solutes, we can loosely divide

this paper we analyze the interactions of mMeéMp e into three broad categories: salts (smal
branes with water and solutes at freezing te”?:'harged) sugars and other medium-sized re

pe raturgs and/or low 'hydratlon. We also COMated molecules (usually uncharged), and mac
sider briefly the hydration of macromolecules Nomolecules. Some of the effects we discus

freezing solutions. This paper extends a prev'a;pply to all solute types (e.g., they all occupy

ous analysis of this topic by the same author .
. : . \folume). Others may differ among groups (e.qg.
(5), in the light of research in the past severa .
. . . macromolecules are less likely to permeate
years, over which time considerable progress mbran nd t Hition into  lamellar
has been made in understanding the effects anes a 0 partitio 0 ‘ameta
phases). Most of our discussion concerns suga
and macromolecules, and the electrical effect
Received April 29, 1999, accepted July 2, 1999, of ionic solytes are discussed hgre orjly briefly
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thermal and hydraulic equilibrium. The coolingfalls to say 10 or 20%, all of the nonaqueous
rate that marks this division varies considerablgomponents are crushed very close togethe
among cells of different type and size. In theElectron micrographs of such freeze-dehydrate
natural environment, cooling rates are slow ancells show stacks of membranes which closel
so the distribution of water often has the time teesemble lamellar phases and sometimes hexa
approach equilibrium. In this paper we consideonal Il phases (17, 71, 73, 80). (It is also likely
processes and phenomena that are relevdhat a cell with 10% water content contains
mainly to slow cooling. Extracellular freezingregions of closely packed macromolecules, al
usually occurs before intracellular freezing (disthough this would be harder to recognize by
cussed later). The formation of extracellular icelectron microscopy.) Further, electron micros:
concentrates the extracellular solutes. This eleopy of freeze-dehydrated cells shows som
vates the extracellular osmotic pressure and thirgeresting topological features that are corre
causes water to leave the cell osmotically. Wdated with damage (72, 16). These features
ter contents on the order of 10% or less arehich we discuss in more detail later, are founc
possible. Thus slow freezing and desiccation im the membrane-rich regions or where pairs o
an atmosphere with low humidity have manynembranes are close together. In some cas
features in common. the regions appear to lack intramembrane pat
In some cases, equilibrium thermodynamicticles and so may be plausibly modeled by
allows the calculation of the mechanical stressestacks of bilayers in a lamellar phase. Macro.
to which membranes are exposed and the way molecules are often excluded from dehydrate
which solutes affect these. We shall thereforlamellar phases (44, 6) so it is not surprising tc
begin by considering the equilibrium thermody{ind that dehydrated cells contain membrane
namics of solutions, of membrane—waterich domains nor unreasonable to expect the
phases, and of membrane—solute—water phast#®y contain macromolecule-rich domains.
For simplicity we shall discuss lipid bilayer Moreover, many of the thermodynamic and
membranes, although we anticipate that muamechanical effects discussed in this pape
of the discussion will be applicable to othemwould be expected in any system comprising
hydrophilic membranes as well. Macromolenanometer-sized hydrophilic objects in aqueou
cule—solute—water systems are discussed in aalution. As we shall show (Appendix 4), dif-
appendix. Nonequilibrium effects, especiallyferent geometries give similar equations, differ-

vitrification, are discussed later. ing chiefly in numerical factors. The compli-
cated geometries and usually unknowr
FROM MODELS AND THEORIES composition of cell components mean that.

TO LIVING CELLS while quantitative estimates may be difficult,

Experimental investigations of these thermothe qualitative behavior should be similar. The
dynamic and mechanical effects have oftetaws of thermal physics and mechanics may b
been conducted on model systems comprisirdjfficult to apply quantitatively to cells, but
only several different chemical components, buthere is no reason to expect that they are vio
in which the composition is both known andlated.
controlled. This also facilitates theoretical anal-
ysis. Much of this review concerns such simple PHASE EQUILIBRIA OF WATER, SOLUTE, AND
systems. Caution should of course be exercised MEMBRANE COMBINATIONS
when comparing phenomena in a lamellar phaselt is worth reviewing freezing and the effect
of lipid membranes or a regular hexagonal arragf solutes on freezing, so that we can compar
of macromolecules with those occurring in bithis with the effect of membranes.
ological cells. Nevertheless, in the case of freez- Freezing point depression due to solutes
ing-induced dehydration, the analogy is relaFreezing represents a balance between tf
tively strong. When the water content of a cellower enthalpy of the solid phase and the
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higher entropy of the liquid phaseAn equi- tures, the equilibrium condition for this sample
librium phase transition occurs at a temperacomprises a pure ice phase in equilibrium with
ture T, whereTAS = L, wherelL is the latent a solution whose composition is given by the
heat of fusion andSis the change in entropy curve. This solution phase contains all of the
at fusion. The presence of solutes in liquidolute and a quantity of liquid water, which
water increases the entropy of the water moHdecreases as the temperature falls. Samples wi
ecules. When ice forms, its crystalline strucdifferent total composition would be repre-
ture excludes almost all solutes, so that ice isented by different horizontal lines above freez.
an almost pure, single component phase. Asiag, but all follow the same curve below freez-
result, the entropy of the ice is almost uning.
changed by the presence of solutes in an Freezing point depression due to membrane:s
ice-solution sample. On the other side of thé standard way of representing the colligative
equation, the presence of solutes makes littler hydration properties of a lamellar phase is ¢
difference to the latent heat of fusion. In thelot of the interlamellar force per unit area as &
presence of soluted\Sis larger so the equi- function of hydration or interlamellar spacing
librium freezing temperatureT is lower. (Fig. 1c). We return to this representation latel
(Some of the thermodynamics for this sectiobut, for the purposes of this comparison, we
is developed in Appendix 1.)This familiar shall first consider the hydration of a lipid la-
result—commonly called freezing point depresmellar phase as a function of temperature (Fig
sion—is usually plotted as freezing temperaturgd). At high hydrations (e.g., more than abou
T vs solute concentratio® (Fig. 1a). For the 30 waters per lipid in the case of phosphatidyl-
purposes of comparison with membrane hydraholines) and above freezing temperatures
tion and for cryobiology, however, it is helpful lipid—water suspensions separate into two dif
to considerT as the independent variable. It isferent phases: a lamellar phase with about 3
also helpful for the comparison to represent thevaters per lipid and a bulk phase of nearly pure
composition of the solution as the hydration ofvater. At lower hydrations and/or freezing tem-
the solute, i.e., the mole ratio of water to soluteperatures, however, there is no excess wate
rather than the concentration. This is shown iphase, just a single lamellar phase. When
Fig. 1b. At low (solute) concentrations, the hy-highly hydrated sample is frozen, the bulk water
dration of the solute is approximately propor{freezes and the lamellar phase begins to deh
tional to the reciprocal of the concentration, salrate, so it is sufficient here to consider low-
the nearly linear region in Fig. 1a approximatefiydration phases. Nuclear magnetic resonanc
a hyperbola in Fig. 1b. The data in Fig. 1a aréNMR) can be used to measure the amount c
standard data for sucrose (83). The solid line illquid water present as a function of temperatur
Fig. 1b shows the behavior of a hypothetica(89). Figure 1d shows the equilibrium hydration
sample whose total composition has 80 wateaf lamellar phases of dioleoylphosphatidylcho-
molecules for each sucrose molecule. This confine (DOPC) at freezing temperatures. The dat:
position has a freezing point of aboutl.5°C in Fig. 1d are for three samples having different
so, above this temperature, the sample is a sitotal compositions: these compositions are eac
gle, homogeneous solution phase. This is indshown by points on a horizontal line. (These
cated by the horizontal line. At lower temperapoints are measured above the equilibriun
freezing temperature for each sample.) Belov
! Liquid water has a higher internal energy)(than does these temperatures, ice and water coexist. Tt
ice: the latent heat of fusiori) is just the difference in NMR signal from the liquid water gives infor-

internal energy per unit mass. But liquid water also haFnation about the size and geometry of the con
higher entropy ) than does ice, because its molecules cal

translate and rotate more freely. The entropy is more imErIbUtIng vc_)lumes. These Slgnals mdlcat(_a t_haw
portant at high temperatures: expressions for the Gibbs atg€ water lies between the lamellae and is in :
Helmholtz free energies include the tetin— TS. condition similar to that of water in lamellar
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FIG. 1. (a) The equilibrium freezing temperature as a function of concentration for a solution of sucrose (83).
In (b), the same data are plotted to show the composition of an unfrozen sucrose solution (expressed as the mol
ratio solvent:solute) as a function of temperature. (The two unshaded points in (a) are omitted in (b).) The solid
line represents the water:sucrose ratio in a sample whose total composition has a mole ratio of 80:1. Such &
sample is a single, homogeneous phase above abbi®’C. Below that temperature, ice and solution coexist,
as shown by the cartoon insets, in whEhepresents a solute molecule and white represents water. In (c), the
hydration properties of a DOPC lamellar phase are shown as the interlamellar force per unit area as a function
of mole ratio water:lipid or interlamellar separatign(90). On this semilog plot, the data are approximately
linear, suggesting an exponential force law at small interlamellar separations. The hydration behaviors of most
lipids are qualitatively similar (though quantitatively different), so one would expect qualitatively similar results
from other lipids that did not undergo a phase transition in the temperature range investigated. The data in (c)
are the same as those also plotted in (d). Here they are plotted as the composition of a lamellar phase of
DOPC:D,0 as a function of temperature. At sufficiently low temperatures, an ice phase coexists with the
dehydrated lamellar phase, as shown in the cartoon inset, in which shaded bars represent the bilayers. At highe
temperatures, there is no ice and, for any given sample, the hydration does not change with temperature. The
different symbols represent samples with three different total compositions: mole rati®3, 25 (A), and 17.7
(m). For both solutions and lamellar phases, supercooling is possible. For the samples whose equilibrium
behavior is shown by the solid lines in (b) and (d), supercooling is represented by the dashed horizontal lines
to the left of the equilibrium curves.

phases at low hydration when no ice is presenfreezing temperature, there is a minimum size
There are several other reasons to believe thfar ice crystals below which they are unstable
the ice forms a separate, macroscopic phase awith respect to water and there is insufficient
that there is no ice in the narrow spaces betweeapace for stable ice between lamellae at th
adjacent pairs of lamellae. First, at any givemaverage separation (see Appendix 2). Secon
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the hydration curves for samples with different a
initial hydrations superpose very closely in Fig.

- ¥ light
1d, which suggests that_ these lamellar phas_e M I I
have the same composition at the same freezind ~—_—

temperatures. Finally, the curves in Fig. 1d sesssesesseess

closely resemble the hydration behavior of la- ¥ 1o spectrometer
mellar phases in the absence of ice, as measured
in diverse ways, as we shall see next. This
behavior is usually represented in a rather dif- b .,
ferent form, as shown in Fig. 1c, in which a unsaturated reference
repulsive force per unit area is measured as gesessssreescs vapour solution

Force measured directly

function of the hydration or the interlamellar S S
. — s
separation. T | Bt

HYDRATION AND HYDRATION FORCES
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When surfaces in water are brought to close
separations (about one nanometer—Fig. 1c), a¢
very large repulsive force, called the hydration
force, is measured. Hydration forces have been
investigated using a number of different and
complementary methods. The origin of the hy- |
dration force is still not unanimously accepted.
Some researchers attribute it to normal motion
of the surface, either individual molecular mo-
tion or surface undulations (25). A more widely
held view is that it is due to ordering of water Al es. In the surface forces a ; )

. . pparatus (a), the interlamelle
the surface, which propagates out from the SUf5rce is measured directly and changes in the separation
face with decreasing strength (29, 30). For th@e supporting surfaces are measured optically. In the o
purposes of this discussion, the nature of thmotic stress technique (b), the force is determined from th
force s ot o undamental concer (ot see e eramei sopasto . oo
discussion by Br_yant and Wolfe (5)). . mined from X-ray diffraction or the hydratign is determined

Force-separation curves between bilayers a@ vimetrically. In the freezing stress technique (c), the
other surfaces may be measured directly using@ce is determined from the equilibrium of the unfrozen
technique developed by Israelachvili and cointermembrane water with ice at known temperature. The
workers (27, 23, 21). In the surface forces ap’qtermembrane water content is determined from its NMR
paratus (SFA) the deflection of a calibrated9"@"
spring measures the force and sophisticated op-
tical interference methods are used to measucentrol the chemical potential of the reference
the changes in separation of the atomicallphase. For modest dehydrations, high-molect
smooth surfaces upon which the lamellae adar-weight polymers are introduced into the
deposited (Fig. 2a). lipid/water mixture. As these do not permeate

In the osmotic stress technique (OST) ofhe membranes, they remain in a separate wi
Rand, Parsegian, and colleagues (40, 44, 5%r—polymer phase, thus dehydrating the mem
the force between bilayers is determined thebranes. For moderate dehydrations, pressure
modynamically by equilibrating the water in theapplied hydraulically through a membrane. For
phase to be studied with a reference aqueousost moderate to severe dehydrations, a serit
phase. Depending on the range of hydration tof saturated solutions is used to control the
be studied, one of three methods is used wmpor pressure, which is used to control the

ju=u(T)é
7

FIG. 2. Measuring lipid hydration and interlamellar
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hydration of lipid—water samples. Each lamellaforth freezing stress technique or FST). Con:
phase sample is equilibrated with an unsatusider first the case in which there are no solute
ated water vapor, which in turn is equilibratedoresent. When a lamellar phase equilibrate
with one of a series of reference solutions (Figwith a macroscopic phase of pure ice, the chem
2b). The chemical potential of wateg) is ical potential of the ice depends on its temper-
known for each of the reference solutions, andture—in fact it decreases approximately lin-
at equilibrium it equals the chemical potential okarly with temperature. As the temperature falls
water in the lamellar phase. In a solutign,is the chemical potential of the interlamellar water
lower than it is in a pure water phase at zeralso falls, again by supporting an increasingly
pressure because of the osmotic effect of theegative hydrostatic pressure. Again the magni
solutes, which lower the entropy of the watertude of this suction must equal the repulsive
The water between the lamellae contains nfmrce per unit area, and so the force between th
solutes, but its chemical potential can be lowlamellae may be calculated directly from the
ered by lowering the hydrostatic pressure in thiemperature (Appendix 1). The hydration may
region, so a negative pressure or suction ise measured directly by NMR, as describec
developed in the interlamellar water. For meabove, to give force—hydration relations. Figure
chanical equilibrium, the magnitude of the sucic shows the data from Fig. 1d replotted in this
tion equals the repulsive force per unit areavay. These measurements also give an appro:
between the lamellae. As the lamellae approadimately exponential force law with parameters
closer, the repulsive force can be very largsimilar to those determined by the two other
(tens of MPa) and it requires successively lowanethods (90).
chemical potentials of water to draw water out We note in passing that the OST has als
of the interlamellar regionSThe repeat spacing been applied to determine force—separation re
and the separation may be measured by X-rdations for other geometries. Parsegiah al.
diffraction to give force—distance curves. At(56) have measured the hydration repulsion an
close approach, the hydration force dominatesther forces in hexagonal arrays of DNA. In
other forces (the attractive van der Waals intepprinciple the OST and the FST may be used t
action, electrostatic interactions) and the forcdetermine force—hydration relations for a vari-
depends approximately exponentially on sepaty of ultrastructural elements, provided tha
ration, with a characteristic length of about 0.2heir geometries are known.
nm, as shown in Fig. 1c. The two methods In the absence of solutes, the interlamella
(Figs. 2a and 2b) are quite different and théayer is expected to remain fluid at quite low
constraints upon the bilayers are different. Newemperatures and separations. Consider tt
ertheless, the force curves measured are qudidrces acting in the lamellar phase. In the direc
tatively similar and may be quantitatively rection normal to the bilayers, the suction in this
onciled (24). In a variant on this method, thdayer is balanced by the hydration repulsion. Ir
hydration, rather than the separation, is medhe lateral direction, it acts to compress the
sured by weighing the sample (50) to givdamellae and produce a compressive sfréss
force—hydration relations. Knowledge of the bithent (88). This is illustrated in Fig. 3. Note
layer geometry and mechanical properties al-
lows c_omparlson of forcedeStance and force— . In this paper, “stress” is used in its strict physical sense
hydration curves (Appendix 3). a force per unit area. “Strain” means a deformation pro-
Hydration force behavior can also be studieduced by the stress. The words “stress” and “strain” are

using freezing, as is shown in Fig. 2c (henceaften used metaphorically in cryobiology.
* The compressive stress could be considered a force p
% Despite these very large suctions, cavitation is highlynit area acting at a point in any surface perpendicular to it
improbable. This is because the surfaces are very hydrplane. Integrating this three-dimensional stress across th
philic and the separations are smaller than the critical dmembrane thickness gives a lateral force per unit lengtl
ameter for cavitation (Appendix 2). which we call lateral pressure or lateral stress
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a<a This has been measured by X-ray diffraction

] a e —| |- (44).
The most noticeable effect of lateral stress i
0000 J— 00000 _L on the gel-fluid (also known as gel-liquid crys-
y y'<y  tal) transition in a planar bilayer (Fig. 4c). De-
010101010 T QOO0 T hydration elevates the transition temperature
for lipid-water phases as much as 40°C abov

the excess water transition temperatligeThis

_ FIG. 3. yjs the separatipn between the_ d_ensity Weighte%ffect has been observed by many investigator
lipid—water interfaces andis the area per |Ip|d.ln.(OI.'16 side for a wide range of |ipidS (e.g” 13, 78, 32, and
of) the lamella. The volume of water per lipid &y/2. . .
Removal of water from the interlamellar layer could pro-€férences contained in these papers). The effe
duce reductions in eithea or y. If the lamellae were IS readily explained in terms of a two-dimen-
infinitely rigid, only y would be reduced by a reduction in sional version of the Clausius—Clapeyron effec
water volume. If the hydration repulsion were an infinite(5). When the bilayer goes from gel to fluid, its

step function, then only would be reduced. In practice, . . A
both are reduced (Appendix 3). Reductiony are balanced area in the plane increases by an am per

by an increasingly large hydration repulsion between th@OIecme- In a dehydrated phase, this occur

lamellae. Reductions ia are associated with increasingly against a lateral pressutein the bilayer, orm/2

large lateral compressive stress in the lamellae. in each monolayer, SO it incurs an extra energ
cost of mAa/2. This makes the gel phase more
stable with respect to the fluid, and so the tran

that this lateral stress can be produced by desition temperature is elevated. The two-dimen

iccation in equilibrium with an unsaturated atsional version of the Clausius—Clapeyron equa

mosphere (cf. Fig. 2b) or by freezing-inducedion may be written

dehydration (cf. Fig. 2c). Consequently, much

of the following discussion has relevance to AT = TAa

both cryobiology and anhydrobiology. 2L

suction

™, (1]

STRESSES AND STRAINS IN MEMBRANES whereAT is the increase in the transition tem-

) perature due to a lateral stressL is the latent
These intramembrane stresses produce seveial of the transition. antla = (a — a,) is the

strains and other responses: geometrical straiRference in molecular areas between the ge

topological strains, thermotropic changes, angly ang fiuid (f) phases. Thus the transition
spontaneous demixing. They are |Ilgstratec_i in F'Qemperaturél'm is increased in proportion to the
4. Some of these have been associated with mejgsa 4 pressure applied, at least for small ap

brane damage in freezing or dehydration of Iivin%”ed stresses. Taking values (for DPPC)Lof
cells or model systems. 5 10 J- molecule* andAa ~ 0.15 nnf, the

_The geometric strain of a membrane is thg,sjtion temperature is elevated 59.5 K for
simplest. If a membrane at initially high hydra-o5cn mN- m™ of applied lateral stress(For

tion (Fig. 4a) is dehydrated (Fig. 4b), & COMinempranes under a tensile stress, Eq. [1] give
pressive lateral stress is associated with a redyg depression of the transition temperature

tion in area per molecule. For small changes, thegsjle stresses are possible when a vitrifie

two are proportional and the constant of propofiterjamellar solution supports a compressive

tionality is called the area elastic modulus. Thigirass as we shall discuss later.)

ha; been measured for lipid b_ilayer_s an_d for another deformation produced by lateral
animal and plant membranes using micropipetig esses is lateral demixing in membranes ¢

aspiration (52, 87, 14). Because the lamellagqre than one component. If a membrane in
have very low volumetric compressibilities, a

fraCtIOﬂa| redUCtlon |n area |S aSSOClated W|th as Phase diagrams in terms mf T, and Composition are
nearly equal fractional increase in thicknessjiven by (20) and (48).
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FIG. 4. The strains produced by dehydration-induced stresses. (a) A lamellar fluid phgset (high
hydration. (b) The geometric strain produced at lower water content. The average area pardipdthe
interlamellar separatiop are decreased, while the lamellar thicknes§the bilayers is increased. (c) At lower
water contents, increased lateral stress (see text) can produce the transition to the gél phagk §traight
chains, oL, with chains at a fixed angle, as shown). In the gel plsase a, t' > t, andy’ <'y. Dehydration
stress produces this transition at elevated temperatures (Eq. [1]). In (d) the shaded circles represent the lipic
species with the greater hydration, and the unshaded circles represent the lipid with the lower hydration. At high
hydrations the two lipids form a single mixed phase (d, top), but as hydration is reduced, they separate into two
separate phases. The lipid with the greater hydration is preferentially sequestered in domains with relatively high
hydration (d, bottom right), while the less strongly hydrating lipids are concentrated in domains with lower
hydration (d, bottom left). (e) Large hydrophilic molecules, such as intrinsic membrane proteins (circles in this
diagram), have a larger hydration interaction and can therefore be demixed by dehydration stresses (e, bottom)
(f) A topological response to stress. At very low hydrations the lipids may undergo a transition to the hexagonal
Il phase, which consists of small cylinders of water surrounded by lipids. At the top of the diagram, lipids are
represented by the shaded area and water by the unshaded. The hexagons are the repeat units of the structu
In the lower part of the diagram, individual lipid molecules are represented.
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cludes components that differ sufficientlymay thus be an intermediate stage prior to for
greatly in their hydration interaction, then inmation of damaging inverse phases (6, 4, 84
some regions of the hydration-temperatur85s).
phase diagram, they separate into two fluid
phases with different compositions (6). This has
been observed in two component lipid bilayers Solute partitioning.Membranes are poorly
(4, 84) (Fig. 4d). It can also explain the excluPermeable to many solutes, especially when th
sion of proteins from areas of fluid mosaicsolute molecules are large. It follows that sol-
membranes under suitable conditions (Fig. 4eyjtes may not always equilibrate between phase
although other explanations are also possiblénd that the composition of the phases of :
The possible significance of this demixing issample with a particular overall composition
discussed below. may depend on the history of its preparation.
Apart from the geometric deformation shown As a simple example, consider a suspensio
in Figs. 4b, 4c, and 4d, there is another way iff multilamellar vesicles in pure water, in the
which the aqueous volume can be reduced: viiesence of excess water. Water permeates e:
a discontinuous change in the shape of the ifly and so the lamellae approach full hydration.
terface. Hexagonal Il phases (inverse hexagonPw add to the sample a nonpermeating non
phases) have tubes of water surrounded by |”B)niC solute. It is distributed (at least initially) in
ids, as shown in Fig. 4f. For inverse cubi¢he bulk water phase. The osmotic pressure ¢
phases, approximately spherical volumes of wdbhe bulk solution now dehydrates the multila-
ter are surrounded by lipidsThe geometry of Mmellar vesicles. The extent of the dehydration i
these inverse phases is il suited to perform th@etermined by the repulsive forces between th
role of semipermeable separation, which is al@mellae. The greater the solute concentration i
important function of membranes, and so it i¢he bulk, the greater the intermembrane repul
not surprising that observation of these phasesion and so the greater the intramembran
or ultrastructural features resembling them, hagress. In this case we would expect latera
been associated with damage at low hydratiofPmpression of the membrane, elevation of the
(17, 71, 73, 80). Several further topologicamembrane liquid crystal—gel transition temper-
changes have also been reported in plant céffure T), and perhaps other strains if the bulk
membranes that are brought closely togeth&plution were sufficiently concentrated. Com-
during freezing, and these have been related B&re this sample with one of the same overal
freezing damage (72, 16). composition, but in which the solute partitions
In biological membranes, most of the lipidsPetween the bulk and the interlamellar water (by
are strongly hydrating lipids that do not readilyone of the means discussed below), until botf
undergo transitions to nonbilayer phases. Hovgolute and water reach equilibrium. Here there
ever, some membrane components are lelssno osmotic pressure difference, little or no
strongly hydrating. Even relatively small frac-dehydration of the lamellar phase, and little or
tions of the weakly hydrating species may, howno lateral stress. Nonspecific solute effect:
ever, be important, because the fluid—fluid devould produce little or no change i, at
mixing that results from dehydration stressetemperatures above the freezing temperature ¢
(discussed above—see Fig. 4d) produces d#e solution.
mains rich in the low hydrating component.
These domains may then undergo a transition to” A somewhat similar result may occur with unilamellar

a hexagonal Il phase (Fig. 4f). The demixing/esicles. If the vesicle radius is much greater than the
membrane thickness, adding a nonpermeating solute to tf
suspending medium will cause the vesicles to collapse unt

°In some cases, membrane surfaces may have a sporitee membrane separation is determined by the hydratio
neous curvature and this transition may also lower théorce. At low hydration, regions of flattened vesicles may
mechanical energy. This is analyzed by (28) and (19). resemble—and respond like—lamellar phases.

EFFECTS OF SOLUTES
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highly concentrated solution. This is likely to
a produce a lamellar phase with a highly concen
no excess Unhydrated trated solution in the interlamellar spaces. It is
volume lipids possible that there is also a macroscopic solu
tion phase whose concentration is not necessa
ily the same as that of the interlamellar solution.
b In case b, the same amount of anhydrous lipid i
hydrated by adding a large volume of dilute
large excess . . .
volume solution, which contains (for the purposes of
this illustration) the same amount of solute. This
Unhydrated . . . .
lipids will form a lamellar phase with a dilute interla-
mellar solution and a large volume of bulk

. solution. The second sample is then either fro
Volume of ice or zen or dehydrated in an unsaturated atmosphe
removed water X K
_ o _ until (let us suppose) it has the same total wate
FIG. 5. The effect of different initial hydrations on solute content as the first sample. If the solute fails tc

redistribution. (a) A sample which is hydrated from the dry te th b th the final
state with a small volume of a concentrated solution Opermea € the membrane, en the final resu

solutes. There is no excess water, and so the solutes ditfy be that the second sample comprises

water are all or nearly all in the interlamellar region (aslamellar phase containing less solute (and als
suming no solute crystallization). (b)_ Lipids being h_y_dratet1ess water) than the first sample and a large
from the dry state with the same ratio of solute to lipid, bubu”( volume of concentrated solution. If the

enough water to create a substantial excess volume. Up@n hvdrati fficient. it miaht al
removing some of the water, so that the total water volum ehydration were sumcient, It might also con-

is the same as in (a), many of the solutes concentrate outsitRiN crystals of the solute. A range of procedure:
the lamellar region. Both the number of solutes per lipid irmay be applied to the second sample to increas

between the membranes and the interlamellar separgtiorthe solute content of the interlamellar solution:
are lower in case (b) than in (a). NMR of the solute or thganaated centrifugation with regular alternatior
water can be used to determine the distribution (90). . .
of the orientation of the sample, repeated cycle
of freezing and thawing, and the passage of tim

Freezing the sample further complicates théveeks or more—P. Rand, personal communi
picture because it changes the solution compeation). Nevertheless, it would be unwise to
sitions and can do so quite rapidly. Yoehal. assume that, even after this treatment, the con
(90) reported experiments that compared lipidpositions of the interlamellar phase and the bull
sugar:water samples having similar lipid:sugaphase were the same. First, the solute may st
ratios, but different levels of initial hydration. not have reached equilibrium between the twc
When these were frozen, the lamellar phase wakases. Second, the equilibrium may not corre
dehydrated and the water equilibrated betweespond to equal concentrations. Some solute
that phase and a bulk solution phase. The nurmay be preferentially sequestered in the lamel
ber of solutes in the lamellar phase was highéar phase, others excluded from it. The purpos
in samples whose initial hydration was low,of this illustration is to warn that sample prep-
simply because there was no (or less) excesasation and history must be considered in an
solution. As a result, the samples with low inicomparison of data and that the composition o
tial hydration produced lamellar phases witlihe lamellar phase component of a lipid—solute-
higher hydration at a given freezing temperawater sample is not readily determined from the
ture. total composition of the sample.

Figure 5 illustrates this point for a hypothet- Specific vs nonspecific effecBolutes affect
ical solute to which the membrane is completelthe hydration of membranes, hydration forces
impermeable. In case a, anhydrous lipids ammembrane—membrane interactions, and in
hydrated with a relatively small amount of atramembrane stresses in a number of ways. Tf
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interactions of solutes with water and withinto the interlamellar space. If solutes are toc
membranes may be specific to particular solarge to partition into the interlamellar layer, or
utes. There are also, however, some importaifitthe sample preparation and their imperme-
effects that are nonspecific, in the sense that aapility has kept the solutes out of that space
solute (or any solute of similar size) would havehen their osmotic effects are indirect. They car
a similar effect. have an effect on hydration because they affec
Osmotic effectsAll solutes have an osmotic the chemical potential of water, but this is most
effect: they increase the entropy and lower thenportant at temperatures above freezing. Cor
chemical potential of the water in which theysider, for example, a suspension of unilamella
are dissolved. Consider first a lamellar phaseesicles in pure water, to which is added &
containing no solutes, in equilibrium with ice athonpermeating solute. First consider tempere
—1°C. The ice and the lamellar phase competerres above freezing: Water leaves the vesicle:
for water, with the result that the pressure in thevhich then shrink until further dehydration is
interlamellar water is—1.2 MPa and so the prevented by the hydration force when mem-
interlamellar repulsion is 1.2 MNm™ (Appen- branes are pushed close together. When tr
dix 1). Typically this gives rise to a lateral stresavater is at equilibrium, the osmotic pressure o
in the lamellae on the order of 1 mNm™, the solution equals the suction in the interlamel
although the value depends on the type of lipidar water. In this case, the excluded solute pro
Now consider a system with solutésthe in- duces an intramembrane force and dehydratior
terlamellar fluid. Ice at —1°C can equilibrate induced intramembrane stresses at temperatur
with a solution having zero hydrostatic pressurabove freezing. In the presence of ice, the be
and a solute concentration of about 500 molhavior of the lamellar phase is largely unaf-
m~ (for a nondissociating solute). One mighfiected by the presence of these solutes, whic
expect that a solute concentration of this ordeare sequestered in a coexisting concentrated s
in the interlamellar water would reduce the suclution phase.
tion, the intermembrane repulsion, and the lat- Effects on the hydration forc&he presence
eral stress to zero and increase the interlamellaf the solute (in high concentration) may be
separation. In practice, the osmotic effect oéxpected to affect the hydration force. Many
interlamellar solutes is a little more complicatedesearchers believe the hydration force to be du
for several reasons (90). The size of solute the nonrandom orientation of water propagat
molecules is not negligible in comparison withing from the interface (29, 30). Solutes do not
the interlamellar separation, so the excludeldydrogen bond in the same geometry as wate
volume near the interfaces must be considerednd the solute has a different (usually lower)
Due to this effect, a solute has a greater osmotpplarizability. One might therefore expect all
effect in a confined space than it would in bulksolutes, at sufficiently high volume fraction, to
solution, and the effect increases somewhat foeduce the hydration repulsion and thus the in
larger solutes. There may also be variations itmalamellar stress. At equal concentration, a sol
solute distribution within the interlamellar layerute with a larger volume would be expected tc
due to interactions between the solute and theve a larger effect, all else equal.
lamellae. In short, the purely osmotic effect of Volumetric effectsThe volume of solutes
the presence of solutes in a fluid interlamellafwhen not negligible in comparison with the
layer is to increase the hydration, to decreasslume of water) itself increases the volume of
the intramembrane stress, and thus to reduce ttie interlamellar solution. If this layer of solu-
dehydration-induced increase in the gel-fluiion has negative pressure, that suction now ac
transition temperature, but the effect is somesn a greater thickness of solution, and this in-
what less than predicted by the simplest modetreases the lateral stress. Except for large vo
The foregoing discussion concerns the osime fractions, this effect is relatively small
motic effect of solutes which have partitioned86). The molecular volume also affects the
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steric interaction with membranes, discussent with the exclusion, to a small extent, of
above. Finally, one of the most important efsugars from the region closest to the bilaye
fects of molecular size is that larger moleculesurface. Crowe and co-workers (e.g., 12), on thi
are more likely to be excluded from the inter-other hand, observe alterations in the infrare
lamellar layer. spectra in the presence of trehalose and fror
Interactions among solutes, membranes, arttlis deduce that trehalose hydrogen bonds wit
water. After estimating and allowing for the the lipid head groups. Yu and Quinn (91) ob-
osmotic and volumetric effects, Yoat al. (90) serve that DMSO reduces the lamellar repec
reported that the disaccharides sucrose and tispacings and infer that the bilayer thicknes:
halose, at concentrations of several kmoi®, decreases. From this they conclude that DMS(
reduced the hydration force between diis preferentially located at the lipid—solvent in-
oleoylphosphatidylcholine bilayers to a greateterface.
extent than did the smaller solutes sorbitol and The degree to which inter- and intramem-
dimethyl sulfoxide. The effects of sorbitol andbrane stresses are modified by specific intera
dimethyl sulfoxide on the interlamellar repul-tions between membranes and solutes is usual
sion were very similar to what these authorsomplicated by the osmotic effects of the sol-
calculated from their osmotic and volumetricutes. The osmotic effects are often quite large
effects. It should be noted that, at high volumand therefore may obscure specific effects. Th
fractions of solute, the effect of solutes makes &FA is quite different from and complementary
bigger difference to a plot of force vs separatiomo the OST and the FST in that, in the SFA,
than it does to a plot of force vs hydration. Yoormeasurements are conducted in the presence
et al. made comparisons in terms of force-alarge volume of excess solution. Consequentl
hydration curves. For all of the effects of soluteshe SFA is unaffected by osmotic forces, excep
discussed above, rather large concentratiomasvery close separations when exclusion effect
(several kmol- m™ or more) are required to may be important. As a result, the SFA is well
produce substantial effects. For intermembrarmiited to examining the specific effects of dif-
sugar concentrations of much less than 1 kmoferent solutes. A limitation on the technique is
m™, the effect on the hydration properties andhat it is difficult to use very large concentra-
intermembrane forces for most freezing tempetions of solutes because, in order to compar
atures is just that predicted from the osmotivith controls, the aqueous medium must be
effects (90). The larger effect of the larger solreplaced during an experiment. Pinegtl. (57)
utes sucrose and trehalose might be becausenoéasured the effect of dimethyl sulfoxide, sor-
their increased perturbation of water structurebitol, and trehalose on the force between DOP(
the volume fractions reached as high as 50%ilayers. For the saccharides, their study wa
and one would expect substantial disruption dfmited to concentrations of only 1.5 to 2 kmol
the hydrogen bonding network at these concem™. Their results showed little specific differ-
trations. An alternative explanation is that theyence among the solutes. Their results also suf
are due to specific effects of these solutes on tlyested that, when bilayers were brought ven
hydration force. close together in the presence of a reservoir c
Solutes could affect hydration forces either iolution, sorbitol and trehalose were, to some
they were adsorbed onto the membrane—watektent, excluded from the region very near the
interface, in which case they would produce amembrane surface.
interface with an altered capacity to polarize Electrical interactions.The effect of ions on
water and an altered surface mobility, or if theycharged surfaces has been most extensive
were excluded from the interface and thus crestudied in colloid science, and much of the
ated a very high concentration midway betweetheory of the interaction between colloidal sur-
the lamellae. faces (81) has been carried over to analyz
The results of Yooret al. (90) were consis- forces between membranes (see also 9, 26
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Experimentally, the effect of ionic solutes onof the enzyme, so one effect of compatible
intermembrane forces has been studied in coselutes is that they result in a reduction in the
siderable detail using the SFA and chiefly atoncentration of ionic solutes (51). To have
concentrations that are modest in comparisasuch an effect directly, the compatible solute:
with those found in freeze-dehydrated or desianust partition into, or be produced in, the solu-
cated cells. The most spectacular effects are d¢ion in which the enzyme is found. It is also
charged membranes and they have a large praessible for nonpermeating solutes to have a
portional effect on the electric double layereffect by vitrification, which hinders osmotic
forces at moderate to high hydrations (49). Thequilibrium (this is discussed below). The ef-
effects of different ions upon the interactiondects of permeating and nonpermeating non
between surfaces with various charges are vapnic solutes can therefore be rather different
ied and complicated and are reviewed by otherShakir and Santarius studied the effect of com
The effects of monovalent ions on the repulsioplex media including both salts and nonionic
between surfaces is usually to reduce it (81, Zolutes on photosynthetic reactions in thylakoic
47). The divalent ion Ca may change the sign membranes (66). They conclude that the colli
of electrostatic forces between charged surfacgative action of penetrating cryoprotectants i
(46). Electrical forces are potentially very im-the primary mechanism for protection of the
portant in determining the intermembrane spaghotosynthetic reactions in the thylakoid. We
ing in highly hydrated systems and have beedo not know of any study of the effect of
invoked to explain such effects as the stackinfyeezing-induced stresses in the thylakoid an
and unstacking of thylakoid membranes in fullythe extent to which permeating solutes reduc
hydrated chloroplasts. Further, the interactionfese stresses. Shakir and Santarius also disct
between ions and membranes are capable pdssible interactions between solutes and men
producing responses that include demixing anoranes.
changes in the phase transition temperature (60,
77). In membranes at low hydration, however,
close approach almost always produces a veryThe normal fluid to solid phase transition
large repulsive force, as discussed above, awdcurs by a process of nucleation and growitl
this paper is concerned primarily with the ef{e.g., 15). This process is the same for an
fects of such forces, rather than a detailed digiquid, but here it will be explained by the
cussion of their origins. example of the water—ice transition. Considel
Compatible solutes.All solutes, whether undercooled water at a temperatdrewhich is
ionic or nonionic, lower the chemical potentiala few degrees below the equilibrium freezing
of water. Thus the purely osmotic effect ofpoint T;. If the water is pure and the volume
interlamellar solutes is to increase hydratiosmall, the water can remain in this nonequilib-
and to reduce intramembrane stresses at ariym undercooled state almost indefinitely. In
given freezing temperature. The effects of diferder for freezing to occur, the water molecules
ferent solutes on the activity of enzymes maywhich are undergoing Brownian motion, must
however, be quite different and some solutes aspontaneously adopt a configuration that is “ice
toxic in high concentrations. like.” The probability of this happening to the
At equilibrium, the effect of any one solute,entire sample at the same time is vanishingly
at a given freezing temperature or chemicamall. Locally, however, small clusters of mol-
potential of water, is to lower the concentratiorecules with an ice-like structure (called homo-
of the others by reducing the amount of icegeneous nuclei) are continuously forming anc
present. Compatible solutes are those that cémneaking up. If one of these nuclei reaches
be accumulated in large concentrations with neritical size (see Appendix 2), then it becomes
deleterious effects (3). The interaction betweeanergetically favorable for more water mole-
ions and enzymes affects the state and activigules to grow on this nucleus, and the ice will

FREEZING AND VITRIFICATION OF WATER
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FIG. 6. A cartoon of the effects of solutes on the nucleation process. Water molecules and solutes are
represented by the symbols w and s, respectively. The arrows represent diffusion, and the length of the arrows
indicates the speed of diffusion. The large circles represent the critical nucleation radius. (a) The situation in
which only water is present. For a critical nucleus to form, the water molecules in the volume represented by
the circle must spontaneously arrange themselves (through Brownian motion) into a regular ice-like structure.
If this regular lattice is larger than the critical radius, then the crystal will grow. (b) The same situation in the
presence of some hypothetical solutes. First, the solutes increase the viscosity, so diffusion is reduced (indicatec
by the smaller arrows in (b) than in (a)). Second, in order for a critical nucleus to form, a volume equal to or
greater than a sphere with the critical radius must be completely free of solute molecules. In the situation shown
in (b) this is not the case. As the concentration of solutes increases, this effect becomes even stronger, furthel
reducing the chance of nucleation occurring. As the solutes of interest are much larger than water molecules,
solute diffusion is much slower than water diffusion, so no arrows have been drawn on the solute molecules.

propagate rapidly through the entire sampleaucleation, in which a surface (such as the con
This two-stage process is called nucleation antdiner walls), or a large patrticle in the solution
crystal growth. (such as dust or protein), acts as a catalyst fc
A cartoon of the nucleation process is showthe formation of ice nuclei (e.g., 15).
schematically in Fig. 6a. Each water molecule The probability of nucleation (i.e., the forma-
(indicated ly a w with an arrow) undergoestion of nuclei larger than the critical volume) is
Brownian motion with a characteristic diffusionrelated to sample volunfethe amount of un-
coefficient (the magnitude of which is indicateddercooling AT = T; — T), and the viscosity of
by the arrows). The circle represents the criticahe liquid. As the liquid is cooled, the viscosity
radius for nucleation, and the water moleculesses. If the liquid is cooled sufficiently quickly
inside the radius are, at this snapshot in timehe viscosity may become so great that molec

arranged in a pseudo-regular (“ice-like”) man-
g P 9 ( ) ® This is the primary reason freezing occurs in the extra-

ner If the regmam}l grows to be Ia_lrger than_ th%ellular solution before it occurs inside individual cells. A
critical radius, then the sample will crystallize.second reason is that the number of heterogeneous nucl
Nucleation can also proceed via heterogeneosson sites inside cells is exceedingly low.
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ular rearrangements in the liquid become ex- At sufficiently high concentration3, may
tremely slow or stop. Nucleation and crystabecome larger thaf;, and ice cannot form. In
growth will be hindered, and the liquid will be the case of disaccharides, concentrations
in a stable nonequilibrium phase, which igyreater than about 90% (by weight) are suffi-
amorphous (i.e., it has no long-range order, likeiently high to vitrify under ambient conditions.
a liquid), but which has mechanical propertie®\ familiar example of such a sugar glass is
like a solid. Such a phase is called a glass a@offee, which we mention here because we sha
vitrified solid, and the process by which it formssoon discuss the mechanical properties of sug:
is called vitrification. A solution is said to be glasses.
vitrified if its viscosity is greater than 10Pa-
s (15). For comparison the viscosity of water is VITRIFICATION IN MEMBRANE MODELS AND
~1 mPa- s at 20°C. BIOLOGICAL MATERIALS

Vitrification can occur in biological systems
at ambient temperatures (desiccation) or suk

, zero temperatures (cooling) and has been su
In many single-component systems such as Wgagted as a mechanism for membrane protectic

ter, the rate of cooling must be extremely higi?juring dehydration (e.g., 7, 18). In both cases, i
(>10' K - s™) to achieve vitrification. However, y,o viscosity rises to-10 Pa- s (caused by

in systems with two or more components, Vitrifi-gjther higher concentrations or lower tempera
cation is easier to achieve. The addition of soluteﬂcjres) then the solution is vitrified. In cells or

decreases the probability of nucleation and growii e|jar phases at low hydration, the vitrifica-
for two reasons. The first effect is that the viscos;or, will occur where the sugars are located. If
ity at any particular temperature (shown schemafqe gars are between the membranes, the
ically in Fig. 6b in which the arrows are shorteriiication should occur there. If the sugars are
thgn in F.|g. Gg) is usually Iarggr with soluteg thany cjuded from the region between the mem
without, implying that the motion and reorientay-anes, then vitrification may occur in extrala-
tion of the water molecules into the ice structure,qjiar volumes near the membranes. but nc
take longer. The higher viscosity therefore hindefi§anyeen them. The fact that membranes can t
both nucleation and growth. Second, because teqtected from dehydration by vitrification sug-
solutes are incompatible with the ice structure, thge s that vitrification does occur in the interla-
physical presence of the solutes hinders the fOf5eiar spaces, but the evidence is only circum
mation of nuclei—an ice nucleus can formonly ifgantia) It is possible that vitrification in

at a particular time, a volume greater than or equgly|;mes outside the lamellae may provide pro
to the critical volume is free of solute moleculestectiOn from further dehydration if the mem-

At high concentrations this is unlikely (as showryanes are completely encased in the glas
in Fig. 6b in which the solutes within the CirCIethough this seems unlikely to be the case ir
mean that an ice nucleus cannot form there at thak,orq) (see below).

instant). The probability of nucleation occurring at” | viitrification does occur between the lamel-
any particular temperature is reduced with inp there are a number of consequences. Fir:
creasing concentration. For both these reasons, @3jinary thermodynamic equilibrium cannot be
the concentration of solutes is increased, the tezq ;med (though thermal equilibrium still ap-
peratureT, at which vitrification will occur in- plies). The force between the lamellae in a glas
creases, and the cooling rate needed to achi€e,ninown, but it is not needed— because th
vitrification is reduced. glass is solid it cannot be deformed to any

. _ . . substantial degree, so the interlamellar separ:
At cooling rates within a couple of orders of magnltudet. il . h d
of 1 K - s, the intracellular concentration is itself a ion y will remain unchanged.

function of cooling rate, because cells dehydrate osmoti- HOW does the presence of a glass protec

cally in the presence of extracellular ice (51). membranes? It does at least three things: (|

FREEZING AND VITRIFICATION
OF AQUEOUS SOLUTIONS
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Once a glass has formed, further dehydratiopedes the conformational change associate
will be limited (i.e., lowering the subzero tem-with the lipid-phase transition. A glass can sup-
perature or the humidity will have little effectport a substantial anisotropic stress. For a la
on the intermembrane separation). The menmellar phase that was gel at vitrification, heat:
branes will thus have an effective hydrationng would create compressive stress in the
higher than at equilibrium. (ii) Vitrification low- bilayers and tensile stress in the glass, dnd
ers the probability of crystallization. When sol-would be elevated, according to Eqg. [1]. For a
utes crystallize, they no longer lower the chemlamellar phase that was fluid at vitrification,
ical potential of a solution and so furthercooling would create tensile stress in the bilay-
dehydration is possible. If, however, the soluers and compressive stress in the glass, Bnd
tion starts to vitrify, this limits the increase inwould be depressed.
the concentration of the unvitrified solution. Is the glass matrix sufficiently rigid for this
Crystallization is therefore less likely and fur-model? The elastic properties of a relevan
ther dehydration does not necessarily taksugar glass (a solution of sucrose:raffinos
place. (iii) Finally, a glass may allow the mem-85:15 at a concentration of 90%) have recently
branes to remain in the fluid lamellar phase dieen measured (Kostet al., in preparation).
hydrations and temperatures that normallfhe Young's modulus.)Y, is about 20 GPa
would lead to deleterious phase transitions. Thi€ompared to 9 GPa for ice). Using the Clau-
last point is discussed in the following sectionsius—Clapeyron equation, an estimate of th
Koster and co-workers (36, 32) reported thagompressive stress for a membrane 20°C belo
for POPC and small solutes, if the glass transits T, can be made. Using typical values (for
tion temperaturd, of the concentrated solution DPPC) ofL ~ 5 X 107 J- molecule*, Aa ~
exceeds the value of the gel-fluid transitiod.15 nnt, andT, = 42°C (8, 55),#/T ~ 2 mN-
temperatureT,), then the gel-fluid transition at m™ - K. If the glass were to support the stress
low hydration occurs about 20°C below theof a membrane down to 20°C beloW, this
fully hydrated transition temperatuf®,. They would correspond to a stress ©40 mN- m™.
found similar effects in other lipids, but thelf this stress were supported over half the thick-
range of depression of the gel-fluid transitiomess of the interlamellar separation (sa®.5
temperature varies between about 10 and 60°@in), this would lead to a stress of 80 MPa. Fo
depending on the lipid species (34; Kost¢nl., a glass withY = 20 GPa, this corresponds to a
in preparation). strain in the glass of about 0.4%, which is easily
Zhang (92) and Zhang and Steponkus (93supported.
95) studied a range of lipids and small solutes It seems reasonable to assume that Young
chosen to give a wide range ®f and T, and modulus would not differ greatly among sugar
developed a model to understand the procesgasses composed of different sugars, so th
While they report that dehydration elevates thenodel would predict that the depression of the
gel-fluid transition temperatur&,, they find phase-transition temperature due solely to thi
that (small) solutes minimize this increase bffect would to first order be independent of the
vitrification only if T, is below the fully hy- type of sugar, as long &, is higher thanT,,.
drated transition temperatur€, (rather than The studies of Koster and her colleagues an
T.)- When a transition occurs in a glassy matrixhose of Zhang and Steponkus provide experi
(T, > T,), the effect depends on the thermamental confirmation of this prediction. The
history of the sample. If the lipid was in themagnitude of the effect varies with lipid spe-
fluid state when the interlamellar layer vitrified,cies, however, because of the variationAa
T, is depressed (both for cooling and warming)andL among lipids.
If it was in the gel phase when the glass was Figure 7 schematically summarizes the mair
formed, T, is elevated abovd,. Zhang and nonspecific effects of solutes on the gel-fluid
Steponkus propose that the glassy matrix intransition temperature as a function of hydra-
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40 most likely due to the mechanical properties of
the glass, as it can support an anisotropic stre:
and can thus support the membrane in the flui
lipids + water state at temperatures at which the gel transitio
would occur in the absence of a glass.
Another effect of the presence of the glass
phase (and indeed highly viscous fluids tha
have not vitrified), is that the viscosity may
hinder dynamic phase transitions. This is prob
0 ably not important in the slow cooling rates in
( the natural environment, but it may have ar
important consequence in the laboratory. Rapi
lvitrified solution rates of temperature scanning could lead to in
0 50 100 creased hysteresis because of the effects inte
Hydration (%) lamellar viscosity may have on the time taken

. o for the lipids to rearrange themselves betweel
FIG. 7. A schematic of the nonspecific effects @hall . .
onfigurations.

solutes on the gel-fluid transition temperature as a functio(l;l . .
of hydration. They axis isT — T,, whereT, is the transition Glasses and very viscous fluids also reduc

temperature in excess water, indicated by the horizontaliffusion of solutes. Zhang (92) has pointed ou
line. Values are approximate. The bold line shdws T,as that this may reduce the leakage of solute
a function of hydration for a lipid—water system. The f“"c}hrough membranes that otherwise would allow

line is for a lipid—water—hypothetical solute system an L.
illustrates the effect of the interlamellar solutes reducin&OIUte Ieakage at the phase transition. Leakag

membrane stress and hence the transition temperature. THe€lectrolytes and markers from dry liposomes
filled circle indicates the transition temperature if vitrifica-has been studied extensively by Seinal. (74,

tion occurs while the lipid is in the fluid phase, as suggeste¢5)_ In a review of this work (10), it is con-
by Zhang and Steponkus (95). cluded that the rate of leakage drops considel
ably below the glass transition, but does no

tion. The bold line is for a lipid—water system S0P completely until 10-20°C below thg,.

in which dehydration causes the transition temtW0 complications should be mentioned. First
perature to rise up to several tens of degredde glass transition is a poorly defined, secon
above the excess water transition temperatuféder transition and thé, measured by DSC is
T.. The full line shows the effects of the osmoti@Nly one measure of the glass transition tem
and volumetric effects of small, uncharged solPerature, and there is disagreement among r
utes such as sugars, which reduce the membratRarchers about how to define it. Second, as tt
stress and hence the transition temperature $#Mple is cooled towards,, diffusion slows
any hydration. If vitrification occurs at a partic-dramatically, and local inhomogeneities in con-
ular hydration, then the transition temperatur§€ntration do not come to equilibrium. Conse-
will fall by an amount in the range-10 to 60°C, quently, some areas of the sample WI|| vitrify at
depending on the lipid species (indicated by th@Wef temperature than others. It is therefore
filled circle in Fig. 7), and then remain almostP0SSible that the leakage measured at temper
constant as any further dehydration will be lim{Ures just below the sample averagg as mea-

ited in extent and rather sloW.This effect is Sureéd by DSC, may occur in regions of the
sample that are not vitrified.
° Diffusion is slowed but not stopped in vitrified mate-
rials. Further, highly viscous samples may be inhomoge- POLYMERS VS SMALL SOLUTES

neous and not all regions may vitrify at the same time or . .
temperature. Thus some further dehydration may occur over The bulk of the discussion so far has concen

periods of weeks (94 and P. L. Steponkus, personal coritated on the effects of small solutes such a
munication). disaccharides. Solutions of larger molecules

= - lipids + solute
+ water
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such as polymers, also undergo vitrification durswveen membranes in the fluid state or elevatiol
ing dehydration. In model systems containingf the membranes are in the gel state when th
lipids, water, and polymers, large polymer molintervening fluid becomes glassy.
ecules are often excluded from the lamellar Two recent papers (10, 79) have examine
phase at low hydrations and form separate butke role of vitrification in protecting membranes
phases in regions outside the lamellar structuand proteins. The experimental work presente
(see Fig. 5). This partitioning is the basis ofand reviewed shows that, although dehydrate
operation of one version of the osmotic stresgolymers such as dextran and hydroxyethy
technique (discussed above). Thus thdinect starch vitrify at temperatures well above ambi-
osmotic and volumetric effects on the mement, their ability to protect membranes and pro.
branes will be small. Between the bilayers willteins (at moderate cooling rates) is limited. The
be water with little or no macromolecular sol-authors conclude from this that vitrification
ute, and so the presence of large polymers widllone is not sufficient to provide membrane
have little direct effect on membrane stress angrotection and appeal to specific effects to solve
hence little effect on membrane protectionthe dilemma. The appeal to specific effects i
When vitrification occurs in a system of mem-unnecessary for the reasons explained abov
brane—water—large polymer, it will occur in theThe vitrified solution can only provide direct
extralamellar volume. If the lamellar phase haprotection of the membranes if it occurs in the
time to dehydrate, the presence of the polymesolution near them. In the absence of any spe
will therefore have little direct effect on thecific effects, one would expect the protective
freezing behavior of the lamellar phaSe. effects of carbohydrates to decrease with in
(Again, excluded solutes do have an osmoticreasing molecular mass above a certain siz
effect at temperatures above freezing, as disshich would limit their partitioning into the
cussed above.) layer between the membranes and limit thei
Relatively small polymers may partition intoosmotic effect (on an equal weight basis). This
the interlamellar space at high hydrationsis what is observed (see 79, 10, and reference
Whether they are excluded from a dehydratettherein).
lamellar phase depends upon the preparation
and history of the sample. If such molecules
produce vitrification, the effect on membrane What is special about trehalose, that its pro
transitions will depend on whether they are irective effects seem to be significantly bettel
the interlamellar phase or in a separate bulthan other similar sugars such as sucrose ar
phase. The osmotic pressure of polymers aaffinose? Why are disaccharides better tha
modest weight fractions is smaller than that ofnonosaccharides? It is worth noting the differ-
the same weight fraction of small solutes. Thuent physical properties of the various sugar:
small polymers would be expected to have littldefore appealing to specific solute—membran
effect on the membrane transition temperatuiiateractions. First, at any particular concentra
via the Clausius—Clapeyron effect (Eq. [1]). Iftion, trehalose has a higher glass transition ten
they partition into the interlamellar solution andperature than most other sugars. Second, high
if they vitrify, then they could support lateral concentrated trehalose is less prone to crysta
stresses of either sign and might thus change theation than many other sugars. Sucrose, on th
membrane-transition temperature in either diether hand, crystallizes readily at high concen
rection: depression if vitrification occurs be-trations, although small amounts of raffinose
reduce the tendency of sucrose to crystalliz

1 . ’ ) -
Note that the cryoprotective pr.opertles'of many poly-ge_g” 67, 33)’ so sucrose:raffinose mixture:
mers on samples frozen at very high cooling rates in th

laboratory are due to different mechanisms, and highfﬁvmd_CryStalllzatIon an_d_ can Vltm_cy' Th(_e accu-
hydrations are maintained when vitrification occurs (e.g/Mulation of small quantities of raffinose in some

69, 31, 76, 45). tolerant species allows sucrose (rather than tre

TREHALOSE VS OTHER SUGARS
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halose) to play the role of vitrifier. It is possiblereason, we suggest that it may be constructive t
that the most important reason trehalose is coexamine the hydration interaction and mechan
sidered a better protectant at low hydrations is ital stresses produced by freezing or drying o
does not crystallize readily and it has a higlaqueous macromolecular phases. As is the ca
glass transition temperature. Koster and cawith lamellar phases, vitrification of the aque-
workers (68, 37) showed that the ability ofous phase would reduce the extent of (further
samples to vitrify is important in reducing themechanical stress in the macromolecules, an
incidence of solute crystallization during storthis may be an important part of the contribution
age. Other biologically important properties obf cryoprotectants to the stabilization of biolog-
trehalose—its low reactivity and reducingical macromolecules. The situation is, however
power and its high stability—are cited by Ringcomplicated by the different partitioning effects
and Danks (62). Levine and Slade (43) havef different solutes, their different effects on
written extensively on the nonspecific effects ofitrification, and their different specific effects

trehalose in dehydrated systems. on enzyme activity (see discussions in 53, 65)
In Appendix 4, we derive relations among the
MACROMOLECULE-SOLUTE-WATER hydration interaction of macromolecules, their

INTERACTIONS contribution to the freezing point depression,

This paper has concentrated on membrane—sinad the intramolecular stress.
lute—water interactions. Some of the observations A recent review (10) discusses the effects o
would be expected to apply to macromoleculevitrified solutions on the stability of proteins. It
solute—water interactions. Most biological macropoints out the vast differences between the ste
molecules are hydrophilic in their native state anflilizing effects of small solutes and polymers in
so one would expect strong hydration repulsion ahe vitrified state. It also notes that proteins
close approach. These generate internal stressethemselves vitrify in the dry state, but are not
the macromolecules (Appendix 4). The mechanpreserved, and concludes that vitrification is
cal properties of cross-linked polymers appear ttherefore insufficient to protect proteins. This
influence their freezing behavior (54), which isargument appears not to recognize the differer
consistent with the suggestion that unfrozen wat@ehaviors found in three very different situa-
under suction generates mechanical stresses in tluns:
polymers. In some geometries, such as long chains
or flat sheets, these stresses are anisotropic andl) Small solutes can vitrify in the spaces
thus give rise to geometrical deformations aninside the protein structure and then maintair
structural transitions (e.g., 56, 39). The nonspdhat structure against further dehydration.
cific effects of solutes on membrane—water inter- (2) Vitrification of polymers will usually oc-
actions would therefore be expected to app|y tpur in the bulk, providing little direct protection
macromolecule water systems that are dehydratt®lthe membrane structute.
by freezing or desiccation. We know of no de- (3) When proteins are dried, they lose their
tailed analysis of the nonspecific effect of solute§tructure as soon as the water is removed. Tr

on such stresses but we present a simple introdugrotein “glass” is therefore made of proteins
tion in Appendix 4. that have already suffered substantial strains

The effect of diverse solutes in minimizingThis contrasts with ultrastructural elements ir
damage to biological macromolecules has beé# aqueous glass, in which the latter support
widely reported. In the case of enzymes, eledhe anisotropic stress and thus limits strains ir
trical interactions with ions and ion-mediatedhe whole phase.
interactions between macromolecules are obvi-
ous_ly |_mporta_nt in mamtammg activity. The The presence of polymers can, however, affect the
colligative action of solutes is also acknowloncentration of other smaller solutes, if present, and th
edged to be of considerable importance. For thisifferent solute concentration may affect protein structure.
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SUMMARY OF THE NONSPECIFIC EFFECTS OF phase and stop or severely slow any furthe
SOLUTES ON MEMBRANES AT LOW dehydration. Conversely, the vitrification of the
HYDRATION solution between membranes in the gel phas
At full or high hydration, the hydration force will usually elevate the gel-fluid transition tem-
is negligible and intramembrane stresses aperature.
Lerfr:gegrsen;a!}: tdgor\rqvinf;);g(rjatkl)(;/n,mlgte;]ryrgfer:]tio None of Fhe effects Iistec_i gbove are specific
repulsion. According to the analysis presente%) any particular sugar or I!p|d—they oceur to
here, the nonspecific effects of solutes on menyo Y9 degreeg for all “p'(.j. m.embrar!es anc
ost solutes, with no specific interactions re-

tbhrlajtg.es at low hydration can be SurT]rn{jlrIZ(EEc}|1uired. Indeed many of these effects would be

expected in any hydrophilic nanostructures ir
(1) At low or intermediate hydrations, the@queous solution, including much cellular ultra-
osmotic effect of the intermembrane solutes refructure. In the case of sugars, much of th
duces the stress on the membranes. In sufficigifiPorted differences in efficacy at protecting
concentration, it may keep the gel—fluid transitfembranes during dehydration are primarily ¢
tion temperature near the value it has in fullgonsequence of their different physical proper
hydrated membranes. This effect is eXpectet(i)es—different sizes (volumetric effects), dif-
with any solute (salts, sugars, etc.). ferent solubilities (crystallization), and different
(2) The solutes will have these effects only i9/aSs transitipr_1 temperatures. This does not rul
they remain between membranes. If the soluté4!t the possibility of specific effects, but much
are excluded from the membrane region, thepf the observed behavior of lipid—solute-water
these effects will be significantly reduced. SolSystems at low hydration can be explained with
utes that are completely excluded can, in suffRut them.
cient concentration, dehydrate membrane-rich
phases and elevate the gel-fluid transition tenf:?PENDIX 1: FREEZING OF LAMELLAR PHASES
perature via Eq. [1]. Consider reversible freezing of water at uni-
(3) If the solutes are moderately large (e.gform pressure. From the definition of entropy,
disaccharides), they will have an additionathe specific entropyAs of the transition is
volumetric effect, which affects the stress de-
scribed in Eq. [1]. ~ Liw
(4) The reduction of lateral stress by solutes As= T [A1]
will, all else equal, reduce the tendency for
freezing or dehydration to produce invertedvhereL,, is the latent heat of fusion of ice and
phases, such as the hexagonal Il phase. T. is the equilibrium freezing temperature for
(5) As the solutes are further concentrated byater at atmospheric pressure. Bath andAs
dehydration, further stress-reducing effects wilire weak functions of temperature and pressur
occur only if the solutes do not crystallizeNow consider ice at atmospheric pressure i
Some solutes can be concentrated to very higuilibrium with water at pressure. At equi-
levels without crystallization (e.g., trehalose)librium, the chemical potentials are equal, so
Having mixtures of solutes also inhibits crystal-
lization (e.g., sucrose/raffinose mixtures). mi = pa + Py,
(6) At very low hydrations, vitrification of-
ten occurs. Where the solution between fluidvhere the subscripts i and w refer to ice anc
membranes is vitrified, it lowers the intramemwater and wherey,, is the specific volume of
brane stress and this further lowers the gel-fluidater. The standard chemical potential of wate
transition temperature. Such vitrification willu,, = w’ + L;, — TAS, so substituting from Eq.
usually maintain the membranes in the fluidA1],
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I—iw
pl=pul+ Ly —T - + Pv,, water N\ water
) \
whence ‘ I
L., T L., P<0 AN o
P=—-——(1—=—| = AT’ [A2] a b T<0C
VW TC VWTC

FIG. Al. See text.

where AT = T — T. WhenT < T, the
pressure in the liquid phase is negative. For
small temperature variations,, andAs can be water around it can support the suction anc
considered approximately constant so the sugtose up the bubble of vapor.
tion is approximately proportional tAT. Sub- A volume of liquid water at a temperature
stituting standard values for water, below freezing is unstable with respect to ice.
Why then can supercooled water exist? Again
P= (1.2 MPa- K1) - AT. [A3] the answer is related to the surface free energ
) o of the water interface surrounding a small ice
For mechanical equilibrium, the force percleus. The two cases are similar so we sha
unit areaF between the lamellae equals thednalyze them together.
suction in the interlamellar layer, so, taking Figure Ala shows a small bubble of vapor
repulsion as positive and remembering thghmeqd in a liquid at negative pressure. The
AT < 0 below freezing, vapor pressure inside is small so we shall ne
glect it. The workW required to create this
bubble has two terms. The work done in dis-

The approximation that the latent heat of fusioRlacing the liquid isPV, whereV is the volume.

is independent of temperature is adequate fgiiS IS negative because< 0. The work done
most applications in this discussion becaus® creating an area of interface isy,A where
several other parameters related to lipid geom IS the interfacial free energy per unit area
etry and hydration behavior are known to only £0r the spherical bubble,

or 2 significant figures. If greater precision is

F=—(1.2 MPaK 1 -AT. [A4]

4
required, linear or polynomial expressions for W=P- 3 wrd+ y,, - 4ar?

L. (T) may be used. See (51) and (58) for

further details. Figure Alb shows a small ice crystal formed

in water atT < 0°C. The free energy required
to form it has two terms. The free energy of
freezing contributes a terpVL,,AT/T,, where

A volume of water under a negative absolutg is the density of waterl.,, is the (specific)
pressure (a gauge pressure lower thehatm) |atent heat of freezingy is the volume of water
is unstable with respect to a volume of watefrozen, T, is the equilibrium bulk freezing tem-
vapor that can expand under the applied neggerature, andT = T — T.. The work done in
tive pressure. One cannot easily produce a sugreating the ice—water interface of ar@ais
tion of more than 1 atm—it is usually impossi—inA, Where»yiw is the interfacial free energy per
ble to syphon water to a height exceeding 10 nynit area of that interface. Letbe the radius of

How then can the interlamellar water support a Sphere ha\/ing volumé. The energy required

suction of several or tens of atmospheres withp create this ice nucleus is

out cavitating? The short answer is that, if the

volume of water vapor is initially very small, pLAT 4 5
: = s a4+ Ny, 4

the surface tension or surface free energy of T, 3

APPENDIX 2: METASTABLE PHASES—SUCTIONS
AND SUPERCOOLING
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whereh is a dimensionless geometrical factor, APPENDIX 3: CALCULATING INTERLAMELLAR
which is larger than but of order 1. SEPARATION
The extra workdW required to expand the We assume that the water is incompressibl

bubble and the extra energyU required to and that it has the same specific volume as in th

expand the ice crystal are, respectively, bulk. One would expect the former to be a gooc

approximation for pressures of magnitude mucl

less than the bulk modulus, which is 2.0 GPa fo
water. It is unknown how good the latter ap-

“4mr?+he oy 8qrr) dr. proximation is for water near a strongly hydro-
philic surface. Lety be the separation between

The bubble or crystal will expand indefinitely if the density-weighted interfaces between lipic

dW/dr or dU/dr is negative. If it is positive, and water.a is the area per lipid molecule in

then the bubble or crystal will (usually) shrink.one side of the bilayer. If there arfewater

The value ofr at which these derivatives aremolecules per lipid, and solute molecules per

zero is the critical size for nucleation of cavitadipid, then

tion and freezing, respectively. (The word “usu-

ally” is included because thermal activation

may take a subcritical nucleus over the critical

size, if it is within a few thermal energies of the

" " - .._wherevy is the partial specific volume of the
critical energy.) So the critical radii for cavita- . .
. . . solute. The area is a function both of the
tion (c) and freezing (f) satisfy

temperature and of the lateral stress in the bi

dW= (P-4xr?+ v, 8ar)dr,

pLAT
T

dU=(

¢ _1
VW+ gVS—Eya,

0=P-4nr2+ v, 87r, layer. Express the lateral stress masthe total
force per unit length in the plane of the bilayer,
pL, AT wherem = —Py. For small deformationa can
0=""-= “4mri+ h-vy,- 8w, be written as
Cc
P
whence a= ao< 1+ aT-T)+ ky)
a
. 2vw _ 2h Ty
== p T T LAT wherea is the coefficient of area expansidq,

o _ is the area elastic modulus of the bilayer, dnd
(Note that the result for is just the equation of js a reference temperature. Solving these twi
Young and Laplace.) For a suction of 10 MP&quations foly gives

(100 atm),r. ~ 15 nm. For a freezing point

depression of 10°G;; ~ 7 nm. Both of these K,

are rather larger than the interlamellar separd-~ ~ 2p (1 ta(T-T)

tions encountered in lamellar phases exposed to

desiccation or freezing temperatures. B \/(1 Fa(T—T)?+ 8(fvy + QVS)P)
Despite the above argument, freezing of in- ' K.a,

terlamellar water would be possible if the inter-

facial energy between ice and membranes wer@PPENDIX 4: STRESSES IN MACROMOLECULES
very low, i.e., if membranes were more ice- Hydration forces between hydrophilic mac-
philic than hydrophilic. If that were the caseomolecules can produce freezing-point depres
however, one would expect lamellae to be effision and stresses within the macromolecules
cient nucleators for ice, which is inconsistenHydrated macromolecular phases can have
with the observation that the water in the lamelvariety of different geometries. Here we analyze
lar phases can readily be supercooled by tens thfe stresses for a hexagonal array of long cylin
K. drical molecules (Fig. A2). This choice is sug-
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o where the half is included because two cylinder:
1‘< contribute to the mutual interaction energy.
Thus

de’ 1 _f(D)

T P4 a3p - VD

D Freezing point depression by macromole-
cules. From Eg. [A3] in Appendix 1, for the

_‘_ case in which there are no solutes presens
given approximately as (1.2 MPaK ™) - AT,
whereAT is the change in freezing point. Thus,
when no solutes are present in the macromolec
ular phase, the macromolecules produce a free

FIG. A2. Part of a hexagonal array, with interaxialing point change of
spacingD, made up of long cylindrical molecules of

radiusr. f(D)
AT= —(1.4 uK- Pa’l) D

gested by its simplicity and also by the fact thaTo first order, this is added to the freezing point
such a system has been studied by Parsegfianvariation due to the osmotic pressure of solutes
al. (56). For other geometries, geometrical facwhere present.
tors of order 1 will enter the analysis. Intramolecular force and hydration proper-
The pressuré is ties.In this case of long molecules in a parallel
, array, the intramolecular stress is compressiv
dG dG |
= — = along the axis of the macromolecule. If we
dv - da integrate it over the cross section of the mole
where G is the free energyG' is the free cule we get a angi_tudinal forcE, which, fpr .
energy per unit length, aralis the cross section mechanical equilibrium, balances the suction ir

of the array divided by the number of cylindersthe fluid. Consider one triangle of the array,
which contains half a cylinder (three-sixths of a

B DZ\@ cylinder) and a cross section of liquid with area
a=—5 D?V3/4 — «r?/2. The suction acting on this
area balances the longitudinal forEe so
o]
3 . F =2P(D23/4 - @r?/2)
da=dD,3D,
2
whence _ (3P s f(D)
2 V=D '
dGc’ 1 .
P = dD p- Thus the force along the axis of the macromol-
y3D ecule can be related to the hydration force fo

The force per unit lengtf(D) contributes to the that molecule. _ N
free energy of interaction. Assuming that only Intramolecular stress and freezing poitttis

first neighbors interact, six pairwise interaction§!So possible to relate the intramolecular stres
f(D) give rise toG’, whence directly to the freezing point depression in a

macromolecular phase. LB, be the compres-
sive stress along the axis of the macromolecule

1
dG’ = - 2 6f(D)dD, Mechanical equilibrium requires that
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P, = (f— 1)P. 7.
The area ratid/(f — 1) is simply related to the
ratio of densities of macromolecule,) and
water (p,,) and the composition expressed as the™
mass ratioh of water to macromoleculeh =
(fpu)/((X — f)pm). Thus the compressive
stressP,, is 9.

—(pmlpw)NP.

Again, where no solutes are preseft= (1.2

P

MPa- K™ - AT. For most biological macro- 11.

molecules,p./p, = 1. Thus, when no solutes
are present in the macromolecular phase,

12.

P,= —(1.2 MPa-K %) - AT-h.

When solutes are present in the macromolecular
phase and have an osmotic pressiike this
becomesP — II = (1.2 MPa- K™) - AT.

P,= (Il — 1.2 MPa:- K - AT)h. "

Substantial deformation of the macromolecule
will occur whenP,, becomes more than a few

percent of its Young’s modulus. 15.
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