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A specific effect of cardiolipin on fluidity of mitochondrial membranes was demonstrated in Tetrahymena
cells acclimated to a lower temperature in the previous report (Yamauchi, T., Ohki, K., Maruyama, H. and
Nozawa, Y. (1981) Biochim. Biophys. Acta 649, 385-392). This study was further confirmed by the
experiment using fluorescence polarization of 1,6-diphenyl-1,3,5-hexatriene (DPH). Anisotropy of DPH for
microsomal and pellicular total lipids from Tetrahymena cells showed that membrane fluidity of these lipids
increased gradually as the cells were incubated at 15°C after the shift down of growth temperature from
39°C. However, membrane fluidity of mitochondrial total lipids was kept constant up to 10 h. This finding is
compatible with the result obtained using spin probe in the previous report. Additionally, the break-point
temperature of DPH anisotropy was not changed in mitochondrial lipids whereas those temperatures in
pellicular and microsomal lipids lowered during the incubation at 15°C. Interaction between cardiolipins and
various phospholipids, which were isolated from Tetrahymena cells grown at 39°C or 15°C and synthesized
chemically, was investigated extensively using a spin labeling technique. The addition of cardiolipins from
Tetrahymena cells grown at either 39°C or 15°C did not change the membrane fluidity (measured at 15°C) of
phosphatidylcholine from whole cells grown at 39°C. On the other hand, both cardiolipins of 39°C-grown and
15°C-grown cells decreased the membrane fluidity of phosphatidylcholine from Tetrahymena cells grown at
15°C. The same results were obtained for phosphatidylcholines of mitochondria and microsomes. Membrane
fluidity of phosphatidylethanolamine, isolated from cells grown at 15°C, was reduced to a small extent by
Tetrahymena cardiolipin whereas that of 39°C-grown cells was not changed. Representative molecular species
of phosphatidylcholines of cells grown at 39°C and 15°C were synthesized chemically; 1-palmitoyl-
2-oleoylphosphatidylcholine for 39°C-grown cells and dipalmitoleoylphosphatidylcholine for 15°C-grown
ones. By the addition of Tetrahymena cardiolipin, the membrane fluidity of 1-palmitoyl-2-oleoylphosphati-
dylcholine was not changed but that of dipalmitoleoylphosphatidylcholine was decreased markedly. These
phenomena were caused by Tetrahymena cardiolipin. However, bovine heart cardiolipin, which has a
different composition of fatty acyl chains from the Tetrahymena one, exerted only a small effect.

* For Part I in this series, see Ref. 22.
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Introduction

Most parts of cell functions are associated with
biological membrane, e.g., ATP synthesis,
hormonal regulation, neural regulation, immuno-
logical response and transport of biological subs-
tances. Much attention has been paid to the rela-
tionship between functions and structures of mem-
branes [1-5]. In many cases, physical properties of
membrane lipids play an important role in the
membrane functions. Membrane fluidity affects
activity of membrane bound enzyme [6], endocyto-
sis {7] and activation of adenylate cyclase [8-10].
Activity of membrane enzymes was also mod-
ulated by surface charge [11] and phase transition
of membrane lipid [12]. Additionally, arrangement
and organization of lipid molecules were supposed
to play a central role in the mechanism of mem-
brane fusion [13-15].

In general, when unicellular organisms are ex-
posed to a new environment, lipid composition of
the membranes changes by some adaptation mech-
anism. Even in multicellular organisms, lipid com-
position of membranes could be modified by diet
[10,16]. In order to study the role of lipids in
biological membrane, a method used widely is to
alter the membrane lipid composition by changing
the growth temperature of certain microorganisms
[17] and then to examine the effects on membrane
functions [18]. Experiments have been designed to
study the relationship between the physical prop-
erties of membranes and their lipid composition in
Tetrahymena cells acclimated to a new growth
temperature. Exposure of Tetrahymena grown at
39°C to a lower growth temperature (15°C) caused
a marked and relatively rapid alteration of fatty
acid composition of phospholipid, i.e. and increase
of unsaturated fatty acid content. Spin labeling
technique revealed that the membrane fluidity was
increased as a consequence of unsaturated fatty
acid increase [19-21]). In Tetrahymena cells
acclimated to the lower growth temperature, mem-
brane fluidities of cilia, pellicles and microsomes
were raised as the content of unsaturated fatty
acids increased during the incubation at 15°C.
However, membrane fluidity of mitochondria was
kept constant in spite of the increased level of
unsaturated fatty acids. This relative constancy of
mitochondrial physical state would be considered

to be attributed to cardiolipin which is known to
be exclusively localized in mitochondrial inner
membranes [22].

In the present paper, our previous study was
further extended by employing the fluorescent
probe DPH, and the effect of cardiolipin on mem-
brane fluidity was also studied for isolated and
synthetic phospholipids. The results obtained by
the fluorescence technique was found to be con-
sistent with those by the spin probe study. More-
over, by an extensive spin labeling study,
cardiolipin has been proved to interact preferen-
tially with phosphatidylcholine possessing two un-
saturated fatty acyl chains, and cardiolipin was
observed to prefer phosphatidylcholine rather to
phosphatidylethanolamine and 2-aminoethylphos-
phonolipid.

Materials and Methods

Cells. Tetrahymena pyriformis, NT-1, a thermo-
tolerant strain, was cultured with constant shaking
at 39°C in an enriched medium; 2% proteose-pep-
tone (Difco), 0.5% glucose (Nakarai), 0.2% yeast
extract (Difco) and 90 uM Fe?*-EDTA complex.
After 24-h incubation the growth temperature was
lowered to 15°C over a period of half an hour. In
order to adjust the cooling rate to 0.8 K /min, the
temperatures were monitored by a sterile ther-
mometer placed in the medium [23]. After the
growth temperature was lowered to 15°C, cell
division was not observed before 10 h passed.

Cilia, pellicles, mitochondria and microsomes
were isolated from Tetrahymena cells at various
periods of incubation according to the previous
method [24].

Extraction and isolation of Tetrahymena’s lipids.
Total lipids were extracted from individual mem-
brane fractions or whole cells according to the
method of Bligh and Dyer [25]. The extracted lipid
dissolved in chloroform was applied to the silicic
acid (Mallinckrodt, 100 mesh) column and eluted
with three bed volumes of chloroform to remove
neutral lipids. Cardiolipin, phosphatidylethanol-
amine / 2-aminoethylphosphonolipid and phospha-
tidylcholine were eluted by step-wise gradients of
chloroform /methanol; 98:2 (v/v), 90:10 (v/v),
80:20 (v/v), 70:30 (v/v), 60:40 (v/v), 50:50
(v/v), 40:60 (v/v), 20: 80 (v/v) and 0:100 (v/v).



Every 2 ml was collected, and a portion was
developed on Silica gel G plate by chloroform/
methanol /acetic acid /water (50:30:8:4, by vol.)
to identify the phospholipid species. Individual
fractions of cardiolipin, phosphatidyleth-
anolamine /2-aminoethylphosphonolipid and
phosphatidylcholine were collected and stored in
chloroform /methanol (6:1, v/v) at —20°C.

Synthesis of 1-palmitoyl-2-oleoylphosphatidyicho-
line and dipalmitoleoylphosphatidyicholine. 1-
Palmitoyl-2-oleoylphosphatidylcholine and di-
palmitoleoylphosphatidylcholine were synthesized
according to the method of Robles and Van den
Verg [26]. Dipalmitoylphosphatidylcholine (Sigma)
was converted to 1-palmitoyllysophosphatidylcho-
line by phospholipase A, ( Naja naja, Sigma). The
1-palmitoyl-2-oleoylphosphatidylcholine was
formed by addition of oleic anhydride, and iso-
lated with chloroform extraction followed by di-
ethyl ether washing. Dipalmitoleoylphosphati-
dylcholine was synthesized from glycerophos-
phorylcholine and palmitoleic anhydride, and iso-
lated as described above.

Fluorescence measurement. Lipids were disper-
sed by vortexing with glass beads in Tris-buffered
saline (150 mM NaCl, 50 mM Tris-HCI, pH 6.8)
as a final concentration 65 pM, and 1,6-diphenyl-
1,3,5-hexatriene (DPH, Aldrich) was added to the
dispersion at 1/500 as a molar ratio of DPH to
lipids. The steady-state fluorescence intensity and
the anisotropy were measured with a self-con-
structed instrument which was described previ-
ously [27,28]. The excitation wavelength was
selected at 360 nm and all fluorescence above 420
nm was collected with cut off filters (Hoya L-39
and L-42 filters). Every lipid dispersion scattered
and absorbed about 15% of excitation light of 360
nm. The error in the emission anisotropy values
was estimated to be within 1% in all experiments.
Nanosecond time-resolved fluorescence investiga-
tion revealed two components of DPH fluores-
cence in lipid dispersions. The life time of the
major components was 7-10 nsec and that of minor
component was 1-3 ns. DPH anisotropy of
steady-state measurement reflected mainly the
major component.

ESR measurement. Lipid (10 mM) and 0.1 mM
of stearic acid spin probe (N-oxyl-4',4’-dimethyl-
oxazolidine derivative of 5-keto stearic acid, Syva
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Associates) were dispersed homogeneously in
Tris-buffered saline by a Branson sonifier (B-12).
ESR spectra were measured at various tempera-
tures using a commercial X-band spectrometer
(JEOL FE-1X) equipped with a temperature con-
troller. The parallel (T}) and perpendicular (77)
principal values of the hyperfine tensor of an
axially symmetrical spin Hamiltonian were esti-
mated from the ESR spectra and the order param-
eter, S, was calculated using the following relation.

S= a(T(l_Tll)
- ’ 1
@(T.~ YT\ +T,,))

where a=(T,, + T, +T,)/3, a =(T, +27")/3,
w=T1,=59 G and T, =329 G are the hyper-
fine principal values of the nitroxide radical. In
the Tetrahymena membranes and their extracted
lipids, the order parameter of the stearate spin
probe was a good indication of the membrane
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Fig. 1. Change in anisotropy of DPH in mitochondria, pellicles
and microsomes from Tetrahymena cells during acclimation to
15°C. Tetrahymena cells grown at 39°C for 24 h were in-
cubated at 15°C. Total lipids were extracted from isolated
membrane fractions, and anisotropy of DPH was measured in
the dispersions of these lipids at 15°C. O-- — O, Mitochondrial;
O------ O, pellicular and a A, microsomal lipids. Data
from two experiments were plotted in the figure.
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fluidity [19-22}. And the term ‘fluidity’ was used
as an expression of order parameter in this paper.

Results

In the previous paper [22], ESR study using
stearic acid spin probe revealed that the mem-
brane fluidity of Tetrahymena’s mitochondria was
not changed during acclimation to a lower growth
temperature, despite the increase in unsaturation
of the fatty acyl chains. Another method was
introduced in the present study. Measurement of
the membrane fluidity by a fluorescence technique
is widely used as well as an ESR method. There-
fore, a fluorescence study was carried out on the
same lipid system as that studied by ESR. Fig. 1
shows the results of the experiment using a fluo-
rescent probe, DPH. Tetrahymena cells were grown
at 39°C for 24 h, and eight generations passed
during the incubation periods. The growth temper-
ature was lowered to 15°C over a period of 0.5 h.
Mitochondria, pellicles (surface membranes of the
cells) and microsomes were isolated at 0.5 h be-
fore, and 2, 6 and 10 h after the temperature shift.

Temperature ot break point (°C)

31 SS{E 0 2 4 6 8 10
Time after shift to 15 °C (h)

Fig. 2. Changes in break point of plots of log[(ry — r)/r] vs.
1/7T in mitochondrial, pellicular and microsomal lipid from
Tetrahymena cells during acclimation to 15°C. Total lipids were
extracted from isolated membrane fractions, anisotropy of DPH
was measured in the temperature range of 50 to 5°C. values of
log[(r, — r)/r] were plotted for 1/7, and break points were
obtained by hand fitting. O---0, Mitochondrial; O------ o,
pellicular and a A, microsomal lipids. Data from two
experiments were plotted in the figure.

Anisotropy of DPH in liposomes of these mem-
brane lipids decreased in order of pellicles, micro-
somes and mitochondria; membrane fluidity in-
creased in this order. The lowest fluidity was ob-
served in the ciliary lipids including the highest
content of tetrahymanol (data not shown). As for
membranes of these organelles, the same order of
fluidity was obtained by a spin labeling technique
[19]. With the increasing period of incubation at
15°C, anisotropy of DPH in both pellicular and
microsomal lipids decreased gradually but anisot-
ropy in mitochondrial lipids showed almost no
change up to 10 h. During this period, the content
of unsaturated fatty acid in membrane phos-
pholipids increased in these three membrane frac-
tions [22]. However, no increase of fluidity was
observed in mitochondrial lipids. This result is
identical to that obtained by a spin labeling tech-
nique used in the previous paper [22]. The follow-
ing experiments were designed to gain more in-
sight into the underlying mechanisms of this phe-
nomenon.

The measurement of DPH fluorescence in lipid
dispersions was automatically carried out at every
temperature from 50°C to 5°C under control of a
minicomputer. Log[(r, — r)/r] was plotted against
1/T to obtain the temperature of the break point
in a curve. Fig. 2 shows changes in break-point
temperatures for pellicles, microsomes and
mitochondria during acclimation to 15°C. Each
break point in the plots can be attributed to the
temperature at which the physical properties of the
membrane change. Indeed, these break points cor-
respond to the temperatures at which crystalline
phase (42 A peak) starts to appear in X-ray
diffraction of membrane lipids of Tetrahymena
[29,30]. Incorporation of double bond into a fatty
acyl chain of phospholipid decreases the phase
transition temperature of liquid crystalline to
crystalline. The results of pellicles and microsomes
were in agreement with this effect of a double
bond’s lowering the phase transition temperature.
The break-point temperature of DPH fluorescence
in mitochondrial lipids showed a singular phenom-
enon as observed in the measurement of fluidity;
the break-point temperature was sustained con-
stant while the unsaturation of the fatty acyl chain
increased gradually.

The phenomenon in mitochondrial lipids has



been proved to be due to cardiolipin {22]. In order
to examine the effect of cardiolipin on membrane
lipid in detail, the extracted lipids from cells grown
at 39°C or 15°C were separated into the major
phospholipid fractions. Tetrahymena pyriformis,
NT-1, possesses phosphatidylcholine, phos-
phatidylethanolamine and 2-aminoethylphos-
phonolipid as their phospholipids. In addition,
cardiolipin is present in mitochondrial membrane
in Tetrahymena as well as in other animal cells.
Although there were compositional differences
among the fatty acyl chains of these phospholi-
pids, the same tendency was observed in the change
of fatty acid composition induced by the acclima-
tion to a lower growth temperature [21]. Further-
more two types of phosphatidylcholine molecules
having defined fatty acyl chains were synthesized
chemically. Analysis of phospholipid species in
Tetrahymena cells revealed that 1-palmitoyl-2-
oleoylphosphatidylcholine and dipalmitoleoyl-
phosphatidylcholine were representative molecular
species of cells grown at 39°C and 15°C, respec-
tively [31]. Membrane fluidities of these synthetic
phosphatidylcholines with and without cardiolipin
were measured at various temperatures using
stearate spin probe. In Fig. 3, the order parameters
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Fig. 3. Order parameter vs. 1/T of synthetic phosphatidylcho-
lines with and without cardiolipin. 1-Palmitoyl-2-oleoylphos-
phatidylcholine (O, @) and dipalmitoleoylphosphatidylcholine
(4, a) were synthesized chemically according to the method of
Robles and Van den Berg [26]. The order parameter of the
stearate spin probe was calculated from the ESR spectrum of
these phosphatidylcholines with (®, a) and without (O, a)
cardiolipin from Tetrahymena cells grown at 15°C.
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of stearate spin probe in 1-palmitoyl-2-
oleoylphosphatidylcholine and dipalmi-
toleoylphosphatidylcholine liposomes were plotted
for 1/T (K™1!). Also the values were plotted for
liposomes containing cardiolipin. Order parame-
ters were obtained at six different temperatures.
Phase transition temperatures of these phospholi-
pids were below 0°C (¢, of 1-palmitoyl-2-
oleoylphosphatidylcholine is —5°C), and no break
was detected by an ESR measurement in curves of
order parameter between 50°C and 4°C. Theoreti-
cally, the order parameter has a linear correlation
with an inverse of absolute temperature [32].
Therefore, straight lines in the figure were ob-
tained statistically by linear regression of these
points. And order parameter at 15°C was de-
termined from the line. This method was applied
to determination of the order parameters of ex-
tracted lipids from Tetrahymena. The order
parameter of 1-palmitoyl-2-oleoylphosphati-
dylcholine was larger than that of dipalmi-
toleoylphosphatidylcholine by 0.075, and there
were parallel variations in the parameters as a
function of temperature between these two phos-
pholipids. Addition of cardiolipin altered the tem-
perature dependency of the order parameter in
dipalmitoleoylphosphatidylcholine but not in 1-
palmitoyl-2-oleoylphosphatidylcholine. The effect
of cardiolipin on membrane fluidity was supposed
to depend on the fatty acyl composition of the
membrane lipids.

To assess in more detail the effect of cardiolipin
on membrane fluidity, phosphatidylcholine, phos-
phatidylethanolamine (including 2-aminoethyl-
phosphonolipid) and cardiolipin were isolated from
Tetrahymena cells grown at 39°C or at 15°C to a
late logarithmic phase. 2-Aminoethylphosphono-
lipid includes ethylamine moiety instead of
ethanolamine and is expected to show a similar
physicochemical property to phosphatidylethanol-
amine. Indeed, the phase transition temperatures
of dipalmitoylphosphatidylethanolamine and di-
palmitoyl-2-aminoethylphosphonolipid were
61.2°C and 61.4°C, respectively, by ESR measure-
ment using TEMPO as spin probe. A mixture of
these two phospholipids was used in the present
experiment without further separation. The order
parameters at 15°C were obtained according to
the method described above for various combina-
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Fig. 4. Effects of cardiolipin on the order parameter of various
phospholipid dispersions. Phosphatidylcholine and phos-
phatidylethanolamine (including 2-aminoethylphosphonolipid)
were isolated from Tetrahymena cells grown at 39°C or 15°C.
Figures in parentheses indicate the number of experiments.

tions of cardiolipin and phosphatidylcholine (or
phosphatidylethanolamine /2-aminoethylphos-

phonolipid) from whole cells grown at 39°C or
15°C. Fig. 4 summarizes the effects of added
cardiolipin on membrane fluidity of various phos-
pholipids. Cardiolipins used in the present experi-
ment were from various sources; bovine heart,
Tetrahymena cells grown at 39°C and 15°C. The
changes in order parameter caused by 7.5 mol% of
cardiolipin, which was equivalent to the cardioli-
pin content in Tetrahymena mitochondria, were
shown in the figure. A positive AS indicates a
decrease in membrane fluidity. When cardiolipin
from each source was added to phosphatidylcho-
line isolated from Tetrahymena cells grown at 39°C,
only small changes in order parameter were ob-
served. However, cardiolipin from both 39°C- and
15°C-grown cells increased the order parameter
for phosphatidylcholine in 15°C-grown cells.
Bovine heart cardiolipin scarcely affected the order
parameter. Similar experiments were carried out
for phosphatidylcholine purified from mitochon-
dria of 15°C- and 39°C-grown cells. A decrease in
fluidity was observed only when cardiolipin was
added to phosphatidyicholine from mitochondria
of 15°C-cells (data not shown). As for phosphatid-
ylethanolamine, the addition of cardiolipin caused
a slight effect on the order parameter in all tested
combinations of cardiolipin and phosphatidyl-

ethanolamine. However, when the effects of added
cardiolipin were compared between phosphatidyl-
ethanolamine from 39°C-grown cells and from
15°C-grown cells, there was a significant increase
in order parameter, induced by Tetrahymena
cardiolipin, in phosphatidylethanolamine isolated
from 15°C-grown cells. Phospholipids of cells
grown at 15°C were specifically affected by the
addition of Tetrahymena cardiolipin, suggesting
evidence that unsaturated fatty acids might play
an important role in the interaction between phos-
pholipid and cardiolipin. Indeed, a more remarka-
ble effect of cardiolipin was observed in a syn-
thetic phosphatidylcholine. Cardiolipin from
Tetrahymena source was found to increase the
order parameter of dipalmitoleoylphosphati-
dylcholine to a much greater extent than that of
1-palmitoyl-2-oleoylphosphatidylcholine. Phos-
pholipid which has an unsaturated fatty acid at
1-position of glycerol is characteristic of Tetrahy-
mena cells adapted to 15°C [31]. There was also a
marked difference between the effects of Tetrahy-
mena cardiolipin and bovine heart cardiolipin on
membrane fluidity. This might be due to the fatty
acid composition of these cardiolipins; 87% of
fatty acid of bovine heart cardiolipin is linoleic
acid, and Tetrahymena cardiolipin comprises lino-
leic acid (37%) and linolenic acid (44%) [22].
Therefore, the fatty acid species of cardiolipin and
phospholipid were considered to take a key part in
the interaction.

Discussion

Living organisms have the ability to adapt to
their environments. Especially for unicellular
organisms, the adaptation mechanism is essential
for survival of changes in environment, since they
suffer extracellular stimuli directly. Temperature is
one of most important factors for cell growth. And
alteration of the membrane lipid composition is an
important mechanism of thermal adaptation. In-
deed, Tetrahymena cells exposed to a lower growth
temperature could recover cell division [33], lateral
diffusion of membrane proteins [23,33], and swim-
ming velocity [18] by increasing unsaturation in
the fatty acyl chains of the membrane phospholi-
pids. On the other hand, Bacillus stearothermophi-
lus could live in a higher growth temperature by



increasing the ratio of saturated to unsaturated
fatty acids [34]. Temperature acclimation of cells is
attained by alteration of the lipid composition,
especially by regulating the content of double
bonds in fatty acyl chains. Incorporation of dou-
ble bonds could recover the membrane fluidity
that had been decreased by lowering growth tem-
perature [19,21]. However, in mitochondrial lipids,
increase of membrane fluidity was not observed by
spin labeling technique, whereas unsaturation of
fatty acyl chains occurred [22]. It was claimed that
the spin labeling technique using fatty acid spin
probe did not always reflect the fluidity of mem-
branes [35,36]. Therefore, a fluorescent probe was
used for the same samples as used in the previous
study. From comparing the time course of DPH
anisotropy with that of the stearate spin probe
order parameter, it was demonstrated that these
two results from different techniques were essen-
tially identical. The extended experiment revealed
that cardiolipin of Tetrahymena cells preferentially
interacted with specific phospholipids, phosphati-
dylcholines of Tetrahymena cells grown at 15°C.
In Tetrahymena cells acclimated to a lower growth
temperature, characteristic feature of altered lipid
composition was the incorporation of unsaturated
fatty acid into the 1-position of the glycerol back-
bone of phospholipids [31]. This tendency was
observed in all phospholipid species of individual
membrane fractions [37]. Incorporation of un-
saturated fatty acid into 1l-position of glycerol
moiety modified the physical properties of phos-
pholipid. In 1-stearoyl-2-polyunsaturated phos-
phatidylcholine, the increase of unsaturation at
2-position of glycerol raised the phase transition
temperature. On the other hand, dioleoylphos-
phatidylcholine which contained monounsaturated
fatty acyl chain at 1-position showed a lower tem-
perature of phase transition than these phos-
phatidylcholines [38]. Also phase transition tem-
perature of 1-oleoyl-2-palmitoylphosphatidylcho-
line was lower then that of 1-palmitoyl-2-
oleoylphosphatidylcholine [39]. Cardiolipin is
known to form a non-bilayer structure (hexagonal
II phase) in the presence of Ca?* [40-42]. Lipid
molecules were classified into three types from
their shapes; cone (smaller polar headgroup), cyl-
inder and inverted cone (larger polar headgroup).
According to the molecular shape, each type of
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lipid molecule tends to form hexagonal II, planer
bilayer and micelle, respectively [43]. Incorpora-
tion of double bond into fatty acyl chain converts
the moleculer shape into cone type (relatively
smaller polar headgroup). And the lipids forming
bilayer could be incorporated into hexagonal II
phase [44]. Therefore, it is plausible to think that
in mitochondria newly synthesized phospholipids,
which comprise unsaturated fatty acid at the 1-
position of glycerol, would form a hexagonal II
structure with cardiolipin. Thus apparently any
increase in membrane fluidity was not observed
for mitochondrial phospholipids.
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