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Summary 

Acholeplasma laidlawii A consists of pleomorphic cell clusters surrounded 
by a single membrane. When lysed, a cell gives rise to several membrane frag- 
ments which cannot be separated from each other by isopycnic sucrose 
gradient centrifugation. A heterogeneous lateral organization of the cell mem- 
branes was detected by countercurrent distribution of membrane fragments in 
a two-polymer aqueous phase system. It revealed that the membranes consist 
of at least two subpopulations with respect to surface properties. Changes in 
the fatty acid and cholesterol content of the membranes revealed that the reso- 
lution of different subpopulations was predominantly due to a critical ratio of 
monoglucosyldiglyceride to diglucosyldiglyceride. The heterogeneity of the 
membrane probably depends on lipid-lipid and lipid-protein steric interactions. 
Charged lipids, an apolar monoglucolipid and the ratio between lipids and pro- 
teins also affect membrane partition. The differences in the subpopulations 
were further reflected by different specific activities of NADH dehydrogenase, 
NADH oxidase and ATPase. These activities varied independently. Minor 
quantitative differences in the protein patterns of different subpopulations 
were ~pparent. The origin and the preservation of the membrane subpopula- 
tions are discussed in terms of lipid-lipid and lipid-protein interactions, their 
age and energy metabolism. 

Introduction 

Although biological membranes have been much studied, relatively little 
information is available on membrane organization in the lateral plane. Because 
of their physical properties, lipids are known to affect the localization and 



sometimes the activity of the membrane proteins. The gel to liquid crystalline 
phase transition in Acholeplasma laidlawii membranes causes an aggregation of 
integral proteins as visualized by freeze-etch electron microscopy [1,2]. Surface 
proteins are affected as well [3]; and the interactions between a certain lipid 
(phosphatidylglycerol) and membrane proteins are changed (summarized in 
ref. 4). 

In larger bacteria, e.g. Escherichia coli, a similar behaviour is observed with 
respect to protein aggregation [5]. Preparation of membranes from E. coli 
yields small vesicles of inner and outer membranes. Low temperature during 
these steps produce vesicles with large differences in protein-lipid ratio due to 
lateral phase separation [6,7]. Such vesicles can be separated by isopycnic 
centrifugation. The two or three membrane fractions obtained differ, in addi- 
tion to lipid-protein ratio, with respect to protein composition, and ratio of 
saturated to unsaturated fatty acids. There is no change in lipid species [ 7]. 

In A .  laidlawii we have found a regulatory system that varies the relative 
amounts of membrane polar lipid species in response to induced variations in 
membrane viscosity [8,9]. These metabolic changes proceed with different 
intralipid species and turnover rates [9]. The physical properties of the 
involved (glyco)lipids differ significantly [10]. Furthermore, loosely-bound 
molecules at the membrane surface in A. laidlawii affect the lateral packing 
properties of the lipids [11,12]. All this indicates the probability of a hetero- 
geneous lateral membrane organization in this organism. 

The co-ordination between DNA-replication and cell division in A. laidlawii 
is loose, causing the cells to normally grow in clusters surrounded by the same, 
single cell membrane [13]. If lateral heterogeneities exist, there will be 
differences in composition for different parts of a membrane enclosing these 
cell entities. Such an organization will cause different membrane regions to 
have different surface properties. Two-polymer, aqueous phase systems have 
proved to be very useful for the separation by partition of cells and membrane 
vesicles differing only slightly in surface properties [ 14--16]. Recently, parti- 
tion studies have been successfully extended to include liposomes [17]. We 
report here on the existence of different membrane fractions from A. laidlawii, 
separated by countercurrent distribution in two-polymer aqueous phase 
systems. 

Materials and Methods 

Organism and growth conditions 
A. laidlawii A, strain EF22 [8], was grown for 18 h at 37°C in a lipid- 

depleted bovine serum albumin-tryptose medium [8]. The medium was sup- 
plemented with palmitic and oleic acids in different amounts, the sum of which 
was always 0.150 mM. The ratios of palmitic to oleic acid used were 120130, 
90/60, 75/75, 30/120 and 0/150. The latter supplement was also given 
together with 0.020 mM cholesterol. Membrane lipids were radioactively 
labelled by adding 30 /iCi]] [3H]palmitic acid, and/or 10 uCi/1 [14C]oleic acid 
and, when needed, 40 uCi/1 [3H]cholesterol, (Radiochemical Centre, 
Amersham, England). 

Cells were harvested by centrifugation at 11 000 ×g  for 20 min at 5°C and 



washed once in cold ~-buffer. Membranes were prepared by osmotic lysis at 
22°C for 45 min during agitation and collected by centrifugation at 32 000 X g 
for 45 min at 5"C. They were washed twice in 0.010 M sodium phosphate 
buffer, pH 7.4, and kept at 2°C for not more than 1 h before continuing with 
the procedure (see below). Quantities of membranes were estimated by 
absorbance measurements at 500 nm in 15 ml 0.010 M sodium phosphate 
buffer and expressed as absorbance units, (i.e. one unit is equal to an absor- 
bance of 1.0 for 15 ml membrane suspension read in a 1 cm cuvette). 

Countercurrent distribution 
In preliminary experiments an appropriate phase system for A. laidlawii was 

selected as described by Walter [18]. 
The phase system was composed of 5% (w/w) Dextran T500, Mr 500 000 

(Pharrnacia, Batch no. 5556), 4% (w/w) poly(ethylene-glycol), Mr 6000, trade 
name Carbowax 6000 (Union Carbide), 8.3 mmol sodium phosphate buffer, pH 
7.4, and 3 mmol NaC1, per kg final mixture. After mixing the components, the 
phases were allowed to equilibrate overnight at 3°C. The top and bottom 
phases were then separated and stored at 3°C. 

Washed membrane preparations corresponding to 0.50 absorbance units were 
suspended in 4.50 ml of top phase (load mix). An automatic thin-layer counter- 
current distribution apparatus with 120 cavities was used [19]. Cavities 0--3, 
40--43 and 80--83 each received 0.5 ml of bottom phase and 0.9 ml of one of 
the load mixes. All other cavities received 0.6 ml bottom phase and 0.8 ml top 
phase. 39 transfers were completed at 3°C using a settling time of 6.5 min and a 
shaking time of 25 s. 

Analysis o f  membranes 
After the countercurrent run, membranes from each cavity were collected 

directly into plastic tubes or, when chemical and enzymatic analyses were to 
follow, 1.6 ml 37 mM 2-mercaptoethanol was first added to each cavity to 
convert the phase system to a homogenous (one-phase) suspending medium. 

Absorbance of membranes was measured at 500 nm. Protein content was 
estimated [20] after precipitation of the membranes with cold trichloroacetic 
acid according to Albertsson [21]. Radioactivity of the labelled membranes 
was determined by liquid scintillation counting [9] after digestion of the mem- 
branes in Protosol (New England Nuclear Co.) overnight, epm were converted 
to dpm using known quenched aH and 14C standards. 

On the basis of the distribution patterns measured by absorbance, some 
adjacent tubes were pooled separately (see Figs. 1 and 4). These pooled mem- 
branes were freed from adhering polymers by three consecutive washes in 
t3-buffer diluted 1 : 20 with deionized water. Pellets were dispersed in a small 
volume of the same buffer and stored at --70"C. Samples for enzyme assays 
were also made 20 mM with respect to 2-mercaptoethanol. 

Lipids were extracted with the Bligh and Dyer method according to Kates 
[22]. Separation of lipids was performed by thin-layer chromatography (Silica 
gel H, Merck) on borate-buffered plates [8] in chloroform/methanol/water 
(65 : 25 : 4, v/v). Radioactivity was measured by liquid scintillation counting 
[91. 



Protein patterns of different membrane fractions were analyzed by sodium 
dodecyl sulphate polyacrylamide gel electrophoresis according to Neville [23] 
as modified by Jergil and Ohlsson [24]. The gels were cast in 9.5 X 7.5 × 0.3 
cm slab gel forms. Upper stacking gel contained 3.5% (w/w} acrylamide (6.5% 
crosslink) and the separation gel 11.8% (w/w) acrylamide (1% cross-link). Mem- 
brane samples were solubilized at 100°C for 3 min in double strength upper 
reservoir buffer [23] containing 3.8% (w/v) sodium dodecyl sulphate. Electro- 
phoresis was carried out for 4 h at a constant current of 20 mA per gel. After 
the run, the gels were stained overnight with Coomassie Brilliant Blue R250. 
The following reference proteins were used for molecular weight determina- 
tions: lysozyme, DNAaseI, ovalbumin and bovine serum albumin. 

Enzyme assays 
NADH dehydrogenase (EC 1.6.99.3) activity. Membranes were treated with 

2.5% (w/v) sodium deoxycholate in 6.36 mM tris(hydroxymethyl)amino- 
methane-HC1 buffer, pH 7.4, containing 1.27 mM 2-mercaptoethanol for 
45 min at room temperature. K3[Fe(CN)6] was used as artificial electron 
acceptor. Final concentrations were: 50--250 ~zg membrane protein, 1.00% 
(w/v) sodium deoxycholate, 2.50 mM Tris-HC1 (pH 7.4), 0.50 mM 2-mercapto- 
ethanol, 7.80 mM NaC1, 1.80 mM K3[Fe(CN)6] and 0.120 mM NADH, in a 
volume of 1.20 ml. The reaction was measured continuously at 420 nm in a 
spectrophotometer at 37°C. Controls of any spontaneous reaction were also 
run. Enzyme activity was calculated from the initial decrease in absorbance for 
K3[Fe{CN)6] and expressed as lzmol NADH used per min per mg membrane 
protein. 

NADH oxidase (EC 1.6.99.3) activity. The membranes were treated in the 
"same manner as for the NADH dehydrogenase measurements. Final concen- 
trations were the same except that K3[Fe(CN)6] was omitted. The reaction 
was followed at 340 nm and 37°C. Activities were calculated from the absor- 
bance decrease of NADH and expressed as/zmol NADH oxidized/min per mg 
membrane protein. 

Mg2÷-dependent ATPase (EC 3.6.1.3). The assay mixture contained 
40--240 jzg membrane protein, 50 mM Tris-HC1 (pH 8.0}, 1.25 mM MgC12, 
1.1 mM NaC1, 0.6 mM 2-mercaptoethanol in a volume of 1.0 ml. The reaction 
was started by adding 10 ~zl 125 mM ATP and was permitted to proceed for 
30 min at 37°C with agitation. Blanks and zero time samples were also run. The 
reaction was terminated by adding 1.0 ml 10% (w/v} trichloroacetic acid and 
cooling the test tubes. Precipitated protein was removed. Liberated inorganic 
phosphate (from ATP) was determined according to Chen et al. [25]. Enzyme 
activity was expressed as nmol phosphate liberated from ATP/min per mg 
membrane protein. 

Electron microscopy 
For negative contrasting 2% (w/v) potassium phosphotungstate (pH 7.0) was 

used. For thin sectioning a pellet of membranes was suspended in 3% (v/v} 
glutaraldehyde, pH 7.0, and left for 1 h at 20°C. The membranes were then 
washed with Michaelis buffer, pH 7.0, post-fixed with osmium tetroxide and 
uranyl acetate, as described by Ryter and Kellenberger [26], and embedded in 
Epon. Sections were stained with uranyl acetate for 1 h at 20°C. 



Density gradient centrifugation 
Linear 18 ml 30 60% (w/w) sucrose gradients in ~-buffer diluted 1 : 20 were 

prepared. Membranes were centrifuged at 99 000 × g  for 3.5 h at 3°C in a 
3 × 20 ml swing-out rotor. The gradients were unloaded through a puncture in 
the bot tom of the tubes. Absorbance at 280 nm was recorded. 

For comparison membranes disintegrated by five consecutive passages 
through an X-press with intermittent  freezing [27] were run on gradients under 
identical conditions. 

Results 

Countercurrent distribution 
The phase system found suitable for the partition of A. laidlawii membranes 

(Materials and Methods) is one which has an electrostatic potential difference 
between the phases (top phase positive) [18]. Visual examination of membrane 
turbidity in the tubes of the countercurrent  extraction train revealed that  mem- 
branes with low partition coefficient were in the bot tom phase, those with 
intermediate partition coefficients at the interphase, and those with high parti- 
tion coefficients in the top phase. This visual inspection not  only showed at once 
that  membranes in different parts of  the extraction were truly different one from 
another but  also that  factors in addition to charge are involved in determining 
the partition coefficient of  these membranes since at least a portion of the 
negatively charged membranes are in the negatively charged bot tom phase. 
Determination of  membrane content  in different tubes by measurement  of  
absorbance at 500 nm indicated that  the membranes were composed primarily 
of two subpopulations. 

By selectively supplementing the growth media with various amounts of one 
saturated and one unsaturated fat ty acid, i.e. palmitic and oleic acids, stepwise 
changes in the physical properties of the membranes were introduced. 

In Fig. 1A the separation pattern of  membranes from cells grown on 
0.120 mM palmitic plus 0.030 mM oleic acid is shown. 

Membranes from cells grown on 0.090 mM palmitic plus 0.060 mM oleic 
acids were also composed of two subpopulations {Fig. 1B). Here, the 'right- 
hand'  subpopulation was the larger one. 

A fur ther  increase of  oleic acid in the growth medium at the expense of  
palmitic acid, i.e. 0.030 mM palmitic acid plus 0.120 mM oleic acid, caused the 
'right-hand' subpopulation to further increase in quanti ty (Fig. 1C). The 'left- 
hand '  subpopulation became smaller but  was still distinguishable. 

Ultrastructure 
The morphology of  A. laidlawii cells is very pleo~norphic. Fig. 2, A, B and C 

shows the ultrastructure of  unfractionated, 'left-Hand' and 'right-hand' sub- 
populations, respectively, as seen in sectioned specimens. The size distribu- 
tion of  the unfract ionated membranes indicates that  a cell cluster gave rise to 
several individual membranes on osmotic lysis. Holes in some of  the membranes 
were visible. These results were confirmed by observations on negatively- 
stained membranes.  Membranes separated by countercurrent  distribution 
seemed to consist of  a larger number  of  small vesicles than did the unfrac- 
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Fig.  1. C o u n t e r c u r r e n t  d i s t r i b u t i o n  p a t t e r n s  o f  A.  laidlawii m e m b r a n e s  f r o m  cel ls  g r o w n  w i t h  (A)  0 . 1 2 0  
m M  p a l m i t i c  a c id  p lu s  0 . 0 3 0  m M  ole ic  a c i d ,  (B) 0 . 0 9 0  m M  p a i m i t i c  a c id  p lu s  0 . 0 6 0  m M  oleie  ac id  a n d  (C) 
0 . 0 3 0  m M  p a l m i t i c  ac id  p lus  0 . 1 2 0  m M  oleic  ac id .  P o o l s  1,  2 a n d  3:  m e m b r a n e s  w i t h i n  these  f r a c t i o n s  
w e r e  p o o l e d  f o r  c h e m i c a l ,  e n z y m a t i c  a n d  u l t r a s t r u c t u r a l  ana ly se s .  Phase  s y s t e m  c o n t a i n e d  5% ( w / w )  
d e x t r a n ,  4% ( w / w )  p o l y ( e t h y l e n e  g lyco l ) ,  8 .3  m M  s o d i u m  p h o s p h a t e ,  p H  7 .4 ,  a n d  3 m M  NaCI  pe r  k g  
f ina l  m i x t u r e .  3 9  T r a n s f e r s  w e r e  c o m p l e t e d  a t  3 °C .  

t ionated ones (Fig. 2, B and C). Many, but not  all, vesicles appeared to be 
closed. No significant enrichment of membranes of a given size could be 
dectected in either of the two subpopulations. 

Lipid composition of different membrane fractions 
Table I shows the lipid domposition of the different pools as well as the satu- 

ration ratio of  the lipids. Several features are evident. The quanti ty of each 
lipid is no t  the same in different pools from a separation series. The largest 
relative differences are in those lipids which comprise the minor components 



Fig.  2.  T h i n  s e c t i o n  e l e c t r o n  m i c r o g r a p h s  o f  d i f f e r e n t  m e m b r a n e  f r a c t i o n s  o b t a i n e d  b y  c o u n t e r c u r r e n t  
d i s t r i b u t i o n .  A ,  u n f r a c t i o n a t e d  m e m b r a n e s ;  B, m e m b r a n e s  f r o m  a ' l e f t - h a n d '  p o p u l a t i o n  (see t e x t ) ;  C,  
m e m b r a n e s  f r o m  a ~ r igh t -hand '  p o p u l a t i o n .  See Mate r i a l s  a n d  M e t h o d s  f o r  t e c h n i c a l  d a t a .  T h e  b a r s  
r e p r e s e n t  1 . 0 / ~ m .  
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(data not  shown), but the dissimilarities between the dominating glycolipids are 
larger on a total basis. The monoglucosyldiglyceride/diglucosyldiglyceride ratio 
varies considerable from pool to pool (Table I). Furthermore, the amounts of 
charged lipids, i.e. phosphatidylglycerol and the glycerophosphoglycolipids, are 
not  constant. The lipid saturation ratios (although differing between individual 
lipids) all increase with increasing partition coefficients (i.e. to the right). As 
noted earlier [8] increased amounts of a saturated fatty acid in the growth 
medium, i.e. palmitic acid, result in increased monoglucosyldiglyceride/digluco- 
syldiglyceride ratio and more vigorous synthesis of the apolar glucolipid X. 

Membrane protein composition 
Sodium dodecyl sulphate polyacrylamide gel electrophoresis showed more 

than 40 protein bands (Fig. 3) with a molecular weight range from 14 300 to 

Fig. 3. Sodium dodecyl  sulphate polyacrylamide gel electrophoresis of A. laidlawii proteins in different 
membrane fractions obtained by countercurrent  distribution. The membranes  were derived from cells 
grown on 0.120 mM palmitic acid plus 0.030 mM oleic acid. Sample 0, unfract ionated membranes;  samples 
1, 2 and 3, membranes  from countercurrent  dis tr ibut ion pools 1, 2 and 3 (see Fig. 1). Mr, reference 
molecuar weights; Me, est imated molecular  weights of A.  lailawii proteins;  A protein bands that differ 
between fractions. 
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230 000.  The similarity between the unfractionated membranes and the pooled 
fractions was striking. Quantitative differences were noted in some bands in the 
high molecular weight range. 

The protein patterns of  unfractionated membranes showed quantitative 
variations in some bands probably as a consequent  of  differences in fatty acid 
supplementation in the growth medium (data not  shown).  The greatest differ- 
ence was in protein having molecular weights in excess of  70 000.  

Enzyme activities 
The NADH dehydrogenase and oxidase activities were compared by digesting 

the membranes in an excess of  sodium deoxycholate  and the activities were 
estimated in the absence of  polymers. Since the ATPase is very sensitive to 
detergent, this treatment was not  used. Table II shows that both NADH 
dehydrogenase and oxidase activities differ significantly between unfrac- 
tionated membranes and the different pools.  The ratio between the two activ- 
ities is also inconstant in the pools.  NADH oxidase activities were always much 
lower in partitioned membranes than in unfractionated membranes. For NADH 
oxidase, highest specific activities in the partitioned membranes were always in 
fractions between the two main subpopulations.  

In the case of  the ATPase highest specific activities were found in the 
smallest subpopulations (cf. Figs. 1A, 1B and 1C). This enzyme also had signifi- 
cantly different activities in the various pools.  

Influence of membrane cholesterol 
Although the distribution of  polar lipid heads varied among pools,  fatty acid 

properties are probably important for maintaining such heterogeneity. Lipid 
interactions can also be modified by the insertion of  cholesterol [28] .  To make 
the interpretation more straightforward, cholesterol was introduced into mem- 
branes containing only one fatty acid, i.e. oleic acid [8] .  Here, endogenous 

T A B L E  I I  

E N Z Y M E  A C T I V I T I E S  IN D I F F E R E N T  M E M B R A N E  F R A C T I O N S  

A d d e d  fat ty  acids Pools  N A D H  d e h y d r o g e n a s e  
( p m o l  N A D H / m i n  per 
m g  m e m b r a n e  prote in )  

N A D H  ox idase  
( /~mol N A D H /  

rain per m g  m e m -  
brane prote in )  

ATPase  
( n m o l  A T P / m i n  
per m g  m e m b r a n e  
prote in )  

0 . 1 2 0  m M  Palmit ic  acid + 0 * 1 . 0 2  

0 . 0 3 0  m M  ole ic  acid 1 1 .76  
2 1 . 0 8  

3 0 . 7 2  

0 . 0 9 0  m M  Palmit ic  acid + 0 * 0 . 8 4  

0 . 0 6 0  m M  ole ic  acid 1 0 . 9 7  
2 0 . 7 9  

3 1 . 1 5  

0 . 0 3 0  m M  Pa lmi t l , :  , . c i d +  0 * 0 . 7 1  

0 . 1 2 0  m M  ole ic  acid 1 1 .03  
2 1 . 2 2  

3 0 . 9 9  

2.53 

0.64 
1.21 
1.12 

2.05 
0.81 
1.06 
0.40 

1.38 
0.79 
0 . 8 5  
0 . 7 9  

81 

57 

73  

1 2 2  

70  
1 4 5  

67  

51 

38  

4 6  
37  

24  
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Fig. 4. C o u n t e r c u r c e n t  d i s t r ibu t ion  p a t t e r n s  o f  m e m b r a n e s  f r o m  cells g r o w n  on (A)  0 .1 5 0  m M  oleic acid 
and  (B) 0 . 1 5 0  m M  oleic acid plus  0 . 020  m M  choles tero l .  See Fig. 1 for  details.  

T A B L E  I I I  

L I P I D  A N D  C H O L E S T E R O L  C O M P O S I T I O N  OF D I F F E R E N T  M E M B R A N E  F R A C T I O N S  C O N T A I N -  
ING OLEIC A C I D  

Pools 1, 2 and  3,  see Figs. 4A and  4B fo r  details .  Lipid a m o u n t s  in t oo l / 100  tool. 

Lipids S u p p l e m e n t s  

0 . 150  m M  Oleic acid 0 .1 5 0  m M  Oleic acid plus  
0 . 0 2 0  m M  choles te ro l  

Pool:  
1 2 3 1 2 3 

Charged lipids * 34.6 35.3 36.1 43 .0  49.1 43 .3  

Diglucosyldiglycer ide  34.6 36.2 38 .5  34 .4  36.7 40 .5  

Monoglucosy ld ig lycer ide  23.8 22.7 22.9 13.5 9.1 8.4 

Rat io  monog lucosy ld ig lyee r ide  / 
d ig lucosyld ig lycer ide  0 .69  0 .63  0 .59  0 .39  0 .25  0.21 
( tool / tool)  

Rat io  n m o l  l ipids/~g m e m b r a n e  
p ro t e in  0 .38  0 .58  0 .67  0 .20  0 .29  0.31 

Rat io  cho les t e ro l / to t a l  lipids - -  - -  - -  0 .19  ** 0 .48  0 .33  
( m o l / m o l )  

* Charged  lipids: g l y c e r o p h o s p h o r y l m o n o -  and  d ig lucosyld ig lycer ide  plus p h o s p h a t i d y l g l y c e r o l  (see 
ref~ 8 ) .  

** Rat io  in u n f r a c t i o n a t e d  m e m b r a n e s ,  0 .29 .  
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saturated fa t ty  acid synthesis is very low [8].  Fig. 4A shows the distribution 
pattern obtained from membranes containing oleic acid alone. In keeping with 
trends evident in Fig. 1 A, B and C, the 'left-hand' population completely 
vanished in the absence of  a saturated fat ty acid. 

Incorporation of cholesterol (during growth) in these membranes caused the 
' left-hand' populat ion to reappear (Fig. 4B). Lipid analysis disclosed a more 
homogeneous distribution of lipids between pools when cholesterol was absent 
(Table III). The monoglucosyldiglyceride/diglucosyldiglyceride ratio also 
differed more in membrane pools containing cholesterol. The molar ratio of  
cholesterol to total lipids varied almost 2-fold between the two subpopulat ions 
compared to the average value which was 0.29 in unfractionated membranes 
(Table III). The ' left-hand' subpopulat ion contained more monoglucosyldigly- 
ceride and less diglucosyldiglyceride, phosphatidylglycerol and cholesterol than 
unfractionated membranes.  The opposite was true for the 'right-hand' subpopu- 
lation. Membranes from cavities between these two main subpopulations (i.e. 
pool 2) had significantly more charged lipids and cholesterol. 

Discussion 

The conditions used cause A. laidlawii to grow in large filamentous cell 
clusters surrounded by  one common cell membrane.  Comparisons of  normal 
[29] and thick [30] electron microscopic sections of A. laidlawii cell clusters 
with the membranes obtained here (Fig. 2A) indicate that,  on the basis of  size, 
each cell cluster gives rise to several membranes on lysis. These membranes 
yield a homogeneous peak when centrifuged on a sucrose gradient (data not  
shown). When membranes were broken in an X-press several subpopulations 
were obtained. These cannot  be considered natural since drastic pressure- 
collapse treatments are needed to produce them. Furthermore,  a significant 
amount  of  protein is lost (data not  shown). Several enzymes lost their activities 
and such membranes could not  be properly separated by countercurrent  distri- 
bution due to clumping. 

It is thus evident that  membranes from A. laidlawii, which are homogeneous 
with respect to buoyant  density, can be separated on the basis of  their surface 
properties into (at least) two subpopulations (Figs. 1A, B and C and 4B). 
Analysis of  membrane proteins in different subpopulat ions reveals very small 
quantitative differences. Since these occur among the higher molecular weight 
proteins the total  number  of  proteins differing is small. In contrast  to other  
observed differences (see below), we consider these specific proteins to be of 
minor importance in determining the membrane partition coefficient. 

Since the two-polymer  aqueous phase system reflects membrane surface 
properties [ 18,21],  the ratio between protein and lipids may be of  importance. 
This ratio will, to some extent ,  determine the exposure of  charged and/or 
hydrophobic  surface groups. Examination of  ratios obtained with different A. 
laidlawii membranes (Tables I and III) shows large fluctuations which appear 
not  directly related to the partition coefficients of  the two subpopulations 
(Figs. 1A, B and C and 4B). 

Lipid composi t ion and saturation ratios (i.e. palmitic/oleic acid) have a 
direct bearing on both  the appearance and relative sizes of  membrane subpopu- 
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lations. In A. laidlawii A membranes the physiological ratio between the two 
dominating glycolipids, monoglucosyldiglyceride and diglucosyldiglyceride, 
undergoes profound variations in response to changes in membrane viscosity 
caused by changes in fatty acid content  [8], temperature and cholesterol 
content  [9]. NMR and X-ray studies revealed great variations in physical 
properties between these lipids [10], the most important  being that mono- 
glucosyldiglyceride has a small upright polar head while the polar head of 
diglucosyldiglyceride has an alignment parallel to the bilayer plane and is only 
capable of binding a limited amount  of water [ 10]. The exposure of the hydro- 
philic parts of the membrane polar heads is, thus, probably greater in those 
membranes which are rich in monoglucosyldiglyceride. In an analogous argu- 
ment, this exposure will probably be less when diglucosyldiglyceride occurs in 
large amounts because of interference by its polar head. Some recent findings 
substantiate these structural differences, e.g. that monoglucosyldiglyceride in 
monolayers is less sensitive to increases in surface pressures when reacting with 
concanavalin A than is diglucosyldiglyceride [31]. Furthermore, a certain 
excess of monoglucosyldiglyceride over diglucosyldiglyceride makes the cell 
membrane of an A. laidlawii mutant  resistant to reactive complement  lysis 
[32]. 

With decreasing amounts of palmitic acid in the membrane lipids during 
growth, decreasing amounts of monoglucosyldiglyceride are synthesized 
(Tables I and III) in agreement with an earlier proposed mechanism [8]. A large 
ratio of monoglucosyldiglyceride to diglucosyldiglyceride (Table I)correlates 
positively with a large 'left-hand' subpopulation (Figs. 1A, B and C). Below 
certain lipid ratios (Table III) the 'left-hand' population disappears (Fig. 4A). 
Since cholesterol, being able to interact sterically with the lipid acyl chains, 
restores the 'left-hand' population at a lipid ratio below the critical one, lipid 
steric interactions are most probably involved. The phase system used appears 
to separate A. laidlawii membranes both on the basis of charge and hydrophobic/  
hydrophilic properties. The positively charged top phase should interact with 
"negatively charged A. laidlawii membranes. However, in membranes in which 
hydrophilic surface groups are pronounced, these may predominate in deter- 
mining the partition coefficient obtained. The 'left-hand' population was 
primarily in the bot tom phase. A large 'left-hand' population thus means that 
a substantial part of the membranes partitioned due to surface properties other 
than charge. These (probably hydrophilic) properties manifest themselves 
because of the polar head configuration of the dominating monoglycosyl- 
glyceride. Other aspects that may influence the membrane partition behaviour 
include the contribution of glucolipid X [8] and the consistently larger fraction 
of oleic acid in the lipids in a 'left-hand' population than in the corresponding 
'right-hand' peak (Table I). 

In addition to decreased glycolipid ratios, membranes having only oleic acid 
contain a larger fraction of the negatively charged lipids. Both of these proper- 
ties will increase the 'right-hand' population, which is thus separated primarily 
because of the affinity between negatively-charged membranes and positively- 
charged top phase. That cholesterol can 'induce' the appearance of a 'left-hand' 
population (Figs. 4A and 4B), despite the very high amounts of charged lipids 
in these membranes (Table III), is noteworthy. Cholesterol content  in the 'left- 
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hand'  population is substantially lower, and the concentration in the 'right- 
hand'  population higher, than the mean (Table III). Membranes partit ioned 
between these main populations contain more charged lipids and cholesterol 
than average. These results indicate that  specific lipid-cholesterol interactions 
occur. Furthermore,  exposure of charged groups may also be influenced by the 
presence of  cholesterol. 

The difference in specific activities of  enzymes in the subpopulations further 
strengthens the concepts  of an heterogeneous membrane organisation. Since 
the molecular weights for the enzymes tested are not  knonw, it is not  possible 
to relate the different activities with differences in the membrane protein 
patterns. The use of deoxycholate  in the NADH dehydrogenase and oxidase 
assays rules out  the possibility that  different sidedness of the membranes is 
responsible for the observed differences. Neither of  these enzymes is dependent  
on lipid, bu t  several workers have pointed to the importance of  microenvirn- 
ment  on them [33,34] .  Clearly, different lipid organization may alter their 
functions. The obtained activities may also be a result of  a difference in mem- 
brane age since the enzymes are known to vary with age in growing cells [34].  
ATPase has recently been shown to depend on phosphatidylglycerol for 
maximum activity [4].  Although a small amount  of the total phosphatidyl- 
glycerol molecules was needed, different organization of  phosphatidylglycerol 
in the membrane subpopulat ions could affect the activity of  the enzyme. 

Since the enzymes tested are all important  mediators of  the energy-yielding 
mechanisms in A. laidlawii, their different activities in the subpopulations 
might mirror the status of  energy metabolism in these membranes.  

In summary,  we conclude that A. laidlawii membranes,  considered homog- 
eneous by standard criteria, consist of at least two subpopulat ions under 
normal conditions with regard to surface properties. These subpopulations 
differ in their polar lipid content ,  lipid/protein ratios, enzyme activities and, 
to some extent,  in fa t ty  acid content.  The latter components  seem to be of 
importance in maintaining the heterogeneity.  Such variations in surface proper- 
ties will most  likely affect  the relationship between the parasite A. laidlawii 
and its hosts. 
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