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The liquid-crystalline to gel phase transition temperature (T m) of phospholipids extracted from the psych- 
rophilic bacterium Micrococcus cryophilus was approx. -30°C,  as measured by differential scanning 
calorimetry (DSC). The T m value was little affected by bacterial growth temperature, despite a 4-fold 
decrease in the fatty acyl C18/C16 chain length ratio between 20°C and 0°C. The neutral lipids, which are 
comprised mainly of a mixture of wax esters that are more saturated than the phospholipids, did not alter the 
T m values or form separate domains. It is suggested that the wax esters may be interpolated between the 
halves of the bilayer. Fluorescence polarisation measurements of membranes and extracted lipids using 
1,6-diphenyl-l,3,5-hexatriene as the probe, confirmed the absence of a bulk lipid phase transition over the 
growth temperature range, and showed that the protein in membranes decreased lipid fluidity. The 
diphenylhexatriene polarization of membranes or their extracted lipids from bacteria grown at 0 or 20°C 
showed that, like DSC, fluorescence polarisation is insensitive to the acyl chain length change that occurs in 
this organism. A surprising observation was that the membrane lipids of M. cryophilus were considerably 
more ordered than was expected from studies of other organisms, or synthetic lipids with similar fatty acid 
compositions. 

Introduction 

The ways in which lipid fatty acid composition 
influences membrane fluidity and its importance 
in membrane structure and function are well docu- 
mented [1]. We have studied membrane fluidity 
regulation in the psychrophilic bacterium Micro- 
coccus cryophilus not only because of this 
organism's ability to grow at low temperatures, 
but because it has a simple lipid composition and 

* To whom correspondence should be addressed. 

the temperature-dependent changes are especially 
clear-cut. Two fatty acids, palmitoleic and oleic, 
comprise > 95% of the phospholipid fatty acids, 
and there is a 4-fold decrease in the ratio of 
C18/C16 fatty acids when the growth temperature 
is lowered from 20 to 0°C [2,3]. 

There are no concomitant changes in unsatura- 
tion. However, despite this fact, the activity of a 
membrane-bound Ag-desaturase that is responsible 
for desaturating the products of fatty acid syn- 
thetase [4,5] is influenced by temperature, ap- 
parently via alterations in phospholipid fluidity 
[6,7]. In an ESR study using nitroxide-labelled 
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stearic acid probes dissolved in the bacterial mem- 
branes, inflexions in plots of log (order parameter) 
versus 1 / T  were observed at temperatures that 
correlated with similar inflexions in Arrhenius plots 
of desaturase activity [7]. Moreover, the inflexions 
depended on growth temperature and occurred at 
temperatures that were within the growth tempera- 
ture range [7]. The most common explanation in- 
voked for such inflexions is that they are caused 
by liquid-crystalline to gel phase lipid transitions. 
But that seems unlikely in this instance, because 
the transition should be well below zero in M. 
cryophilus in view of its fatty acid and phospholi- 
pid composition. For example, the T m values of 
synthetic dioleoylphosphatidylglycerol and di- 
oleoylphosphatidylethanolamine are - 18 and 
- 1 6 ° C ,  respectively [8,9]. 

In the ESR experiments mentioned above, the 
T m of M. cryophilus phospholipids was not mea- 
sured directly, nor was it established what was 
responsible for the observed inflexions. The ESR 
order parameters of membranes were only 12% 
greater than those of the extracted lipids [6], and 
although two membrane lipid environments could 
be detected using 12-NS, the mobility of 5-NS 
appeared to reflect that of the bulk lipid phase in 
the membrane. We report nqw the use of DSC to 
measure the T m of extracted lipids. The fluidity of 
membranes and extracted lipids has also been 
measured using fluorescence polarisation as an 
alternative to ESR in an attempt to provide fur- 
ther insight into the regulation of membrane fluid- 
ity in this psychrophilic bacterium. 

Materials and Methods 

Materials 
1,6-Diphenyl-l,3,5-hexatriene (Aldrich, puriss 

grade) was made up and stored as a 2 mM solu- 
tion in tetrahydrofuran. All other reagents and 
solvents were of analytical reagent grade. 

Methods 
Bacterial growth. Micrococcus cryophilus (ATCC 

15174) was grown in a Casamino acids/sal ts  
medium at 0 or 20°C as described previously [10]. 
Bacteria were acclimatised by at least two sub-cul- 
turings at the required temperature, and harvested 
in mid- to late-exponential phase [7]. 

Lipid extraction. Lipids were extracted from 
bacterial pellets, obtained by centrifugation, using 
the method of Bligh and Dyer [11] as described by 
Kates [12]. Non-lipid impurities were removed 
using Sephadex G-25 [13]. Total lipid was 
fractionated into phospholipid and neutral lipid 
using silicic acid column chromatography [12]. 
Total lipid and phospholipid were quantitated by 
measurement of phosphorus content [14], on the 
basis of known compositions [10]. Lipids were 
stored at - 2 0 ° C  as a solution in chloroform/  
methanol (1 : 1, v/v) .  

Formation of liposomes. Lipid solutions were 
transferred to a small round-bottom flask and 
dried as a film in vacuo. Water was added (0.1 ml 
per mg of lipid), the lipid allowed to hydrate for 1 
h at room temperature (18-23°C) and sonicated 
using a bath sonicator, until a clear, opalescent 
suspension was obtained (1-10 min); the forma- 
tion of multilamellar liposomes was checked by 
phase contrast light microscopy. 

Preparation of membranes. Bacteria were 
converted to sphaeroplasts using lyzozyme and 
EDTA [15]. The sphaeroplasts were lysed by two 
passages through a French pressure cell (American 
Instrument Co. Inc., Silver Springs, MD 20910, 
U.S.A.) operated at 4.14.10 4 kPa; residual un- 
broken cells were removed by centrifugation at 
4068 x g (Ray = 9.17 cm) for 5 min, and 
membranes collected from the supernatant by 
centrifugation at 143000 x g (Ray = 6.30 cm) in a 
60 Ti rotor using a Beckman L2-65B ultracentri- 
fuge for 2 h at 4°C. The membrane pellet was 
resuspended in phosphate buffer (pH 7.4), and 
stored frozen at - 2 0 ° C .  Protein was estimated by 
a modification of the procedure of Lowry et al. 
[16]. 

Differential scanning calorimetry. Lipid samples 
(1 2 mg dispersed in 10 ffl of water) were sealed 
in aluminium sample pans, and thermal analysis 
performed using a Perkin-Elmer DSC-2 differen- 
tial scanning calorimeter, using 10 t~l of water as 
reference. Samples were cooled or heated at 5 
Cdeg per min between - 6 3  and 27°C (i.e., well 
below and above the upper and lower limits, re- 
spectively, of the transition temperature range). At 
least two heating and cooling scans were per- 
formed on each sample. 

It was observed that the endothermic and exo- 



thermic peaks produced by consecutive heating 
and cooling, respectively, overlapped, but did not 
coincide: the completion temperatures of ex- 
othermic peaks were on average 7.8 Cdeg lower 
than the start temperatures of endothermic peaks. 
The explanation is probably that, in a mixed lipid 
system, cooling drives a time-dependent phase sep- 
aration of the lipids according to their gel phase 
transition temperature. Heating simply melts these 
already phase-separated domains. Also, supercool- 
ing of the sample could lower the exotherms, or 
the cooperativity of a sample may be greater when 
changing from a higher energy state (liquid-crys- 
talline phase) to a lower energy state (gel phase) 
compared with driving the phase change in the 
reverse direction. 

Fluorescence polarisation. Samples (approx. 50 
/~1) of membranes or liposomes were diluted in 2 
ml of 20 mM phosphate buffer (pH 7.4) in a 
quartz fluorimeter cell to give a final As0o= 
0.1-0.4. To each 2-ml sample was added 2 ~1 of 2 
mM diphenylhexatriene in tetrahydrofuran. After 
mixing, the suspensions were allowed to equi- 
librate for 15 min at room temperature before 
making fluorescence polarisation measurements 
using a T-format fluorescence polarisation spec- 
trometer as described previously [17]. Cuvette tem- 
perature was measured immediately prior to mea- 
surement of polarisation using a thermistor. 

The excitation and emission spectra of 
sphaeroplast membranes were recorded using a 
Hitachi Perkin-Elmer MPF-2A fluorescence spec- 
trometer. 

Results and Discussion 

Differential scanning calorimetry 
The liquid-crystalline to gel phase transition of 

liposomes made with phospholipids extracted from 
M. cryophilus grown at 0 or 20°C occurred at 
temperatures well below zero for both exothermic 
and endothermic transitions. The DSC cooling 
curves for phospholipids and total lipids are shown 
in Fig. 1, and the data for cooling and heating 
thermograms are collated in Table I. The highest 
onset temperature observed was -22°C for endo- 
thermic transitions, whilst the lowest completion 
temperature was -45°C for exothermic transi- 
tions. There was little difference between 0 and 
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Fig. 1. D S C  coo l ing  cu rves  for  total  l ipid (TL)  a n d  p h o s p h o l i -  

p id  (PL)  ex t r ac t ed  f r o m  M. cryophilus g r o w n  at  0 o r  2 0 ° C .  

20°C phospholipid samples (Fig. 1), and the onset 
temperatures in particular were very similar (Table 
I). Gas-liquid-chromatographic analysis confirmed 
that the phospholipid fatty acid compositions were 
the same as those previously recorded for similar 
samples [27]. There was a greater difference in the 
completion temperatures, that of phospholipids 
from 0°C-grown bacteria being lower by approx. 6 
Cdeg (Table I). This probably reflects not only the 
shorter average chain length of phospholipids from 
bacteria grown at the lower temperature, but also 
the greater fatty acyl chain heterogeneity com- 
pared with phospholipids from cells grown at 20°C. 

T A B L E  I 

A S U M M A R Y  O F  T H E  G E L - L I Q U I D - C R Y S T A L L I N E  

P H A S E  T R A N S I T I O N  T E M P E R A T U R E  R A N G E S  O F  

T O T A L  L I P I D  A N D  P H O S P H O L I P I D  E X T R A C T E D  

F R O M  M. cryophilus G R O W N  A T  0 ° O R  2 0 ° C  

PL,  p h o s p h o l i p i d ;  TL ,  to ta l  l ipid.  

S a m p l e  Bac ter ia l  D S C  T r a n s i t i o n  

g r o w t h  scan  t e m p e r a t u r e  

t e m p e r a t u r e  m o d e  r ange  
(oc) (°c) 

P L  

T L  

P L  

T L  

20 H e a t i n g  - 42 to  - 32 

C o o l i n g  - 4 1  to - 3 1  

20 H e a t i n g  - 35 to - 25 

C o o l i n g  - 43 to - 31 

0 H e a t i n g  - 40  to - 24 

C o o l i n g  - 45 to - 32 

0 H e a t i n g  - 39 to  - 26 

C o o l i n g  - 42 to - 31 
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Thus the phospholipids contain 52% oleoyl and 
48% palmitoleoyl residues, and 72% oleoyl and 
28% palmitoleoyl residues in 0°C - and 20°C-grown 
bacteria, respectively. Studies with synthetic, mis- 
cible phospholipid mixtures have demonstrated 
that a 50 : 50 mixture gives the broadest transition 
[18]. This fact explains why the phospholipids of 
M. cryophilus grown at 0°C gave a broader transi- 
tion (16 Cdeg) compared with phospholipids from 
20°C-grown organisms (10 Cdeg). The asymmetric 
shape and relative broadness of the peaks indicate 
that the lipids are not homogeneously dispersed, 
probably due to the mixed headgroup composition 
[10]. The observed broad, sub-zero thermal transi- 
tion of M. cryophilus is not only what one would 
predict (see Introduction), but is similar to that of 
phospholipids extracted from fatty acid aux- 
otrophs of Escherichia coli containing 42% palmi- 
toleate and 51% cis-vaccenate in their membranes 
(i.e. very similar to M. cryophilus), which gave a 
broad thermal transition from -10.5 to - 2 3 ° C  
[19]. 

Phospholipids comprise 85% of the total lipid 
of M. cryophilus; the second most abundant lipid 
is a mixture of wax esters which accounts for 
13-14% of the total [10]. Based on a consideration 
of their composition, conformation and possible 
location within the membrane, it had been pos- 
tulated previously that the wax esters could 'stif- 
fen' the membrane [20,21] (i.e. they, would in- 
crease the liquid-crystalline to gel phase transition 
temperature). However, the present study found 
no evidence of this on the basis of a comparison of 
exotherms and endotherms of liposomes made with 
phospholipid or total lipid (i.e., phospholipids + 
wax esters) extracted from M. cryophilus grown at 
0 or 20°C. DSC cooling curves of total lipid are 
shown in Fig. 1 and data from cooling and heating 
thermograms are collated in Table I. The dif- 
ferences between all phospholipid and total lipid 
samples were within the normal temperature varia- 
tion (<  10%) observed for different preparations 
of the same kind of sample. It appears that the 
wax esters affect neither the position nor the coop- 
erativity of the phospholipid phase transition, sug- 
gesting that wax esters do not disrupt the bilayer 
packing. Nor do the wax esters separate into dis- 
tinct domains at temperatures close to the phos- 
pholipid T m, because there was no broadening of 

the phase transition range of total lipid compared 
with phospholipid (Fig. 1). Wax esters may be 
interpolated between the halves of the bilayer, as 
suggested for alkanes [22] and ubiquinone-10 [23]. 

The growth temperature range of M. cryophilus 
is from - 4  to +25°C. Therefore, the membrane 
lipids are in the liquid-crystalline phase at all 
growth temperatures, and this organism does not 
experience a 'phase crisis' [24] if the growth tem- 
perature is changed suddenly. Lipid phase transi- 
tions could not be observed directly in membrane 
preparations. Instead an alternative technique, flu- 
orescence polarisation, was used to investigate 
membranes; this also served as a comparison with 
previous experiments on M. cryophilus using ESR 
to measure fluidity [6,7]. 

Fluorescence polarisation 
Preliminary experiments showed that the ab- 

sorbance of sphaeroplast membrane suspensions 
significantly influenced the fluorescence polarisa- 
tion value; this effect was more pronounced in 
membranes prepared from bacteria grown at 0 
than at 20°C (Fig. 2a). The magnitude of the 
decrease in 20°C sphaeroplasts was only slightly 
greater than that observed with liposomes (cf. 
Figs. 2a and 2b); the latter was probably due to 
the scattering of fluorescent light [25]. There are 
no known lipid chromophores in the lipids of M. 
cryophilus apart from ubiquinone-8 [10]; however, 
this has an absorption maximum of 275 nm [26] 
that is considerably less than the excitation wave- 
length (360 nm) used in the present experiments. 

Apparently the membranes of M. cryophilus 
grown at 0°C contain a chromophore with a fluo- 
rescence emission polarisation which is consider- 
ably below that of dipbenylhexatriene. This was 
confirmed by analysing membranes for their in- 
trinsic fluorescence, which, although only 3-4% of 
the level plus diphenylhexatriene, was detectable. 
The excitation and emission spectra (Fig. 3) dem- 
onstrate that the endogenous membrane fluoro- 
phore has excitation and emission maxima at 345 
nm and 440-450 nm, respectively. Both of these 
values are close to the corresponding values for 
diphenylhexatriene [27]. They are also similar to 
those of NADH; the membranes of M. cryophilus 
contain tightly-bound cofactor(s) [5], but the iden- 
tity is unknown. We favour the assumption that 
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Fig. 2. (a) The effect of membrane suspension absorbance on 
diphenylhexatriene polarisation. M. cryophilus was grown at 0 
(11) or 20°C (o), and polarisation measurements  were made at 0 
and 20°C. (b) The effect of liposome suspension absorbance on 
diphenylhexatriene polarisation. Liposomes were formed using 
total lipid extracted from M. cryophilus grown at 0 (11) or 20°C 
(o). 

the endogenous chromophore is a protein for the 
following reasons. First, liposomes showed no such 
maxima. Second, membranes of M. cryophilus 
grown at 0°C contain 325 + 14 / tg  of protein per 
ml (at a suspension density of As00 = 0.1; there is 
little or no intrinsic chemical absorption at this 
wavelength). This value is more than twice that of 
membranes in cells grown at 20°C (155 _+ 17 #g 
protein per ml). It is not known if there is a 
general increase in all proteins or in one or a few 
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0.1 
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200 300 400  500 

W a v e l e n g t h  ( n m )  

Fig. 3. The excitation and emission spectra of sphaeroplast 
membranes  of M. cryophilus. Membranes  were prepared from 
bacteria grown at 0 ( - -  - -  - - )  or 20°C ( ). The samples 
were matched for absorbance (As00 = 0.1). The excitation and 
emission wavelengths were 360 and 430 nm, respectively. 

protein species, but this altered protein content 
could account for the observed effect of membrane 
density on fluorescence polarisation values. In 
order to avoid artifacts, the reported values of 
fluorescence polarisation have been extrapolated 
to a theoretical value corresponding to zero ab- 
sorbance, unless stated otherwise. 

When fluorescence polarisation was corrected 
in this manner, there was no significant difference 
in the values for 0 and 20°C sphaeroplast mem- 
branes, irrespective of the assay temperature be- 
tween 0 and 20°C (Fig. 4). As expected, the fluo- 
rescence polarisation value decreased with in- 
creasing temperature, but there were no discon- 
tinuities between 0 and 20°C (Fig. 4), which repre- 
sents the bulk of the growth temperature range. As 
a further check, the fluorescence polarisation of 
some samples was measured at 2.5 Cdeg incre- 
ments over the temperature range 0-30°C,  but no 
discontinuities were observed. The same was true 
of liposomes made with lipids extracted from 
bacteria grown at 0 or 20°C (Fig. 4). These results 
confirm the absence of bulk phase changes in the 
extracted lipids or in the native membranes at 
temperatures within the growth temperature range. 

Both DSC and fluorescence polarisation pro- 
vide information about the average fluidity of the 
membrane,  and appear to be insensitive to the 
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Fig. 4. The effect of temperature on diphenylhexatriene polari- 
sation in liposomes and sphaeroplast membranes of M. 
cryophilus grown at 0 ( i )  or 20°C (o). The data have been 
corrected to theoretical zero absorbance (see text). 

TABLE II 

A COMPARISON OF THE FLUORESCENCE POLARISA- 
TION OF DIPHENYLHEXATRIENE IN SOME SYN- 
THETIC PHOSPHOLIPID LIPOSOMES AND NATURAL 
MEMBRANES 

DPPC, dipalmitoylphosphatidylcholine; DSPC, distearoyl- 
phosphatidylcholine; DOPC, dioleoylphosphatidylcholine. 

Membrane system Assay Polar- Ref. 
temp. isation 
(°C) value 

M. cryophilus 
(growth temp. = 20°C) 20 0.395 a 

DPPC (T m = 41°C) 10 0.43 28 
60 0.09 

DSPC (T m = 58°C) 10 0.43 28 
60 0.10 

DOPC (T m = - 17°C) 23.5 0.115 29 
Tetrahymena microsomes 15 0.231 30 

(growth temp. = 39°C) 39 0.118 
E. coli K12 outer membrane 10 0.20 31 

(growth temp. = 20°C) 35 0.10 

a Data taken from Fig. 4. 

fatty acyl chain length change that occurs in M. 
cryophilus. In contrast, ESR spin probes are sensi- 
tive to the fatty acyl chain length change that 
occurs in M. cryophilus when growth temperature 
is altered. In a previous ESR study of M. cryophi- 
lus [7], growth-temperature dependent inflexions 
were observed in plots of log (order parameter) of 
nitroxide-labelled fatty acids versus 1/K.  The pre- 
sent study shows that these inflexions were not 
due to bulk lipid phase transitions. 

The data in Fig. 4 also show that the fluo- 
rescence polarisation values of sphaeroplasts are 
1.5-2.1-times those of the extracted lipids, depend- 
ing on the bacterial growth temperature, indicating 
that the presence of protein decreases lipid fluid- 
ity. A similar result was obtained using ESR to 
monitor acyl chain motions [6]. 

The absolute values of fluorescence polarisation 
of M. cryophilus lipids and membranes are also of 
interest, because they show that despite the very 
high proportion of monounsaturated fatty acyl 
chains the membrane was ordered by comparison 
with both synthetic lipids and other natural mem- 
branes, including some microbial examples (Table 
II). For saturated and unsaturated phospholipids 
above their transition temperature, the diphenyl- 

hexatriene polarisation value is < 0.10. The com- 
parison with E. coli outer membrane is particu- 
larly striking, because this bacterium contains 55% 
unsaturated fatty acid [32] yet has a diphenyl- 
hexatriene polarisation value much less than that 
of M. cryophilus membranes which contain ap- 
prox. 97% unsaturated fatty acid. The fluorescence 
polarisation values for M. cryophilus liposomes are 
consistent with a liquid-crystalline lipid phase, but 
the lipid and the membrane are relatively 'stiff'. 
This may result from the rather homogeneous 
fatty acid composition, because the membranes of 
E. coli auxotrophs containing large proportions of 
a single fatty acid supplement also show reduced 
fluidity [19] as well as inactivation of some mem- 
brane-bound enzymes [33]. A similar relative lack 
of acyl chain mobility has been observed by fluo- 
rescence polarisation of triacylglycerols containing 
three cis double-bonded fatty acyl chains at tem- 
peratures above the phase transition [34]. In M. 
cryophilus there is a p~eference for the longer 
oleoyl acyl chains in the sn-1 position of phos- 
pholipids [35]. This produces a lower melting point 
isomer, but also exaggerates the difference in the 
depth to which the two acyl chains penetrate the 



b i l aye r  [36]. I n  turn ,  this  l eads  to  the  poss ib i l i t y  

t ha t  the  t e r m i n a l  m e t h y l  r eg ions  o f  the  two  m o n o -  

l ayers  c o u l d  i n t e rd ig i t a t e  [37], w h i c h  has  b e e n  sug-  

ges ted  for  s o m e  s a t u r a t e d  m i x e d - a c i d  l ip ids  [38]. 

T h i s  e f fec t  has  n o t  b e e n  inves t i ga t ed  in phos -  

p h o l i p i d s  c o n t a i n i n g  two  m o n o u n s a t u r a t e d  fa t ty  

acyl  chains .  I f  i n t e r d i g i t a t i o n  d i d  occur ,  i t  w o u l d  

res t r ic t  the  w o b b l i n g  m o t i o n  o f  this r eg ion  o f  the  

acyl  chains ,  t h e r e b y  caus ing  an  a p p a r e n t  ' s t i f f en -  

ing '  o f  the  b i l aye r  m o t i o n  as m o n i t o r e d  by  d i p h e n -  

y l h e x a t r i e n e  po l a r i s a t i on .  
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