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THERMAL ADAPTATION OF TETRAHYMENA MEMBRANES WITH SPECIAL REFERENCE TO

MITOCHONDRIA

ROLE OF CARDIOLIPIN IN FLUIDITY OF MITOCHONDRIAL MEMBRANES
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During temperature acclimation of Tetrahymena pyriformis, the changes in fluidity and composition of total
lipids from three membrane fractions, mitochondria, pellicles and microsomes were studied by a spin-label tech-
nique using a stearate probe and thin-layer and gasliquid chromatography. The increase of fluidity observed in
microsomal and pellicular lipids following the temperature shift from 39 to 15°C corresponds with the increase
of the ratio of total unsaturated to saturated fatty acid content. However, despite the increase of this ratio, the
fluidity of mitochondrial lipids was found to be constant up to 10 h after the temperature shift. The fluidity of
total lipids of mitochondria isolated from Tetrahymena cells grown at 39°C was not changed by removal of car-
diolipin, whereas cardiolipin-depleted lipids of mitochondria from 15°C-acclimated cells showed a decrease in
fluidity. The re-addition of cardiolipin to the mitochondrial lipids depleted of cardiolipin restored the fluidity to
the initial level, thereby confirming the rigidifying effect of cardiolipin in cold-acclimated cells. These results sug-
gest that cardiolipin may be implicated in maintaining consistent fluidity of mitochondrial membranes against

change in thermal environment.

Introduction

Recent studies have shown that many membrane-
bound enzymes are closely associated with lipids [1]
and their actwvities are particularly affected by the
physical state of the surrounding lipid environments
[2]. Therefore, a vanety of microorganisms strive to
adapt to changed growth conditions by modifying
the membrane lipid composition. It is well known
that changes in temperature cause alterations in the
composition of membrane lipids, especially fatty acyl
chains.

As reported earlier [3], a thermotolerant strain of
Tetrahymena pyriformis NT-1, has proved an attrac-
tive system for studying the molecular mechanism
of temperature adaptation of cells. This free-lving
eukaryotic cell has been observed to undergo changes

in the fatty acyl chain as well as phospholipid compo-
sition in response to growth temperature variation
[4—7] We have conducted extensive studies using
Tetrahymena to elucidate the regulatory mechanism
of unsaturation of phospholipid fatty acid compo-
sition and the effect of altered lipid composition
upon membrane fluidity during temperature adapta-
tion. It has been shown that the fluidities of various
subcellular organelles of T. pyriformis adjust m
response to a new thermal environment by modifying
fatty acid composition [6]. Earlier studies gave evi-
dence which suggests that palmitoyl-CoA desaturase
activity 1s somehow correlated with membrane fluid-
ity [8—10]. Two possible mechanisms were proposed
for temperature-associated enhancement of fatty acid
desaturases: mduction of palmitoyl-CoA desaturase
[11-13] and activation due to altered fluidity
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[14,15]. We reported the correlation between fluidity
and fatty acid composition for three major phospho-
lipid species of Tetrahymena whole cells during tem-
perature acclimation [16].

In the present study, we have made attempts to
obtain further mformation as to how lipid composi-
tion corresponds with the fluidity of various mem-
brane fractions (mitochondrna, pellicles, microsomes)
isolated at different acclimating stages of Tetra-
hymena cells. The results obtained from this work
lead us to propose a concept that cardiolipin may
play an important role in the regulation of membrane
fluidity of mitochondria

Materials and Methods

Cell culture. Cells of a thermotolerant strain of
Tetrahymena pyriformis NT-1 were grown 1 an
enriched medmm at 39°C as described previously
[7] Cells in the logarithmic growth phase were used
in all experiments

Conditions for temperature shift. All procedures
were carried out according to the previous paper
[11] For the temperature shift-down experiments,
cells were grown at 39°C 1 200 m! medium to a cell
density of approx. (2.0-3.0) - 10° cells/ml, and were
cooled to 15°C over 30 min by swirling the flask in
an ice-water slurry. The rate of cooling was essentially
linear (0.8 K/min) and was monitored by placing a
sterile thermometer directly into the medium. After
cells were cooled to 15°C, cell division did not occur
for approx. 10 h.

Isolation of membrane fractions from Tetrahy-
menq pyriformis. Vartous membrane fractions, mito-
chondria, pellicles and microsomes, were isolated
according to the method of Nozawa and Thompson
[17] using a phosphate buffer (0.2 M K,HPO,/0.2
M KH,PO,/3 mM EDTA/0 1 M NaCl, pH 7.2).

Lipid  extraction and analysis. Lipids were
extracted from individual membrane fractions or
whole cells by the method of Bligh and Dyer [18],
and the resultant lipids were stored in CHCl;/CH;0H
(6 1, v/v) at —20°C. Phospholipid phosphorus was
determined by the method of Bartlett [19] modified
by Marnett1 [20]. Neutral hpids and phospholipid
specles were separated by silica gel H thin-layer chro-
matography  developed by CHCl;/CH;COOH/
CH3O0H/H,0 (75-25:5 2.2, v/v). Each spot was

identified from standard phospholipids (egg-yolk
phosphatidylcholine, human platelet phosphatidyl-
ethanolamine and bovine heart cardiolipin). The
desired phospholipid fraction(s) was scraped off the
plate and extracted by the method of Bligh and Dyer
[18]. Quantitative analysis of fatty acids was carried
out by GLC as described previously [8]. Bovine heart
cardiolipin was purchased from Sigma Chemicals Co.
and used without further purification.

ESR spectroscopy. The stearic acid spin probe,
N-oxyl-4' 4'-dimethyloxazolidine dervative of Sketo-
stearic acid. was purchased from Syva Associates (Palo
Alto, CA). For preparation of spin-labeled liposomes,
the lipid extract dissolved in CHCI;/CH3;0H (6 1,
v/v) was mixed with 1 mol% of the spin probe n ben-
zene and the solvent was evaporated first under a
stream of N, gas and then by evacuation To this
liprd muxture, 0 1 ml of Tris-buffered saline (150 mM
NaCl/50 mM Trs-HCl, pH 7.5) was added, and the
mixture was sonicated for 30 s with the microtip of
a Branson sonifier (B-12) set at 1.

The spin-labeled liposomes thus prepared were
taken into a glass capillary and ESR spectra were
measured at various temperatures using a commer-
cial X-band spectrometer (JEOL FE-2X) equipped
with a temperature controller. The parallel (7)) and
perpendicular (7)) principal values of the hyperfine
tensor of an axially symmetrical spin Hamiltonian
were estimated from the ESR spectra and the order
parameter, S, was calculated using the following rela-
tion.

Ti-T. . a
T, - %(Txx + Tyy) a
where @ =(Tyy + Tyy + T,)/3, o' =(Ty+2T))/3,

Txx =Ty, =59G and T,;=329G are the hyper-
fine principal values of the nitroxide radical.

S:

Results

Changes during the cold acclimation in membrane
lipid composition

Mitochondria, pellicles and microsomes were
isolated from Tetrahymena cells at different time
intervals in the course of thermal adaptation and theur
liptd compositions were analysed. Phosphatidylcho-
line, phosphatidylethanolamine and 2-aminoethyl-
phosphonolipid (glycerol type) are the major compo-
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ALTERATIONS IN PHOSPHOLIPID COMPOSITION OF VARIOUS MEMBRANE FRACTIONS FROM TETRAHYMENA
PYRIFORMIS NT-1 CELLS DURING TEMPERATURE ACCLIMATION

Various membrane fractions were isolated from cells harvested at indicated intervals according to the procedure of Nozawa and
Thompson [17], and their lipids were extracted by the method of Bligh and Dyer [18]. Individual phospholipids were separated
by silica gel H TLC and the phosphorus content of each phospholipid was determined Times (h) are those elapsed after the shift
down to 15°C The values in parentheses are the number of experiments performed. Values in the table are relative percentages of

total phospholipids

Phospholipid Mitochondna

Pellicles

Microsomes

(39°C)  2h 6h 10h
(2) (2) (2 4] (3)

39°C)

2h 6h 10h  (39°C) 2h 6h 10h
(2) (2) ¥ (3) 2 (3) (2)

Phosphatidylcholine 27.7 263 260 357 200
Phosphatidyl-

ethanolamine 39.7 440  40.1 424 489
2-Amoethyl-

phosphonohpid 2 11.6 102 106 122 152
Cardiolipin 138 11.3 11.1 12.6 4.2

17,5  16.8 18.1 285 278 282 263

451 499 503 46.0 459 459 492

163 168 160 144 12§ 13.0 124
4.3 5.7 24 22 2.5 2.1 2.9

4 Glycerol-type.

nents 1n these membranes. Cardiolipin 18 richest in
mitochondria. Little or no change was seen 1n the
phospholipid composition of any membrane fraction
within 10 h after temperature shift to 15°C (Table I).
On the other hand, a marked alteration in tempera-
ture changes was observed to occur in fatty acid com-
position (Table II). Upon shifting 39°C-grown cells to
15°C, there was a gradual decrease i palmitic acid
(16 . 0), a principal saturated fatty acid, in all three
membrane fractions. Coincidently, vy-linolenic acid
(18 :3), which 1s the most abundant unsaturated
fatty acid, was observed to increase in relative per-
centage. Although it has been suggested 1n the previ-
ous study using whole cells that the increase in pal-
mitoleic acid (16 : 1) within 4—6 h after the cold
shift would be implicated 1n the quick thermal adap-
tation of cell membrane lipids [11], the enhanced
level of this fatty acid was seen with pellicles and
microsomes but not with mitochondna, which are
most unsaturated as indicated by the U/S (unsatu-
rated/saturated) ratio.

Changes durning the cold acclimation in the mem-
brane lipid fluidity

The changes 1n the U/S ratio following the tem-
perature shift were displayed in Fig. 1A, which indi-
cates 1ts progressive increment i all three mem-

branes. In order to examine changes in physical states
of membrane lipids during the cold acclimation, ESR
spectrometry using a stearate spin probe was carried
out at 15°C for liposomes derived from mitochon-
dna, pellicles and microsomes. The time-course of
change in the order parameters for liposomes pre-
pared from membrane fractions isolated from 39°C-
grown cells (Fig. 1B) showed that imtially the param-
eters were 1n the order mitochondna < microsomes <
pellicles. After the temperature shift, the order
parameter remained constant for mitochondnal lipids
but decreased gradually for pellicular and microsomal
lipids, the latter showing an order parameter even
lower than that of mitochondrial lipids at 10 h after
the shift. This was confirmed by another experiment
using a fluorescent probe, diphenylhexatriene (data
not shown).

Effects of cardiolipin upon the membrane lipid fluid-
ity

It is generally accepted that the membrane fluidity
depends on the proportional content of unsaturated
fatty acids in membranes. As can be seen i Fig. 1A
and B, changes in the order parameter of pellicular
and microsomal membranes appeared to be correlated
in an inverse manner with changes in the U/S ratio.
But 1n mitochondrial membrane this was not the case.
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TABLE Il

ALTERATIONS IN FATTY ACID COMPOSITION OF VARIOUS MEMBRANE FRACTIONS FROM TETRAHYMENA PYRI-

FORMIS NT-1 CELLS TEMPERATURE ACCLIMATION

Various membrane fractions were isolated from cells harvested at indicated mtervals according to the precedure of Nozawa and

Fatty Mitochondria Pellicles
acid —

(39°0) 2h 4h? 6h 10h (39°0) 2h
14 0 54 +£0.7 §.3 +1.0 5.8 48 +1.3 42 £08 81 +1.2 8.1 +1.0
16 0 124 09 109 +1.2 10.1 7.7 +14 6.6 +08 17.6 =+ 1.1 154 +09
16 1 100 206 11.8 +12 115 11.5 +0.9 10.5 1.1 9.6 0.6 123 +0.7
16 2°b 49 +1.1 58 £1.4 4.6 5.6 04 5.6 +08 45 207 55 11
18 1 94 +1.7 74 +£09 6.8 7.0 1.1 60 +02 119 £17 85 +0S5
18 2 190 +09 194 +07 17.9 20.3 0.9 20.3 £ 1.6 154 +0.5 162 +03
18 .3°¢ 272 £ 0.5 289 +£1.6 29.5 327 +£31 362 +£25 19.7 +£23 209 + 1.1
UlS 2621+ 0.21 292+ 037 304 379+0.72 438+041 160+023 176+ 013

2 Data from a single experiment

b Contains also small amounts of 17 0 which was not separable from 16 2 under conditions used .

C A ratio of unsaturated to saturated fatty acids

Despite a considerable increase n the U/S ratio, the
fludity was kept constant. A conspicuous difference
mn lipid composition between mitochondria and the
other two membranes (pellicles and microsomes) was
a much higher content of cardiolipin 1n mitochondria
(Table I). One would then expect that this phospho-
lipid might play a role in maintamning the consistent

TABLEIII

EFFECTS OF CARDIOLIPIN ON FLUIDITY OF MITO-
CHONDRIAL LIPIDS FROM TETRAHYMENA

Mitochondria were 1solated from Tetrahymena cells grown at
39°C or cells accimated to 15°C for 10 h. Lipids were
extracted by the method of Bligh and Dyer [18]. Cardio-
lipin was removed from total lipids by silica gel H TLC using
a solvent system of CHCl3/CH3COOH/CH3;0H/H,0 (75 .
25 -5 2.2, v/v) Order parameter, S, was calculated from
ESR spectra measured at 15°C with S-mitroxide stearate spin
probe

Mitochondral Cardiolipin-free
lipids from mitochondrial
- lipids from
39°C- 15°C- —
grown acchimated 39°C 15°C
cells cells grown acclimated
cells cells
S 0.651 0651 0.651 0637

fluidity. Therefore, some experiments were done to
examne effects of cardiolipin upon the physical
state of mitochondnal lpids. Cardiohpin was
removed by thin-layer chromatography from mito-
chondnial total lipids extracted from 39°C-grown cells
and 15°C-acchimated cells, and the cardiolipin-
depleted mitochondnal lipids were studied by ESR
(Table III). It was found that removal of cardiolipin
caused no change 1n the order parameter of mito-
chondrial lipids from 39°C grown cells, whereas it did
reduce the parameter (0.651 - 0.637) of mitochon-
dnal lipids from 15°C-acchmated cells. This implies
that cardiolipin would exert a rigidifying effect in
mitochondria of the acchmated cells.

Then in order to see whether this cardiolipin effect
1s specific to mitochondrial lipids, ESR experiments
were carried out with whole-cell phospholipids, giving
nse to the comparable findings which confirm the
rigidifying effect of cardiolipin in 15°C-acclimated
cells. Table IV demonstrates the influence of added
cardiolipin content upon the order parameter of car-
diolipin-free phospholipids. The effect of lowering
fluidity m 15°C-acchmated cells was observed to be
dependent upon the concentration of cardiohpin
which was extracted from either 39°C-grown cells
or 15°C-acclimated cells Bovine heart cardiolipin
exhibited a similar but less marked effect. Such
difference might be due to the different fatty acid
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Thompson {17], and their lipids were extracted by the method of Bligh and Dyer [18] Fatty acids were methylated and analysed
by GLC. Values are averages of four experiments and are expressed as relative percentages of total fatty acids + S D. Times (h) are

those elapsed after shift to 15°C.

Microsomes
4h2 6h 10h (39°C) 2h 4h3 6h 10h
8.6 68 +13 75 +1.2 70 13 78 +15 79 6.7 1.3 6.7 +0.7
134 104 +1.5 109 £08 155 +0.6 12.7 +1.0 10.9 8.1 +1.2 7.6 *0.6
134 13.0 +0.5 11.7 +1.1 109 +0.7 14.5 1.5 145 146 0.8 136 +11
5.1 60 0.2 57 +£09 5.7 +£1.1 6.8 1.5 5.9 7.3 0.7 7.0 +1.2
7.4 74 +0.9 7.8 0.6 124 + 2.7 65 £0.9 6.6 6.1 +0.7 6.0 £0.7
16 3 179 +1.0 179 0.8 16.0 +1.0 164 +1.1 16.8 174 +1.5 184 +23
208 253 £33 251 +£1.3 20.5 +1.2 21.8 +£1.2 234 26.8 1.9 279 +0.9
1.82 243+ 041 2.24 £ 0.20 1.94 + 0.26 2.00+0.22 2.22 2.71 + 0.40 297+ 036
D 067 o - gl composition of cardiolipmns from two sources (Table
o ' V). While bovine heart cardiolipin was composed
I o almost exclusively of linoleic acid (approx. 87%),
5 06 6} \ o2 1 Tetrahymena cardiolipin contained linoleic (approx.
é \ o 36%) and +v-linolenic (approx. 45%) acids. It is of
. 0657 g 1 interest to note that there was no change 1n fatty acid
§ \ composition of Tetrahymena cardiolipin during the
O 064f ] 10 h-period of acclimatization (Maruyama and
1.0 FHH——+—+—+—+ Nozawa, unpublished data).
A
Discussion
o 20%L 4
E S o When Tetrahymena cells are exposed to a lower
v 30+t \\ temperature, they strive to overcome the uncom-
3 fortable situation by modifying membrane lipid com-
° position [4,6,8]. In general, lowering the environ-
mental temperature produces a higher ratio of un-

4 Ak oL A - A -
0720 2 4 6 8 10

Time after Shift (h)

Fig. 1. Changes in fluidity and fatty acid composition of
various membrane fractions of Tetrahymena during tempera-
ture acclimation. Pellicles, microsomes and mitochondria
were 1solated from Tetrahymena cells at the indicated times
after shift-down, and their lipids were extracted. Order
parameters were obtained from ESR spectra of S-nitroxide
stearate spin probe in liposomes prepared from extracted
lipads. The order parameters at 15°C are plotted 1n the figure
The ratio of unsaturated to saturated fatty acids was cal-
culated from the fatty acid composttion listed in Table II.
o, Peliicles, 4, microsomes; o, mitochondria. U/S, ratio of
total content of unsaturated fatty acid to total content of
saturated fatty acids.

saturated to saturated fatty acid in the cell mem-
brane. A major purpose of temperature acclimation is
thought to be the maintenance of optimal membrane
physical properties [21]. Membranes rich in unsatu-
rated fatty acids are generally in more fluid state than
those with a high proportion of saturated acids.
Since, as demonstrated in this study, phospholipid
compositions of three major membrane fractions;
mitochondna, pellicles and microsomes were constant
durning first 10 h after the temperature shift, 1t is
suggested that the fatty acid composition would play
a major part in controlling the physical state of mem-
brane lipids. Indeed, time-dependent alterations ob-
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TABLE IV

EFFECT OF CARDIOLIPIN ON FLUIDITY OF PHOSPHOLIPIDS OF TETRAHYMENA WHOLE CELLS

Total hipids were extracted from Tetrahymena cells grown at 39°C or cells acchmated to 15°C for 10 h. Neutral lipids and cardio-
lipins were separated by silica gel H TLC using the same solvent system as described in Table I. Values are order parameters, S,
calculated from ESR spectra measured at 15°C with S-nitroxide stearate spin probe. %’ refers to content (%) of added cardio-

lipin.

Sources of cardiolipin

Cardiolipin-free phospholipids from:

39°Cgrown cells

15°C-acclimated cells

%: 0 5 15 30 0 5 15 30
39°C-grown cells 0.667 0.667 0.668 0.663 0.654 0.651 0.661 0.674
15°C-acclimated cells 0667 0.668 0.664 0.672 0654 0.646 0663 0670
Bovine heart 0667 0659 0662 0.664 0.654 0.655 0.656 0.662

served 1n fatty acid composition and fluidity of both
pellicular and microsomal lipids are consistent with
the notion reported in previous papers [6,8,14].
However, such correlation was not seen in mitochon-
drial lipids. Based on the results obtained here, car-
diolipin, which is localized almost exclusively 1n the
inner mitochondrial membranes [22], would act as a

TABLEV
FATTY ACID COMPOSITION OF CARDIOLIPIN

Lipids were extracted from mitochondna of Tetrahymena
grown at 39°C or acclimated to 15°C for 10 h Cardiolipin
was separated by silica gel H TLC using the same solvent sys-
tem as described in Table 1. Bovine heart cardiolipin was pur-
chased from Sigma. Fatty acids were methylated and then
analysed by GLC. Values indicate relative percentage of
major fatty acids

Fatty Tetrahymena mitochondria Bovine
acid heart

39°C- Acclimated

grown cells (15°C

cells for 10 h)
14 0 05 0.5 0.2
16 0 1.2 0.8 1.1
16 - 1 42 26 12
16 28 2.3 26 -
18 1 44 4.0 74
18 .2 352 38.2 86.7
18 3 444 44 4 -

3 Contains also small amounts of 17 0 which was not
separable from 16 . 2 under the conditions used.

membrane stabilizer to keep the fluidity constant
during temperature acchmation. Since solely the
fludity of cardiolipin-free phospholipids of 15°C-
acclimated cells was affected by re-addition of
cardiolipin, wrrespective of its source, tt 18 presumed
that cardiolipin would interact preferentially with
phospholipids containing a high content of unsatu-
rated fatty acids and counterbalance the increased
fluidity due to enhanced unsaturation during cold
acclimation. However, at the present time, no plau-
sible explanation is available for physiological signifi-
cance of consistent fluidity observed in mitochondrial
lipids. It 1s also uncertain whether this proposed
theory of cardiolipin as a fluidity stabilizer can be
extrapolated to mitochondria of other types of cell.
Apart from the actual role of cardiolipin in the regu-
lation of membrane fluidity, this acidic phospholipid
18 known to have specific functions associated with
energy transduction Cardiolipin was co-purified with
several components 1nvolving the oxidative phos-
phorylation [23] including cytochrome ¢ oxidase
[24]. Recently, Wodtke [25,26] reported that the
activity of cytochrome ¢ oxidase in mitochondrial
membranes of carp during thermal adaptation is
controlled by wiscotropic regulation. Tetrahymena
mitochondna also should be examined for activity
of cytochrome ¢ oxidase and other enzymes in the
course of thermal adaptation. In the intact mito-
chondrion, cardiolipin may be localized in a limited
region, for example, as the annular lipids for cyto-
chrome ¢ oxidase [27]. And the measurement of



fluidity of mitochondrial membranes during tempera-
ture acclimation will reveal more clearly the role of
cardiolipin 1n the regulation of membrane fluidity.
But the spin labeling technique cannot be applied to
intact mitochondrna because of the reduction of
nitroxide radical by electron transport system [28],
and fluorescent probes or other methods should be
utilized for determining the membrane fluidity of
mitochondra.

Recent studies using *!P-NMR and freeze-fracture
electron microscopy have provided much information
regarding physical properties of cardiolipin. One of
them demonstrated Ca**-induced formation of hexa-
gonal (Hyp) phase in artificial lipid membranes con-
taining cardiolipin {29,30}. More recently, De Kruyff
and Cullis reported that addition of cytochrome ¢
resulted 1n an emergence of the hexagonal (Hy) phase
in cardiolipin-containing model membranes [31], and
proposed some functional roles of the hexagonal
(Hyp) phase, such as flip-flop [32], fusion [33] and
channel [34]. The *!P-NMR study of total extracted
lipids obtained from rat liver inner mitochondrial
membrane suggested that cardiolipin may have the
ability to form a hexagonal (H;;) phase in mitochon-
drial membranes in the presence of Ca* [35]. Conse-
quently, it would not be unreasonable to consider
that specific domains of Hyy phase may be formed in
the cold-acclimated mitochondna and be implicated
in adjusting the fluidity to maintain the functions
normal. Tetrahymena is thought to be a useful model
system for studying functions of cardiolipin in mito-
chondria because of the effective modification of
lipid composition and ease of 1solation of subcellular
organelles [3,36]. Further extensive studies, including
physicochemical analysis of cardiolipin, will yield
useful information regarding the role of this lipid in
the regulation of mitochondrial membrane fluidity.
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