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Time-resolved X-ray diffraction is used to demonstrate that for certain lipids low temperature alone may not
be sufficient to bring about changes in mesomorphic phase state. However, when combined with slow
freezing of the aqueous substrate, the fluid bilayer phase is destabilized as a result of dehydration, and thus
more prone to undergoing deleterious thermotropic phase transformations. The cryobiological relevance of

these results is discussed.

The systematic study of the physiochemical
properties of lipids promises an understanding of
lipid phase relations in cellular membranes and in
other biological and reconstituted lipid aggregates.
The lipid fraction of natural membranes consists
of a vast array of different lipid species each with
their own unique thermotropic, lyotropic and mis-
cibility properties. The behavior of the native
membrane reflects to some extent the behavior of
its individual components. To understand how the
biomembrane responds to environmental stresses
such as extremes of temperature and hydration we
must first of all establish the behavior of the
individual lipid components in isolation and sub-
sequently in more complex mixtures under similar
conditions [1].

In the present study the combined and separate
effects of temperature and hydration on the meso-
morphic phase properties of membrane lipids is
addressed. It is shown that slow freezing causes
dehydration and that for phospholipids with suita-
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bly poised transition temperatures (7;), this can
effect a direct lyotropic (solvent-induced) lamellar
liquid crystal-to-gel phase transformation. Such an
effect occurring in a native biological membrane
could trigger undesirable, possibly irreversible,
lateral phase separations in the plane of the mem-
brane or simply destabilize the bilayer structure
leading to loss of trans-membrane electrical poten-
tial and eventually to cell death.

In this study time-resolved X-ray diffraction
(TRXRD) [2-4] is used and is shown to be an
effective and revealing method for monitoring the
combined and separate effects of temperature and
freezing on the mesomorphic phase properties of
hydrated dioleoylphosphatidylserine (DOPS). The
method reports directly and continuously on the
phase state and degree of hydration of the lipid,
and the phase state of the suspending aqueous
medium. Thermal events occurring during the
heating and cooling scans are monitored simulta-
neously by recording sample temperature.

Time-resolved X-ray diffraction was used to
decipher the structural rearrangements undergone
when fully hydrated DOPS is cycled in tempera-
ture between 20°C and —25°C. Static measure-
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Fig. 1. X-Ray diffraction patterns from fully hydrated dioleoylphosphatidylserine above and below the freezing (—18°C) and melting
( ~ 0°C) temperature of the aqueous phase. Samples were slowly ( < 6 K/min) cooled to < —25°C and subsequently warmed to the
temperature indicated. At —6°C, the arrowed reflections correspond to lipid peaks at (5.5 nm)~1, (2.75 nm) "', (1.83 nm) ", and
about (0.46 nm)~! and to ice peaks at (0.39 nm)~!, (0.366 nm) ™! and (0.346 nm)~!. The lipid, obtained from Avanti Polar Lipids,
Inc., gave a single spot by thin-layer chromatography [2] and was used without further purification. 1t was dispersed at approx. 20
mM lipid in excess buffer (0.1 M KCl1/0.01 M Hepes (pH 7)) by vortexing at room temperature in an argon atmosphere and
concentrated by centrifugation [2,5]. The hydrated lipid pellet was transferred to a thin-walled (10 pm) capillary (1 mm internal
diameter, Supper), flame-sealed under argon and hermetically sealed with 5-min epoxy. X-Ray diffraction measurements were carried
out on the A-1 line at the Cornell High Energy Synchrotron Source as previously described [2-5]. Sample temperature was controlled
by using a gas crystal heating/cooling system. A thermocouple positioned outside but touching the capillary next to the X-ray beam
was used to record sample temperature [2]. Placing the thermocouple inside the capillary essentially eliminated undercooling and
resulted in ice formation upon cooling at close to 0°C. Static diffraction patterns were recorded on X-ray sensitive polaroid film
(Polaroid, Type 57) with an exposure time of 2 min, a sample-to-film distance of 46 mm, and a 0.3 mm collimator (Supper).
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Fig. 2. (A) Heating and cooling curve for hydrated di-
oleoylphosphatidylserine. A schematic view of phase changes
undergone by the lipid and aqueous components of the system
is also included. Linearity along the time and temperature axis
is not implied. The figure incorporates time-resolved and static
X-ray diffraction data along with measurements of elapsed
time and sample temperature. The following notation is used:

,and ® ® denote the lamellar liquid crystal and
gel phases, respectively; — — —, gel/liquid crystal phase
coexistence; +, ice; w, water. The points labelled A-D corre-
spond to the temperatures at which the diffraction patterns in
Fig. 1 were recorded. (B) An interpretation of the effects of
freezing and low temperature on the phase properties of di-
oleoylphosphatidylserine in terms of a typical temperature/
composition isobaric phase diagram (see for example, Ref. 7).
The sample begins at high temperature in the fully hydrated L,
phase. Cooling procedes down to ~18°C at which point water
freezes. In so doing it dehydrates the lipid effecting a disorder-
to-order transition in the vicinity of —18°C. Warming the
sample facilitates an order-to-disorder transition in the pres-
ence of ice at —10°C. At 0°C, ice melts and the lipid imbibes
water to restore the original fully hydrated L, phase. The
important point to note is that a higher transition temperature
is observed in the heating compared to the cooling direction
which reflects the lower hydration level of the lipid in the
presence of ice.
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ments were made using X-ray sensitive polaroid
film at intervals during the thermal cycles [5]. The
lipid was dispersed in an excess of aqueous buffer
(pH 7) as described in the legend to Fig. 1.

A summary of the experimental observations
along with an interpretation of the results are
presented in Fig. 2. At 20°C and in the presence
of excess aqueous substrate electrostatic repulsion
causes the liquid crystalline DOPS bilayers to
separate and the interbilayer region to imbibe
large quantities of fluid. This corresponds to the
swollen or fully hydrated lamellar liquid crystal
(L,) phase [7]. The corresponding diffraction pat-
tern from this phase is shown in Fig. 1. It consists
of a series of diffuse continuous low-angle peaks
accompanied by a broad peak centered at (0.46
nm) ! arising from the disordered acyl chains and
a broad water peak at approx. (0.33 nm)~! [8-12].
Upon slowly cooling the sample, the above condi-
tion is maintained in that no phase change occurs
down to —18°C in the presence of an under-
cooled aqueous substrate. At —18°C, ice crystals
spontaneously form, the system experiences a re-
duction in available water and the lipid undergoes
dehydration. During freezing, the latent heat of
crystallization released (recalescence) raises sam-
ple temperature and upon continued cooling sam-
ple temperature slowly decreases. At about
~16°C, the phase state of the lipid undergoes a
dramatic change from liquid crystalline-to-gel cor-
responding to the direct lyotrope-induced trans-
formation. The diffraction pattern below —16°C
(cf. Fig. 1) shows a series of sharp reflections in
the low-angle region and a sharp line at (0.42
nm)~! characteristic of ordered or gel-like acyl
chain packing. Also present in the diffraction pat-
tern are the tell-tale spotty reflections from hexag-
onal ice at > (0.3 nm)~! [13]. Further cooling to
—25°C does not noticeably change the system
from that of a dehydrated or partially dehydrated
(referred to as low moisture) gel phase lipid in the
presence of ice.

If the sample is now warmed, very little occurs
(see Fig. 1) until the system reaches —10.5°C. At
this temperature the lipid undergoes a reversible
thermotropic chain ‘melting’ transition from the
low moisture gel to the low moisture L phase in
the presence of ice. Note that this transition oc-
curs some 5-6 K above the 7, recorded upon
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sample cooling, a result which is in agreement
with the expected behavior of desiccation raising
the chain ‘melting’ 7, [7-10]. That this difference
is due to undercooling of the lipid transition seems
unlikely in view of the current evidence. In the
vicinity of the 7,, changes are seen to occur in
both the low- and wide-angle regions of the dif-
fraction pattern (cf. Fig. 1).

At —6°C in the L, phase the diffraction pat-
tern reveals a lamellar repeat spacing of 5.50 nm
(Fig. 1). The corresponding wide-angle region con-
tains a diffuse liquid crystalline peak centered at
approx. (0.46 nm)~! along with characteristic ice
crystal reflections. This suggests that the lipid is
only partially hydrated given a bilayer thickness
increment of 0.105 nm/methylene group in the L
phase, a water layer thickness increment of 0.16
nm/water molecule and a glycerophosphorylserine
headgroup thickness of about 0.7 nm [7,14].

As sample temperature rises it was observed in
the time-resolved diffraction patterns that the ice
crystals become noticeably mobile beginning at T,
as evidenced by fluctuations in intensity of the
individual ice reflections. These fluctuations be-
come progressively more rapid and dramatic with
temperature up to 0°C at which point ice melting
is complete. As the ice melts and water becomes
available the low moisture L, phase imbibes water
and swells to restore the original condition of the
fully hydrated L, phase.

The temperature of ice crystal formation was
repeatedly found to occur in this and similar lipid
systems in the vicinity of —18°C (unpublished
data). Interestingly, if ice formation is nucleated
at —11.1°C, the fluid lipid phase persists for
many (up to 15) minutes in the presence of ice.
Following this protocol, cooling effects the dis-
order-to-order transition at approx. —15°C.

These results demonstrate that freezing reduces
water activity which in turn can bring about lipid
dehydration. It is noted in this regard that ice at
—20°C in a one-component system has a vapor
pressure equal to that of a 10.8 osmolal solution
and is capable of exerting an equivalent osmotic
pressure of 244 bars (241 atm, 2.44 dyn/cm?,
~ 24 MPa) [15]. In the case of certain lipids a
freeze-induced dehydration occurring at the ap-
propriate temperature, of and by itself, can induce
a liquid crystal-to-gel phase transformation.

Worthy of note in this connection is (1) the re-
versibility of the chain melting transition at
—10.5°C in the presence of ice, and (2) the ob-
servation that ice crystal formation precedes the
appearance of the gel phase lipid upon cooling.
This precludes gel phase formation acting to tri-
gger ice crystallization. The latter possibility is not
unreasonable given that an organized ‘rigid’ lattice
such as exists at the gel phase lipid /water inter-
face is more likely to act as a heterogeneous ice
nucleation site than is the fluid surface that ob-
tains at the lipid /water interface of the L, phase.
This ties in with the fact that heterogeneous
nucleation of ice can be prevented by emulsifying
water as small droplets in an inert carrier fluid
[16].

Throughout these measurements samples were
slowly cooled and frozen in contrast to an ultra-
rapid freezing protocol which would fix the system
in the fully hydrated, swollen state. This slow
cooling approach facilitates extramembranal ice
formation and the local condensation of stacked
membranes [17,18].

These results have far reaching implications
when considered from a cryobiological perspec-
tive. Organisms, subcellular organelles, isolated
membranes and other lipid-rich systems that are
exposed to low temperatures may be in a position
to resist or to tolerate such a stress by virtue of
their lipid composition. If, however, in addition to
low temperature, a freezing stress is imposed, the
lipid components may no longer be able to with-
stand the low temperatures because of the freeze-
induced dehydration which destabilizes the lamel-
lar liquid crystal in favor of the gel phase. A
lyotropic bilayer-to-nonbilayer transition is also
possible since in a variety of lipid systems low
moisture stabilizes the nonbilayer phases [2,8,9,19].
In either case, the lipid mesomorphic phase change
is likely to profoundly influence membrane struc-
ture and thus function.

The knowledge that water freezing can be ef-
fected in the hydrated DOPS system by nucleating
at —11°C without an accompanying mesomorphic
phase transformation has been put to use in ex-
periments where a freeze-thaw method is em-
ployed to equilibrate metal ions in aqueous disper-
sions of DOPS [20]. Multiple freeze-thaw cycling
between 22°C and —11.1°C effectively



equilibrates Ca?* ions without inducing a thermo-
tropic or lyotropic phase transition which could
conceivably alter the properties of the PS-Ca?*
complex.
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