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SUMMARY: Rapid kinetic studies of filipin binding to intact cells and
isolated membranes were performed with a stopped-flow apparatus to
determine the distribution of cholesterol in the outer and inner sur-
faces of mycoplasma membranes. The initial rates of association of
filipin with cholesterol in Mycoplasma gallisepticun and Mycoplasma
capricolum intact cells were slower than those obtained with isolated
membrane preparations. Ratios of the second-order rate constants for
filipin binding to cells relative to membranes indicate that choles-
terol is distributed symmetrically in membranes of M. gallisepticum
cells whereas in M. capricolum 66% of the free cholesterol is local-
ized in the outer half of the Tipid bilayer.

Mycoplasmas are useful tools for the study of the role of choles-
terol in biological membranes because cholesterol is an essential
component in their cell membrane (1). Mycoplasmas lack the ability to
synthesize cholesterol and thus require an exogenous supply of choles-
terol (1). The sterol is incorporated exclusively into the cell membrane
and affects the physical state of membrane 1ipids, some biological
properties of the cells such as osmotic fragility and permeability
(2, 3), and the activity of membrane enzymes, rendering the cells
susceptible to cholesterol-binding agents such as digitonin and poly-
ene antibiotics (4, 5). Although the 1ipids of the mycoplasma membranes

are mostly organized as a bilayer (1), no information is available
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concerning the distribution of the various phospholipids and cholesterol
between the outer and inner halves of the bilayer. We have previously
shown that the initial rate of binding of the polyene antibiotic,
filipin, to cholesterol in artificial phospholipid bilayer membranes

is dependent on the accessibility, absolute concentration, and mole
percent of cholesterol in the bilayer (6). In this communication we
compare the initial rates of filipin binding to intact cells and
isolated membranes and present data describing the distribution of
cholesterol in the inner and outer halves of the 1ipid bilayer of two
Mycoplasma species. This is, to our knowledge, the first report
concerning cholesterol localization in the membrane of any cell capable
of autonomous growth.

MATERIALS AND METHODS

Cells of Mycoplasma gallisepticum (strain A5969) and Mycoplasma
capricolum (Calif. Kid) were grown at 37 °C in a modified Edward medium
containing 5% horse serum. The organisms were harvested at the mid-
exponential phase of growth by centrifugation at 12,000 g for 15 min
at 4 °C and were washed once and resuspended in 10 mM sodium phosphate
buffer (pH 7.2) containing 0.4 M sucrose. Membranes were prepared from
a portion of the washed cell suspension by ultrasonic irradiation under
nitrogen for two (M, capricolum) or four (M. gallisepticum) 15-sec
periods at 0 °C in a MSE Ultrasonic Disintegrator (60 W) operated at
1.5 amp. Membrane preparations had absorbance (500 nm) values 80-90%
lower than those of cell suspensions containing the equivalent membrane
mass per m1. In some experiments M. capricolum membranes were prepared
by osmotic 1lysis as described previously (7). Initial rates of filipin
binding to membranes prepared in this manner were very similar to those
of membranes obtained from sonicated cells. Membranes were collected
by centrifugation at 34,000 g for 30 min at 4 °C. Cells and membranes
were suspended in 10 mM sodium phosphate (pH 7.2) containing 0.4 M
sucrose and 20 mM MgCl2, treated at 37 °C for 15 min with deoxyribonu-
clease and ribonuclease (Sigma Chemical Co.) at a final concentration
of 20 ug/ml of each nuclease, then washed and resuspended in 10 mM
sodium phosphate buffer {pH 7.2) in 0.4 M sucrose and 20 mM MgCl2.

Total cholesterol was determined colorimetrically (8). The ratio of
free to esterified cholesterol in each strain was measured by gas-liquid
chromatography using a Packard Model 840 instrument equipped with a 6 ft,
x 0.25 in. 3% SE-30 column. Protein concentrations were determined by
the method of Lowry et aZ. (9) using bovine serum albumin as standard.
Total lipid phosphorus was determined by the method of Ames after
digestion of the sample with ethanolic Mg(NO3)2 (10). The molar ratios
of free cholesterol to phospholipid in M. galliesepticum and M. caprico-
lum membranes were 0.80 and 0.88, respectively.

Filipin complex (lot no. 8393-DEG-11-8, Upjohn Co., Kalamazoo, Mich.)
was purified by crystallization from a concentrated slurry in chloroform
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as described before (11). The purity of the preparation was 80% as
determined by comparing the moTar absorbancy of the material with that
of a pure sample (5.0-104 M-Tcm-1 at 338 nm). Stock solutions of the
antibiotic were prepared in dimethylformamide, and aliquots were added

to 10 mM sodium phosphate buffer (pH 7.2) containing 0.4 M sucrose and
20 mM MgCl12. The final concentration (after mixing with cells or mem-
branes) of filipin was 6.2 pM, except in experiments where the antibiotic
concentration was varied. The final concentration of dimethylformamide
was 0.3% (v/v).

Kinetic measurements of filipin binding to cells and membranes were
performed at 10 °C on a stopped-flow spectrophotometer (Model D-130,
Durrun Instrument Corp., Palo Alto, Calif.) operated in the absorbance
mode and equipped with a Tektronix 5103N storage oscilloscope. The
initial rates of change in absorbance at 358 nm, (dA/dt)q, were measured
from the slopes of the Tinear portion of the oscillogram in the time
period of 150 to 400 msec after mixing of equal volumes of cells or
membranes with filipin. The initial rate of disappearance of free
filipin, -(dF/dt)e, was computed as follows:

(dF/dt)g = (1/€1)(dA/dt),

where € and 1 are the molar absorbance of filipin at 358 nm and the
pathlength of the stopped-flow cuvet (2 cm), respectively. An optical
disturbance occurring in the initial ca. 150 msec precluded initial rate
measurements at faster times. Although the origin of the initial
instability has not been determined, comparable "dead" times for stopped-
flow mixing and measurement of other membrane preparations have been
reported (12-13). A 100% transmittance signal at 358 mm (1ight-to-dark
voltage) corresponded to 10 V when water was present in the stopped-flow
cuvet. A monochromator slit width of 1 mm was used. Kinetic studies
of filipin binding to cell suspensions were conducted within about 2 hr
of harvesting of the organisms. To examine the possibility that cells
undergo shearing in the stopped-flow apparatus during the course of the
kinetic experiment equal volumes of cells and buffer were mixed at 10 °C
and absorbance changes at 358 nm were determined. With both Mycoplasma
species tested almost no absorbance changes were detected after the
initial 150-msec disturbance period had elapsed, indicating that cell
shearing does not make a significant contribution to the signal corres-
ponding to filipin-cholesterol formation. Since it is known that incu-
bation of filipin with cholesterol-containing vesicles and cells may
resuylt in Tipid reorganization and membrane disruption (5, 14, 15), we
sought to minimize the possibility of filipin-induced lysis by conduct-
ing measurements at low cholesterol/filipin molar ratios, very short
reaction times, and low temperature (10 °C). Indeed, when filipin was
mixed in the stopped-flow apparatus with cell suspensions containing
various cholesterol concentrations no absorbance changes were detected
at 450 nm (a wavelength which is a sensitive indicator of cell lysis,
but one where filipin does not absorb}, indicating that the antibiotic
did not cause lysis under the conditions used.

RESULTS AND DISCUSSION

The study of the rapid interaction of the polyene antibiotic,
filipin, with cholesterol represents a novel approach to the problem
of the distribution of cholesterol between the two halves of the Tipid

bilayer of biological membranes. The capacity to perform rapid kinetic
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measurements of filipin-cholesterol complexation enables one to minimize
the possibility that movement of cholesterol molecules from the inner

to the outer half of the lipid bilayer ("flip-flop") would lead to an
overestimate of the asymmetry ratio of outer/inner cholesterol. Indeed,
if the "flip-flop" times for cholesterol measured in bilayer vesicles

(16) or in influenza virus membranes (17) are characteristic of mycoplasma
membranes as well, it is more than five orders of magnitude slower than
the time scale used for filipin binding.

The interaction of filipin with cholesterol-containing mycoplasma
cells and membranes results in absorbance changes similar to those
described for filipin-cholesterol complexation in other membranes (14).
No reaction was observed in the stopped-flow spectrophotometer when
filipin was mixed rapidly with Acholeplasma laidlawii cells and membranes
lacking cholesterol; furthermore, filipin does not react with cholesterol
esters in aqueous suspension (18). Since the initial velocity of filipin
association with vesicle-bound cholesterol was dependent on the accessi-
bility of cholesterol for reaction at the bilayer surface (6), the
rate ratio of filipin association with cells relative to membranes is a
measure of cholesterol localization in the mycoplasma cell membrane.

Fig. 1 shows the initial rate of association of filipin with cholesterol
in M. galliseptiaum cells and membranes. Initial rates, rather than
entire reaction profiles, were determined because measurements at very
short times minimize the ability of filipin to diffuse into the membrane
and react with cholesterol localized in the cytoplasmic surface of the
membranes. Under the conditions of a molar excess of membrane-bound
cholesterol relative to antibiotic, the initial rates of filipin-
binding to cells and membranes are linearly related to the concentration
of free cholesterol. The order of the reaction with respect to choles-

terol is obtained by plotting the logarithm of the initial rate of
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Fig. 1. Initial rate of filipin binding to M. gqlliseptiaum cells (o)
and membrane preparation (e) at different cholesterol concentrations.
Insert, a plot of the logarithm of the initial rate vs. the logarithm
of the concentration of cholesterol. The indicated eholesterol

concentrations are final concentration of free cholesterol.

association vs. the logarithm of the cholesterol concentration, where
filipin concentration remains constant. The slopes of the lines plotted
in the insert to Fig. 1 are 1.0, showing that the binding reaction is
first order with respect to cholesterol in both cells and membranes.

To obtain the order with respect to filipin, the initial rates of
association were determined at several antibiotic concentrations (2-8 uM),
with the concentration of cholesterol remaining constant (10 uM). At
low concentrations of antibiotic, (dA/dt), increased Tinearly with
filipin concentration. The slope of a log-log plot of these data is
1.0, demonstrating that the reaction is first order with respect to
filipin. The rate expression for the initial velocity of disappearance

of free filipin is thus -(dF/dt)o = k[Fy1[Col, where Fy and C, represent
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Table 1. Second-order rate constants for filipin binding to intact cells

and isolated membranes of M. gallisepticum and M. capricolum

k (Titer/mole/sec)

Organism

cells membranes cell/menbrane
ratio
, R 3 3 3 3
M. gallisepticum 7.8+107+0.1-10 15.3+10°£0.4+10 0.51
M. capricolum 7.5-10%:0.2.103  11.4-10%:0.3410° 0.66

Values of k were calculated from each experimental point as described in the
text. Each value of k is the mean % the standard error of determinations
made with at least five cholesterol concentrations. At each cholesterol
concentration, 6 to 8 measurements of the initial rate were made.

the filipin and cholesterol concentrations at t = 0 and k is the second-
order rate constant. To allow quantitative comparisons, values of k
(Table 1) were calculated for each experimental point shown in Fig. 1
using the relationship k = -(1/F0)(1/CO)(dF/dt)o. Similarly, second-
order rate constants were computed for each experimental point in a
study of the dependence of the initial rate on free cholesterol concen-
tration in M. capricolum cells and membranes (Table 1). The ratio of
kce]]s/kmembranes indicates that cholesterol is symmetrically distributed
between the two surfaces of the cell membrane of M. gallisepticum (R5969).
In contrast, free cholesterol appears to be asymmetrically distributed

in the cell membrane of M. capricolum (Calif. Kid), with two-thirds of

the free cholesterol localized in the external surface.

Although we cannot rigorously exclude the possibility that rearrange-
ment of 1ipids occurred in the membrane upon its isolation, two experimen-
tal approaches directed to this question revealed no differences. First,
the freedom of motion of the spin-Tabeled fatty acids in intact A. Zaidilawii

and M. hominis cells was the same as that in membranes isolated from spin-
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labeled intact cells (19). Second, phospholipase C from Bacillus cereus
failed to hydrolyze the phospholipids of intact cells or isolated membranes
of M. hominis, although phospholipids extracted from the cells and dispersed
in aqueous suspension were susceptible to enzyme action (20). Thus, unlike
the situation in red blood cells (21), no evidence is presently available
that indicates the occurrence of lipid reorganization during the lysis of
mycoplasma cells.
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