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Oxidation of cholesterol in low density and high
density lipoproteins by cholesterol oxidase

J. Peter Slotte and Lotte Gronberg

Department of Biochemistry and Pharmacy, Abo Akademi University, SF 20500 Turku, Finland

Abstract The cholesterol oxidase-catalyzed oxidation of cho-
lesterol in native low density (LDL) and high density lipopro-
teins (HDL;), as well as in monolayers prepared from surface
lipids of these particles, has been examined. The objective of the
study was to compare the oxidizability of cholesterol, and to ex-
amine the effects of lipid packing on oxidation rates. When
[*H]cholesterol-iabeled lipoproteins were exposed to cholesterol
oxidase (Streptomyces sp.), it was observed that LDL [*H]choles-
terol was oxidized much faster than HDL, [*H]cholesterol. This
was true both at equal cholesterol concentration per enzyme
unit, and at equal amounts of lipoprotein particles per enzyme
unit. About 95% of lipoprotein [*H]cholesterol was available for
oxidation. The complete degradation of lipoprotein sphingo-
myelin by sphingomyelinase (Staphylococcus aureus) resulted in a 10-
fold increase in the rate of LDL [*H]cholesterol oxidation,
whereas the effects on rates of HDL, [*H]cholesterol oxidation
were less dramatic. A monolayer study with LDL surface lipids
indicated that degradation of sphingomyelin loosened the lipid
packing, because the ceramide formed occupied a smaller sur-
face area than the parent sphingomyelin, and since the condens-
ing effect of cholesterol on sphingomyelin packing was lost. The
effects of sphingomyelin degradation on lipid packing in mono-
layers of HDL;-derived surface lipids were difficult to determine
from monolayer experiments. Based on the finding that choles-
terol oxidases are surface pressure-sensitive with regard to their
catalytic activity, these were used to estimate the surface
pressure of intact LDL and HDL;. The cut-off surface pressure
of a Brevibacterium enzyme was 25 mN/m and 20 mN/m in
monolayers of LDL and HDLs-derived surface lipids, respec-
tively. Since this enzyme was able to oxidize [*H]cholesterol in
native LDL and HDLs, it was estimated that the surface
pressure in these lipoproteins was probably less than 25 mN/m
and 20 mN/m, respectively. —Slotte, J. P., and L. Gronberg.
Oxidation of cholesterol in low density and high density lipopro-
teins by cholesterol oxidase. J. Lipid Res. 1990. 31: 2235-2242.
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The enzyme cholesterol oxidase (EC 1.1.3.6) has the
ability to convert 3-8-hydroxy-sterols to their respective
keto derivatives. The conversion of cholesterol (5-choles-
ten-3-8-ol) to cholestenone (4-cholesten-3-one) by choles-
terol oxidases has been used to probe the localization and

distribution of cholesterol in different biological structures
(1-8).

We have recently provided evidence indicating that the
interaction of cholesterol with sphingomyelins significant-
ly retards the enzyme-catalyzed oxidation of cholesterol
in biological as well as in monolayer membranes (8, 9).
It was further observed that the catalytic activity of
cholesterol oxidases at the water/lipid interphase was
markedly affected by the surface pressure (ie., the lipid
packing) of the substrate membranes (9) (L. Gronberg
and J. P. Slotte, unpublished results).

In studies on the surface pressure-dependency of the
catalytic activities of cholesterol oxidases, we have further
observed that the “cut off” surface pressure in 1-palmitoyl-
2-oleoyl-phosphatidylcholine/N - oleoyl-sphingomyelin/cho-
lesterol monolayer membranes was markedly different for
Streptomyces and Brevibacterium sp. enzymes. Whereas ox-
idation of cholesterol by the Streptomyces enzyme was abol-
ished above a surface pressure of 30 mN/m, the Brevibac-
terium enzyme lost catalytic activity around 25 mN/m (L.
Grénberg and J. P. Slotte, unpublished results). This
different surface pressure-dependency of various choles-
terol oxidases can be used to get information about lipid
packing and surface pressures of intact cell membranes
and lipoproteins.

The present studies were performed to investigate the
interactions between cholesterol oxidases and cholesterol
in native lipoproteins as well as in monolayers prepared
from lipoprotein surface lipids. We report the unesterified
cholesterol in LDL and HDL; displayed markedly
different susceptibilities to oxidation by cholesterol ox-
idase. Our results further suggest that the surface pressure
of native LDL and HDL; was less than 25 mN/m and
20 mN/m, respectively.

Abbreviations: LDL, low density lipoprotein; HDL, high density
lipoprotein.
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EXPERIMENTAL PROCEDURES

Isolation of lipoproteins

Low density lipoproteins (LDIL., d 1.019-1.063 g/ml)
and high density lipoproteins (HDL;, d 1.12-1.21 g/ml)
were prepared from fresh human plasma (EDTA, 4 mM)
by sequential ultracentrifugation (10, 11). The stock solu-
tions of LDL (3-6 mg protein/ml) and HDL; (14-20 mg
protein/ml) were dialyzed extensively against Tris-HCI
(20 mM), NaCl (140 mm), and EDTA (1 mM; pH 7.5),
and were passed through 0.22-um filter and stored sterile
in the dark at 4°C. The lipoproteins were used within 2-
4 weeks of preparation. The purity of the lipoprotein
batches was routinely verified by agarose electrophoresis
followed by lipid (Oil Red O) and protein (Coomassie
Brilliant Blue) staining.

Preparation of [*H]cholesterol-labeled lipoproteins

To label the lipoproteins with unesterified [*H]choles-
terol, cholesterol in LDL and HDL; was allowed to equili-
brate (24-48 h at 4°C) with [*H]cholesterol (60 Ci/mmol;
New England Nuclear Du Pont) dried onto the wall of a
sterile, plastic disposable tube. About 20 pGi of
[*H]cholesterol was added per 5 and 10 mg protein of
LDL and HDL;, respectively.

Normalization of the specific activity of different
cholesterol oxidases

To determine the apparent specific activity of choles-
terol oxidase from Streptomyces sp. (Calbiochem, San
Diego, CA) or Brevibacterium sp. (Beckman, Carlsbad,
CA), the following assay was used. Different amounts of
the enzymes were added to a 0.1 M phosphate buffer (pH
7.0) that contained 0.05% Triton X-100. The assay mix-
ture was equilibrated at 25°C for 5 min before cholesterol
(Sigma Chemical Co.) in 2-propanol was added to give a
final substrate concentration of 100 uM. The absorbance
increase at 240 nm was followed as a function of time. The
apparent specific activity of cholesterol oxidase is ex-
pressed as units or milliunits per mg solid weight. One
unit is equivalent to the conversion of 1 pmol of choles-
terol to cholestenone per min at 25°C. The specific ac-
tivities were used to calculate the amount of enzyme to be
added in subsequent experiments.

Oxidation of LDL and HDL cholesterol

Oxidation of lipoprotein [*H]cholesterol was performed
with cholesterol oxidases from either Streptomyces sp. or
Brevibacterium sp. Oxidation was performed at 37°C in
Dulbecco’s phosphate-buffered saline with constant lipo-
protein concentration and variable cholesterol oxidase
concentrations, or with variable lipoprotein amounts and
constant cholesterol oxidase concentration. The oxidation
time was 30 min, unless otherwise stated. The oxidation
reaction was started by the addition of [*H]cholesterol-
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labeled lipoproteins to phosphate-buffered saline (0.25 or
1.0 ml) containing cholesterol oxidase. The reaction was
stopped by addition of chloroform-methanol 2:1 (v/v) to
the reaction tubes (disposable glass tubes). The amount of
[*H|cholestenone produced from [*H]cholesterol was de-
termined from the lipid extract by thin-layer chromato-
graphy or gas-liquid chromatography (8). It was
consistently observed that [*H]cholesterol in LDL and
HDL; traced perfectly the behavior of unesterified
cholesterol mass in the lipoproteins, with regard to the
cholesterol oxidase susceptibility. Therefore, most assays
of the oxidation of lipoprotein cholesterol by cholesterol
oxidase were performed on [*H]cholesterol-labeled lipo-
proteins by thin-layer chromatography. In some experi-
ments, the lipoproteins were pretreated for 15 min at
37°C with 0.1 U/ml of sphingomyelinase (Staphylococcus
aureus, Sigma) before addition of cholesterol oxidase. This
treatment caused a complete degradation of lipoprotein
sphingomyelin mass (data not shown).

Extraction and isolation of lipoprotein surface lipids

Total lipids from LDL or HDL; were extracted with
chloroform-methanol 2:1 (v/v). The organic phase was
washed twice with Dulbeccad’s phosphate-buffered saline,
and the solvent was evaporated to dryness. The lipids
from about 5 mg LDL or 10 mg HDL; were dissolved in
0.5 ml chloroform and were applied to hexane-equili-
brated NH, Bond Elut solid phase extraction columns.
Neutral lipids were eluted with 4 ml chloroform-2-pro-
panol 2:1 (v/v), fatty acids with 4 ml of diethyl ether con-
taining 2 % acetic acid, and finally the total phospholipids
with 4 ml methanol, according to procedures reported by
Kaluzny et al. (12). The purity of the phospholipids was
over 99% as judged by thin-layer chromatography.

Surface pressure-mean molecular area isotherms of
LDL and HDL; surface lipids

The surface pressure versus mean molecular area
isotherms of lipoprotein surface lipids (with cholesterol or
cholestenone) were measured at 37°C with a computer-
controlled KSV 5000 surface barostat (KSV Instruments,
Helsinki). The lipids in hexane-ethanol 9:1 were spread
on 20 mM Tris-HC], 145 mM NaCl (pH 7.0) in a ther-
mostated rectangular Teflon trough with a total area of
487.50 cm? (6.5 cm x 75.0 cm). The monolayer was
allowed to stabilize for 3-5 min before it was compressed
at a barrier speed of 20 mm?/sec. Data were sampled
every 3 sec and were collected and analyzed with pro-
prietary software (KSV Instruments, Helsinki).

Effects of sphingomyelin degradation on lipid packing
in monolayers of lipoprotein surface lipids

The effects of sphingomyelin degradation on the
monolayer area (at constant surface pressure) of pure
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lipoprotein phospholipids or of a phospholipid/cholesterol
mixture at 37°C were determined with a zero-order
trough (9). The monolayer was compressed to 20 mN/m
(mN/m = dynefcm) and after a 5-min stabilization
period, 20 mU/ml sphingomyelinase was added to the
reaction compartment. The effect of sphingomyelin
degradation on monolayer lipid packing was observed as
a barrier movement (forward for area decrease and back-
ward for area increase at constant surface pressure).

Cholesterol oxidase activity in monolayers containing
lipoprotein surface lipids

The computer-controlled surface barostat (KSV In-
struments, Helsinki) used for the monolayer experiments
has been described previously (9). The determinations of
enzyme activities of the two cholesterol oxidases (from
Streptomyces and  Brevibacterium sp.) were performed in a
zero-order trough with 20 mM Tris-HC, 145 mM NaCl,
pH 7, as buffer. The reaction compartment was magne-
tically stirred (150 rpm) and thermostatted to 37°C. One
hundred and twenty five ul of a lipid solution containing
either LDL or HDL; surface lipids (0.1 mg/ml in hexane-
ethanol 9:1 (v/v) was spread onto the buffer surface. The
monolayer was allowed to stabilize for 3-5 min, where-
after it was compressed to a pre-determined surface
pressure (barrier speed 6 mm?/ sec). Constant surface
pressure was maintained by compensatory barrier move-
ment (computer controfled) throughout the experiment.
After the monolayer had stabilized at the chosen surface
pressure for 5 min, cholesterol oxidase (5 mU/ml) was
added to the reaction compartment. The rate of oxidation
of cholesterol in the monolayer was registered (at constant
surface pressure) as a backward movement of the barrier
due to an oxidation-dependent increase in the monolayer
area. Data were sampled every 10 sec. Three different
kinetic measurements were made at each surface pressure.

Calculation of enzyme activity

The oxidation of cholesterol to cholestenone was ob-
served as an increase of the monolayer area. The enzyme
activity in this report is presented as the amount of
cholesterol (taken as percent of the total cholesterol
available in the total monolayer) that was converted to
cholestenone per time unit (seconds). The rate of conver-
sion was calculated from the linear part of the area ex-
pansion curve, and represented the maximal rate. Since
the degree of cholesterol-induced condensation of the
phospholipid monolayer varied with surface pressure and
lipid composition (9), the measured enzyme activities at
different surface pressures were normalized to the cor-
responding mean molecular area isotherms at each sur-
face pressure. The difference in the areas of correspond-
ing cholesterol- and cholestenone-containing isotherms
was used as a measure for total oxidation of cholesterol.

The area increase that resulted from the enzymatic oxida-
tion was directly related to this measure for total oxidation.

Assays

The amount of [*H]cholestenone produced in LDL or
HDL; from [*H]cholesterol by the action of cholesterol
oxidase was determined from the total lipid extract by
thin-layer chromatography on Kodak Silica Gel sheets, or
by gas-liquid chromatography, as described previously (8).

The protein content of the lipoprotein batches was de-
termined according to Lowry et al. (13), with bovine
serum albumin as standard. The amount of unesterified
cholesterol in LDL and HDL; was determined by a
cholesterol oxidase assay (14) from a total lipid extract of
the two lipoprotein classes. Total phospholipid mass was
determined with a phospholipid assay kit (Boehringer
Mannheim, FRG).

RESULTS

Oxidation of LDL and HDL cholesterol by cholesterol
oxidase from Streptomyces sp.

To determine the susceptibility of cholesterol in
different lipoprotein classes to oxidation by cholesterol ox-
idase, we labeled the unesterified cholesterol pool of either
LDL or HDL; with [*H]|cholesterol and exposed the lipo-
proteins to cholesterol oxidase from Streptomyces sp. Our
initial experiments showed that the oxidation susceptibili-
ty of cholesterol in these two lipoprotein classes was
markedly different. Since we wanted to compare LDL ox-
idation with HDL; oxidation, conditions were chosen so
that different numbers of lipoprotein particles were ex-
posed to a constant amount of enzyme for a fixed time (30
min) at 37°C. As shown in Fig. 1, the susceptibility of
HDL, [*H]cholesterol to oxidation by the Streptomyces sp.
enzyme was markedly lower than the corresponding sus-
ceptibility found with LDL [*H]cholesterol. This was true
both at equal particle number per unit of cholesterol ox-
idase, as well as at equal cholesterol concentration per
volume and enzyme unit (e.g., 10 pg cholesterol per 1 ml
phosphate-buffered saline and 40 mU cholesterol oxidase;
marked by arrows in Fig. 1).

Effects of sphingomyelin degradation on cholesterol
oxidation in native lipoproteins

Previous studies from this laboratory have shown that
the degradation of sphingomyelin with sphingomyelinase
in intact cells renders the cellular cholesterol susceptible
to oxidation by cholesterol oxidase (8, 9). To further elu-
cidate the effects of sphingomyelin degradation on choles-
terol oxidation and lipid packing, we tested the effects of
sphingomyelin on cholesterol oxidation with native lipo-
proteins.
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Fig. 1. Oxidation of LDL and HDL; cholesterol at varying amounts
or lipoprotein particles per unit of cholesterol oxidase activity. Different
amounts of either LDL (8.13-520 ug protein/ml) or HDL; (311000 pug
protein/ml) were incubated in 1.0 m] phosphate-buffered saline together
with 40 mU/ml of cholesterol oxidase from Stretormyces sp. After 30 min
at 37°C the reaction was stopped and the samples were analyzed for
[*Hlcholestenone and [*H]cholesterol content. Values are defined as per-
cent [*H|cholestenone over the sum of [*H]cholestenone and [*H]choles-
terol, and are averages from two or three representative experiments
with each lipoprotein class (range <10%). The arrows indicate condi-
tions where the unesterified cholesterol concentration was equal in the

LDL and the HDL; systems.

When [*H]cholesterol-labeled LDL (at a fixed concen-
tration) was exposed to increasing amounts of cholesterol
oxidase (Streptomyces sp.) for different periods of time, it
was shown that about 95% of the total [*H]cholesterol-
label (as well as the total cholesterol mass as verified by
gas-liquid chromatography) was oxidizable (Fig. 2, left
panel). Shorter exposure times and/or lower enzyme
amounts obviously gave lower degrees of [*H]cholesterol
oxidation. When the sphingomyelin in LDL was degraded
by exposure of the lipoproteins to sphingomyelinase,
resulting in a total hydrolysis of LDL sphingomyelin (data

not shown), the rate of [*H]cholesterol oxidation increased
markedly (about tenfold over untreated samples) at all en-
zyme concentrations tested (Fig. 2, right panel). As a
result of the oxidation of LDL cholesterol with cholesterol
oxidase, aggregation of LDL but not of HDL; was
observed at the highest cholesterol oxidase concentration
used (Le., 400 mU/ml).

With the oxidation of HDL; [*H]cholesterol, the
highest enzyme concentration used (400 mU/ml) was not
sufficient to oxidize more than 80 % of the [*Hcholesterol
in HDL; after 60 min (Fig. 3, left panel). Lower enzyme
amounts (40 or 4 mU/ml) failed to convert HDL; [*H]cho-
lesterol to [*H]cholestenone during the 1-h oxidation
period. Sphingomyelin degradation in HDL; (complete
hydrolysis, data not shown) led only to a small increase in
the extent of [*H]cholesterol oxidation by the Streptomyces
enzyme.

Effects of sphingomyelin degradation on molecular
packing in monolayers of lipoprotein surface lipids

To obtain information about possible changes in molec-
ular interactions in the polar shell of the lipoprotein par-
ticles as a result of sphingomyelin degradation, we simu-
lated the reaction with monolayers containing lipoprotein
surface lipids. One of the reaction products in the hydro-
lysis of sphingomyelin is ceramide, the mean molecular
area of which is smaller than that of the parent molecule
(15) (L. Grénberg and J. P. Slotte, unpublished results).
When a monolayer containing LDL total phospholipids,
but no cholesterol, was compressed to 20 mN/m and ex-
posed to sphingomyelinase in the subphase, the formation
of ceramide from sphingomyelin led to a monolayer area
decrease, as demonstrated in Fig. 4 (left panel). The pres-
ence of cholesterol (35:65 molar ratio to phospholipid) in
the monolayer resulted, however, in a slight increase of the
monolayer area when sphingomyelin was degraded (Fig. 4,
left panel). The monolayer with total phospholipids from
HDL; contained significantly less sphingomyelin (16),
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Fig. 3. Time-dependent oxidation of HDL; [*H]cho-
lesterol at different cholesterol oxidase activities. HDL;

(1 mg/ml protein; about 50 ug/ml unesterified cholesterol) 100
was incubated at 37°C for different periods of time in 1.0 bt
ml phosphate-buffered saline together with 4 (O), 40 (A), g 80
or 400 ({J) mU/ml of cholesterol oxidase from Streptomyces X
sp. The control panel shows oxidation of HDL; that had °
been pre-exposed to 0.1 U/ml of sphingomyelinase for 15 g 60
min at 37°C prior to exposure to cholesterol oxidase. @
Values are averages from duplicate samples with each %
lipoprotein class at each cholesterol oxidase concentration S 40
(range < 10 %) of one representative experiment out of three. T
"
R
Q

and the effects of sphingomyelin degradation were small
(Fig. 4, right panel). For an unknown reason the degrada-
tion of sphingomyelin in a pure HDL; phospholipid
monolayer led to a small but significant area increase,
whereas no change in monolayer area was seen when cho-
testerol was present (at 0.13 mol fraction; Fig. 4, right
panel).

Oxidation of cholesterol in mixed monolayers
containing LDL and HDL surface lipids

We have previously reported that the activity of
cholesterol oxidase is markedly dependent on lipid pack-
ing and surface pressure of the substrate containing mem-
brane (9) (L. Gronberg and J. P. Slotte, unpublished
observations). Further, since the surface pressure-
dependency of cholesterol oxidases from different micro-
organisms varies considerably, these enzymes can poten-
tially be used to estimate the apparent surface pressure of
native membranes and lipoproteins.

The mean molecular area isotherms for LDL and
HDL; surface lipids (cholesterol/phospholipid molar ratio

20t

Y T T
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/
g
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0 20 40 60 0O 20 40 60

Incubation time (min)

35:65 and 13:87 for LDL and HDL,, respectively) are
shown in Fig. 5. The substitution of cholesterol with
cholestenone (the reaction product with cholesterol ox-
idase) gave larger mean molecular areas (Fig. 5) for LDL
and HDL; surface lipids, consistent with the fact that
cholesterol but not cholestenone gives a tighter packing of
phospholipids (condensing effect; 9, 17). This change in
mean molecular area can be registered in a zero-order
trough and corresponds to the oxidation rate as catalyzed
by cholesterol oxidase.

Fig. 6 shows the results of the oxidation of cholesterol
in monolayers from LDL and HDL; surface lipids with
cholesterol oxidases from either Streptomyces or Brevibac-
terium sp. It is evident that the Streptomyces enzyme was
more potent at oxidizing monolayer cholesterol compared
to the Brevibacterium enzyme (at equal enzyme concentra-
tions). The surface pressure-dependency of the catalytic
activity was also markedly different for the two enzymes.
Whereas the cut-off surface pressure of the Streptomyces
enzyme was somewhere above 30 mN/m (not currently
determinable with the monolayer technique) with LDL

Forward

Barrier movement (mm)
~

Backward

T Fig. 4. Effects of sphingomyelin degradation on molec-
ular packing in monolayers of lipoprotein surface lipids.
Total phospholipids were isolated from either LDL or
HDL;, and the monolayers prepared were either pure
total phospholipids (O), or phospholipids reconstituted
with cholesterol (A). The cholesterol molar fraction was
0.35 in monolayers of LDL lipids (panel A) and 0.13 in
monolayers of HDL;s-derived lipids (panel B). Twenty
mU/ml of sphingomyelinase was added to the magnetical-
ly stirred reaction compartment (37°C) of the zero-order
trough, and the effects of sphingomyelin degradation on
monolayer area at constant surface pressure (20 mN/m)
N were recorded. Forward movement of the barrier repre-
sents a monolayer area decrease, and a backward move-
ment a corresponding monolayer area increase. The
values shown are derived from one representative experi-

-2 -1 0 1 2 3-2 -1 0 1 2

Incubation time (min)

ment for each monolayer type out of at least three similar
3 experiments (with two different batches of HDL;).
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Fig. 5. Surface pressure versus mean molecular area isotherms for
LDL and HDL surface lipids at 37°C on 20 mM Tris-HCI (pH 7.0)
buffer containing 145 mM NaCl. Line 1 represents LDL phospholipids
reconstituted with cholesterol (molar fraction 0.35 of cholesterol)
whereas line 2 represents LDL phospholipids reconstituted with a
similar amount of cholestenone. Lines 3 and 4 are for HDL; phospholip-
ids with cholesterol and cholestenone, respectively (sterol molar fraction
0.13). Values represents average isotherms from three representative ex-
periments (variability less than 2%).

surface lipids, the corresponding cut-off pressure of the
Brevibacterium enzyme was about 25 mN/m.

A similar difference in the apparent cut-off pressure
was seen when HDL; surface lipids were used, although
the cut-off pressure for the Brevibacterium enzyme was sig-
nificantly lower, at about 20 N/m. The low amount of
cholesterol present in the surface of HDL, and the cor-
respondingly small condensing effect at higher surface
pressures (cf Fig. 5) prevented us from analyzing the cut-
off pressure of the Streptomyces enzyme. We tried to circum-
vent this problem by preparing a monolayer of HDL,; sur-
face lipids with a higher cholesterol saturation (35:65
molar ratio). The oxidation results with this monolayer
indicated that the cut-off pressure of the Brevibacterium
enzyme was still about 20 mN/m, but the cut-off pressure
of the Streptomyces enzyme was shifted to higher surface
pressures (not determinable).

Oxidation of LDL and HDL; by cholesterol oxidases
from Streptomyces and Brevibacterium species

Since we knew the approximate cut-off surface
pressures of the two cholesterol oxidases, we used both to
study rates of [*H]cholesterol oxidation in intact LDL and
HDL;. As with the monolayer system, it was apparent
that also with native lipoprotein particles the Streptomyces
enzyme was more potent at oxidizing [*H]cholesterol
compared with the Brevibacterium enzyme (Fig. 7). We also
observed that HDL; [*H]cholesterol was less susceptible
for oxidation compared with LDL [*H]cholesterol, ir-
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respective of the source of the enzyme (Fig. 7). However,
the main conclusion from the results in Fig. 7 relates to
the possibility of estimating the apparent surface pressure
in native LDL and HDL;. Since both enzymes were
capable of oxidizing [*H]cholesterol in native LDL and
HDL, it appears that the surface pressure in these par-
ticles must have been below 25 mN/m and 20 mN/m for
LDL and HDL,, respectively. This interpretation is
based on the cut-off pressures observed with monolayer
studies reported in Fig. 6.

DISCUSSION

Cholesterol oxidase was used in this study to examine
the oxidation susceptibility of unesterified cholesterol in
native lipoproteins as well as in monolayers prepared
from lipoprotein surface lipids. Since the enzyme choles-
terol oxidase has a poor membrane penetrating capacity
(L. Gronberg and J. P. Slotte, unpublished observations),
it has to interact with its membranous substrate at the
water/lipid interphase. The physical properties of this
water/lipid interphase have been shown to have marked
effects on enzyme-catalyzed oxidation (9), and the process
can therefore be used to obtain information on lipid-
packing properties of native lipoprotein particles.

The finding that cholesterol in native LDL and HDL;
was susceptible to oxidation by cholesterol oxidase con-
trasts quite dramatically with results obtained for
cholesterol oxidation in native cell membranes (3, 5, 8).
Cholesterol in native cell membranes is not a substrate of
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) T~

0.0 — L {——n A——
10 15 20 25 30 10 15 20 25 30

Enzyme activity (%/sec)
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Fig. 6. Effects of surface pressure on the oxidizability of cholesterol in
monolayers of lipoprotein surface lipids. Monolayers were prepared of
cither LDL phospholipids and cholesterol (cholesterol molar fraction
0.35; left panel) or HDL, phospholipids and cholesterol (cholesterol
molar fraction 0.13 (open symbols) or 0.35 (filled symbols); right panel).
The oxidation at different surface pressures was carried out at 37°C by
cholesterol oxidase {5 mU/ml) from either Streptompeces sp. (O) or
Brevibacterium sp. (). Values are averages of three independent and
representative experiments for each monolayer composition and enzyme

type.
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Fig. 7. Oxidation of [*H]cholesterol in native LDL and

HDL,. [*H]Cholesterol-Iabeled lipoproteins (0.52 mg/mi 100

of LDL and 1.6 mg/ml of HDLs;, given as protein concen-

tration) were exposed at 37°C for 30 min to various E
amounts of cholesterol oxidase from either Streptomyces (O) )
or Brevibacterium sp. (A) in phosphate-buffered saline (in- X
cubation volume 0.25 ml), Values for LDL (left panel) s
and HDL; (right panel) are averages from duplicate Q
samples (range < 10%) of one representative experiment @
for each enzyme type and lipoprotein class out of at least E
three similar experiments. ja}

3

®R

cholesterol oxidase, unless the membrane lipid packing is
modulated by various treatments. Since cholesterol in
LDL and HDL; was susceptible to oxidation, 1t indicates
that the sterol molecules were available at the lipid/water
interphase of the intact lipoprotein particles. This finding
is in good agreement with the concept that the 3-beta
hydroxyl group of sterol molecules is positioned proximal
to the polar groupings of phospholipids and hydrated pro-
tein (18).

The difference in oxidizability of cholesterol in cultured
cells versus intact lipoproteins further implies that the
packing of lipids in the surface shell of lipoproteins is
markedly looser than in cellular plasma membranes. The
surface pressure dependency of the activity of cholesterol
oxidase from Brevibacterium would suggest that the surface
pressure in the polar shell of LDL and HDL;3; would be
less than 25 and 20 mN/m, respectively (cf. Fig. 6). The
corresponding surface pressure of intact cell membranes
has been estimated to be about 31-35 mN/m for erythro-
cytes (19) and above 30 mN/m for BHK-21 cells and fibro-
blasts (L. Grénberg and J. P. Slotte, unpublished results).
Our estimates of the surface pressure of native LDL and
HDL; are fairly compatible with previously published es-
timates of the surface pressure in these lipoprotein classes.
Based on studies where the adsorption of apolipoprotein
A-1 to monolayers prepared from either LDL or HDL,
surface lipids was examined, Ibdah, Lund-Katz, and
Phillips (17) suggested that the surface pressure of native
LDI., and HDL;3; would be less than or about 20 and 26
mN/m, respectively.

When rates of cholesterol oxidation were examined in
LDL- or HDL;-derived lipid monolayers, made toc have
an equal cholesterol surface concentration (35 mol %),
the oxidation rates were found to be similar, whereas the
cut-off (surface) pressure for enzyme activity was marked-
ly different in the two monolayer types. The similarity in
oxidation rates in LDL- and HDL;-derived monolayers at
equal cholesterol surface concentrations would suggest
that oxidation rates were primarily determined by the sur-
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face concentration of cholesterol in membranes, rather
than by overall cholesterol concentrations or by ratios of
lipoprotein particles to enzyme concentration. The rate of
cholesterol oxidation in intact lipoproteins could, how-
ever, be further enhanced by the degradation of sphingo-
myelin mass. This sphingomyelinase-induced increase in
cholesterol oxidizability was much higher in LDL com-
pared to HDL;, in line with the fact that LDL contains
more sphingomyelin than HDL; (14.5 vs 9.2 %, by weight
respectively; 16).

The effects of sphingomyelin degradation on cholesterol
oxidation rates in this study are analogous to experiments
where phospholipase A, treatment of HDL was found to
increase the interaction between filipin and unesterified
cholesterol in the surface of HDL (20). The net result of
sphingomyelin degradation in intact membranes or lipo-
protein particles is apparently a more relaxed lipid pack-
ing. This can be explained by the fact that ceramide,
produced by the sphingomyelinase reaction, occupies a
smaller mean molecular area (at a given surface pressure)
than its parent molecule (15) (L. Grénberg and J. P.
Slotte, unpublished data). The hydrolysis of sphingo-
myelin also results in some loss of the cholesterol-induced
condensation of phospholipid packing in the lipid layer,
resulting in addition relaxation of the lipid packing (9; cf
also Fig. 5).

The observation that only about 95-96% of LDL
[*H]cholesterol could be oxidized by cholesterol oxidase
may suggest that a very small but significant fraction of
LDL unesterified cholesterol was partitioned into a pro-
tected environment in the particle. The cholesterol ox-
idase could not reach this pool even after treatment with
sphingomyelinase, indicating that the resistant [*H]choles-
terol was not associated with sphingomyelin. The oxidase-
resistant cholesterol may have been associated with apo-
lipoprotein B-100, since this apolipoprotein is known to be
very hydrophobic and could well bind to itself cholesterol
in addition to phospholipid.

To conclude, we have provided evidence suggesting that
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unesterified cholesterol in LDL and HDL; is readily sus-
ceptible to oxidation by cholesterol oxidase. This finding
alone implies that the molecular packing of lipids in the
monolayer. shell of LDL and HDL; is Iooser than the
comparable packing in biological bilayer membranes.
The looser surface packing may relate to the spherical
nature of the particles and the curved membranous sur-
face, and may have functional implications as well. It is
well known that rates of surface transfer of unesterified
cholesterol between lipoprotein particles are considerably
faster than corresponding rates of cholesterol transfer
from cell membranes to cholesterol acceptors (21, 22).
This rate enhancement could, at least in part, result from
the looser surface lipid packing in lipoproteins, although
other factors such as the lipid composition also markedly
determine exchange rates (23, 24). B8
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