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ABSTRACT: Here, the interplay between membrane cholesterol lateral organization and the activity of
membrane surface-acting enzymes was addressed using soil bacteria cholesterol oxidase (COD) as a model.
Specifically, the effect of the membrane cholesterol mole fraction on the initial rate of cholesterol oxidation
catalyzed by COD was investigated at 37°C using cholesterol/1-palmitoyl-2-oleoyl-L-R-phosphatidylcholine
(POPC) large unilamellar vesicles (LUVs,∼800 nm in diameter). In the three concentration ranges
examined (18.8-21.2, 23.6-26.3, and 32.2-34.5 mol % cholesterol), the initial activity of COD changed
with cholesterol mole fraction in a biphasic manner, exhibiting a local maximum at 19.7, 25.0, and 33.4
mol %. Within the experimental errors, these mole fractions agree with the critical cholesterol mole fractions
(Cr) (20.0, 25.0, and 33.3) theoretically predicted for maximal superlattice formation. The activity variation
with cholesterol content was correlated well with the area of regular distribution (Areg) in the plane of the
membrane as determined by nystatin fluorescence. A similar biphasic change in COD activity was detected
at the critical sterol mole fraction 20 mol % in dehydroergosterol (DHE)/POPC LUVs (∼168 nm in
diameter). These results indicate that the activity of COD is regulated by the extent of sterol superlattice
for both sterols (DHE and cholesterol) and for a wide range of vesicle sizes (∼168-800 nm). The present
work on COD and the previous study on phospholipase A2 (sPLA2) [Liu and Chong (1999)Biochemistry
38, 3867-3873] suggest that the activities of some surface-acting enzymes may be regulated by the extent
of sterol superlattice in the membrane in a substrate-dependent manner. When the substrate is a sterol, as
it is with COD, the enzyme activity reaches a local maximum atCr. When phospholipid is the substrate,
the minimum activity is atCr, as is the case with sPLA2. Both phenomena are in accordance with the
sterol superlattice model and manifest the functional importance of membrane cholesterol content.

Regulation of membrane surface-acting enzymes is an
important issue in lipid metabolism and signal transduction
(1-5). Many studies show that membrane physical properties
play a crucial role in the activities of surface-acting enzymes
(6-8). However, how the membrane lateral organization of
cholesterol, a major component in mammalian cell mem-
branes, affects surface-acting enzymes remains elusive.

In this study, the interplay between membrane cholesterol
lateral organization and the activities of membrane surface
acting enzymes was addressed using soil bacteria cholesterol
oxidase (COD)1 (3-â-hydroxysteroid oxidase, EC 1.1.3.6,
∼55 kDa) as a model. COD is a water-soluble, flavin adenine

dinucleotide-containing enzyme, which catalyzes the oxida-
tion of cholesterol (the rate-limiting step) and the isomer-
ization of cholest-5-en-3-one into cholest-4-en-3-one (Scheme
1) (9, 10). This enzymatic reaction has been applied clinically
to determine the total serum cholesterol level for assessment
of the risk of coronary heart disease and other lipid disorders.
The amino acid and nucleotide sequence (11-13) and X-ray
crystal structures of COD from soil bacteriaBreVibacterium
sterolicumandStreptomyces hygroscopicusin the absence
and presence of substrate (14-16) have been reported. One
current paradigm for how COD works in membrane systems
is as follows. It first binds to the surface of the lipid bilayer
with little membrane disruption (14, 15, 17). Then, COD
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length of∼20 Å in the active site (15). This lid serves as a
hydrophobic channel for extracting cholesterol from mem-
brane bilayers to the active site of the enzyme, while the
outer surface of the lid is hydrophilic (18). An extensive
hydrogen-bonding network around a water molecule in the
active site is required for the catalytic activity of COD (19-
21).

The catalytic activity of COD is strongly affected by the
environment of its substrate, cholesterol. Addition of deter-
gents, such as sodium taurodeoxycholate and Triton X-100,
drastically increases the extent and rate of COD-catalyzed
cholesterol oxidation in a number of biological membranes
as well as in lipid vesicles (22-24). The detergents disrupt
the membrane, making all of the membrane cholesterol
susceptible to the attack of COD. Phospholipase C (22, 23)
and sphingomyelinase (25) also promote membrane choles-
terol oxidation by COD. These effects are caused by the
removal of the steric blockage of cholesterol as a result of
enzymatic cleavage of phospholipid polar headgroups.
Because the activity of COD depends on its accessibility to
membrane cholesterol, this enzyme has been used to probe
cholesterol distribution in cells and cholesterol transbilayer
asymmetry (26-28).

Membrane composition and lipid packing are also known
to play an important role in the functionality of COD.
Incorporation of diglyceride into the membrane increases
sterol oxidation by COD (29). Further, the rate of cholesterol
oxidation by COD is dependent upon the membrane cho-
lesterol content (29) and the size of the phospholipid
headgroup (30), and the first-order rate constant is increased
with increasing membrane order as determined by di-
phenylhexatriene fluorescence anisotropy (31).

In recent years, we, as well as others, found evidence for
regular patterns of sterol lateral distribution in a variety of
phospholipid membranes (32-41; reviewed in ref 42).
According to the sterol regular distribution model (32),
regularly distributed sterol superlattices and irregularly
distributed lipid areas always coexist in sterol-containing
membranes, with the ratio of regular to irregular regions
reaching a local maximum at critical sterol mole fractions
(Cr) (e.g., 15.4, 20.0, 22.2, 25.0, 33.3, 40.0, and 50.0 mol %
sterol) (38, 43). The model further proposes that sterol in
the regular region is more accessible to the aqueous phase,
due to tighter packing, than that in the irregular region (32,
36, 37). On the basis of these new findings in sterol lateral
organization and the previous finding that the activity of

COD depends on its accessibility to membrane cholesterol
as mentioned earlier, we reasoned that the activity of COD
should be regulated by membrane cholesterol content in an
alternating manner showing a maximum atCr.

In the present study, we obtained experimental evidence
to support the above hypothesis. The effect of membrane
sterol mole fraction on the initial rate of sterol oxidation by
COD was investigated at 37°C using large unilamellar
vesicles (LUVs) composed of either cholesterol/1-palmitoyl-
2-oleoyl-L-R-phosphatidylcholine (POPC) or dehydroergos-
terol (DHE)/POPC. During the sample preparation, the total
sterol content in the membrane was fixed and the phospha-
tidylcholine (PC) content was varied, resulting in small
cholesterol mole fraction increments (∼0.1-0.3 mol %
cholesterol). In the membrane systems examined, the initial
catalytic activity of COD was found to change with sterol
mole fraction in an alternating manner, and the activity
exhibited a local maximum atCr. The activity variation with
cholesterol content was positively correlated to the regularly
distributed area in the plane of the membrane as determined
by nystatin fluorescence (38). We also determined the
bimolecular acrylamide quenching rate constantkq of DHE
fluorescence, in order to support the explanation that a
maximal activity at Cr resulted from sterol being more
accessible to the aqueous phase (thus the enzyme). These
results provide a new view on how COD is influenced by
the physical environment of the bilayer substrate, which
should be helpful for a more proper use of COD as a struc-
tural probe of membrane asymmetry and lateral organization.
More importantly, the present work on COD, along with the
previous study on phospholipase A2 (sPLA2) (39), suggests
that the activities of some surface-acting enzymes may be
regulated by the extent of sterol superlattice in the membrane
in a substrate-dependent manner. When the substrate is a
sterol, as it is with COD, the enzyme activity reaches a local
maximum atCr. When phospholipid is the substrate, the
minimum enzyme activity is atCr, as is the case with sPLA2.
Both phenomena appear to be in accordance with the sterol
superlattice model.

MATERIALS AND METHODS

Materials. POPC was purchased from Avanti Polar Lipids
(Alabaster, AL). Cholesterol, cholest-4-en-3-one, nystatin,
and dehydroergosterol (DHE) were purchased from Sigma
(St. Louis, MO). COD was obtained from Calbiochem-
Novabiochem (La Jolla, CA), and its concentration was
determined as described (44) using bovine serum albumin
as a standard. Cholesterol, DHE, and acrylamide were
recrystallized from ethanol prior to use. The concentrations
of DHE and nystatin were determined using their extinction
coefficients: ε326nm,dioxane) 10600 M-1 cm-1 for DHE and
ε304nm,methanol) 74000 M-1 cm-1 for nystatin.

Preparation of Cholesterol/POPC Large Unilamellar
Vesicles (LUVs).Appropriate amounts of cholesterol and
POPC were mixed in chloroform and then dried under
nitrogen gas, followed by overnight lyophilization. The dried
lipid mixtures were suspended in 0.1 M Tris buffer (pH 7.2,
measured at room temperature,∼22 °C) containing 0.02%
NaN3. The dispersions were vortexed for 3 min at room
temperature to make multilamellar vesicles (MLVs). The
MLVs were cooled to-20 °C for 30 min and then incubated

Scheme 1: Conversion of Cholesterol to Cholest-4-en-3-one
by Cholesterol Oxidase (COD)
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at room temperature for 30 min. This cooling-heating cycle
was repeated three times to ensure an even distribution of
lipids within each monolayer of the vesicles. The MLV
samples were stored under nitrogen at room temperature for
at least 4 days before extrusion. LUVs were prepared from
MLVs using an extruder (Lipex Biomembranes Inc., Van-
couver, British Columbia, Canada). The MLVs were ex-
truded at room temperature 10-15 times through two stacked
800 nm Nucleopore polycarbonate filters (Costar) under
nitrogen gas pressure. To avoid nonenzymatic oxidation of
cholesterol, the LUV samples were stored under nitrogen at
room temperature prior to activity, partitioning, and quench-
ing measurements.

Determinations of POPC and Cholesterol Mole Fractions
in Cholesterol/POPC LUVs. POPC and cholesterol concen-
trations of some LUVs were determined by the method of
Bartlett (45) and Moore et al. (22), respectively. As illustrated
in Table 1, the cholesterol mole percents in LUVs (after
extrusion) and MLVs (before extrusion) differ very little
(e0.2 mol %), despite some loss of lipids during extrusion.
Thus, for convenience, the sterol mole percents in MLVs
before extrusion were used in assessing the relationship
between sterol content and the activity of COD as well as
other membrane parameters.

Determination of COD ActiVity with Cholesterol/POPC
LUVs as the Substrate.The initial activity of Streptomyces
COD was determined by following the time course of the
absorbance at 240 nm due to the formation of the enzymatic
oxidation product, cholest-4-en-3-one (9; reviewed in ref10).
Appropriate amounts of LUVs with varying cholesterol mole
percents were pipetted into cuvettes containing 50 mM
sodium phosphate buffer (pH 7.0) so that each cuvette
contained the same amount of cholesterol (238 nmol) with
a fixed volume of solution (1 mL). COD (10µL of 0.389
mg/mL) was then added into the sample cuvettes. Im-
mediately after the addition, the absorbance at 240 nm was
recorded over time on a Perkin-Elmer lambda-6 spectro-
photometer (Shelton, CT). Light scattering from vesicles was
corrected by using a reference cuvette containing identical
lipid vesicles in the absence of the enzyme. Upon addition
of COD, the absorbance changes virtually linearly with time
in the first minute. The slope was taken as the initial
oxidation rate of cholesterol by COD. This apparent initial
activity, in terms of absorbance change at 240 nm/s, was
then converted to the amount of cholest-4-en-3-one produced
per second using a standard curve. The standard curve was
constructed by measuring the maximal change of absorbance
at 240 nm in the presence of varying amounts of standard

cholest-4-en-3-one prepared by adding aliquots of 6 M
authentic cholest-4-en-3-one in 2-propanol into 1.0 mL of
50 mM sodium phosphate buffer, pH 7.0. Each standard
solution contained no more than 0.84% (v/v) 2-propanol,
which has no effect on the absorbance at 240 nm. For all
activity and standard curve measurements, the temperature
of the sample was maintained at 37( 0.2°C by a circulation
bath, and Triton X-100 was not used.

Note that in the activity measurements we focused on the
events taking place in the first minutes because only the
initial events can be linked meaningfully to cholesterol
regular distribution. After the reaction proceeds for a
prolonged time, original lipid lateral organization may be
perturbed by reaction products such as hydrogen peroxide
and cholest-4-en-3-one.

Determination of Regularly Distributed Lipid Area (Areg)
in Cholesterol/POPC LUVs.The proportion of the membrane
surface area where the sterol molecules are regularly
distributed (Areg) was determined as previously described
(38). First, the partition coefficient of nystatin (P) from the
aqueous phase to lipid vesicles was determined as a function
of membrane cholesterol content in the ranges 18.7-21.3,
23.9-26.4, and 31.6-34.8 mol % cholesterol in POPC using
the method of Wang et al. (38). This method took advantage
of the fact that nystatin fluorescence intensity was enhanced
when partitioning into lipid membranes and that the fluo-
rescence enhancement was related to partition coefficient
(38). Then, the nystatin partition coefficient was determined
at low cholesterol concentrations (<5 mol %), where the
cholesterol molecules were assumed to be virtually all
irregularly distributed (Areg ∼ 0). At this low concentration
region, the partition coefficient of nystatin was expected to
increase linearly with increasing cholesterol concentration.
By extrapolation, the partition coefficient of nystatin in the
absence of regular distributionP0(C) could be determined
at any given cholesterol mole fraction C. We assumed that
the packing of the lipid molecules is so perfect at the areas
of regular distribution that there is no room for nystatin
binding. We also assumed that, in the area of irregular region,
the linear relationship is valid. With these assumptions,
Areg(C) was calculated near a givenCr by the equation (38)
Areg(C) ) [P0(C) - P(C)]/P0(Cr).

Determination of COD ActiVity with Dehydroergosterol/
POPC LUVs as the Substrate.Dehydroergosterol (DHE)/
POPC LUVs were prepared in a way similar to cholesterol/
POPC LUVs mentioned earlier, except that the temperature
for vortexing, extrusion, and the heating side of the heating/
cooling cycles was 37°C, instead of room temperature.

Table 1: Comparison of Cholesterol Mole Percents in POPC Vesicles before (MLVs) and after (LUVs) the Extrusiona

sample
no.

[Chol],
mM,

MLVs

[PC],
mM,

MLVs

Chol,
mol %,
MLVs

[Chol],
mM,
LUVs

[PC],
mM,
LUVs

Chol,
mol %,
LUVs

Chol
loss,
%

PC
loss,
%

∆Chol,
mol %

1 1.25 4.00 23.8 1.05 3.39 23.6 16.0 15.2 -0.2
2 1.25 3.93 24.1 1.05 3.29 24.2 16.0 16.3 +0.1
3 1.25 3.85 24.5 1.06 3.27 24.5 15.2 15.1 0
4 1.25 3.79 24.8 1.08 3.29 24.7 13.6 13.2 -0.1
5 1.25 3.75 25.0 1.11 3.30 25.2 11.2 12.0 +0.2
6 1.25 3.69 25.3 1.10 3.23 25.4 12.0 12.5 +0.1
7 1.25 3.65 25.5 1.12 3.26 25.6 10.4 10.7 +0.1
8 1.25 3.58 25.9 1.06 3.05 25.8 15.2 14.8 -0.1
9 1.25 3.52 26.2 1.04 2.90 26.4 16.8 17.6 +0.2

a ∆Chol ) (Chol, mol %, LUV) - (Chol, mol %, MLV).
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Calculated amounts of DHE/POPC LUVs and 50 mM Tris-
HCl buffer (pH 7.0) were added to a fluorescence cuvette.
LUVs were then incubated for 15 min at 37°C to bring each
sample to thermal equilibrium. After incubation, time trace
monitoring of DHE fluorescence intensity at 396 nm (8 nm
band-pass) was begun using an excitation at 325 nm (0.5
nm band-pass) on an SLM 8000C fluorometer (Urbana, IL).
After 60 s, 25µL of 0.16 µmol/mL Nocardiasp. COD was
added. The enzyme-to-substrate ratio was∼1:2000. The
initial rate was calculated as fluorescence intensity change
(∆F) per second for the first few minutes after addition of
the enzyme. No significant photobleaching was noticed. The
temperature of the sample in the fluorometer was controlled
by a circulating bath, and the sample was stirred while
fluorescence intensity was measured. Vesicle size was
determined by photon correlation spectroscopy using the
Malvern HS-1000 spectrometer (Worcs, U.K.); the light
source was a He-Ne laser (633 nm), and the detection was
made at an angle of 90° with respect to excitation. The
possible presence of sterol microcrystals in the sample was
checked by Rayleigh scattering using an SLM 8000C
fluorometer with the excitation set at 500 nm (0.5 nm band-
pass) and emission observed at 90° at 505 nm (8 nm band-
pass).

Acrylamide Quenching of DHE Fluorescence in DHE/
Cholesterol/POPC LUVs.The intensity of DHE fluorescence
in DHE (fixed at 3 mol %)/cholesterol/POPC LUVs was
measured as a function of acrylamide concentration at 37
°C using the SLM 8000C fluorometer. Vesicles were made
in the same way as the cholesterol/POPC LUVs mentioned
earlier. Samples were excited at 325 nm with a 1 nmband-
pass. The emission was observed at 378 nm with an 8 nm
band-pass. To calculate the quenching rate constant, the
lifetime of DHE fluorescence in the same vesicles was
measured in the absence of acrylamide at 37°C using an
ISS K2 phase-modulation fluorometer (ISS Inc., Champaign,
IL). For DHE lifetime measurements, the light source we
used was a He-Cd laser (Model 4240NB; LiConix Inc.,
Sunnyvale, CA) with excitation at 325 nm. The excitation
polarizer was set at 35° with respect to the vertical plane.
No emission polarizer was used. Phase and modulation
values were determined relative to ap-bis[2-(5-phenyl-
oxazolyl)]benzene (POPOP) reference solution (in ethanol),
which has a lifetime of 1.35 ns at 325 nm excitation. DHE
emission was observed through an Schott KV-389 filter. The
lifetime was determined using modulation frequencies rang-
ing from 70 to 200 MHz. The data were best fitted by a
two-exponential decay law:F(t) ) R1 exp(-t/τ1) + R2

exp(-t/τ2), whereRi andτi are the preexponential factor and
lifetime, respectively, for theith exponent. The average
lifetime 〈τ〉 was calculated by the equation〈τ〉 ) f1τ1 + f2τ2

with f1 ) R1τ1/(R1τ1 + R2τ2) and f2 ) 1 - f1.

RESULTS AND DISCUSSION

The effect of membrane cholesterol content on the initial
activity of StreptomycesCOD in cholesterol/POPC LUVs
is presented in Figure 1. In the three concentration ranges
(i.e., 18.8-21.2, 23.6-26.3, and 32.2-34.5 mol % choles-
terol in POPC) examined, the initial catalytic activity of COD
changed with membrane cholesterol content in an alternating
manner, reaching a local maximum at 19.7, 25.0, and 33.4
mol % cholesterol. All of the samples examined here had

the same amount of enzyme and substrate (cholesterol); the
only difference was the sterol mole fraction. The result that
a small change in sterol content (<1 mol %) caused a
dramatic change in enzyme activity (3-5-fold) can only be
attributed to a composition-dependent change in membrane
organization, involving a large change in the accessibility
of cholesterol to the COD. Within the experimental errors
(∼0.1-0.4 mol % sterol;39), the mole fraction values for
maximal activity (designated asCa) agreed with the critical
cholesterol mole fractions (i.e., 20.0, 25.0, and 33.3 mol %,
designated asCr) theoretically predicted for maximal super-
lattice formation (32, 34, 42, 47), giving a correlation
coefficient,r, of 0.9999.

To demonstrate that the alternating variation of COD
activity with cholesterol content is related to the extent of
sterol superlattice in the membrane, we have determined the
regularly distributed surface areas,Areg, of cholesterol/POPC
LUVs in virtually the same cholesterol concentration regions
(18.7-21.3, 23.9-26.4, and 31.6-34.8 mol % cholesterol
in POPC).Areg was determined as described (38) with minor
changes due to the use of unilamellar vesicles. In this
approach, the partition coefficient (P) of nystatin in cholesterol/
POPC LUVs was first determined fluorometrically as a
function of membrane cholesterol content. In the cholesterol
concentration ranges examined (18.7-21.3, 23.9-26.4, and
31.6-34.8 mol %),P at 37 °C showed a biphasic change
with cholesterol at 20.0, 24.8, and 33.4 mol % (Figure 2).
These values are at or near theCr values theoretically
predicted for maximal superlattice formation. The alternating
pattern shown in Figure 2 agrees with the results obtained
from MLVs (38), suggesting that the partitioning of the
antifungal drug nystatin into lipid bilayers is regulated by
the extent of sterol superlattice, regardless of vesicle type.

The P values shown in Figure 2, combined with the
nystatin partition coefficients into cholesteol/POPC LUVs
in the absence of regular distribution as determined at low
cholesterol mole fractions (e5 mol %) (P0, Figure 3A),
allowed us to calculate (38) the proportion of the membrane
surface area where the sterol molecules are regularly
distributed (Areg). As shown in Figure 3B,Areg varies with

FIGURE 1: Effect of membrane cholesterol content on the initial
rate of COD-catalyzed oxidation of cholesterol in cholesterol/POPC
LUVs at 37 °C. The cholesterol concentration ranges examined
are 18.8-21.2, 23.6-26.3, and 32.2-34.5 mol %. Vesicle size)
∼800 nm in diameter. Vertical bars are the standard deviations
calculated from three independently prepared samples.
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membrane cholesterol content in an alternating manner,
showing a local maximum at 20.1, 24.8, and 33.2 mol %
cholesterol, at whichAreg is 0.849, 0.886, and 0.911,
respectively. These mole fractions (designated asCp) are
correlated well with the mole fractions of activity maxima
(Ca) obtained from Figure 1, giving a correlation coefficient
of 0.9995. Taken together, a good correlation ofCa with the
theoretically predictedCr as well as the semiexperimentally
determinedCp lends strong support that the activity of COD
in membrane bilayers is regulated by the extent of cholesterol
superlattice in the plane of the membrane.

In Figure 1 the activity maxima atCa are decreasing with
increasing sterol mole fraction, while in Figure 3B the
maxima ofAreg at Cp are increasing slightly with increasing
sterol mole fraction. This difference is probably due to the
rather large error ofAreg (Figure 3B); thus, it is possible that
a trend similar to the one in Figure 1 is within the error limit
of the data shown in Figure 3B. Another plausible explana-
tion is the following. The pattern of lipid regular distribution
varies with Cr (32, 42, 47-50), and different regular
distribution patterns may result in different substrate acces-
sibility to COD. Hence, although the activity of COD in
membrane bilayers is regulated by the extent of sterol
superlattice in the neighborhood of a critical mole fraction
as mentioned earlier, membranes with the same extent of
sterol superlattice (i.e., the sameAreg value), but with lipid
compositions at different critical sterol mole fraction regions,
do not necessarily have the same COD activity.

Dehydroergosterol (DHE) behaves similarly to cholesterol
and ergosterol in terms of sterol superlattice formation (36,
37). Thus, if the activity of COD in membrane bilayers is
regulated by the extent of sterol superlattice as mentioned
earlier, the alternating variation of activity with sterol content
should occur not only in cholesterol/POPC LUVs but also
in DHE/POPC vesicles. DHE has three conjugated double
bonds in the steroid ring and nine carbons including one
double bond in the side chain, whereas cholesterol has one
double bond in the ring and eight carbons with no double
bonds in the side chain. However, according to previous
COD studies on other sterols (10, 51), these structural

differences are relatively small, and COD should be active
toward both cholesterol and DHE. We believe that COD
oxidizes the hydroxyl group of DHE and then isomerizes
the conjugated double bond system of DHE, in a way similar
to the oxidation of cholesterol, leading to a decrease in DHE
fluorescence intensity. Indeed, upon addition of COD, the
fluorescence intensity of DHE in DHE/POPC LUVs de-
creased over time (Figure 4A). This decay curve, which
represents a new fluorescence assay for COD, allowed us to
determine the initial rate of COD-catalyzed sterol oxidation
in DHE/POPC LUVs. As shown in Figure 4B, a biphasic
change in initial rate of DHE oxidation appears at 19.7 mol
%. This mole percent is close to the theoretical value of 20.0
mol % predicted for maximal superlattice formation in the
sterol concentration range (18.8-21.2 mol % sterol) exam-
ined. Taken together, the results in Figures 4 and 1 suggest
that the activity of COD in membrane bilayers is regulated
by the extent of sterol superlattice, irrespective of sterol type
and for varying vesicle sizes [from∼168 nm (Figure 4) to
∼800 nm (Figure 1)], a result consistent with the properties
of lipid regular distribution previously characterized (37, 52).

The activity maxima atCr cannot be attributed to the
presence of sterol microcrystals for two reasons. First, sterol
crystals usually occur above 67 mol % in phosphatidylcholine

FIGURE 2: Cholesterol concentration dependence of the partition
coefficient (P) of nystatin into cholesterol/POPC LUVs (∼800 nm
in diameter) at 37°C. The cholesterol concentration ranges
examined are 18.7-21.3, 23.9-26.4, and 31.6-34.8 mol %.
Vertical bars are the errors of partition coefficients obtained from
the parameter fitting procedure.

FIGURE 3: Estimation of regularly distributed areas in cholesterol/
POPC LUVs (∼800 nm in diameter). (A) Cholesterol concentration
dependence of the partition coefficient of nystatin into cholesterol/
POPC LUVs in the cholesterol concentration range of 0-5 mol %
at 37 °C. The solid line is the linear regression of experimental
points (dark circles). (B) Area of regular distribution relative to
the total outermost membrane surface (Areg) plotted against cho-
lesterol content in cholesterol/POPC LUVs at 37°C. The solid lines
are the expected values ofAreg; the dotted lines are the standard
deviations from the expected values ofAreg.
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bilayers (53, 54); this mole fraction is much higher than those
used in the present study. Second, we did not detect any
significant change of Raleigh light scattering with membrane
sterol content in sterol/POPC LUVs over the sterol concen-
tration range examined (data not shown).

The results shown in Figures 1 and 4 provide the second
example, in addition to the secretory phospholipase A2

(sPLA2) (39), that the activity of a membrane surface-acting
enzyme varies with membrane sterol content in an alternating
manner according to the extent of cholesterol superlattice.
However, in contrast to sPLA2, which exhibits an activity
minimum atCr (39), COD displays an activity maximum at
those critical concentrations. This difference can be under-
stood as follows.

sPLA2 acts favorably with phospholipid bilayers containing
membrane defects (ref6 and references cited therein). Our
previous experimental data showed that membrane defects
change with sterol content in an alternating manner, showing
a minimum atCr (32, 35, 37, 52). Computer simulations also
showed that the relative size of the irregular region reaches
a local minimum atCr (43). According to the lipid regular

distribution model, membrane defects are allowed only in
the irregular region, not in the regular region (43, 52). Thus,
the sterol regular distribution model can explain why the
hydrolytic activity of sPLA2 exhibits a local minimum atCr

(39).
The catalytic activity of COD is strongly dependent upon

its accessibility to the substrate (membrane sterol), as
mentioned earlier. According to the regular distribution
model, sterol in the regular region is more accessible to
aqueous phase, due to tighter packing, than sterol in the
irregular region, and the ratio of regular to irregular region
reaches a maximum atCr (32, 36, 42). Hence, the sterol
regular distribution model can also explain why the activity
of COD reaches a local maximum atCa (Figures 1 and 4).

The assertion that sterol in the regular region is more
accessible to the aqueous phase than sterol in the irregular
region was originally based on the finding of DHE fluores-
cence intensity dips atCr in DHE/dimyristoyl-L-R-phos-
phatidylcholine (DMPC) MLVs (32). This assertion was
subsequently supported by an acrylamide quenching study,
which showed that the bimolecular rate constant of acryl-
amide quenching of DHE fluorescence exhibited peaks at
Cr in DHE/DMPC MLVs (36). However, previous studies
were made on DMPC MLVs. To provide evidence that sterol
becomes more accessible to the aqueous phase atCr in a
membrane system structurally comparable to that used in
the present activity measurement, we have conducted an
acrylamide quenching study on DHE/cholesterol/POPC
LUVs (∼800 nm in diameter) (Figure 5). In this experiment,
the acrylamide quenching of DHE fluorescence intensity was
monitored as a function of total membrane sterol content,
which equals the mole percent of cholesterol plus the mole
percent of DHE (fixed at 3 mol %). Using the average
lifetime τ0 measured in the absence of acrylamide and
assuming a dynamic quenching mechanism, the bimolecular
quenching rate constantkq was calculated. As shown in
Figure 5,kq varies with total sterol content in a biphasic
manner, exhibiting a peak value at 20.0 mol % total sterol.
This value is the critical sterol mole fraction predicted for
maximal superlattice formation in the concentration range
examined (18.8-21.1 mol %).kq is a parameter reflecting
how frequently the water-soluble acrylamide collides with

FIGURE 4: (A) Illustration of the new fluorescence assay of COD
activity using DHE as the substrate.F is the relative fluorescence
intensity of DHE in 20.9 mol % DHE/POPC LUVs. (B) Effect of
membrane DHE content on the initial rate (expressed as the
fluorescence intensity change,∆F, per second) of COD-catalyzed
sterol oxidation in DHE/POPC LUVs. The vertical bar is the
standard deviation calculated from three independently prepared
samples. For both (A) and (B), temperature) 37 °C and vesicle
size) ∼168 nm in diameter.

FIGURE 5: Total sterol concentration dependence of the bimolecular
acrylamide quenching rate constant of DHE fluorescencekq in 3
mol % DHE/cholesterol/POPC LUVs at 37°C. Vesicle size) ∼800
nm in diameter. Vertical bars are the standard deviations calculated
from three independently prepared samples.
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the membrane DHE. Thus, the quenching data (Figure 5)
support the idea that, in DHE/cholesterol/POPC LUVs,
sterols atCr are more accessible to the aqueous phase than
sterols at non-Cr. This property may arise from two pos-
sibilities (36, 42). First, in the regular regions, sterol is
embedded less deeply than in the irregular regions. Second,
sterol in the regular regions is less shielded from water by
the neighboring phospholipid polar headgroups than in the
irregular regions. It is likely that the polar headgroup in the
regular and irregular regions adopts a different conformation.
In either case, sterols should become more exposed to the
aqueous phase (thus the COD) atCr. As a result, atCr, sterols
are more easily taken up to the active site via the lid of the
COD (mentioned earlier) and, hence, more readily oxidized.

The alternating variation of COD activity with sterol
content is a new finding probably because previous studies
of COD in membrane bilayers did not use small sterol mole
fraction increments or did not pay much attention to
membrane lateral organization stability. Sonicated vesicles
have considerable curvature stress, which would attenuate
superlattice formation (52). Vesicles without sufficient
incubation time and careful thermal history control may not
reveal evidence for superlattice formation (42).

The observation of a COD activity maximum and water
accessibility maximum atCr implies that the umbrella effect
caused by the phospholipid polar headgroups to protect
cholesterol from being exposed to water was not the same
for all sterol mole fractions. This finding was not predicted
by the umbrella model proposed by Huang and Feigenson
(53) but is consistent with their finding that cholesterol begins
to precipitate out of phospholipid bilayers at certain high
critical sterol mole fractions for superlattice formation (50).
It is likely that the overall umbrella effect of the polar
headgroup for covering cholesterol is weakened atCr where
the acyl chain packing reaches an optimum (35, 37, 52). The
Ca values for maximal COD activity (Figures 1 and 4) may
coincide with the stoichiometries due to the formation of
sterol/phospholipid complexes (55, 56). Future work will be
required to evaluate how the complex formation theory would
explain the opposite alternating behavior of sPLA2 and COD
activity with sterol content.

Our present data may provide a new interpretation for why
two kinetic pools were observed for cholesterol oxidation
by COD in the outermost layer of the cell plasma membrane.
For example, a slow rate (0.2%/min) and a fast initial rate
of cholesterol oxidation (>1.2%/min) were observed in rabbit
intestinal brush border membrane (57). The slow phase was
proposed to originate from cholesterol associated with
membrane protein and the fast phase from membrane
cholesterol not associated with membrane proteins (57).
Similar differential kinetic pools were observed in other cell
membranes, and the results were often ascribed to cholesterol-
rich and cholesterol-poor lipid domains in the membrane (22,
23, 27, 28, 58, 59). Our present data, however, suggest that
those kinetic pools may have originated from cholesterol in
the regular and irregular regions.

More importantly, the present work on COD, along with
the previous study on phospholipase A2 (39), suggests that
the activities of some surface-acting enzymes may be
regulated by the extent of sterol superlattice in the membrane
in a substrate-dependent manner. When the substrate is a
sterol, as it is with COD, the enzyme activity reaches a local

maximum atCr. When phospholipid is the substrate, the
enzyme activity is minimum atCr, as is the case with sPLA2.
Both phenomena appear to be in accordance with the sterol
superlattice model and manifest the functional importance
of membrane cholesterol content. Other surface-acting
enzymes, such as phospholipase C and sphingomyelinase,
may also follow this pattern; many of these enzymes play
pivotal roles in metabolism and signal transduction. In the
future, it would be of great interest to further investigate how
those surface-acting enzymes and their associated cellular
activities are affected by the extent of sterol superlattice in
the membrane.
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