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Sugars favour formation of hexagonal (H,;) phase
at the expense of lamellar liquid-crystalline phase
in hydrated phosphatidylethanolamines
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Hexagonal H,, phase

The disaccharides, sucrose and trehalose, markedly decreased (up to 17-13C°) the temperature of the lamellar to
hexagonal (L, — Hy;) phase transition and simultaneously increase by 2-4 C° the temperature oﬁ the Iamellar gel to
famellar liquid-crystal (Lg —L,) phase ition in hydrated dihexad: and
phosphatidylethanolamine. These two transitions merge and convert into a single L,—H), phase transition when
dispersed in 2.4 M sucrose. These results are inconsistent with recent reports by Crowe et al. (1987) Biochem. J. 242,
1-10; (1988) Biochim. Biophys. Acta 947, 367-394) which suggest thai trehalose stabilizes the L, phase relative to the
H); phase and shifts upwards beyond detectability the L.-H,, transition. The present results are considered as a

i ion of the Hofi effect in which the sugars act as kesmotropic reagents stabilizing the structure of bulk
water. This tends io decrease thie area of contact between the lipid and the aqueous phases and favours the H,, and L,
phases relative to L, phase. This hypothesis is consistent with the effects of chaotropic reagents on the L,~H,, phase
trmsmon (Yeugle and Sen (1986) Biochemistry 25, 7518-7522) and on the stability of the tamellar phase of

di idylcholine (Oku and MacDonald (1983) J. Biol. Chem. 258, 8733-8738).

Much of the recent interest in sugar-membrane in-
teractions is due to the ability of certain sugars to
protect cell membranes from injuries resulting from
freeze-drying and re-hydration. Sugars such as trehalose
are believed to be natural cryoprotectants and their
metabolism in some organisms has been correlated with
the ability of these organisms to survive dehydration

(anhydrobiosis) [1-5]. An explanation of the sugar pro-
tective action at low hydration levels is based on the
“water repl hypothesis which that the

carbohydrates can substitute for water bound to macro-
molecular and membrane surfaces [4,6). Numerous stud-
ies on membranes and proteins have provided support
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DHPE, 1,2-dihexade-
L,,. tamellar liquid-crystalline
phasc. Lg. lamellar gel phase; L., lamellar crystalline (sub-gel) phase;
Hy,, inverted hexagonal phase; DSC, differential scanning calorime-
try.

C PJ. Quinn, D i
College London, Campden Hill, London W8 7AH UK.

y. King's

for this hypothesis (sece. for example, Refs. 5-9 for
recent reviews and references).

In view of the possible involvement of the lamellar to
hexagonal (L, — H,;) phase transition in the mecha-
nism of cryodamage [7] the effect of sugars on this
transition is also of iderable interest. Recent studies
have found that trehalose stabilizes the lamellar phase
of hydrated phosphatidylethanolamine at the expense of
H,, phase and is capable of maintaining these lipids in
lamellar phase at :emperatures well above the L,-Hy,
phase transition {8-11}. In this report we present calori-
metric and X-ray data that contradict these findings
and show that sucrose and trehalose have precisely the
opposite effect. According to our results, thesc sugars
favour formation of Hy; at the expense of L,. They

t: d the of the ..,,—H,, phase
tmnsmon until there is complete abolition of the inter-
mediate L, phase and the appearance of a direct gel-H;
transformation at high sugar concentrations.

The phosphaiidylethanolamines (DSPE, DHPE)
(both puriss, grade from Fluka) were hydrated in solu-
tions of sucrose or trehalose in doubly distilled de-
ionised water for 15 ru2 at 85°C and shaken 5-10
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Fig. 1. DSC scans (excess specific heat versus temperature) of DSPE
dispersions in aqueous solutions of sucrose or trehalose. The large
doth at lower tolg—L, it
the smaller endotherms at higher temperature reflect L, — Hy; transi-
tions. The single transition in 2.4 M sucrose corresponds 1o a direct
Lg — Hy transformation,

times on a vortex mixer at this temperature. Lipid

ispersi P by this p were found to
have ducible thermal beh as was indi d
by successive DSC scans. The lipid concentrations were
0.03 wt% in the DSC and 25 wt% in the X-ray measure-
ments.

The calorimetric scans were recorded with a high-

iti i diabati g calorimeter
(DASM-1M [12]) at a heating rate of 0.5 C° /min. Low-
and wide-angle X-ray were performed at
the Daresbury synchrotron laboratory using conditions
described elsewhere [13].

Dispersi of the phosphatidylethanol in ex-
cess water equilibrated at high temperature prior to the
measurements are known to display a phase sequence of
the type Ly —» L, — H; during heating scans [14-16]. A
large endothermic peak corresponding to the melting
Lg-L, transition is followed by a much smaller L ,—Hy,
endotherm. High-sensitivity DSC scans through these
transitions in DSPE and DHPE are shown in Figs. 1
and 2, bottom. The peak temperatures of the L~L,

and L,-H, transitions were 74.4°C and 100.2°C, =
spectively, in DSPE dispersions, and 66°C and 85°C,
respectively, in DHPE dispersions. These values agree
closely with previously reported transition temperatures
of these lipids in unbuffered water [15). Calorimetric
scans of lipid di i ining i i
of sucrose and trehalose clearly show that these disac-
charides shift to lower temperatures the L,-Hy, transi-
tion and at the same time increase slightly the tempera-
ture of the Lg-L, transition in both DSPE and DHPE
(Figs. 1 and 2). In 2.4 M sucrose these two transitions
merge and convert into a single transition centred at
78.6°C in DSPE and at 68°C in DHPE (Figs. 1 and 2,
top). This transition can be expected to reflect a direct
Lg — Hy; transformation. Similar effects of these sugars
have also been observed with synthetic, stereochem-
ically pure glycolipids which display L,—L,— Hy
phase sequences in excess water (Koynova, R.D., un-
published DSC

The melting phase in DSPE dispersions in
0, 1.2 and 2.4 M sucrose was investigated by low- and
wide-angle X-ray scatiering. Structural parameters were
determined and phases were assigned according to con-
ventional procedures {17]. As sugars appeared to facili-
tate the formation of the sub-gel phase prior to the

2.4 M Sucrose
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Fig. 2. DSC scans of DHPE in aqueous solutions of sucrose and
trehalose (see the text and the legend to Fig. 1 for details).
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effect and possible mechanisms of indirect interactions
Hofrmei

85°C. Both static at t
tures below and above the transitions and u-ne-resolved
during scans at 10 C°/min
showed a Lg-L, transition in 0 and 1.2 M sucrose. The
‘ong spacing of the Ly phase was 6.3 nm at 5 C° below
the transition, and the long spacing of the L, phase was
5.4 nm at 5 C° above the transition. Increase of sucrose
concentration up to 1.2 M seemed to decrease the long
spacings by about 0.1 nm. This change, however, was
comparable with the error margin of the

solutes and interfaces).

There is now ample evidence that many crycprotec-
tants, sugars among them. are kosmotropic, water-struc-
ture making reagents [19). By stabilizing the structure of
bulk water these substances tend to reduce the area of
the able interfaces b aqueous and lipid
phases. This tendency must favour formation of Hj,
phase at the expense of the L, phase since the lipid
surface areas are known to be smaller in the former

In 2.4 M sucrose, the melting iti ded as a

phase compared to the latter [16,20]. Although reliable

direct transformation of the L, phase mto a hexagonal
phase. The latter phase was characterised by low-angle
reflections at 6.4, 3.7 and 3.2 nm (at 5 C° above the
transition). Its lattice spacing (distance between axes of
water cylinders) was a=7.4 nm (a=2d/y3 where
d=6.4nm).

The present measurements provide clear evidence
that sucrose and trehalose strongly decrease the temper-
ature of L, - Hy ition. These disaccharides de-
crease the p range of of the L,
phase and close the ‘gap’ between gel and H,; phases at
about 2.4 M sucrose. This results contradicts the con-
clusions of Crowe et al. [8-11] that trehalose stablhzes
the lamellar liquid-crystalline phase in ph

1 of the free energies involved in this
process do not seem possible at the present stage, it is
clear nevertheless from the experimental data that the
degree of stabilization of water structure by sugars
should be sufficiently great as to affect appreciably the
erer-veuc balance between the L, and Hy phases and

ly the e of the
between them. The same “kosmotropic” effect might be
responsible also for the slight upward shift of the Lz —
L, transition. This shift is much smaller than in the
previous case since the enthalpy of this transition is
correspondingly much greater than that of the L, = H,
transition. Similar upward shifts have been reported
also for fully hydrated DPPC. Sucrose elevates the

and shifts up: toi ili the
L. - H,, transition. We are unable to account for this
inconsistency. Our observations are consistent with the
recently published results of Bryszewska and Epand {18]
that disaccharides and sugar alcohols lower the bilayer

to h phase p of di-
Taidorvln - dulethanolami The infl of
sugars on the phnse hehavxour of DSPE and DHPE is
very similar both quali and ly to the

effect of NaCl described by Seddon et al. [15). In both
cases the L, phase in completely eliminated and direct
Lg—Hy transhions appear at nearly the same tempera-
ture in saturated solutions of either NaCl or sucrose.
However, the intermediate L, phase of synthetic glyco-
lipids 1s fully abolxshed in sngmﬁcamly less tnan

d sugar
While the protective acuon of sugars at low levels of
hyd is most probably due to hydrog Strong hi

and the main transition of DPPC [21,22}
wiule 1 M trehalose increases the sub, pre- and main
transitions of DPPC by aboul 1C° [23] Itis nmponam

to note that the hypoth d here employs the
kosmotropic properties of the sugars only and does not
ily require i of direct i

between them and the lipid head groups. Such interac-
tions, however, cannot be excluded or assessed as insig-
nificant from the presently available data.
lt could be d from these iderations that
1 ucture t g reagents which be-
long to the opposite side of the Hofmeister series must
also have an opposite effcct on the L —Hj; transition.
That this is indeed the case has almdy been demon-
strated by Yeagle and Sen [24] who have found that the
L, phase of soya phosghatidylethanolamine was stabi-
l|zed relative to thc H" phase by addition of chaotropic
hloride, urea and NaSCN).

wnh the lipid head groups as envisaged by the ‘water
replacement’ concept, their strong effect on the L, » H,;
transition might also involve indirect (Hofmeister) inter-
actions since it is exerted in excess water. A large
number of experimental studies show that the proper-
ties of the interface t and

phases can be markedly affected via nd:rect interac-
tions with k and ch: [9).

P such as NaSCN increase the L _-H,,
transition by more than 60 C° [24]. In this case, the
destabilisation of water structure by the chaotropic re-
agents allows for greater interface areas of the lipid
head groups and favours the L, phase relative to the
H,; phase. Concurrent with this are also the results of
Oku and MacDonald [25] that strong ~haotropes pro-
mote micellisation of the lamellar phase of phosphati-

These reagents stabilize or destabilize, respectively, the
structure of bulk water and thus influence the proper-
ties of interfacial water (see Ref. 19 for a

dylcholi Here again, the chaotropes favour larger
head group areas and, consequently formation of
micelles at the expense of lamellar phase.

review of the various ifestations of the Hoft

general description of the Hofmeister
effect on the lipid phase behaviour emerging from these
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studies can be formulated as follows. Kosmotropic re-
agents (sugars and possibly other cryoprotectants)
stabilize water structure and thus favour smaller lipid
head group areas. This leads in particular to a prefer-
ence for Hy, phase relative to the L, phase and to a
decrease of the L, — Hy; temperature (Figs. 1 and 2).
Chaotropic reagents must have an opposite effect on the
lipid phase behaviour as they destabilize water structure
and allow in this way larger head group areas. This
results in a preference for the L, phase relative to the
H,; phase [24] and for the micellar phase relative to the
lamellar phase [25].

It could be expected also that some chaotropic re-
agents might be able to induce appearance of an inter-
mediate L, phase in lipids which display direct L, - H,,
or Ly — Hy, transitions in pure water. Our preliminary
expenments with galactolipids characterised by L, — H"

ions provide indicati that high
of the chaotropic SCN~ do induce appearance of an
intermediate phase separating the lamellar crystalline
and Hj; phases.
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