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Salt-induced fluid lamellar (La) to inverted hexagonal ( H u ) phase transitions have been studied in diphosphatidylglyeerols (cardiolipins) with different aeyl chain compositions, using 31p nuclear magnetic resonance (NMR) spectrnscopy. Cardiolipins with four myristoyl chains, tetramyristoyl ¢ardiollpin (TMCL), and with four oleoyl chains,
tetraoleoyl cardiolipin (TOCL), were synthesized chemically. TMCL was found to undergo a thermotropic lamellar gel
to lamellar liquid-crystalline phase transition at 33-35 ° C. This lipid exhibited an axially symmetric 31P-NMR spectrum
corresponding to a Imuellar phase at all NaCI concentrations between 0 and 6 M. In the case of TOCL, formation of an
H u phase was induced by salt concentrations of 3.5 M NaCI or greater. These observations, taken together with earlier
findings that bovine heart cardiolipin aqueous dispersions adopt an H u phase at salt concentrations of 1.5 M NaCI o r
greater, indicate that increasing unsaturafion and length of the acyl chains favour formation of the H u phase in
diphnsphatidylglyeerols.

Diphosphatidylglycerois, commonly known as
cardiolipins (CL), are a class of phospholipids found at
high concentration in the inner mitochondrial membrane [1-3]. Extracted CL from bovine heart, when
dispersed in aqueous media, exhibits a transition from a
lameUar (La) to an inverted hexagonal ( H n ) phase
which is induced by monovalent and divalent cations
and by pH titration [4-6]. The L , to Hu phase transformation is also observed in other phospholipids and is
induced by various environmental conditions such as
pH, temperature and salt concentration. Generally, lipid
molecules with large acyl chain to headgroup volumes

Abbreviations: DMPA. 1.2-dimyristoyl-sn-glycero-3-phosphoricacid;
DOPA, t,2-diol¢oyl-sn-glycero-3-phosphoricacid; DMPC, t,2-dimyristoyl-sn-glycero-3-phosphocholine; DOPC, 1,2-dioleoyl-snglycero-3-phosphocholine;DMPG, 1,2-dimyristoyl-sn-glycero-3-phosphoglycesol; DOPG, 1,2-dioleoyl-sn.81ycero-3-phosphoglycerol;CL,
cardiolipin (diphosphaddylglycerol);TMCL. 1.3-bis[l,2-dimyfistoylsn-glycero-3.phospho].rac.glycerol;
TOCL, 1.3-bis[l,2-dioleoyl-snglycero-3-phospho]-rac-glycerol;
La. fluid lamellax phase; Hii,
inverted hexagonalphase; NMIL nuclear magneticresonance; DSC,
differentialscanningcalorimetry.
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tend to accomodate themselves better in an inverted
phase than in a lamellar phase, presumably due to the
packing constraints imposed on them by the latter
assembly. In the specific case of cardiolipins, varying
the number of acyl chains leads to a rich range of
polymorphism [5]. For instance, dilysocardiolipin containing two acyl chains per two headgroup phosphates
forms normal micellar aggregates in salt-free aqueous
media whereas monolysocardiolipin molecules are assembled into bilayer lamellae [5]. Addition of salt induces transitions from a micellar to a lamellar phase
and from a lamellar to an H n phase for dilysocardiolipin and for cardiolipin, respectively [5].
Whereas the effects of changing the number of chains
in triggering phase transformations in cardiolipins have
been studied in detail, the role of acyl chain composition in the induction of non-lamellar phases in
cardiolipins is not clear. The influence of chainlength
and chain unsaturation on the stability of non-bilayer
phases has been investigated in phosphatidylethanolamines (see, for example Refs. 16 and 17). However, such
studies have mostly involved thermotropically induced
transitions or compositional variations. Far less is known
regarding the effects on isothermal non-lameUar phase
transitions triggered by varying ionic composition, especially for cardiolipins. We report here our resul!s on
calorimetric and N M R studies of salt-induced lipid
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polymorphism in synthetic cardiolipins of homogeneous
chain composition.
Materials and Methods. DMPG and DMPA were
synthesised from DMPC (Ftuka, Buchs, Switzerland),
and DOPG and DOPA from DOPC (Sigma, St. Louis,
Me), using the headgroup exchange reaction catalysed
by phospholipase D (Boehringer-Mannheim, Mannheim, F.R.G.) [7]. TMCL and TOCL were synthesised
by condensing PG and PA of the appropriate chain
composition, employing the method described by Keana
et at. [8]. The reaction products were purified either on
a Cellulose CM-52 column eluting with CH2C12/
C H 3 O H / 6 M NH4OH (65 : 30 : 3, v/v), or by precipitation from CH3OH with hexane, or precipitation from
CH 2C1e with acetone. The synthetic products were characterized by thin-layer chromatography using the solvent
system CH2CI 2 / C H 3 O H / 6 M NH4OH (65 : 30 : 3, v/v),
and by high resolution 1H-NMR spectroscopy (see also
Ref. 8).
Proton-dipolar decoupled 3t P-NMR spectra were collected at 109 MHz on a Bruker WH-270 spectrometer,
and at 81 MHz on an IBM spectrometer. A pulse width
of 6 #s and a nominal decoupling power of 20 W were
used. To avoid sample-heating, a gated decoupling sequence was used. Typically, free induction decays were
collected in 512 bytes, zero-filled to 8 Kbytes and
Fourier transformed after applying a 50 Hz exponential
line broadening. Chemical shifts were referred to external 855 phosphoric acid. Chemical shift anisotropies
(Ao = Oil- o±) were measured from the points of maximum slope in the oil and o± regions of the powder
patterns corresponding to the lameUar and inverted
hexagonal phases, respectively.
Differential scanning calorimetric (DSC) measurements were performed on a Perkin-Elmer DSC-2B
calorimeter equipped with an Intracooler I. Samples
were sealed in large-volume stainless steel pans which
were heated in the calorimeter at a rate of 1.25 C °/rain.
The DSC pans were opened after the experiments and
the samples were anaiysed for phosphorus content [9].
Areas under the thermograms were determined by paper
weighing, and indium and benzene were used as standards to determine the transition enthalpies.
Samples for both N M R and DSC experiments were
prepared by dispersing a thin film of the lipid in excess
quartz-distilled water. The pH of the dispersions was
adjusted to 7.0 with NaOH and NaCI added to the
required concentration, and the samples were then
centrifuged. The centrifuged pellets were then transferred to the ~"MR tubes. To eliminate small particles
the N M R samples were subjected to several freeze-thaw
cycles before measurement. DSC measurements were
performed on a part of the N M R samples, after N M R
measurement. Thin-layer chromatography was used to
check that no lipid degradation had occurred during the
N M R and DSC runs.

Results and Discussion. A differential scanning calorimetric trace of hydrated TMCL in 6 M NaCI (pH 7.0)
is given in Fig. 1. Upon heating, this lipid exhibits a
thermotropic transition from a lamellar gel to a lamellar
liquid-crystalline phase at a temperature of 33°C. The
enthalpy of this transition was determined to be 10.5
k c a l / m o l (44 kJ/mol). The cooling scan shows a reversible transition at 35°C. These data differ from
those reported by Rainier et al. [10] who found that the
di-ammonium salt of TMCL has a transition temperature of 4 0 ° C and an enthalpy of 12.5 kcal/mol. A
variable dependence of the transition temperature on
the particular salt form of the cardiolipin was reported
in this latter paper, which may explain this difference.
Nagamachi et al. [18] have found an even higher transition temperature (47 ° C) for the acid form of TMCL in
distilled water.
The proton dipolar-decoupled 31p-NMR spectra of
TMCL displayed an axially symmetric powder pattern
with a chemical shift anisotropy (Ao) of - 4 9 ppm at
25°C. The spectra were essentially unchanged upon
addition of salt. The lamellar phase spectrum was observed at all salt concentrations between 0 and 6 M
NaCI.
The proton dipolar-decoupled 3Ip-NMR spectra of
TOCL at 25 ° C are shown reJr different NaCi concentrations in Fig. 2. All spectra contain a small isotropic
component which could be reduced, but not entirely
eliminated, by repeated freeze-thawing. It is therefore
likely that this component arises from small particles.
The isotropic component is most evident in spectra
where there is a coexistence of lamellar and Hn phases,
which also suggests that it may arise from surface
curvature effects. It cannot be totally excluded that this
b
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Fig. 1. Differentialscanningcalorigramsof tetramyristoyleardiolipin
in 6 M NaCI (pH 7.0). (a) heating scan. (b) cooling scan. Scan rate:
1.25 C °/rain.
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Fig. 2. 109 MHz proton-dipolar decoupled 3~P-NMR spectra of
tetraoleoylcaxdiolipinas a functionof salt concentrationat 25o C. (a)
0.0 M NaCI, (b) 3.0 M NaCI, (e) 3.5 M NaC1,and (d) 3,.0 M NaCI.
component may arise from a phase of cubic symmetry,
but if this is the case, the amount of this phase is
relatively small and will not be further considered.
When dispersed in water containing no salt, TOCL
exhibits an axially symmetric powder pattern with a
chemical shift anisotrupy of - 2 8 . 8 ppm (Fig. 2a). This
lamellar phase pattern is preserved until a salt concentration of 3.5 M NaCI. At this concentration, a
two-component spectrum is observed corresponding to
the co-existence of a fluid lamellar phase spectrum with
a Ao of - 2 5 ppm and a H u phase spectrum with a
reduced chemical shift anisotropy of opposite sign: Ao
= + 1 7 ppm (Fig. 2c). The Hn phase alone is then
observed with increasing salt concentration until the
dispersions are saturated with NaCI. The chemical shift
anisotropies of the L n and Hit pitases for TOCL are
similar to those observed previously for bovine heart
cardiolipin [5], where the identity of the phases was
estabfished independently by X-ray diffraction [4].
TABLE I
3tp.NMR chemical shift anisotropies (z~o) of cardiolipins of different
chain composition, as a funrtion of salt concentration (NaCI)

TMCL
TOCL
Bovine

40
25

zip (ppm)
0M
I.SM
NaCI NaCI
-49.9
-49.5
-28.8
-28.9

CL a

20

-31.8

Lipid

T
(°

C)

-32, +19

3.5M
NaCl
-48.7
-25, +17

4M
NaCI
-48.1
+17.1

+19.3

+19.7

= Data from Power mad Marsh [5]. Bovine CL is composed of
approx. 90% linoleoylchains lll].

The salt-induced spectral changes in the TOCL 3tp.
N M R powder patterns parallel those observed for
bovine heart CL [5]. In the latter case, the transition to
a H n phase was observed at a salt concentration of 1.5
M NaCI. The 31P-NMR data on bovine heart CL,
TOCL and TMCL are summ~rised in Table I. The
previous data on bovine heart cardiolipin provide a
useful comparison with the present data on synthetic
cardiolipins of homogeneous chain composition, since
the naturally occurring CL has a chain composition
which approximates to that of tetralinoleoyl cardiolipin
[11]. It is clear from Table I that the phase behaviour of
tetraacyl CL is determined not simply by the unique
covalent structure of this phospholipid, but also by the
detailed chain composition. The short, saturated myristoyl chains favour the formation of the lamellar bilayer
phase: TMCL is found here exclusively in the bilayer
phase. The longer, monounsaturated oleoyl chains promote formation of the inverted hexagonal phase, in
TOCL at salt concentrations of 3.5 M NaCI or greater.
Increasing the degree of unsaturation from oleoyl to
linoleoyl chains, further enhances the propensity for H u
phase formation by lowering the threshold salt concentration, which for bovine heart CL lies at 1.5 M
NaCI.
Although the formation of H , phases by the endogenous cardiolipins in biological membranes is rather
unlikely under physiological conditions, the molecular
properties which favour formation of these phases may
well be of structural and functional significance.
Cardiolipins with the potential to form H n phases may
thus be important structural elements in regions of high
curvature in the mitochondrial cristae, or in the contact
sites with the outer mitochondrial membrane (see also
Ref. 12). Incipient non-lamellar phase-forming cardiolipins may additionally possess dynamic properties
which can enhance the activity of integral membrane
enzymes such as cytochrome oxidase [13], as found also
for unsaturated phosphatidylethanolamines in the case
of the Ca2+-ATPase [14]. In connection with the present
work on synthetic cardiolipins, it is also interesting to
note that, in contrast to the bovine heart lipid,
cardiolipin from yeast contains a high proportion of
oleoyl chains, and 85% of the chains in CL from
Acholeplasma laidlawii are composed of myristic and
palmitic acids [15].
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