KASAIL ET AlL.

Molecular Control of Membrane Properties During Temperature
Acclimation. Membrane Fluidity Regulation of

Fatty Acid Desaturase Action?’

Reiko Kasai, Yasuo Kitajima,! Charles E. Martin,¥ Yoshinori Nozawa,*

Lars Skriver,’ and Guy A. Thompson, Jr.*

ABSTRACT: Further studies on the molecular mechanisms
of temperature acclimation have been carried out using the
ciliate Tetrahymena pyriformis. The most prominent change
inlipid metabolism during acclimation to high temperature—
depression of fatty acid desaturase activity-—could be simu-
lated by supplementing the growth medium of isothermally-
grown cells with polyunsaturated fatty acids. Such cells resisted
the membrane-fluidizing effect of the incorporated exogenous
acids by increased use of de novo synthesized saturated acids
in their phospholipids. The data support the conclusions arising

M any organisms respond to variations in body temperature
by altering the composition of their membrane lipids. A par-
ticularly dramatic example of lipid changes during tempera-
ture acclimation has been elucidated using the thermotolerant
strain NT-1 of Tetrahymena pyriformis (Fukushima et al.,
1976). As a first step towards identifying the molecular
mechanism underlying the lipid changes, the effect was shown
to be independent of temperature-related variations in the level
of dissolved oxygen (Skriver and Thompson, 1976). More re-
cent data, described in the preceding paper of this issue
(Martin et al., 1976), are consistent with the hypothesis that
the physical state of the membrane lipid bilayer is more directly
responsible for changes in lipid metabolism than temperature
itself. In this paper, we altered the cell’s lipid composition
isothermally by fatty acid supplementation. It was thereby
possible to measure at a constant temperature distinctive
changes in lipid metabolism coinciding with alterations in
fluidity.

Materials and Methods

Most of the materials used and procedures followed for the
culture, experimental manipulation, and lipid extraction of
Tetrahymena pyriformis, strain NT-1, have been described
in the preceding paper of this issue (Martin et al., 1976).
Analysis of the lipids was also described in that communica-
tion. The only method that remains to be outlined is the sup-
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from earlier experiments with temperature-shifted cells
(Martin, C. E., Hiramitsu, K., Kitajima, Y., Nozawa, Y.,
Skriver, L., and Thompson, G. A., Jr. (1976), Biochemistry
15), showing that, when membrane fluidity increased to a
superoptimal level, the activity of membrane-associated fatty
acid desaturases was decreased. Since the reaction is controlled
by membrane fluidity, rather than temperature per se, we
postulate that it is the general mechanism employed by cells
adjusting to any fluidity-modifying factor, such as cations,
drugs, etc.

plementation of large amounts of linoleic acid (cis,cis,9,12-
octadecadienoic acid), hereafter designated by the shorthand
designation 18:2.

Cells were grown at 39.5 °C, as before, to a density of 75 000
cells/ml. An emulsion of 4.3 umol of 18:2 plus 1 uCi of '#C-
18:2 in distilled water was added to each 200-ml medium,
producing a concentration of 21.5 uM 18:2. Following a
100-min incubation at 39.5 °C, aliquots of the growth medium
were removed for analysis and a second supplement of 18:2 was
then added to the remainder in an amount equal, on a per ml
of medium basis, to that fed in the first supplement.

Results

The preceding paper of this issue (Martin et al., 1976) shows
that Tetrahymena cells shifted from a high to a low tempera-
ture quickly increased their rate of enzymatic fatty acid des-
aturation. The increase could be largely prevented by feeding
the cells polyunsaturated fatty acids. In this paper, we describe
similar feeding experiments designed to perturb the fatty acid
composition of cells growing isothermally. The results shed
more light on the mechanisms controlling fatty acid desatu-
ration.

Feeding linoleic acid (18:2) and v-linolenic acid (18:3) in
the amounts used previously (Martin et al., 1976) yielded
unexpected results. Only minor changes were detected in the
cells growing isothermally at 39.5 °C, partly because the rapid
growth at that temperature led to a dilution of the supple-
mented acids by other fatty acid species synthesized de novo.
In an effort to maintain a high level of 18:2 and 18:3 and
thereby force a change in the fatty acid composition, we tried
increasing the amount administered but, at higher doses, 18:3
proved toxic, as shown earlier by Lees and Korn (1966).
Ultimately, a protocol was developed which did cause signif-
icant perturbations in the normal fatty acid pattern. This re-
quired feeding twice the amount of fatty acids used earlier for
the temperature-shifted cells, but with the supplement, in this
case, consisting entirely of 18:2. Additional 18:2 was provided
100 min after the first feeding. As it so happened, extensive
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TABLE 1: Proportions of Major Fatty Acids# Found in
Phospholipids of Strain NT-1 Grown Isothermally at 39.5 °C with
and without Linoleic Acid.®

100 min 100 min 345 min 345 min
Fatty Acid No 18:2 18:2 No 18:2 18:2
14:0 11.8 £ 0.0 9.6 £0.7 11.3£0.7 10517
16:0 146+£19 13.5+£1.4 13.5+1.5 155+%1.1
16:1 129 £ 2.3 68+0.6 131426 48 +13
16:2+ 83418 52+ 1.6 7.2£09 24406
17:0
18:1 5.84+0.7 3.8+0.7 54+1.5 3.5+08
18:2 1294+£14 285+26 127x1.1 305+24
18:3 23017 243+£13 264+1.1 250+30

a Fatty acid species less than 5% of the total weight of fatty acids
are not shown; complete fatty acid compositions for this strain have
been published previously (Fukushima et al., 1976). Each column
represents the averages and standard deviations for at least four ex-
periments. & Cells were grown at 39.5 °C to a density of approximately
75 000 ml~". Linoleic acid was added as a sonicated dispersion in 1-3
ml of inorganic medium (Hamburger and Zeuthen, 1957) or sterile
distilled water in the ratio of 4.1-4.6 umo] of 18:2/200 ml of culture
medium. After 100-min incubation, aliquots were removed and a
second supplement of 18:2 was added in similar proportions to the
remaining medium.

desaturation of 18:2 to 18:3, as measured by feeding '4C-18:2,
compensated to a large extent for the absence of 18:3 in the
supplement.

Table I presents data on the effect of the larger amounts of
18:2 upon the phospholipid fatty acid distribution. In these
experiments, an average of 2.5 umol of 18:2 was incorporated
into phospholipids of fed cells by 100 min (this accounted for
33.6% of the fatty acid complement at that time) and 8.3 umol
by 345 min (accounting for 30% of the fatty acid complement
at that time). The differences between fed and control cell fatty
acid patterns are, in general, comparable to those found in
temperature-shifted cells (Martin et al., 1976) with major
polyunsaturated acids (18:2 plus 18:3) being increased from
approximately 35-40% of the total to well over 50%. In the
isothermal 18:2 feeding experiments (unlike the previous
temperature shift ones), the increase was largely due to a rise
in 18:2, despite the fact that as much as 30% of the adminis-
tered 18:2 recovered in phospholipids had been desaturated
to 18:3 by 100 min.

A further similarity between the present isothermal exper-
iments and the ones involving a temperature shift is the
maintenance of the major saturated fatty acids (14:0 and 16:0)
at their normal level, while the monounsaturates (16:1 and
18:1) fell significantly.

The level of polyunsaturated fatty acids in phospholipids of
the fed, isothermally grown cells was even higher than the level
found in the cells acclimated to 15 °C. One might therefore
suspect that the fluidity of membranes in these cells would be
in the same range as that of 15 °C cells. To gain information
on this parameter, we employed freeze-fracture electron mi-
croscopy, which has been found to be a reliable indicator of
phase separations of membrane structural lipids (Wunderlich
et al,, 1975, Kleeman and McConnell, 1976). While one can
only infer a degree of fluidity based upon the alterations in
membrane particle distribution visualized by this technique,
the method may be applied in much the same way that dif-
ferential scanning calorimetry is used to estimate relative
changes in the physical state of membrane lipids. In Figure 1,
the particle density index values for the outer alveolar mem-
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FIGURE 1: The effects of 18:2 supplementation on the particle density
index (PDI) of outer alveolar membranes of Tetrahymena growing at 39.5
°C. The PDI, calculated as described in the preceding paper of this issue
(Martin et al., 1976), is plotted vs. the temperature at which cell aliquots
were fixed with glutaraldehyde after chilling from their growth temper-
ature over a 4-min period. The filled circles (@) and solid lines are the PDI
curves for unsupplemented 39.5 °C grown and 15 °C grown cells (Martin
etal., 1976). The open triangles (A) and thick broken lines represent the
PDI curve for cells 100 min following 18:2 supplementation, while the open
triangles and thin broken lines represent the PDI curve for cells 345 min
following the initial 18:2 supplementation.

branes of the isothermally fed cells are compared with equiv-
alent values for control 39.5 and 15 °C cells. The replicas
prepared from cells taken 100 min after feeding 18:2 showed
very little difference in particle aggregation from control cells.
By 345 min after feeding, there was a significant change in the
degree of aggregation, despite the fact that the fatty acid dis-
tribution in phospholipids had undergone little further change
from that experienced by 100 min (Table I). This apparent
inconsistency between the two types of data was resolved when
it was determined that the fed fatty acids were initially in-
corporated very selectively into certain subcellular organ-
elles.

The Selective Effect of Exogenous Fatty Acids Upon
Functionally Different Membranes. From our previous
analyses of cells utilizing ingested fatty acids (Martin et al.,
1976), we realized that the most pronounced initial effect
would be in the endoplasmic reticulum, where phospholipid
synthesis takes place. Although the particle density index
method of estimating the extent of lipid bilayer phase sepa-
ration cannot, at present, be rigorously applied to membranes
other than the outer alveolar membrane, some idea of the
relative fluidity of other membranes was gained by determining
the temperature at which particle-free zones first appear. In
unsupplemented 39.5 °C cells, the endoplasmic reticulum first
exhibited particle-free domains when cells were chilled to 24
°C. In cells supplemented with 18:2 for 100 min, equivalent
signs of phase separation were not seen until the temperature
dropped to 18 °C. The feeding of 18:2 had a similar fluidizing
effect on nuclear membranes but, surprisingly, mitochondrial
outer membranes of fed cells were very little different from
those of controls.

As time passed, the highly unsaturated phospholipids syn-
thesized from assimilated 18:2 and its desaturation product
18:3 moved out into other membranes of the cell. Freeze-
fracture data of the type described above indicated that, by 345
min after feeding, the fluidity of the endoplasmic reticulum
had decreased (first phase separation seen at 21 °C), while that
of the outer alveolar membrane had increased in comparison
with equivalent membranes 100 min after feeding (Figure

1.
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TABLE 11: Major Fatty Acids¢ of Phospholipids from Fractions of 18:2-supplemented, 39.5 °C grown cells.
100 min following 345 min following Supplementation
_ Supplementation (Average £ S.D. of Four
Unsupplemented Cells” (Average of Two Experiments) Experiments)
Fatty Micro- Micro- Micro-
Acid Cilia Pellicles somes Cilia Pellicles somes Cilia Pellicles somes
14:0 6.7 8.9 7.3 5.2 12.1 7.8 74425 1254+ 23 98 £ 0.8
16:0 16.8 16.4 13.2 20.9 17.8 14.4 19.5 £ 0.8 18.8 £ 1.7 158x26
16:1 8.3 7.1 8.7 8.1 8.4 9.5 76x19 S8+1.9 6.4+ 2.2
17:0+ 16:2 2.3 4.0 4.0 3.0 29 2.7 1.4+0.7 24+09 22x07
18:0 6.1 3.0 2.2 5.2 2.0 1.6 56+1.9 2806 23+07
18:1 11.7 12.6 13.9 21.8 6.4 6.0 13512 40+ 1.8 37+ 1.5
18:2 8.1 10.5 13.0 14.8 233 29.2 175+ 4.6 221 £ 3.0 265+ 34
18:3 20.7 18.5 21.4 12.9 18.5 21.2 185+ 1.6 220 £ 3.1 26.1 £ 3.7
@ Only those fatty acids averaging more than 5% are shown here. » Data from Fukushima et al. (1976).
TABLE I11: Phospholipid Composition of Cells and Cell Fractions from 39.5 °C Cultures Fed 18:2 for a Total of 345 min.¢
Unfed?”
Whole 39.5°C Unfed”
Cells Pellicles Microsomes Whole 15 °C Whole
Phospholipid (n=13) (n=8) (n=28) Cells Celis
Cardiolipin 59+ 1.1 39+1.9 3519 7.8+19 521206
2-Aminoethyl phosphonolipid 156 +1.6 239455 17.2 £ 4.6 156 £1.7 290+ 006
Ethanolamine phosphatides 407+ 1.8 389+ 6.6 39.1+£50 425+ 1.3 256+ 44
Choline phosphatides 303+ 1.1 262 +£23 340+24 26.8 + 3.4 272+ 1.3

@ Sec Materials and Methods for experimental details. Values are mole % of total phospholipid + standard deviation. Minor components

not shown. # From Fukushima et al. (1976).

This pattern of change was verified by analysis of fatty acids
from the phospholipids of three isolated membrane systems;
pellicles, endoplasmic reticulum (microsomes), and cilia. Table
11 presents the data showing the gradual flow outward of the
newly synthesized lipids. Not only was there a tendency for the
fed 18:2 to decrease in relative percent in the endoplasmic re-
ticulum containing microsomes and increase in the externally
situated ciliary membranes, but there was a clear-cut desatu-
ration of some 18:2 to 18:3 in all fractions. However, despite
the large influx of 18:2 and its product 18:3, the relative
amounts of 14:0 and 16:0 increased as compared with nonfed
control cells. Decreases were sustained primarily by the mo-
nounsaturates.

Effects of Fed Farty Acids Upon the Distribution of
Phospholipid Head Groups. One of the most striking differ-
ences between membrane lipids of this Tetrahymena strain
acclimated to high and to low temperatures is the marked
change in the relative proportions of the major phospholipid
types of whole cells and of several isolated organelles (Fu-
kushima et al., 1976). It was not possible, then, to decide
whether the variation in phospholipid polar head group pro-
portions was caused by temperature itself or by the change in
phospholipid fatty acid composition. Analysis of the phos-
pholipids from whole Tetrahymena cells and from isolated
pellicles and microsomes (Table I11), 345 min following fatty
acid supplementation, revealed little difference in head group
distribution from that found in unsupplemented 39.5 °C cells
(Fukushima et al., 1976). A much wider range of values in
replicate analyses (see large standard errors) than was found
in controls suggested the possibility of some unrecognized
variable, but it seems clear that fluidity changes in isother-
mally-grown cells do not effect an immediate alteration of the
phospholipid patterns.
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Effects of Fed Fatty Acids Upon de Novo Fatty Acid Syn-
thesis. The experiments described thus far suggest that the
dramatic change in lipid composition and membrane properties
induced in the endoplasmic reticulum of Tetrahymena by
feeding 18:2 was gradually counteracted by dilution with en-
dogenously synthesized lipids. In order to return the average
membrane lipid composition and fluidity to the optimal values
for 39.5 °C, the pattern of newly made fatty acids appeared
to be enriched in saturated species and decreased in unsatu-
rated ones (Tables I and II). Direct evidence for this has been
obtained by following ['*C]lacetate incorporation into fatty
acids by the fed cells. Figure 2 shows the effect of feeding 18:2
upon the incorporation of ['*Clacetate administered at the
time of the first feeding (Figure 2A) and at the time of the
second feeding (Figure 2B). The results, in both cases, were
similar——the proportion of radioactivity going into saturated
fatty acids was increased while that going into unsaturated
acids decreased. One exception to the rule was oleicacid (18:1),
which showed little change in '*C incorporation with feed-
ing.

The total incorporation of ['*C]acetate into lipids by fed
cells was 60-70% of that utilized by control cells. A determi-
nation of lipid phosphorus in eight cell samples each of fed and
corresponding control cells taken at various times revealed an
average 18% increase in phospholipid/cell in supplemented
cultures. Thus, it seems that fatty acid supplementation
stimulated a degree of membrane proliferation. Further work
will be needed to confirm this apparent increase in membrane
content and ascertain whether it is associated with a general
increase in cell mass and volume, rather than a selective growth
of a particular organelle.

Changes in Nonmembrane Lipids of the Cell. Unsupple-
mented Tetrahymena cells growng logarithmically contain
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FIGURE 2: The effects of 18:2 supplementation on ['4C]acetate incorporation into fatty acids of phospholipids in 39.5 °C grown cells. Panel A depicts
the radioactivity (bars) and the composition by weight (arrows) of fatty acids from cells supplemented with 4.3 umol of 18:2 and a trace of ['4C]acetate
for 100 min. Panel B shows the equivalent data for cells supplemented with 18:2 as in A but supplied with an additional 4.3 umol of 18:2 and, for the
first time, ['4C]acetate at the 100-min point. Lipids were extracted from these cells 345 min after the initial supplementation. In each case, unsupplemented
control cells were analyzed for comparison. The data are averages of two experiments.

negligible amounts of triglycerides. On the other hand, thin-
layer chromatography of total lipid extracts from cells made
at various times following massive feedings of 4C-18:2 re-
vealed an initial pattern of fatty acid uptake into both phos-
pholipids and triglycerides. By 100 min after the first feeding,
over 40% of the intracellular radioactivity was present as tri-
glycerides vs. 40% present as phospholipids. After a total of 345
min (including a second feeding), the triglycerides had declined
to 13% of the lipid radioactivity, while phospholipids rose to
70%. Of that radioactivity in triglycerides of the fed cells, 7%
or less was in the form of 18:3, although the desaturation of
14C-18:2 to #C-18:3 had proceeded more rapidly (approxi-
mately 25% of the total cpm) in the phospholipids of the same
cells.

Complementary experiments involving nonradioactive 18:2
feeding coupled with measurements of ['4Cacetate incorpo-
ration into fatty acids confirmed the relative isolation of the
triglyceride pool. By 100 min, or longer following 18:2 feeding,
less than 10% of the cellular fatty acids formed de novo from
['4C]acetate were recovered from triglycerides. Except for a
slightly decreased level of radioactivity in 16:0 after 100 min,
the triglyceride distribution of fatty acid radioactivity (but not
mass) was quite similar to that in phospholipids. Such findings
give assurance that the altered fatty acid distribution in
membrane phospholipids was not achieved simply by a large-
scale selective migration of certain fatty acid species from
phospholipids into the triglyceride droplets.

Discussion

Previous reports from this laboratory (Fukushima et al.,
1976) and many others (see Fulco, 1974; Erwin, 1973), in-
cluding some working with cells from homeothermic animals
(Ferguson et al., 1975), have established that variations in the
degree of membrane-bound fatty acid desaturation are in-
variably a part of the temperature acclimation phenomenon.
The preceding paper in this issue (Martin et al., 1976) pre-
sented data consistent with the hypothesis that temperature
acts upon fatty acid desaturation largely in an indirect way.
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It seemed likely that membrane fluidity, rather than temper-
ature proper, modulates the rate of desaturation. In the present
paper, we have held temperature constant while altering
membrane fluidity through fatty acid supplementation. The
results provide further support for the concept of membrane
fluidity-controlled fatty acid desaturation. The most pro-
nounced difference between the findings using cells grown
isothermally at 39.5 °C and those obtained using 39.5 °C cells
shifted to 15 °C (Martin et al., 1976) lay in the ability of iso-
thermal cells to resist major alteration of membrane physical
properties. Polyunsaturates supplied in a concentration suf-
ficient to produce drastic changes in fatty acid composition and
freeze-fracture membrane particle distribution in tempera-
ture-shifted cells had little effect on cells maintained at 39.5
°C. Even when much higher amounts of fatty acids were fed,
the isothermal cells counteracted the forced increase in poly-
unsaturated components by reducing the level of monoun-
saturates and raising the content of saturated acids (Tables |
and II). The same general reaction of isothermal cells to
polyunsaturates occurred in the study of Lees and Korn (1966).
In the present case, the incorporation pattern of ['4CJacetate
into fatty acids (Figure 2) confirms the metabolic basis for the
response.

Compared with the normal pattern of phospholipid fatty
acids made by 39.5 °C cells (see control cells, Figure 3), 18:
2-supplemented cells underwent a sharp decrease in desatu-
ration, particularly that leading to the formation of 16:1 and
18:3. Thus, the cells were able to offset the influx of 18:2 and
minimize changes in membrane fluidity, as estimated by
freeze-fracture electron microscopy.

By subtracting the quantity of each fatty acid in the cells
initially and the amount of exogenous 18:2 incorporated (using
14C-18:2 uptake data) from the fatty acid complement after
100 min, we obtained rough figures for the net synthesis of each
acid during the period following supplementation. The results,
expressed as percentages of the total production, are; 14:0,
199%; 16:0, 33%; 16:1, 0%; 16:2 plus 17:0, 5%; 18:1, 4%; 18:2,
14%; and 18:3, 16%. These figures, while merely approxima-
5231
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TABLE 1v: Summarized Effects of Membrane Fluidity on Fatty
Acid Desaturation.

Fluidity of
Endoplasmic Effect on Enzymatic
Type of Experiment Reticulum Desaturation

(A) Shifting 39.5 to Suboptimal Higher than 15 °C

15°C controls
(B) Feeding 18:2 + Optimal — Super- Lower than 15 °C

18:3 before optimal (?7) controls

shifting from 39.5

to15°C

Lower than 39.5 °C
controls

(C) Feeding large Superoptimal
amounts of 18:2
to 39.5 °C cells

(D) Shifting 15 °C
cellsto 39.5°C

Lower than 39.5 °C
controls

Superoptimal

tions, are in general agreement with independent measure-
ments of net synthesis derived from the ['*C]acetate incor-
poration experiments.

Virtually identical figures are obtained when the same
calculations are made (with fewer assumptions needed) from
the experiment in the preceding paper of this issue (Martin et
al., 1976) in which 15 °C cells were quickly shifted up to 39.5
°C and analyzed for the net increase of each fatty acid after
2 h. In neither instance do our data agree with the report of
Conner and Stewart (1976), postulating that in T pyriformis,
strain WH-14, a lowering of environmental temperature in-
hibits the entire pathway 16:0 — 18:0 — 18:1 A9 — 18:2 A9,
12 — 18:3 A6, 9, 12 and stimulates the complementary scheme
16:0 — 16:1 A9 — 18:1 A1l — 18:2 A6, 11.

While there appears to be a more pronounced inhibition of
some desaturation steps than others in our studies, uncer-
tainties arising from varying pool sizes and other unknown
factors have, thus far, not allowed us to establish this point with
certainty. It is not clear, for example, whether calculations of
the pool sizes of fatty acid substrate available for desaturation
should be based on the distribution of fatty acids in the whole
cell or in the microsomal fraction, where the reaction primarily
occurs. There is considerable evidence that a family of de-
saturases exists, each enzyme having its own substrate speci-
ficity (Fulco, 1974). It is our ultimate aim to show whether
certain desaturases are more sensitive to membrane fluidity
changes than others.

In testing the influence of the membrane’s physical state on
desaturation, we have conducted various experiments in an
effort to separate the effects of fluidity from those of temper-
ature per se. The experiments, described above and in the
preceding paper of this issue (Martin et al., 1976), are sum-
marized in Table IV. Whereas it is not yet possible to quantify
the rapidly changing fluidity in these cases, it can be clearly
determined (with the possible exception of experiment B)
whether the fluidity is above or below the optimal level for cells
acclimated to the appropriate temperature. The data show
variations in the relative desaturation rates often greater than
the differences found between 39.5 °C grown cells and 15 °C
grown cells. This is not unexpected, since, in the latter two
cases, the cells are operating at a steady state and an optimal
fluidity for their respective temperatures.

Virtually identical results for [!*C]acetate incorporation
by cells in experiments C and D argue in favor of the common
property, fluidity, rather than temperature, as the regulatory
factor. In both cases, desaturation is much less than found in
control 39.5 °C grown cells. Making allowances for the slower
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metabolism at 15 °C, the experiments of type B gave results
remarkably similar to those in cases C and D. Here again,
decreased desaturation coincides with superoptimal fluidity.

As was the case in cells shifted to 15 °C (Martin et al.,
1976), the first measurable impact of the exogenous fatty acids
on membrane physical properties of 39.5 °C cells was in the
endoplasmic reticulum. Electron microscopic evidence (Ki-
tajima and Thompson, 1977) suggests that the fluidity of these
membranes increased more rapidly than did that of the others
as the 18:2 level rose. In those cases where its location has been
established (Fulco, 1974) fatty acid desaturation takes place
predominantly in the endoplasmic reticulum. Phospholipids
synthesized from the desaturated fatty acids ultimately move
out into all organelles of the cell (Nozawa and Thompson,
1971, 1972). We propose that the easily altered fluidity of these
particular membranes regulates the pattern of enzymatic de-
saturation occurring there.

Unfortunately, there is little information available con-
cerning the effect on fatty acid desaturase activity of the mo-
lecular environment surrounding the enzymes. Fulco (1974)
has summarized much of what is known about the regulation
of lipid unsaturation. Our work eliminates some of the pro-
posed mechanisms, as far as Tetrahymena is concerned. Thus,
the apparent control of desaturase action by molecular oxygen,
as reported to occur in yeasts (Brown and Rose, 1969) and
higher plants (Harris and James, 1969), has already been ruled
out in Tetrahymena (Skriver and Thompson, 1976). Increases
in the destruction of certain fatty acids by 8 oxidation is most
unlikely in our system. The low recovery of radioactivity from
fed longer chain acids (such as '*C-18:2 or '*C-16:0) in shorter
chain acids through recycling of ['#CJlacetate confirms the
observations of Borowitz and Blum (1976) that 8-oxidation
activity is minimal. Likewise, the regulation of phospholipid
fatty acid composition by diverting undesirable acids into tri-
glycerides is improbable because (1) the triglyceride content
in some instances is too low to account for the observed effects,
and (2) the change in triglyceride fatty acid composition is
usually not compatible with such an explanation. Finally, the
absence of radioactive saturated acids following '#C-18:2
administration virtually eliminates biohydrogenation as an
important determinant.

The effect of temperature upon desaturase activity is clearly
nonlinear over the range examined. Little change in lipid
composition occurred between 39.5 and 26 °C (Fukushima et
al., 1976). It is the further drop to 15 °C that caused the
striking increase in unsaturation. Based upon our present
findings, it is reasonable to postulate that desaturase activity
is less inhibited by a lipid phase separation than is net fatty acid
synthesis. Wunderlich et al. (1975) have shown and we have
confirmed a disappearance, rather than an aggregation, of
membranous particles in chilled Tetrahymena endoplasmic
reticulum. This was thought to indicate a perpendicular
movement of proteins outward toward the side of the mem-
branes facing the cytoplasm (Wunderlich et al., 1975). Per-
haps, such a movement could increase the exposure of the fatty
acid desaturases, thereby lessening the inactivating effect of
the increased lipid rigidity. Physical-chemical analyses by
electron spin resonance (Nozawa, Y., and lida, H., in prepa-
ration) and fluorescence polarization spectroscopy (Martin,
C.E.,and Thompson, G. A., Jr., in preparation) are providing
more direct evidence correlating the increasing degree of en-
zymatic desaturation with declining fluidity.

We propose that the fluidity of a membrane, such as the
endoplasmic reticulum, which contains the cell’s fatty acid
desaturase molecules, is self-regulating. The normal inter-
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membrane lipid exchange, known to be very rapid in Te-
trahymena (Nozawa and Thompson, 1972) would presumably
be capable of equilibrating any altered pattern of lipids with
other organelles. The novelty of the fluidity-controlled de-
saturase hypothesis is that it can be used to explain the fatty
acid changes induced by other environmental factors, such as
salinity, pressure, and drugs. Preliminary experiments indicate
that the altered fatty acid composition of Tetrahymena ac-
climated to grow in 0.3 M NaCl may be provoked by salt-
induced fluidity changes (Mattox and Thompson, unpublished
observations). This versatility of Tetrahymena assures that
the applicability of the proposed control system to diverse
variables can be tested.
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