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Summary 

The ability of growing mycoplasma cells and their isolated membranes to 
take up exogenous phospholipids was correlated with their ability to take up 
cholesterol. Horse serum or vesicles made of phosphatidylcholine and choles- 
terol served as lipid donors. Growing cells of five Mycoplasma species took up 
significant quantities of phosphatidylcholine and sphingomyelin as well as free 
and esterified cholesterol. In contrast, growing cells of three Acholeplasma 
species failed to take up any of the exogenous phospholipids, and only incorpo- 
rated low amounts of free cholesterol and no esterified cholesterol. Hence, the 
ability of mycoplasmas to take up large quantities of cholesterol appears to be 
correlated with an ability to take up exogenous phospholipids. Isolated mem- 
branes of Mycoplasma capricolum and Acholeplasma laidlawii took up lower 
amounts of cholesterol than did membranes of growing cells and did not take 
up phospholipids. Inhibition of M. capricolum growth decreased the ability of 
the cells to take up exogenous phospholipids and cholesterol. The possibility 
that the contact between the lipid donors and the membrane involves specific 
receptors best exposed in actively growing cells is discussed. 

Introduction 

Mycoplasmas offer several unique advantages for investigating the factors 
influencing the incorporation of exogenous lipids into biomembranes. The 
plasma membrane of these procaryotes is not covered by a cell wall, which 
enables it to interact directly with exogenous lipid donors. In addition, the 
majority of the mycoplasmas require exogenous cholesterol for growth and 
incorporate large quantities of it into the plasma membrane. The inability of 
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mycoplasmas to synthesize or esterify cholesterol, to hydrolyze cholesteryl 
esters, and to pinocytose lipoprotein particles facilitates their use in investiga- 
tion of the factors controlling the transfer of cholesterol from an exogenous 
cholesterol source to the plasma membrane [1--8]. In addition, the myco- 
plasmas included in the genus Acholeplasma do not require cholesterol and 
incorporate much less of it into their membranes [3,5,9]. Hence, elucidation of 
the factors which restrict cholesterol uptake by Acholeplasma may lead to the 
better understanding of the mechanisms controlling cholesterol uptake. 

Serum lipoproteins, the natural donors of cholesterol to the parasitic myco- 
plasmas, contain significant quantities of phospholipids. Therefore it seemed of 
interest to test whether these phospholipids are incorporated into the mem- 
branes together with cholesterol. This question acquired particular importance 
in light of the finding [3] that the amount of cholesterol incorporated into the 
membrane of any specific mycoplasma is largely determined by its phospho- 
lipid content. The phospholipids synthesized by mycoplasmas (phosphatidyl- 
glycerol, diphosphatidylglycerol, phosphoglycolipids and their derivatives; 
Ref. 10) can be easily distinguished from the choline-containing sphingomyelin 
and phosphatidylcholine of serum lipoproteins. Information on the uptake of 
serum phospholipids by mycoplasmas is meager. Sphingomyelin and phospha- 
tidylcholine were detected in Mycoplasma pneumoniae [11--13] and Spiro- 
plasma citri [14,15] grown with serum. Mycoplasma hominis grown with 
phosphatidylcholine~cholesterol dispersions incorporated both lipids into its 
cell membrane [5] Mycoplasma gallisepticum was also found to take up phos- 
phatidylcholine and sphingomyelin from serum, but  the incorporated phospha- 
tidylcholine was modified by deacylation and reacylation with saturated fatty 
acids [16]. This fragmentary information prompted us to investigate more 
systematically the ability of mycoplasmas to incorporate exogenous phospho- 
lipids, and to correlate this with cholesterol uptake. The results reported here 
show that Acholeplasma species, which only incorporate low amounts of free 
cholesterol and no esterified cholesterol, are unable to incorporate serum phos- 
pholipids. In contrast, Mycoplasma species incorporate both free and esterified 
cholesterol as well as significant quantities of phosphatidylcholine and sphingo- 
myelin. The incorporated phospholipids become part of the lipid domain of the 
membrane, providing additional sites for cholesterol incorporation. 

Materials and Methods 

Organisms and growth conditions. Acholeplasma laidlawii (oral strain), 
Acholeplasma axanthum (S-410), Acholeplasma granularum (BTS 39, ATCC 
19168), M. gallisepticum (A 5969) and Mycoplasma capricolum (California kid, 
ATCC 27343) were grown in a modified Edward medium [17] supplemented 
with 0.5% (w/v) glucose and 5% (v/v) horse serum, and adjusted to pH 8.0. M. 
hominis (ATCC 15056 and ATCC 23114) and Mycoplasma arginini (G 230) 
were grown in the same medium, but  with 20 mM L-arginine replacing the 
glucose supplement,  and the initial pH of  the medium was adjusted to 6.5. The 
organisms were harvested after 20--24 h of incubation at 37°C when the 
absorbance of  the cultures reached values between 0.2 and 0.3 at 640 nm. The 
sedimented organisms were washed twice and resuspended in 0.25 M NaC1. M. 
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pneumoniae (FH, ATCC 15531) was grown in Hayflick's medium [18] supple- 
mented with 10% horse serum and dispensed in 70-ml aliquots in Roux  bottles. 
The bott les  were incubated in the horizontal posit ion for 4 days at 37°C. The 
medium was removed by  decantat ion and the thin sheet of  organisms sticking 
to the glass surface was washed twice with 0.25 M NaC1, scraped off  the glass 
with a rubber  policeman, and suspended in a small volume of  0.25 M NaC1. 

Cell membranes were isolated by osmotic lysis of  the mycoplasmas, as 
described in detail by  Razin and Ro t t em [17].  To facilitate the isolation of  M. 
capricolum membranes free of  DNA, 20 pg/ml pancreatic deoxyribonuclease 
was added to the lysed cell preparation [ 17]. 

Phospholipid and cholesterol donors. Horse serum or phosphatidylcholine- 
cholesterol vesicles were used as donors.  The horse serum was filtered through a 
0.45 ~m pore MiUipore membrane filter before use, to remove any precipitable 
material present in the serum. Lipid vesicles were prepared from egg phospha- 
t idylcholine (egg lecithin, Makor Chemicals, Jerusalem) and cholesterol (Sigma) 
as follows: a solution of  22 mg phosphatidylcholine and 10 mg cholesterol in 
CHC13 (phosphatidylcholine/cholesterol  molar ratio 1.0 : 0.9) was dried under 
N2 in a sonication vessel. 10 ml of  0.4 M sucrose was added and the mixture 
was sonicated in the cold under N2 in a Heat  Systems model  W350 sonicator 
(Heat Systems Ultrasonics Inc., Plainview, NY) at an ou tpu t  of  130 W, 20 kHz, 
for three 15-min periods with 5-min interruptions for temperature equilibra- 
tion. The resulting vesicle suspension was centrifuged at 38 000 × g for 30 min 
at 4°C to remove metallic particles shed by  the probe.  The amount  of  lipid 
material sedimented during centrifugation was negligible. Over 95% of  the 
lipid in the vesicle suspension was retained on filtration through a Sepharose 2B 
column [19] ,  indicating that  it consisted primarily of  unilamellar vesicles. The 
vesicle suspension was kept  at  4°C and used within 2--3 days of  its preparation. 

Measurement o f  phospholipid and cholesterol uptake. M. capricolum was 
grown in Edward medium supplemented with 0.2% (w/v) bovine serum 
albumin, 25 ~g/ml elaidic acid, 0.3% (v/v) horse serum, or phosphatidylcholine- 
cholesterol vesicles sufficient to provide 1 pg cholesterol/ml of  growth 
medium. A. laidlawii was grown in the same medium, bu t  wi thout  serum or 
lipid vesicles. After  20 h of  incubation at 37°C, the absorbance of  the M. 
capricolum culture reached 0.12--0.16 at 640 nm, while that  of  A. laidlawii 
reached 0.22--0.26. At this point  the cultures were supplemented with either 
horse serum to raise its concentrat ion in the culture medium to 5%, or with 
lipid vesicles to raise the cholesterol concentrat ion to 20 #g/ml. Incubation was 
continued for another 4 - 6  h at 37°C and samples were withdrawn at various 
t ime intervals. The organisms in the samples were harvested, washed and their 
membranes were isolated and analyzed for protein, cholesterol and phospho- 
lipid as described under Analytical procedures. 

Phospholipid and cholesterol uptake from serum and vesicles was also tested 
with isolated membranes of  M. capricolum grown with 0.3% horse serum, and 
of  A. laidlawii grown with no serum. The uptake mixture consisted of  0.05 M 
phosphate buffer,  p H  7.0, containing 5% horse serum, or phosphatidylcholine- 
cholesterol vesicles (to yield 20 pg cholesterol/ml) and membranes (0.1 mg 
protein/ml).  The suspension was incubated  statically at 37°C for 4--6 h, and 
25-ml samples were withdrawn at various t ime intervals. Shaking of  the serum- 
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containing suspensions is undesirable as it may cause surface denaturation and 
precipitation of serum proteins. The membranes were collected by centrifuga- 
tion at 38 000 × g for 25 min and were analyzed for their protein and lipid 
content. 

The effect of growth inhibition on phospholipid and cholesterol uptake was 
tested with M. capricolum. The organisms were grown in Edward medium 
supplemented with 0.15% (v/v) horse serum, 0.2% (w/v)bovine serum albumin 
and 25 ~g/ml elaidic acid. When the culture reached an absorbance of 0.10 at 
640 nm, it was divided into four portions. One was centrifuged and the sedi- 
mented cells were resuspended in fresh medium at one-sixth of the original 
culture volume. 100 pg/ml chloramphenicol and 10 -3 M iodoacetate were 
added to the second and third portions, respectively. The fourth portion was 
left untreated and served as a control. After 30 min of incubation at 37°C, 
horse serum (5%) was added to all the culture portions, and incubation was 
continued for 4 h at 37°C. Samples were withdrawn at various time intervals as 
described above. 

Analytical procedures. Protein was determined according to Lowry et al. 
[20]. Lipids were extracted from cells or membranes with CHC13/CH3OH 
(2 : 1, v/v; Ref. 21). The lipid extracts were analyzed for cholesterol by the 
colorimetric technique of Rudel and Morris [22] and for lipid phosphorus by 
the method of Ames [23] after digestion of the sample with an ethanolic solu- 
tion of Mg(NO3)2. Thin-layer chromatography of polar lipids was done on Silica 
gel HR (Merck) plates. The plates were first developed at room temperature 
with petroleum ether (b.p. 40--60°C)/acetone (3 : 1, v/v), dried and developed 
at 4°C with CHC13/CH3OH/H20 ( 6 5 : 2 5 : 4 ,  by vol.). Lipid spots were 
detected by iodine vapor, and phospholipid spots were identified by the molyb- 
date spray reagent [24] by comparison with known standards. For quantitation 
of the phospholipids, the area of the spots was scraped off the plate and phos- 
phorus was determined directly on the collected silica gel material by the Ames 
technique [23]. Neutral lipids were separated on Silica gel G (Merck) plates, 
using benzene/ethyl acetate (5 : 1, v/v) as the developing solvent. The free and 
esterified cholesterol spots were detected by iodine vapor and identified by a 
sulfuric acid/acetic anhydride spray reagent (5 ml sulfuric acid and 5 ml acetic 
anhyclride in 80 ml ethanol; free and esterified cholesterol spots stain red-violet 
upon heating of the plates at 110°C for 5 min). For quantitation of the free 
and esterified cholesterol, the areas of the corresponding spots were scraped off 
the plates and the silica gel was extracted with 2 ml of CHC13 at 45°C for 
30 min. The silica gel was then sedimented by centrifugation, and washed with 
another portion of 2 ml CHC13. The two CHC13 supematants were combined, 
dried under N2, and their cholesterol content was determined colorimetrically 
[22]. 

Results 

Uptake of cholesterol and phospholipid from serum during growth 
A series of representative Acholeplasma and Mycoplasma species was tested 

for their capacity to incorporate ~exogenous cholesterol and phospholipids 
during growth in a serum-containing medium. Table I shows that the Myco- 
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T A B L E  I 

C H O L E S T E R O L  A N D  P H O S P H O L I P I D  U P T A K E  F R O M  S E R U M  BY G R O W I N G  A C H O L E P L A S M A  

A N D  M Y C O P L A S M A  S P E C I E S  

The organisms  w e r e  g r o w n  w i t h  5% (v/v) horse  s e r u m  for 2 0 - - 2 4  h at 3 7 ° C .  M. pneumoniae was  g r o w n  
w i t h  10% (v/v)  horse  s e r u m  for  4 days  at  3 7 ° C .  The  data  represent  the  m e a n  values  and range (in brack-  
e t s )  o f  3---4 e x p e r i m e n t s  w i t h  d i f f e r e n t  b a t c h e s  o f  o r g a n i s m s .  

Organism Lipids in ce l l s  ( p m o l / g  cel l  p r o t e i n )  

Free  c h o l e s t e r o l  Ester i f ied  S p h i n g o m y e l i n  Phosphat idyl -  
c h o l e s t e r o l  cho l ine  

A. laidiawii 

A. axanthum 

A. granularum 

M. gallizepticurn 

M. hominis 

M. hominis 

M. arginini 

( A T C C  2 3 1 1 4 )  

( A T C C  1 5 0 5 6 )  

M. p n e u m o n i a e  ** 
M. capricolum 

1 0 . 2  0 * 0 0 
( 9 . 2 - - 1 1 . 3 )  
3 .7  0 * 0 0 
( 3 . 2 - - 4 . 0 )  
2 6 . 5  0 * 0 0 
( 2 7 . 9 - - 2 9 . 0 )  
76 .0  4 .7  15 .5  3 7 . 8  *** 
(54.3--108.0) (3.3--7.5) (11.3--20.6) (30.2--45.3) 
88.8 15.2 24.8 14.5 
(87.6--89.9) (14.1--16.4) (23.7--26.0) (12.5--16.5) 
76.4 30.6 32.7 20.3 
(65.9--91.6) (25.2--39.2) (20.6--40.3) (10.3--26.9) 
5 8 . 2  2 7 . 5  3 7 . 8  3 1 . 9  
( 5 5 . 4 - - 6 1 . 1 )  ( 2 3 . 6 - - 3 1 . 5 )  ( 3 7 . 5 - - 3 8 . 1 )  ( 2 6 . 9 - - 3 6 . 9 )  
85 .9  5 8 . 0  4 0 . 3  16 .6  
6 7 . 2  6 7 . 7  2 0 . 8  4 0 . 1  
( 5 6 . 0 - - 7 6 . 0 )  ( 5 7 . 4 - - 7 7 . 0 )  ( 1 4 . 4 - - 2 5 . 9 )  ( 3 4 . 1 - - 4 8 . 4 )  

* A w e a k  spot ,  w i t h  an R F c lose  to  that  o f  es ter i f ied  cho le s t ero l ,  co u ld  be  d e t e c t e d  b y  iod ine  vapour,  
bu t  as it did n o t  s ta in  red-v io le t  w i t h  the  sulfuric  ac id /ace t i c  anhydr ide  spray,  it d o e s  n o t  represent  
e s ter i f i ed  cho le s t ero l .  

**  Data  o f  o n e  e x p e r i m e n t  on ly .  
*** P h o s p h a t i d y l e h o l i n e  tak e n  up by  M. gallisepticum was  m o d i f i e d  by  rea cy la t i o n  w i t h  satttrated fa t ty  

acids [ 1 6 ] .  

plasma species incorporated significant quantities of  cholesterol and phospho- 
lipids from the serum component of  the growth medium. Although serum lipo- 
proteins are much richer in esterified than in free cholesterol [25] the myco- 
plasmas incorporated more of  the latter. M. capricolum was the exception, in 
which free and esterified cholesterol were taken up in about equimolar 
amounts. The Acholeplasma species differed radically from the Mycoplasma 
species by their inability to incorporate serum phospholipids. Moreover, the 
acholeplasmas did not incorporate any esterified cholesterol and incorporated 
significantly less free cholesterol than the Mycoplasma species (Table I). 

Kinetics of cholesterol and phospholipid uptake by growing cells and isolated 
membranes 

M. capricolum and A. laidlawii were selected for a detailed study of  choles- 
terol and phospholipid uptake, as these mycoplasmas can be grown with little 
or no serum, respectively [9,26]. Therefore uptake experiments can be started 
with isolated membranes suspended in growth medium instead of buffer yielded 
lipids. Fig. 1 shows the kinetics of  free cholesterol uptake from serum by grow- 
ing cells and isolated membranes of  A. laidlawii. The rate of  cholesterol uptake 
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Fig. 1. Kinet ics  of  cho les te ro l  and  phospho l ip id  u p t a k e  f r o m  se ru m by  g rowing  cells an d  i so la ted  m e m -  
b ranes  of  A. laidlawii. A.  laidlawii was g r o w n  w i t h o u t  s e r u m  for  20 h a t  37°C.  The  cu l tu re  ( ab so rb an ce  of  
0 .22  at  640  n m )  was  d iv ided in to  t w o  por t ions .  One rece ived  5% horse  s e r u m  and  was i n c u b a t e d  for  
a n o t h e r  6 h at  37°C  ( abso rbance  a t  the  end  of  the  i n c u b a t i o n  pe r iod  r each ed  0 .33) .  Cell m e m b r a n e s  were  
i so la ted  f r o m  the  o t he r  p o r t i o n  of  cu l tu re  a nd  were  i n c u b a t e d  in p h o s p h a t e  b u f f e r  con ta in ing  5% horse  
s e r u m  fo r  6 h. Zero t i m e  m a r k s  the  t i m e  of  add i t i on  of  the  s e r u m  to the  m e d i u m  or buf fe r .  
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Fig. 2. Kinet ics  of  cho les te ro l  a nd  phospho l ip id  u p t a k e  f r o m  s e r u m  by  g rowing  cells a n d  i so la ted  m e m -  
b ranes  of  M. capr lco lum.  E x p e r i m e n t a l  detai ls  as in legend  to  Fig. 1, b u t  the  o rgan i sms  were  g r o w n  wi th  
0 .3% s e r u m  ( reach ing  an  a b s o r b a n c e  of  0 .14 )  b e f o r e  the  add i t i on  of  5% s e r u m  (at ze ro  t i m e  in t h e  f igure) .  
A t  the  end  of  the  e x p e r i m e n t ,  the  a b s o r b a n c e  of  the  cu l tu re  r e a c h e d  0 .35 .  
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and the maximal amount taken up at equilibrium were higher in membranes of 
growing cells than in isolated membranes. Esterifi~vd cholesterol and phospho- 
lipids were not taken up by either the growing ceils or the isolated membranes. 
In fact, a decline of about 10--20% in total membrane phospholipids was noted 
(Fig. 1). 

The finding that isolated A. laidlawii membranes differ from membranes of 
growing ceils in exogenous lipid uptake was even more pronounced with M. 
capricolum (Fig. 2). As with A. laidlawii, the isolated M. capricolum mem- 
branes incorporated significantly less free and esterified cholesterol than did 
membranes of growing ceils. Moreover, whereas uptake of free cholesterol by 
the isolated membranes reached an equilibrium state after about 1 h, uptake of 
esterified cholesterol continued. It reached a level about twice as high as that 
of free cholesterol after 4 h, in contrast to the essentially equivalent uptake of 
free and esterified cholesterol by membranes of growing cells. The difference 
between isolated membranes and membranes of growing ceils was even more 
striking with respect to phospholipid uptake. The low levels of sphingomyelin 
and phosphatidylcholine in the isolated membranes remained essentially 
unchanged during the loading period, and total membrane phospholipid values 
even decreased (Fig. 2). On the other hand, membranes of growing ceils 
incorporated large quantities of sphingomyelin and phosphatidylcholine. 
Uptake of exogenous phospholipids accounted for essentially all the significant 
increase in the membrane phospholipid/protein ratio during the 4 h period 
(Fig. 2). 

Replacing serum with phosphatidylcholine-cholesterol vesicles simplified the 
uptake systems by limiting the species of exogenous lipids available to the 
membranes. As can be seen in Figs. 3 and 4, the major findings obtained with 
serum as the cholesterol and phospholipid donor were repeated with vesicles as 
donors of exogenous lipids. Thus, as with serum, the rate and extent of free 
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2 4 
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TOTAl. ~ ~ .  
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Fig. 3. Kinet ics  of  cho les te ro l  and phospho l ip id  uptake  from phosphat idy lcho l ine -cho les tero l  vesicles  b y  
growing  cells and  i so la ted  m e m b r a n e s  of  A. laidlawii. E x p e r i m e n t a l  detai ls  as in legend to  Fig. 1, but  phos-  
phat idy lcho l ine-cho les tero l  vesicles ( m o l a r  ra t io  1 . 0 : 0 . 9 ;  final choles tero l  concentra t ion  in m e d i u m  
20 /~g / m l )  replaced the 5% horse  serum. Absorbance  o f  the culture before  the addi t ion  of  Uposomes  was 
0 .28 ,  and  a t  the end of  the e x p e r i m e n t  it r e a c h e d  a va lue  of  0 .33 .  
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Fig. 4. Kinet ics  of  cho les te ro l  and phosPhol ip id  u p t a k e  f r o m  Phospha t idy lcho l ine -cho le s t a ro l  vesicles by  
growing  cells and  isola ted m e m b r a n e s  of  M. capricolurn. E x p e r i m e n t a l  detai ls  as in l egend  to  Fig. 1, but  
the  initial cu l tu re  was  g r o w n  wi th  1 /~g/ml of  cho les te ro l  p r o v i d e d  b y  the  phospha t idy l cho l ine -cho l e s t e ro l  
vesicles. Zero  t i m e  on  the  f igure m a r k s  the  t i m e  of  add i t i on  of  the  high ves ic le  c o n c e n t r a t i o n  (20 /~g /ml  
cho les te ro l )  to e i ther  the  cul ture  or  the  m e m b r a n e  suspens ion .  A b s o r b a n c e  of  the  cu l tu re  at  zero  t i m e  was  
0 .16 ,  increas ing  to 0 .28  a t  the  end  of  the  e x p e r i m e n t .  

cholesterol uptake was significantly higher with membranes of growing A. 
laidlawii and M. capricolum cells than with isolated membranes. Likewise, as 
with serum, significant quantities of phosphatidylcholine were taken up by 
membranes of growing M. capricolum cells (Fig. 4) but not by membranes of 
growing A. laidlawii cells (Fig. 3). However, differing from the findings with 
serum, some phosphatidylcholine was taken up by isolated M. capricolum 
membranes (Fig. 4). 

The experimental system for testing uptake of lipids by isolated membranes 
contained at least five times as much membrane protein/ml as the system for 
testing uptake by growing cells. It can be argued that the lower amount of 
cholesterol taken up by isolated membranes was the result of a limited supply 
of exogenous cholesterol. This possibility was ruled out by showing that 
isolated membranes of A. laidlawii and M. capricolum failed to incorporate 
more cholesterol when the serum concentration in the uptake system was 
raised from 5% to 20%, or when the concentration of the lipid vesicles was 
increased to provide 100 pg cholesterol/ml. In addition, uptake experiments 
with isolated membranes suspended in growth medium instead of buffer yielded 
similar membrane cholesterol levels. This indicates that lower cholesterol 
uptake by isolated membranes was not due to the difference in the medium in 
which uptake was tested. 

Table II compares the effectiveness of serum and lipid vesicles as cholesterol 
donors by expressing the data as molar ratios of cholesterol to total membrane 
phospholipids. The table shows that the rate of cholesterol uptake by growing 
A. laidlawii cells or by isolated membranes was higher with vesicles than with 
serum, though the maximal level attained was essentially the same with both 



636 

T A B L E  II 

C H O L E S T E R O L / P H O S P H O L I P I D  R A T I O  IN A.  L A I D L A W I 1  A N D  M. C A P R I C O L U M  M E M B R A N E S  

C a l c u l a t e d  f r o m  d a t a  o f  e x p e r i m e n t s  p r e s e n t e d  in  Figs.  1 - - 4 ,  in  w h i c h  g r o w i n g  cells  o r  i s o l a t e d  m e m b r a n e s  
w e r e  e x p o s e d  to  5% h o r s e  s e r u m ,  o r  to  p h o s p h a t i d y l c h o l i n e - c h o l e s t e r o l  vesicles  ( m o l a r  r a t i o  1 . 0 : 0 . 9  ; f ina l  
choles tero l  concentra t ion  2 0  /~g/ml).  FC ,  f ree  c h o l e s t e r o l ;  EC,  e s t e r i f i ed  c h o l e s t e r o l ;  PL ,  t o t a l  m e m b r a n e  
p h o s p h o l l p i d s .  

O r g a n i s m  T ime  H o r s e  s e r u m  Vesic les  
(h)  

I s o l a t e d  m e m b r a n e s  G r o w i n g  cel ls  I so l a t ed  G r o w i n g  
m e m b r a n e s  c ells 

F C f P L  E C / P L  F C / P L  E C / P L  
F C / P L  F C / P L  

A,  laidlawii  * 2 0 . 0 3  0 0 . 1 2  0 0 . 0 9  0 . 1 6  
4 0 . 1 4  0 0 . 2 5  0 0 .11  0 . 2 6  

M. capr i co lum  0 0 . 1 2  0 . 3 0  0 . 1 2  0 . 2 9  0 . 3 8  0 . 3 7  
2 0 . 4 2  0 . 9 3  0 . 5 0  0 .51  0 . 6 4  0 . 8 0  
4 0 . 4 4  1 . 3 3  0 . 4 5  0 . 5 3  0 . 6 8  0 . 9 4  

* Z e r o  t i m e  va lues  a re  n o t  g iven  as t h e r e  w a s  n o  c h o l e s t e r o l  in  m e m b r a n e s  at that t i m e .  

donors. As for M. capricolum, the molar ratio of free cholesterol to total mem- 
brane phospholipids reached about the same level in membranes of growing 
cells by their decreased ability to take up free and esterified cholesterol, and 
vesicles as donors, this ratio was much higher in membranes of growing cells 
than in isolated membranes. Furthermore, the free cholesterol/phospholipid 
ratio attained with vesicles was definitely higher than that obtained with serum 
(Table II). It should be pointed out here that with horse serum as donor, a 
significant amount of esterified cholesterol was taken up by the membranes, a 
lipid not included in the vesicles. 

Effect of growth inhibition on cholesterol and phospholipid uptake 
The isolated M. capricolum membranes differed from membranes of growing 

cells by their decreased ability to take up free and esterified cholesterol, and 
by their inability to take up exogenous phospholipids (Fig. 2). This may 
suggest that uptake of the exogenous lipids depends on metabolic activity and 
growth. To test this possibility, growth of the organisms used in the uptake 
experiments was inhibited by either chloramphenicol or iodoacetate, or by 
simply transferring the organisms to a small volume of fresh growth medium 
before the addition of 5% serum, so that the high cell concentration prevented 
further growth. Thus, the absorbance of the concentrated culture increased 
only from 0.60 to 0.68 during the 4 h experimental period, whereas that of the 
untreated control culture increased from 0.10 to 0.23. No significant increase 
in absorbance was noted in the chloramphenicol- and iodoacetate-treated 
cultures. Table III shows marked increase in the phospholipid content in mem- 
branes of the untreated ceils, following their exposure to the higher serum con- 
centration. This increase could be accounted almost entirely to the incorpora- 
tion of phosphatidylcholine and sphingomyelin. Inhibition of growth by iodo- 
acetate or by increasing the cell concentration decreased phospholipid uptake 
markedly. The decrease in uptake in the chloramphenicol-treated cells was less 



637 

T A B L E  III 

E F F E C T  O F  G R O W T H  I N H I B I T I O N  O N  P H O S P H O L I P I D  A N D  C H O L E S T E R O L  U P T A K E  BY M. CA- 
P R I C O L U M  C E L L S  

F o r  e x p e r i m e n t a l  de ta i l s  see Mate r ia l s  a n d  M e t h o d s .  D a t a  represent  the  m e a n  va lues  o f  t h r e e  e x p e r i m e n t s .  
A t  zero  t i m e  the  s erum c o n c e n t r a t i o n  was  raised f r o m  0 . 1 5 %  t o  5%. PC,  p h o s p h a t i d y l e h o l i n e ;  SPM, sphin-  
g o m y e l i n ;  P L ,  t o t a l  m e m b r a n e  p h o s p h o l i p i d s ;  F C ,  f ree  c h o l e s t e r o l ;  EC,  e s t e r i f i ed  c h o l e s t e r o l .  

T r e a t m e n t  Incu- Phospholipids Cholesterol Cholesterol/ 
bation (pmol lipid Pi/g (~umollg mere- phospholipid 
time membrane protein) brane protein) (molar ratio) 
(h) 

PC SPM P L  FC EC F C / P L  E C / P L  

U n t r e a t e d  cells  0 3 9  0 2 3 3  2 5  5 4  0 . 1 1  0 . 2 3  
4 2 0 5  1 3 6  5 9 9  271  2 6 5  0 . 4 6  0 . 4 4  

I o d o a c e t a t e - t r e a t e d  cells  4 9 4  51 3 6 5  2 1 5  2 2 6  0 . 5 9  0 . 6 2  
C o n c e n t r a t e d  cells  4 1 2 0  4 5  3 4 8  151  1 8 7  0 . 4 4  0 . 5 4  
C h l o r a m p h e n i c o l - t r e a t e d  cells  4 1 4 6  8 8  541  2 7 9  2 5 6  0 . 5 0  0 . 4 7  

pronounced.  The decreased phospholipid uptake in the inhibited cells was 
accompanied by a decrease in cholesterol uptake,  so that  the molar ratios of 
cholesterol/phosphoiipid were not  very different  in the inhibited and the 
control  cells (Table III). 

Discussion 

Our findings indicate that  the restricted ability of A. laidlawii to take up 
exogenous lipids [3--5,9] is a property  shared by other  Acholeplasrna species. 
Sterol-requiring Mycoplasma and Spiroplasma species are capable of  incorpo- 
rating significant quantities of  phosphatidylcholine and sphingomyelin from 
serum lipoproteins, in addition to free and esterified cholesterol. The inability 
of  isolated M. capricolum membranes to take up phospholipids is an interesting 
and somewhat  unexpected finding. A possible explanation can be based on the 
assumption that  receptors for serum lipoproteins or lipid vesicles are lost during 
membrane isolation. The evidence available so far neither supports nor 
discounts the presence of specific receptors for lipoproteins and lipid vesicles 
on mycoplasma membranes.  The finding that  phospholipid uptake by M. capri- 
colum cells was affected by inhibiting cell growth (Table III) suggests that  
phospholipid uptake is enhanced when the cell membrane is in a dynamic grow- 
ing state. The exposure of  proteins on the mycoplasma cell surface was recently 
shown to be affected by changes in the electrochemical ion gradient across the 
cell membrane.  Ionophores and growth inhibitors markedly decreased the 
exposure of  proteins on the mycoplasma cell surface [27,28]. Hence, if pro- 
reins on the mycoplasma cell surface participate in the binding of  lipoproteins 
and lipid vesicles, as was found for various eucaryotic cells [29,30],  then the 
higher degree of  exposure of  these proteins in metabolically active cells may 
facilitate contact  with the lipid donors and enhance phospholipid transfer. It 
seems that  the contact  between the lipid donors and A. laidlawii membranes is 
of  a transitory nature,  and does not  involve prolonged adsorption or fusion of  
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the donor with the membrane [4,5]. The fact that isolated M. capricolum 
membranes retained their ability to take up cholesterol from serum or lipid 
vesicles indicates contact between lipid donors and isolated membranes. How- 
ever, it is possible that this contact suffices for cholesterol transfer, but is not 
close or prolonged enough for phospholipid transfer. The observation of Bloj 
and Zilversmit [31], that cholesterol exchange between vesicles and erythro- 
cytes is 13-fold faster than phosphatidylcholine exchange, is in line with the 
above suggestion. 

The present data also contribute to our knowledge of the factors influencing 
cholesterol uptake by mycoplasmas. Our finding, that the marked difference in 
cholesterol-binding capacity between A. laidlawii and M. capricolum cells is 
retained in their isolated membranes, indicates that the mechanism restricting 
cholesterol uptake in A. laidlawii is a physicochemical one. This mechanism 
probably depends on a specific composition and organization of membrane 
components, rather than on active cholesterol exclusion dependent on meta- 
bolic energy, as we previously suggested [2]. On the other hand, the depen- 
dence of phospholipid uptake on growth in M. capricolum influences choles- 
terol uptake indirectly. The exposure of M. capricolum, grown with low con- 
centrations of cholesterol and phospholipids, to high concentrations of these 
lipids, increased the membrane phospholipid/protein ratio within 4 h by about 
50--100% (Figs. 2 and 4). This increase was almost entirely due to exogenous 
phospholipid uptake. The phospholipids taken up are apparently integrated into 
the membrane, indicated by their resemblance to the other membrane lipids in 
extractibility by ether and susceptibility to phospholipase A2 digestion and by 
their marked effect on the endogenous phospholipid synthesis (Gross, Z. and 
Rottem, S., unpublished results). Thus, the marked increase in the phospho- 
lipid/protein ratio resulting from phospholipid uptake by the growing M. capri- 
colum cells was accompanied by a fast increase in the membrane cholesterol 
content. 

The lower incorporation of cholesterol by isolated A. laidlawii membranes 
than by membranes of growing cells appears contradictory to our previous 
results [2], in which isolated A. laidlawii membrane preparations were found 
to take up about twice as much cholesterol as membranes of intact, non- 
growing cells and about six times as much cholesterol as membranes of growing 
cells. This discrepancy is apparently due to the use of Tween 80-cholesterol 
complexes as donors in the earlier studies [1,2]. It is highly plausible that the 
relatively high concentration of the detergent Tween 80 in the experimental 
system (0.01--0.1%) could cause serious perturbations in the membrane lipid 
bilayer, influencing its cholesterol-binding capacity. The finding that choles- 
terol uptake by isolated A. laidlawii cells and membranes in the presence of 
0.1% Tween 80 reached extremely high levels with no sign of saturation of the 
cholesterol-binding sites (Fig. 6 in Ref. 2) supports the above suggestion. It also 
appears that the perturbations caused by the detergent are more pronounced in 
isolated membranes, probably due to the better accessibility of the lipid bilayer 
to the detergent in this case. Although data to substantiate the above assump- 
tions are still lacking, it is clear that the use of Tween 80 as a carrier for choles- 
terol suffers from serious deficiencies. 

Our results support the principle stated by Cooper [32] that the amount of 
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cholesterol incorporated into a membrane depends on the amount  of  phospho- 
lipid available for interaction with it. Yet, it is clear that  the inability of  A. 
laidlawii to incorporate exogenous phospholipids does not  suffice to explain its 
low cholesterol content ,  as the free cholesterol/phospholipid ratio in its mem- 
brane is much lower than in M. capricolum (Table II). Moreover, A. laidlawii 
membranes contain large amounts  of  glycolipids [10] which may provide 
additional sites for cholesterol binding, and these are unaccounted for in the 
cholesterol/phospholipid ratio. 

The finding of  significant quantities of  esterified cholesterol in Mycoplasma 
membranes poses a serious problem. Generally, biological membranes contain 
little or no esterified cholesterol, and it is hard to incorporate cholesteryl esters 
into artificial phospholipid bilayers [33,34] .  We still have no idea where the 
esterified cholesterol is localized in mycoplasma membranes.  Does it form oily 
droplets within the hydrophobic  core of  the membrane,  as in serum lipopro- 
teins? Or is it located outside the lipid bilayer? Our observation that M. capri- 
colum incorporates more free cholesterol in the absence of  esterified choles- 
terol than in its presence (vesicles versus serum as donors,  Table II) suggests 
that  esterified cholesterol may compete  with free cholesterol on the same 
binding sites. This observation may concur with the recent  report  by Odriozola 
et al. [35] that the sterol requirement  of  M. capricolum can be met  by choles- 
terol methyl  ether  almost as well as by  cholesterol. 
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