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Efiect of growth temperature on membrane dynamics
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A strain of Synechococcus sp. was grown at its optimal growth temperature (58°C) and at 38°C, in order to
investigate possible adaptations of membrane-related properties to growth temperature. Light-induced
electron transport in thylakoid membranes from both types of cells showed iinear Arrhenius plots with the
same activation energy (48 kJ /mol). Membranes from cells grown at 58°C had a higher temperature
optimum (53°C) than those from cells grown at 38°C (41°C). Growth at 38°C caused an increase in the
proportion of unsaturated fatty acids compared to growth at 58°C, The fluidity of the membranes was
investigated by measuring the temperature dependence of the parameters derived from electron spin
resonance spectra of the spin-labels S-doxyldecane, S5-doxylstearate and I6-doxylstearate. Only small
differences between the dynamic properties of the membranes from cells grown at different temperatures
could be detected. This suggests that the observed change in fatty acid composition of the membranes
following the change in growth temperature does not serve to maintain a constant viscosity at the growth
temperature.

Introduction

Cyanobacteria assigned to the genus Synecho-
coccus are the most thermotolerant cells capable
of oxygenic photosynthesis. They can be isolated
from hot springs in several parts of the world, the
maximum recorded growth temperature being
72°C [1). The study of such thermophilic cyano-
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bacteria allows investigation of the adaptation of
the photosynthetic apparatus tc an extreme en-
vironment, and provides an experimental system
in which temperature-dependent effects can be
studied over a wide range in an aqueous medium.

Light-induced electron transport from water to
NADP* and the associated proton translocation
occur in and across the intracellular thylakoid
membranes. A plausible assumption is that these
reactions are affected by the nature and properties
of the lipid phase of the membrane. Any qualita-
tive change in the phase of the membrane lipids
from liquid crystalline to the gel phase can be
expected to have dramatic effects, and it is possi-
ble that the membrane “fluidity’ or microviscosity
may have to lis within a particular range for
efficient operation.
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Changes in ambient temperature will have ef-
fects on membrane properties, which may possibly
be compensated by growth-temperature depen-
dent changes in composition. Unsaturated fatty
acids have lower melting points than their corre-
sponding saturated analogues and an increase in
the degree of unsaturation would be expected to
increase fluidity. An extreme possibility, ‘homeo-
viscous adaptation’ [2], involves changes in lipid
composition to give complete compensation of the
membrane fluidity so as to maintain a constant
value at the growth temperature. However, al-
though this idea is instinctively appealing, it has
not been confirmed by the majority of reported
investigations in which compensation is at best
partial {3].

The aim of the study reported here was to
investigate the extent to which changes in growth
temperature in a thermophilic cyanobacterium
would elicit corresponding changes in fluidity. We
have used a strain of Synechococcus originally
isolated from a hot spring in Japan, with an
optimal growth temperature of 58°C. The
cyanobacteria were grown at this optimum tem-
perature and at a value 20 degrees lower, close to
the lower limit for growth [4]. We have determined
the fatty acid composition of the membrane lipids
of the two types of cells, and compared the tem-
perature dependence of membrane-associated
electron transport and the micro-viscosity of the
membrane, measured in terms of the mobility of
nitroxide spin labels.

A preliminary report of some of these observa-
tions has been published [5].

Methods

Organism. The original culture of Synechococ-
cus sp. was provided by Professor S. Katoh, Tokyo,
and had been isolated from a hot spring with a
temperature of 57°C at Beppu, Japan [4]. An
axenic clonai culture (Strain Od-24) was obtained
by pour-plating in half-strength medium BG-11
[6] containing 0.5% agar.

Culture conditions. Cultures for preparation of
membranes were grown in thermostatted glass fer-
mentors (12 cm diameter) with a working volume
of 1.8 litres. Each day the cultures were diluted

approx. 20-fold with fresh medium. The growth
medium was BG-11 with the Na,CO; concentra-
tion increased to 0.2 g/1. The medium was stirred
at 300 rev/min and gassed with 1% CO, in air at
a rate of about 1 I/min. The culture was il-
luminated with three circular fluorescent tubes
placed around the fermentor giving a photosyn-
thetic photon flux density of 200 pmol quanta -
m™ 2. 571 at the surface of the culture. Cultures for
preparation of membranes were routinely
harvested in the linear growth phase at a cell
density around 10® cells/ml.

Preparation of membranes. Cells used for mem-
brane preparations had been grown at the respec-
tive temperature for more than one week. Mem-
branes were obtained essentially according to the
procedure of Schatz and Witt {7]: after washing
twice with 10 mM potassium phosphate buffer
(pH 7.8) the cells were resuspended in buffer A
(20 mM Hepes-NaOH (pH 7.8), 10 mM MgCl,, 2
mM K,HPO, and 500 mM mannitol) at a final
concentration of 1 mg Chl/ml. The cells were
then incubated with 0.1% (w/w) lysozyme in the
dark for 1 h at 50°C for cells grown at 58°C,
while the lysozyme treatment was extended to 1.5
h at 35°C for cells grown at 38°C. All further
manipulations were carried out at room tempera-
ture. After washing in and resuspension with buffer
B (20 mM Hepes-NaOH (pH 7.8), 10 mM MgCl,
and 2 mM K,HPO,) membranes were prepared
by Yeda press treatment of the spheroplasts at 1.0
MPa N,. After dilution in buffer B the membrane
fraction was collected by centrifugation at 24 000
X g for 10 min and finally resuspended in a
mixture of 80% (v/v) buffer A and 20% (v/v)
glycerol and stored at —60°C.

Photosynthetic activity. Photosynthetic activity
was measured as light-induced oxygen uptake
using a Spectramass Dataquad quadrupole mass
spectrometer with an inlet covered with silicone
rubber tubing as described by Jensen and Cox [8].
The signal due to O, was calibrated at different
temperatures using water in equilibrium with air
saturated with water vapour at the same tempera-
ture. Oxygen solubility values were taken from
Wilhelm et al. [9]. The assay medium contained
buffer A, 125 pM benzyl viologen, 1 mM NaN,,
125 pM gramicidin and membranes corresponding
to 25-30 uM Chl 4. The thermostatted reaction



chamber was illuminated by saturating yellow light
(1.5 mmol quanta-m~?-5~') provided by two
Schott fiber optic light sources.

Lipid extraction. Lipids were extracted from the
membranes according to Blighi and Dyer {10} ex-
cept that 0.1 M HCl was used instead of water to
ensure complete extraction of acid lipids. During
the extraction procedures 0.1% butylated hydroxy-
toluene was present as an antioxidant. A polar
membrane lipid fraction was obtained as de-
scribed by Mannock et al. [11].

Fatty acid composition. The liptd extracts were
methanolyzed at 100°C for 2 h in methanol con-
taining 7% H,S0,. Fatty acid methyl esters were
analyzed by gas chromatography using a Perkin-
Elmer 3920 gas chromatograph with a 2 m column
(4.1 mm id.) packed with 5% Silar 10 C and
Diatomite M 85-100 mesh. The oven temperaiure
was programmed from 180°C to 246°C at
4°C/min. Identification of the individual fatty
acid methyl esters was done by comparison with
known standard mixtures and verified by com-
bined gas chromatography-mass spectrometry.

ESR measurements. Measurements of spin label
spectra were made as described previously {12].
Measurements with the isolated membranes were
made in the presence of NaCN and DCMU to
decrease the rate of loss of signal due to destruc-
tion of the spin labels by the membrane prepara-
tion. The spin-broadening agent tris(oxalato)
chromium (III) was synthesised as the potassium
salt [13]). Parameters were calculated using the
formulae given by Marsh [14].

Measurement of other constituents. The chloro-
phyll content of the membranes was determined in
80% acetone [15], and total carotenoid according
to Wellburn and Lichtenthaler [16). The myxo-
xanthophyll content of the isolated polar mem-
brane fraction was determined in acetone using
the specific absorption coefficient E1* = 2160 at
478 nm [17]. The carbon and protein content of
membranes was measured after washing twice with
a large volume of 10 mM potassium phosphate
buffer (pH 7.0). Carbon was measured with a
Beckman Model 915 total organic carbon analyser
using malonic acid as a standard. Protein was
determined following solubilisation of the mem-
branes with sodium dodecyl sulphate, using both
the Bio-Rad protein assay [18] and the Lowry
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method [19]. Bovine serurn albumin was used as
standard in both cases.

Results

Characterisation of the mcmbrane preparation

Cyanobacteria usually contain three types of
membrane: the cell envelope, the cytoplasmic
membrane and the internal thylakoid membranes
containing the photosynthetic apparatus. Electron
micrographs of Synechococcus cells showed 4 to 9
layers of thylakoids arranged concentric with the
cell wall, so these are the predominant membrane
type in these cells. In some cyanobacteria, yellow
memkbrane fractions not containing chlorophyil
can be separated by centrifugation on a sucrose
density gradient [20,21]. This was not possible
with the preparation used in these studies, and we
conclude that it is comprised mainly of thylakoid
membranes with possiblv a minor contribution
from the cytoplasmic membrane and the cell en-
velope.

Photosynthetic activity of isolated membranes

The effect of temperature on photosynthetic
electron transport involving both Photosystems I
and II was measured as oxygen uptake with benz-
yl viologen as electron acceptor. Fig. 1 shows that
membranes isolated from Synechococcus cells
grown at 58°C have a higher temperature opti-
mum than those from cells grown at 38°C, The
optimum temperature for activity in the isolated
membranes are thus close to the temperature of
growth, showing that the temperature stability of
the photosynthetic apparatus in the living cells is
conserved in the isolated membranes. On the lower
temperature side of the optimum the Arrhenius
plot for both membranes shows a linear depend-
ency in the temperature range investigated. There
is no evidence for discontinuities or break points.
The two curves are parallel with a difference cor-
responding to 12°C. The apparent activation en-
ergy calculated from the slopes is 47 kJ/mol. The
same value for the apparent activation energy was
obtained when the temperature dependence of
P700 reduction following a single turnover flash
was examined (resulis not shiown).

Hirano et al. [22] obtained a similar value for
the activation energy of light-induced electron



504

539C 41°C
[

100_ LA Nl A W T T —

- - BD“QG\ ]

E I a -

3 L _

E

- _

E | * -

2 L -

U

=

o |- -

4

=

c A

g

ol U g -

o [ ]
C L | I { L

529 3 3 32 33 34 35
1000/T (K)

w

6

Fig. 1. Effect of temperature on light-induced oxygen uptake

by membranes isolated from Synechococcus cells grown at

38°C (a) or 58° C (O). Maximum: rates were 290 and 135 pmol

0,-(mg Chl)~!-h~7, respectively. The assays were performed
as described in Methods.

transport from water o methyl viclogen in intact
cells of the same strain of Synechococcus, at tem-
pe:atures above 30°C. At lower temperatures a
higher activaiion energy was observed, in contrast
to the results reported here. It is noteworthy,
however, that the doubly charged methyl viologen
ion hzs heen used in studies of membrane orienta-
tion because of its low rate of diffusion across
membranes [23], so it is possible that the rate
limiting step in measurements with whole cells at
low temperatures is movement across the cyto-
plasmic membrane.

Composition of the membranes

Table 1 shows the contents of protein and
photosynthetic pigments in membranes from the
two types of cells, using the amount of membrane
carbon as a basis for comparison. There is possi-
bly a small decrease in the relative membrane
protein content, and a significant decrease in the
amount of chlorophyll in cells grown at the lower
temperature. Alithough there is little change in the
total amount of carotenoid, qualitative analysis by
thin-layer chromatography showed that cells grown
at 38°C contained considerably larger amounts of
myxoxanthophyll.

TABLE I

COMPQSITION OF WASHED MEMBRANES ISOLATED
FROM SYNECHOCOCCUS GROWN AT DIFFERENT
TEMPERATURES

Carbon, protein and photosynthetic pigments were measured
as described in Methods. 1.0 unit of protein corresponds to the
result given by 1.0 mg of bovine serum albumin in the particu-
lar protein assay. The results are given as average values from
membrane preparations from four different cell batches at
each temperature.

Growth  Content per mg membrane carbon

le:mper' Protein Chl.a  Carotenoids

ature —

(°0) BioRad Lowry (#8  (r®)
(units) (units)

58 0.89 1.30 97 18

38 0.79 1.27 72 21

Myxoxanthophyll contains a sugar residue [17]
and is found in the polar membrane lipid extract.
There is a large difference in the content of this
carotenoid in the polar lipid fractions from the
two tvpes of cell. Cells grown at 58°C contained
12 pg myxoxanthophyll /mg total polar lipid; the
corresponding value for the cells grown at 38°C
was 29 pg/mg lipid.

Synechococcus sp. resembles other cyanobac-
teria and contains three major lipids; mono- and
digalactosy! diglyceride, phosphatidyl glycerol, and
a trace of sulfogquinovosyl diglyceride (results not
shown). The fatty acid composition of total lipid
extract from photosynthetic membranes isolated
from cells grown at 58°C and 38°C is compared
in Table II. The cells do not contain any poly-
unsaturated fatty acids but only saturated and

TABLE H

FATTY ACID COMPOSITION OF TOTAL MEMBRANE
LIPIDS IN SYNECHOCOCCUS SP GROWN AT 38°C OR
58°C

The results are given as average values obtained from mem-

brane preparations from four different cell batches at each
growth temperature.

Growth Fatty acids (%)

lemperature 3o 16:1  18:0  18:1
°0

38 484 23 14 21.3
58 60.9 15.5 4.6 19.0




monounsaturated fatty acids. Lowering the growth
temperature causes an increase in the amount of
the 16:1 and 18:1 unsaturated fatty acids. The
ratio of unsaturated to saturated fatty acids was
0.53 in ceiis grown at 58°C and increased to 0.99
in cells grown at 38°C.

The fatty acid composition of the isolated polar
membrane lipid fraction was the same as that of
the total membrane lipid extract (not shown).

These results can be compared with those re-
ported by Yamaoka et al. [24], working with the
same strain grown at 55°C under different condi-
tions and apparently not in axenic culture. They
found a lower content of the 18 : 1 fatty acid. They
also reported some polyunsaturated fatty acid, in
contrast to our findings and other reports that
thermophilic strains of Synechacoccus contain only
saturated and monounsaturated fatty acids [25,26).

Spin-label mobility in isolated membranes

The fluidity of the photosynthetic membranes
was measured using ESR spectroscopy of three
spin labels: S-doxyldecane, S5-doxylstearate and
16-doxylstearate.

The motion of the nitroxide groups of 5.
doxyldecane and 16-doxyistearate approximates to
motion in all three dimensions and the ESR spec-
tra can be analysed to give apparent rotational
correlation times for isotropic motion. Fig. 2A
shows the temperature dependence of the rota-
tional correlation time 7, for 5-doxyldecane in
membranes isolated from Synechococcus cells
grown at 58°C and 38°C. The temperature de-
pendence of the fluidity of the membranes from
the two types of cells is identical above 30°C.
Below this value, membranes from cells grown at
the lower temperature were more fluid at any
particular measuring temperature. Similar results
were observed in experiments using 16-doxyl-
stearate as the spectroscopic probe (Fig. 2B). The
equations used to calculate the correlation times
are not valid for slow isotropic motion, which
corresponds to 7y values greater than a few
nanoseconds [14). Therefore the high 7, values
observed at low temperatures cannot be inter-
preted as evidence for a change from a liquid-
crystalline to a gel phase. However, the results do
suggest a clear difference between the membranes
from the two types of cells.
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Fig. 2. Temperature dependence of the correlation time (r1p)
for 5-doxyldecane (2A) and 16-doxylstearate (2B) in mem-
branes isolated from Synechococcus cells grown at 38°C (D)
and 58°C (a). Membranes corresponding to 1 mg Chl/mi
were suspended in buffer A containing 20% giycerol, 50 M
DCMU, 30 mM NaCN and 25 pg/ml spin label. Tris-
{oxalato)chromium (I1I) was added at a ccncentration of 30
mM to eliminate the signal of the spin-label in the water phase.
ESK spoctra were obtained with microwave power 10 mW and
modulation amplitude 1.0 gauss.

The nitroxide group of 5-doxylstearate is loca-
lised close to the membrane surface and its motion
is thus strongly anisotropic. If the mobility lies
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Fig. 3. The effect of temperature on the order parameter (3A)
and outer hyperfine splitting (3B) for 5-doxylstearate in mem-
branes isolated from Synechococcus cells grown at 38° C (¥) or
58°C (a). Membranes corresponding to 1 mg Chi/ml were
suspended in buffer A containing 20% glycerol, 54 pM DCMU,
32 mM NaCN and 5-doxylstearate (32 ug/mt). ESR instru-
ment settings were as described in the legend to Fig. 2. The
results in 3B are from membrane preparations from two differ-
ent cell batches at each growth temperature.

within a certain range the ESR spectra can be
analysed to give an order paraneter which gives a
measure of the degree of structural order in the
membrane. Such parameters could only be de-
termined from the experimental spectra over a
restricted temperature range; at the lower end of
the range the spin label motion was too restricted
and at high temperatures the spin label was de-
stroyed too rapidly to allow reliable measure-
menits. It is noteworthy that the rate of destruction
of the 5-doxylstearate increased dramatically at
temperatures above 50°C, whilst it was quite sta-
ble at lower temperatures. A comparison of the
calculated order parameters for the two types of
membrane is shown in Fig. 3A. The outer hyper-
fine splitting can be used as an empirical measure

of mobility in cases when it is not possible to
determine order parameters. The values obtained
are plotted in Fig. 3B. The results are in general
agreement with those obtained with the other spin
labels; essentially superimposable curves above
35°C with some indications for a divergence at
lower temperatures.

The data points can be fitted to a smooth curve
within the limits of the uncertainty associated with
determining the exact positions of the derivative
peaks, and there is no evidence for sharp breaks
which could be attributed to phase changes. This
is in contrast to the conclusions of Yamaoka et al.
[24), who measured outer extrema splittings for
5-doxylstearate in the same strain of Synechococ-
cus grown at 55°C and interpreted the resulis as
evidence for transitions at 10°C and between 30
and 40°C. Authoritative cautions against making
such assignments on the basis of inadequate data
have been given [27,28]. It is also noteworthy that
the reported spin-label to membrane lipid ratio in
these experiments was many times higher than the
recommended maximum value {14].

Measurements of spin-label partitioning in mem-
brane preparations

Measuring the relative amounts of a spin-label
in the lipid phase of the membrane and the aque-
ous medium has been used as an alternative
methed of studying temperature-induced changes
in membrane dynamics, particularly the transition
from a liquid-crystalline to a gel phase [14].

If the spin-broadening agent used in the experi-
ments shown in Fig. 2 is omitted, the composite
ESR spectrum contains contributions from 5-
doxyldecane in both aqueous and hydrophobic
environments. Fig. 4 shows the temperature de-
pendence of an arbitrary parameter, obtained from
spectra of this type, which is a measure of the
partition between the two environments. When
comparing membranes from the two types of cell
at similar concentrations of total carbon as a
measure of the amount of material in the mem-
brane, a considerable difference is seen. We have
previously reported similar results when mem-
branes from the two types of cell are compared on
the basis of chlorophyll content [5]. However, the
significance of this observation is called into ques-
tion by the great sensitivity of the results to the



concentratioa of membranes in the sample, as
shown by comparing the two curves for the mem-
branes from cells grown at the higher temperature.
The difference between the two membrane types is
probably the effect of alterations in the volume
available to the spin label as a result of the
changes in composition (Table I).

Spin-lahel mobility in polar membrane lipid disper-
sions

Measuremenis of spin-label mobility were also
made in a polar lipid fraction isolated from mem-
branes prepared from the two types of cells. This
provides a measurement of the dynamic properties
of the lipid phase independent of any effects due
to protein-lipid interactions. The results with 5-
doxyldecane are shown in Fig. 5. No significant
differences could be seen between the prepara-
tions derived from the two types of cells, in agree-
ment with the results obtained with the isolated
membranes. Measurements of the order parameter
for the motion of 5-doxylstearate also gave essen-
tially superimposable curves with membrane lipids

PARTITION PARAMETER

0 1 1 1 1
20 30 40 50 60 70

TEMPERATURE {'C }

Fig. 4. The effect of temperature of the partition of 5-doxylde-
cane between the aqueous phase and the hydrophobic phase of
Synechococcus membranes. The arbitrary partition parameter
A/B was calculated from the composite ESR spectrum of
5-doxyldecane distributed between the aqueous phase and the
hydrophobic membrane phase as shown for the high field peak
in the inset. Membranes were suspended in buffer A contain-
ing 20% glycerol, 50 xM DTMU, 30 mM NaCN and 25 pug/ml
5-doxyldecane. (0) Membranes isolated from cells grown at
38°C. Concentration 10.7 mg carbon/mi. (O), () Membranes
from 58°C cells at a conceniraiion of 9.8 and 13.8 mg
carbon /nl, respectively.
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Fig. 5. Temperature dependence of the correlation time ry for
S-doxyldecane in polar lipids extracted from Synechococcus
membranes isolated from cells grown at 38°C () or 58°C
(a). The lipids and the spin label were deposited on the walls
of a small glass test tube by evaporation of the solvent.
Aqueous medium composed of 109 mM Hepes-NaOH (pH
7.8), 10 mM MgCl,, 30 mM tris(oxalato)chromium Il was
added to give a final concentration of 10 mg/ml lipid and 25
ug/ml 5-doxyldecane. A lipid dispersion was formed after
vigorously shaking on a Vortex mixer and heating to 65° C for
30 min. ESR instrument settings were as described in the
legend to Fig. 2.

isolated from the two types of cells (results not
shown).

Discussion

The fatty acid composition of cyanobacterial
lipids shows considerable variation both when
comparing different strains of the same genus and
when the growth conditions for a particular strain
are varied [25,29]. The thermophilic strains of
Synechococcus contain no polyunsaturated fatty
acids. In this they resemble some mesophilic
cyanobacteria, while others contain both mono-
and di-unsaturated fatty acids [25]. The propor-
tion of monounsaturated fatty acids in the various
thermophilic strains of Synechococcus when grown
at around 50°C varies from 25% [26] to 65% [25].
These values overlap with the range of 44-66%
reported by Kenyon [25] for nine mesophilic
strains containing only saturated and monoun-
saturated fatty acids. Thus, although a general
tendency towards less unsaturation (and also
shorier chain length) is evident in thermophilic
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TABLE 11

PUBLISHED REPORTS OF THE EFFECT OF SHIFTS IN GROWTH TEMPERATURE ON THE FATTY ACID COMPOSI-

TION OF DIFFERENT STRAINS OF SYNECHOCOCCUS

Note: Agmenellum and Anacystis belong to the genus Synechococcus as defined by Rippka et al. [6].

Strain Growth temperature % unsaturated fatty acids Reference
upper lower upper lower
(°0) (°C) temp. temp.

Synechococcus Od-24 58 38 35 50 this work

Sy=echococcus lividus SY -4 55 38 23 56 (26}

‘A ymenellum quadruplicatum' * 43 20 36 62 [29]

‘A nacystis nidulans’ 38 22 47 55 [30]

Sy nechococeus PCC 6351 3 25 51 55 [25)

* Strain BG-1 (PCC 73109).

strains, overall fatty acid composition is in general
a rather crude measure of the functionally im-
portant aspects of membrane composition.

In spite of the lack of any clear trend when
comparing mesophilic and thermophilic strains of
Synechococcus, comparison of the same strain
grown under similar conditions apart from tem-
perature consistently reveals changes in fatty acid
composition in the direction of a more fiuid mem-
brane as the growth temperature is lowered (Table
III). Such changes do thus appear to have a role in
adaptation to temperature in both this and other
strails.

Changes in fatty acid composition of the type
observed in our experiments would be expected to
have measurable effects on spin label mobility.
Effects of similar magnitude were observed in
membranes of the bacterium Proteus vulygaris
grown at different temperatures. These caused
large changes in spin label mobility in phospholi-
pid dispersions prepared from the respective mem-
branes [31]. Our failure to observe significant ef-
fects of growth temperature on spin-label mobility
at a given temperature thus requires explanation,
since it is clear that effects of small changes in
measuring temperature in a given preparation can
be readily detected. In the case of the polar mem-
brane lipid fraction, the most likely explanation is
that the change in fatty acid composition in the
direction of a more fluid bilayer is counteracted
by the increased content of myxoxanthophyll.
Carotenoids have been reported to have a rigidify-
ing effect on the fluidity of phospholipid disper-
sions as measured by spin label mobility [32] and

other biophysical techniques ([33,34]. Myxo-
xanthophyll may also have a rigidifying effect in
the membrane itself, although differences in the
interactions between lipids and membrane pro-
teins are also possible. Although there is no evi-
dence for any increase in the total protein content
of the membranes from the cells grown at the
lower temperature, there is a large increase in the
ratio between the reaction centres of Photosystem
Il and Photosystem I (Miller, M., Simpson, D.
and Cox, R.P., unpublished results). Such gualita-
tive changes may increase the amount of lipid
associated with membrane protein and decrease
the average fluidity.

Our results thus lead to the conclusion that
there is not a significant homeostatic adaptation
of membrane fluidity to maintain a particular
value at the temperature of growth. It is possible
that the primary adaptations to changes in growth
temperature are the changes in relative content of
reaction centres. Changes in the fatty acid com-
position might thus be a secondary adaptation to
compensate for the restricted mobility as a result
of increased association with protein.

Our failure to observe ‘homeoviscous adapta-
tion’ in Synechococcus sp. is in general agreement
with the results from spin-label and fluorescent
probe studies with other types uf bacteria, re-
viewed bty Cossins and Sinensky {3]. In most stud-
ies the degree of adaptation observed is much less
than complete. It seems probable that there is no
need for regulation of membrane fluidity within
narrow limits, as long as the formation of large
areas of gel-phase lipid is avoided. This has been



dubbed ‘homeophasic adaptation’ by Silvius and
McElhaney [35,36].

The determination of phase transitions in bio-
logical membranes has been the source of much
controversy. The earlier literature on this topic
was dominated by sharp ‘breakpoints’ and
‘Arrhenius plot discontinuities’. The expectation
that phase transitions will be found leads to a
strong temptation to interpret continuous curves
as a series of straight lines {27,28]. In other cases
the sharp transitions observed are apparently the
result of experimental artefacts such as using
correlation times for spin labels although the
conditions for the equations used are not fulfilled.
It now seems clear that the sharp transitions ob-
served with artificial bilayer membranes do not
necessarily take place in biomembranes.

We see no evidence for any sharp transition in
any of the various types of spin-label measure-
ment. Nor do we observe changes in the apparent
activation energy for light-induced electron trans-
port involving both photosystems. There have been
reports of breakpoints in Arrhenius plots for reac-
tions involving segments of the electron transport
chain and energy transfer between the two photo-
systems in both this strain and another strain of
thermophilic Syrechococcus [22,26]. These may
represent temperature-dependent changes in the
configuration of individual membrane-protein
complexes or their closely associated lipids which
would neither influence the rate limiting step of
whole chain electron transport nor be detectable
by the spin label approach.
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