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7/%OH cholesterol in a cholesterol rich growth medium (5-10 pg/ml) extended the lag period and slowed down the growth 
rate of Mycoplasma cupricolum cells. In a cholesterol poor medium (0.5 fig/ml) inadequate to support growth, 7j%OH 
cholesterol exerts a synergistic effect on growth. The 78-OH cholesterol was incorporated unchanged from the growth 
medium and could be recovered exclusively in the membrane fraction. The incorporation of the 78-OH cholesterol has 
no effect on the total phospholipid content but the DPG to PG ratio was markedly decreased. Exchange studies with 
lipid vesicles revealed that whereas most of the cholesterol underwent exchange, only about 20% of the 7/?-OH cholesterol 

was exchanged. 

78-Hydroxycholesterol; Membrane composition; Sterol exchange; (Mycoplasma cupricolum) 

1. INTRODUCTION 

7,&OH cholesterol exhibits a strong cytotoxicity 
towards various cells [l-4]. The cytotoxicity of 
this component as well as of other hydroxylated 
sterols was attributed mainly to the inhibition of 
the HMG-CoA reductase, a key enzyme in 
cholesterol biosynthesis [l-3]. Recently it has been 
suggested that hydroxylated sterols affect the 
physical state of the cell membrane as well [5]. To 
extend our understanding on the mechanism of the 
cytotoxic effect of hydroxylated sterol, we under- 
took this investigation to study the effect of 7&OH 
cholesterol on mycoplasmas. 

Mycoplasmas are among the simplest and most 
useful microorganisms known for membrane 
studies [6]. These prokaryotes lack a rigid cell wall 
and are bound by a single membrane [6]. Unlike 
other prokaryotes, cholesterol constitutes a major 
component in the membrane of these organisms 
[7]. Yet, mycoplasmas cannot synthesize choles- 
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terol but incorporate it unchanged from the 
growth media. Mycoplasmas vary widely in their 
cholesterol content, and some species were adapted 
to grow with low levels of cholesterol [&lo]. 
Among these species is Mycoplasma capricolum. 
This organism showed a surprisingly broad sterol 
specificity and sterol requirements could be ful- 
filled even with lanosterol and cycloartenol that 
contain angular methyl groups on the face of the 
molecule. This organism may therefore provide a 
unique system for our investigation. 

The data presented in this study demonstrate the 
insertion of 7,&OH cholesterol into the 
cytoplasmic membrane of M. capricolum, its ef- 
fect upon the phospholipid composition of the 
membrane and suggests its tight association with a 
membrane component. 

2. MATERIALS AND METHODS 

2.1. Organisms, growth conditions and the isolation of cell 
membranes 

M. capricolum was grown at 37°C in a modified Edward 
medium [13] containing 0.4% delipidated bovine serum 
albumin [14] and supplemented with oleic and palmitic acid 
(20gg/ml of each), cholesterol (0%lOpg/ml) and WOH 
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cholesterol (2.5-S pg/ml). To label cell phospholipids, 0.01 
&i/ml of [“Hlpalmitic acid or [‘Hloleic acid (50pWmmo1, 
The Radiochemical Center Amersham, England) was added to 
the growth medium. To label cells for the sterol incorporation 
experiments, 0.02 &i/ml of [‘HIcholesterol ([1,2,6,7,-‘H(N)]- 
cholesterol, 60-90 Ci/mmol, NBN) or [‘H]7&OH cholesterol 
(synthesized as previously described [15] 1.85 Ci/mmol) was 
added to the medium as an ethanolic solution. To label cells for 
the sterol exchange experiments, 0.01 &i/ml of [14C]choles- 
terol (55 mCi/mmol NEN) and 0.1 &i/ml of [‘H]7,&OH 
cholesterol were added to the growth medium as an ethanolic 
solution. The final concentration of ethanol never exceeded 
0.5%. 

were estimated from the percentage of residual radioactivity in 
the cell pellet. 

3. RESULTS AND DISCUSSION 

3.1. The effect of 7P-OH cholesterol on growth of 
M. capricolum 

It has been reported that some mycoplasma 
species can be adapted to grow with low levels of 
cholesterol by multiple serial passages to media 
containing lower cholesterol concentration than 
that in the previous medium [9]. To examine the 
ability of 7&OH cholesterol to replace cholesterol 
in the growth medium and to check the effect of 
7,&OH cholesterol on cells grown in 7,&OH 
cholesterol containing medium, M. capricolum 
was adapted to grow in a medium containing as 
low as 1 pg/ml cholesterol. The cells grow neither 
with 0.5 ,ug/ml of cholesterol in the growth 
medium nor with 2.5 pg/ml of 7&OH cholesterol. 
Yet in the presence of 0.5 pg/ml of cholesterol 
along with 7&OH cholesterol (2-5 pg/ml) 
reasonable growth rates were obtained. As is ap- 
parent from fig. 1, the growth response is 
synergistic rather than additive and resembles the 
response of M. capricolum to low levels of 
cholesterol that were combined with lanosterol 
[lo]. Our results are in support of the hypothesis 
by Bloch and colleagues [lo-121 that cholesterol 
may serve a dual role in membranes: one as a bulk 
component and another of a more specializing 
nature. The requirement for a bulk component is 
satisfied in our study by 7,f?-OH cholesterol that 
may affect membrane fluidity [5] or serve to space 
the excess negative charges present in M. 
capricolum membranes [12]. Fig.1 also shows that 
when the 7P-OH cholesterol (5 pg/ml) was added 
to a growth medium containing a sufficient con- 
centration of cholesterol, growth was inhibited as 
evident by the prolonged lag period and the longer 
generation time. As 7,&OH cholesterol was found 
to be incorporated exclusively into the cell mem- 
brane without any further modification (see below) 
its toxicitiy may be due either to the decrease in 
membrane fluidity or to a specific effect on mem- 
brane component(s). 

Growth was followed by measuring the absorbance of the 
culture at 640 nm. Cells were harvested at the mid-exponential 
phase of growth (A~40 0.2-0.35) by centrifugation at 12000 x 
g for 10 min, washed once and resuspended in 0.25% NaCl 
solution. Membranes were isolated after lysing cells preloaded 
with glycerol [ 161. The membranes were collected by centrifuga- 
tion at 34000 x g for 30 min and washed once in 0.25% NaCl 
solution. 

Proteins in cells or membrane preparations were determined 
by the method of Lowry et al. 1171. 

2.2. Lipid extraction and analysis 
Lipids were extracted according to the Bligh and Dyer pro- 

cedure [18]. Lipid analysis was performed by thin-layer 
chromatography on silica gel HR 60 (Merck) 0.8 mm thick layer 
plates. The plates were developed first at room temperature 
with petroleum ether (b.p. 40-60”C)/acetone (3 : 1) then at 4°C 
with chloroform/methanol/water, 65 : 25 : 4. Lipid spots were 
detected by exposing the plates to iodine vapor. For determin- 
ing radioactivity in the lipid spots, the spots were scraped off 
the plates into scintillation vials and counted by a liquid scin- 
tillator spectrometer utilizing 4 ml of 40010 Lumax (Luma, 
Schaesberg, The Netherlands) in toluene. Phosphorus in the 
lipid spots was determined by the method of Ames [19] and 
sterol content was determined utilizing the cholesterol 20 kit 
(Sigma). 

2.3. Sterol exchanged with lipid vesicles 
Lipid vesicles were prepared according to Rottem et al. [20] 

using egg phosphatidylcholine, cholesterol and 7,&OH 
cholesterol. The ratio of cholesterol plus 7j3-OH cholesterol to 
egg phosphatidylcholine was similar to that found in the 
mycoplasma cell grown with both sterols (5 pg/ml each). 

Cells (approx. 1 mg of cell proteins/ml) and lipid vesicles (a 
50-lOO-fold excess with respect to lipid concentration) were in- 
cubated in 0.4 M sucrose, 20 mM MgCll and 50 mM Tris-Cl 
adjusted to pH 6.5, at 37°C with gentle shaking for periods up 
to 18 h. Penicillin (So00 units/ml), deoxyribonuclease 
(20 ,ug/ml) and albumin (1010) were added to the incubation 
medium. At defined time intervals duplicates of 0.75 ml were 
withdrawn and the cells were pelleted by centrifugation at room 
temperature in an Eppendorf centrifuge for 2 min. After 
removal of the supernatant by vacuum aspiration, the pellets 
were cut off from the Eppendorf tube using a razor blade and 
transferred to scintillation vials containing 4 ml of scintillation 
fluid. Radioactivity was determined in a liquid scintillation 
spectrometer. 

3.2. The effect of 7P-OH cholesterol on the 
chemical composition of M. capricolum 
membranes 

The exchanges of [‘4C]cholesterol and [3H]7,&OH cholesterol The total phospholipid to protein ratio was 
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Fig.1. Growth of M. cupricohm cells at 37°C with various 
concentrations of sterols. The medium was supplemented with 
0.4% delipidated albumin, palmitic and oleic acid (20 pg/ml of 
each) and various concentrations of sterols. (Open symbols) 
Cholesterol alone; (closed symbols) cholesterol with 7,SOH 
cholesterol. (0) lO,~g/ml, (0) 5 pg/ml, (A) 0.5 pg/ml, (m) 
5 rg/ml of each, (A) 0.5 yg/ml of cholesterol plus 2.5 /g/ml 

7,&OH cholesterol, (x) 2.5 pg/ml 7,&OH cholesterol alone. 

essentially unchanged in membranes prepared 
from M. capricolum cells grown in a medium con- 
taining 5-10 ,ug cholesterol per ml with or without 
7,&OH cholesterol (5 pg/ml) and harvested at the 
mid-exponential phase of growth. Table 1 also 
shows that the incorporation of radioactive oleate 
and palmitate was almost the same in membrane 
preparations from cells grown with cholesterol 
alone or with cholesterol alone or with cholesterol 
and 7&OH cholesterol in combination. 

Both cholesterol and 7,&OH cholesterol were in- 
corporated exclusively into M. capricolum cell 
membrane and could be recovered unmodified. 
Table 1 shows that the sterol concentration in the 
isolated membrane preparations mimicked the 
sterol concentrations in the growth medium. Thus 
in cells grown with equal amounts of both sterols 
(5 pg/ml of each), cholesterol and 7&OH 
cholesterol were incorporated to almost the same 
extent. The sterol to phospholipid molar ratio in 
membranes isolated from cells grown with 5 pg/ml 
cholesterol was 0.6, whereas in membranes 
isolated from cells grown with both sterols 
(5 /cg/ml of each) the total sterol to phospholipid 
molar ratio was 1:2. 

When grown in a lipid preextracted medium, the 
major de novo synthesized phospholipids of M. 
capricolum are phosphatidylglycerol (PG) and 
diphosphatidylglycerol (DPG) that account for 
about 80% of the total polar lipid fraction [14]. 
Whereas the DPG to PG ratio in M. capricolum 
membranes was only slightly affected by varying 
the cholesterol content of the growth medium, the 
7,&OH cholesterol added to the growth media 
resulted in a two-fold decrease in the DPG to PG 
ratio. As in M. capricolum PG serves as the only 
precursor for the synthesis of DPG, the low DPG 
to PG ratio suggests that in the presence of 7&OH 
cholesterol, the conversion of PG to DPG was 
markedly inhibited. 

In E. coli it was suggested that the PG to DPG 
conversion plays a vital role in cell growth [21]. 
The molecular basis for such a role is yet 

Table 1 

Lipid composition of M. cupricohm membranes from cells grown with or without 7&OH cholesterol 

Sterol added 
to medium 
kg/m]) 

Fatty acid incorporation 
(dpm/mg membrane 

proteins) 

[‘4C]Oleate [“k]Palmitate 

Sterol incorporation 
&g/mg membrane 

proteins) 

Total Cholesterol 7,SOH 
cholesterol 

DPG to PG ratio 
determined by 

Lipid Radioactivity 
phosphorus 

Cholesterol (10) 31180 55250 74.1 74.1 _ 0.74 0.80 
Cholesterol (5) 33600 66500 51.1 51.1 _ 0.66 0.61 
Cholesterol (5) + 7&OH 

cholesterol (5) 32100 45 350 103 57.1 47.3 0.32 0.42 

Cells were grown in a medium containing 0.4010 delipidated albumin, oleic and palmitic acid (20 fig/ml of each) and either [1-“kloleate 
or [l-‘4C]palmitate. The medium was supplemented with cholesterol and 7,SOH cholesterol. The cells were harvested in mid- 

exponential phase of growth. Lipid analysis was performed as described in section 2 
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unknown. However, since DPG may be induced in 
the presence of cytosolic Ca2+ to form nonlamellar 
phases [22], it has been suggested that the DPG to 
PG ratio is part of a control mechanism to main- 
tain an intermediate membrane lipid structure in 
A4. capricolum [23]. These structures would con- 
tain a balanced mixture of bilayer and nonbilayer 
lipids that would have to satisfy the structural role 
as well as participate in various membrane- 
mediated processes [24]. 

3.3. Sterol exchange between M. capricolum and 
lipid vesicles 

The spontaneous exchange of cholesterol be- 
tween mycoplasmas and lipid vesicles was inten- 
sively studied with the relative stable cells of M. 
gallisepticum that remain intact and even viable 
throughout the prolonged incubation period 
[20,25,26]. In the present study, successful ex- 
change experiments were performed with the 
osmotically sensitive cells of h4. capricolum. The 
cells utilized were passed 20 times through the lipid 
preextracted growth medium supplemented with 
albumin (0.4%) oleic and palmitic acid (20pg/ml 
of each) and 5 pg/ml of cholesterol. Such passages 
increased to a large extent the osmotic stability of 
the organisms that remained intact throughout the 
exchange experiment as judged from the un- 
changed absorbance of the cell suspension and the 
very little decrease (< 10%) in the NADH dehydro- 
genase activity in the cells [20]. 

The exchange studies were performed by in- 
cubating A4. capricoium cells grown in a medium 
containing [ “C]cholesterol and [3H]7,&OH 
cholesterol with excess of non-radioactive lipid 
vesicles. The lipid vesicles contain approximately 
the same ratio of cholesterol and 7,&OH 
cholesterol to phospholipid as do the mycoplasma 
cells. This ratio was chosen to minimize depletion 
of mycoplasma sterols during the incubation 
period. Indeed determinations of the cholesterol 
and 7&OH cholesterol content in cells at the end 
of the incubation period showed no significant 
changes from that at the start. This observation in- 
dicates the lack of net sterol transfer and suggests 
that the decrease in the radioactivity of M. 
capricolum cells upon incubation with the lipid 
vesicles represent sterol exchange. Fig.2 shows the 
results of an exchange study utilizing cells and 
vesicles containing a cholesterol/phospholipid 

10, 

0 1 3 5 7 9 11 
TIME(h) 

Fig.2. Kinetics of [“‘C]cholesterol and [‘H]7&OH cholesterol 
exchange between M. capricolum cells and PC/sterols vesicles. 
The exchange was performed as described in section 2. (0) 

[‘4C]Cholesterol, (0) [‘H]7&OH cholesterol. 

ratio of 0.6 and a total sterol/phospholipid molar 
ratio of 1: 1. Whereas over 95% of the cholesterol 
underwent exchange with a biphasic kinetics only 
about 25% of the 7,&OH cholesterol was ex- 
changed. Desorption of sterols from the donor 
membrane is thought to be the rate limiting step in 
exchange or transfer to excess acceptor [26,27]. 
The rate of desorption is affected by the lipid-lipid 
and the lipid-protein contacts within the mem- 
brane as well as by the aqueous solubility of the 
monomeric lipid [26]. As the aqueous solubility of 
7P-OH cholesterol is higher than that of 
cholesterol [28], the low or nonexistent exchange 
rate of most (275%) of the 7fi-OH cholesterol 
pool in M. capricolum cells strongly suggests tight 
interactions of the 7,&OH cholesterol with M. 
capricolum membrane components. 
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