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Summary--The substrate specificity of cholesterol oxidase from Streptomyces cinnamomeus 
was examined in oriented sterol monolayers at the air/water interface. Of the cholesterol 
analogues with structural alterations in the A- or B-ring that were examined, it was observed 
that 5cc-cholestan-3~-ol was oxidized almost as fast as cholesterol itself. When the A-5 double 
bond in cholesterol was instead at the A-4 position, the oxidation rate became 3.2-fold slower. 
A similar reduction in the average oxidation rate was observed when the A-5 double bond in 
cholesterol was instead at the A-7 position (5~-cholest-7-en-3~-ol). 5,7-Cholestadien-3~-ol was 
oxidized 5. l-fold slower compared to cholesterol, whereas 3//-hydroxy-5-cholesten-7-one and 
5fl-cholestan-3//-ol were not substrates of the enzyme (also verified from the lack of 
H202-production). With C(17) side chain analogues of cholesterol, it was observed that the 
complete lack of the C(I 7) side chain (5-androsten-3~-ol), or the insertion of an unsaturation 
at A-24 (desmosterol), or even an ethyl group at C(24)(24b-ethyl-5,22-cholestadien-3//-ol) had 
no appreciable effects on sterol oxidation rate, implying that the enzyme did not recognize the 
side chain in oriented sterol monolayers. This study has shown that the sterol monolayer 
system is a good technique to examine sterol/cholesterol oxidase interactions, since both the 
orientation of the substrate molecules, and the quality of the interface can be mastered. 

INTRODUCTION 

Cholesterol oxidases (EC 1.1.3.6), or more 
correctly 3fl-hydroxysteroid oxidases, are a 
group of  enzymes found in or secreted by 
various microorganisms [1-4]. Cholesterol oxi- 
dases from several microorganism sources are 
commercially available. These enzymes have 
found use both in clinical chemistry and 
for steroid identification [5, 6], and as tools in 
cell biology for cholesterol assay and for the 
subcellular localization of  unesterified choles- 
terol[7-13]. Substrate specificity experiments 
with cholesterol oxidases from various species 
have indicated that the 3-hydroxy group in the 
//-position of  the sterol molecule is an absolute 
substrate requirement to give enzymic oxi- 
dation[14-16]. Other studies have indicated 
that variations in the C(17)-linked side chain of 
the sterol affects oxidation rates [6, 14]. It has 
further been reported that sterols with alter- 
ations in the ring structure are oxidized slower 
compared to cholesterol [6, 14-17]. One prob- 
lem inherent in previous experiments on the 
substrate specificity of  cholesterol oxidases, is 
the lack of  control of  the orientation of  the 

substrate molecules relative to the enzyme. The 
physico--chemical state of  the substrate can be 
expected to affect how efficiently the enzyme can 
reach its substrate, and therefore this aspect 
should also be taken into account when inter- 
preting results. 

We have recently demonstrated that choles- 
terol present in monomolecular monolayers at 
the air/water interface is a good substrate for 
cholesterol oxidases, both from Streptomyces 
and Brevibacterium sp. [18]. With a monolayer 
system it is possible to control the orientation of  
the substrate molecules, i.e. the lengthwise axis 
of  the sterol molecule is normal to the plane of 
the monolayer, and the 3//-hydroxy group 
is projected into the water phase[18-21]. 
The activity of  cholesterol oxidase (Strepto- 
myces cinnamomeus) at the interface of  a 
pure sterol monolayer was shown to be directly 
proportional to the surface concentration of  
cholesterol [18]. In mixed monolayers contain- 
ing phospholipids, other factors such as the 
lateral surface pressure and the phospholipid 
acyl chain and head group composition also 
influence the rate of  cholesterol oxidase ac- 
tivity [19, 22-24]. 
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Fig. 1. Molecular schemes of the sterols used in the present 
study. Only the structures for ring-A and -B are shown. 
With side chain analogues, only the variation in the side 

chain at C(17) is shown. 

We have now applied the sterol monolayer 
system to examine the substrate specificities of 
cholesterol oxidase from Streptomyces cinna- 
momeus. We have examined the cholesterol 
oxidase susceptibility of cholesterol analogues 
having structural alterations either in the A- or 
B-ring of the rigid ring system, or in the more 
flexible side chain at C(17). 

EXPERIMENTAL 

Materials 

5-Cholesten-3fl-ol (cholesterol), 4-cholesten- 
3fl-ol, 5=-cholest-7-en-3fl-ol, 5,7-cholestadien- 
3//-ol (7-dehydrocholesterol), 3fl-hydroxy-5- 
cholesten-7-one (7-ketocholesterol), 5,24-chol- 
estadien,3fl-ol (desmosterol), and 24b-ethyl- 
5,22-cholestadien-3fl-ol (stigmasterol) were 
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obtained from Sigma Chemicals (St Louis, MO). 
These were either over 98% pure by GLC 
analysis, or were purified by precipitation 
from ethanol to yield better than 98% purity. 
5~t-Cholestan-3fl-ol, 5fl-cholestan-3fl-ol, and 
5-androsten-3fl-ol were obtained from Steral- 
oids (Witon, NH). Buffer salts were of pro 
analysis grade, and the water used was purified 
by Millex Q to better than 15 MQ/cm. Choles- 
terol oxidase (Streptomyces cinnamomeus) was 
purchased from Calbiochem (CA) and was used 
as delivered. 

Lateral surface pressure versus mean molecular 
area isotherms 

Force-area isotherms were determined for 
pure sterol monolayers with a KSV 3000 Surface 
Barostat (KSV Instruments, Helsinki). The 
isotherms were run in a rectangular Teflon 
trough (450 x 60 mm) on water at 22°C [22]. 
Stock solution of the lipids were made up in 
hexane/2-propanol, and were stored desiccated 
at -20°C, The lipid solution was spread on the 
buffer, and the monolayer was then allowed to 
stabilize for 3-5 min before it was compressed at 
a barrier speed of 10 mm2/s. Data were sampled 
every 2 s. At least two different runs were per- 
formed with each sterol, and the reproducibility 
was > +_3%. 

Oxidation of sterols in monolayer films 

The oxidation of sterols in pure monolayers by 
cholesterol oxidase was determined in a zero- 
order Teflon trough with Tris buffer (50 mM 
Tris-HCl, 140 mM NaCI, pH 7.5) [18]. The reac- 
tion compartment (2550 mm 2, 30 ml) was mag- 
netically stirred (100 rpm) and thermostated to 
22°C. The lipid solution was spread on the buffer 
surface, and the monolayer was allowed to 
stabilize for 3-5 min, before it was compressed 
to 10 mN/m. Constant surface pressure was 
maintained by compensatory barrier movement 
(computer controlled) throughout the exper- 
iment. After the monolayer had stabilized for 
5min, cholesterol oxidase (16mU/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 s. 

Calculation of enzyme activity 

The area over the reaction chamber in the 
zero-order trough was 2550mm z. The mean 
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Table I. Oxidation of monolayer sterols by cholesterol oxidas¢ from Streptomyces sp. 
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Mean molecular Oxidation rate relative 
area at l0 mN/m to 5-cholesten-3//-ol H202 

Sterol species (A 2) (fold slower) production 

Ring variation 
5-Cholesten-3fl-ol 39.7 1 _+ 0.05 Yes 
5a-Cholestan-3fl-ol 36.9 1.1 _+ 0.1 Yes 
4-Cholesten-3fl-ol 36.0 3.2 _+ 0.2 Yes 
5~t-Cholest-7-en-3fl-ol 36.8 3.3 ± 0.2 Yes 
5,7-Cholestadien-3fl-ol 40.0 5.1 ± 0.3 Yes 
3fl -Hydroxy-5-cbolesten-7-ooe 38.4 No oxid. No 
5fl-Cholestan-3fl-ol 40.6 No oxid. No 

Side chain variation 
5-Androsten-3fl-ol 37.5 l.I ± 0.05 Yes 
5,24-Cholestadien-3fl-ol 40.5 1.l ± 0.05 Yes 
24b-Ethyl-5,22-cholestadien-3fl-ol 37.6 1.4 ± 0. I Yes 

The sterols were dissolved in hexane/2-propanol and spread to a monolayer over Tris/NaCI-buffer in a zero-order 
trough to a lateral surface pressure of 10 mN/m. The oxidation reaction was followed at 22°C with constant 
surface pressure (10 raN/m), after 16 mU/ml of cholesterol oxidas¢ had been introduc, ed into the subphase 
of the reaction chamber. The sterol mass that was oxidized (to completion) equaled about I 1 nmol and the 
reaction time for cholesterol was 200 s. Values are averages from 3 different measurements (+SEM). H202 
production indicates whether or not an oxidation reaction could be detected by a fluorimetric assay, as 
detailed under Experimental. 

molecular area determinations of pure mono- 
layers made it possible to calculate the number 
of sterol molecules that would fit on the surface 
over the reaction chamber. Since only the 
surface above the reaction chamber was exposed 
to cholesterol oxidase, the time needed for the 
over-all reaction (as determined from the mono- 
layer area expansion, cf. Fig. 2) was equal to the 
time needed for oxidation of all sterol molecules 
above the reaction chamber. The oxidation rate 
observed with cholesterol was fastest (i.e. 
3.06 x 10 '3 molecules oxidized per s), and was 
set to an arbitrary value of 1.0. All other rates 
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Fig. 2. Oxidation of  monolayer cholesterol. This is a repre- 
sentative curve of how data were collected for oxidation of 
various monolayer sterols. About 20 nmol of cholesterol 
was spread on Tris buffer, and 16mU/ml of  cholesterol 
oxidase was introduced into the subphase (30 ral volume) at 
22°C. The monolayer expanded (at constant surface press- 
ure, l0 raN/m) due to the enzyrae-catalyzed oxidation. The 
time needed to achieve a post-reaction stable baae-line was 
taken as the total reaction time for the complete oxidation 
of  sterol molecules on the surface of  the reaction compart- 

ment (about l I nraol; 2550 rara:). 

are given relative to the rate observed with 
cholesterol. 

Oxidation of sterols in 2-propanol/phosphate 
buffer 

To verify the extent of sterol oxidation from 
the production of H202, a fluorimetric choles- 
terol oxidase assay was employed [7, 19]. The 
sterols were solubilized in 2-propanol, and were 
oxidized by cholesterol oxidase in a sodium 
phosphate buffer (50 mM, pH 7.0) at 22°C. The 
final reaction mixture (0.405ml) contained 
5/~l 2-propanol (with about 10 nmol sterol) in 
400/~1 buffer (containing 0.5 U/ml cholesterol 
oxidase, 250 U/ml horse radish peroxidase, and 
0.15 mg/ml p-hydroxy phenyl acetic acid). The 
production of a fluorescent derivative of p- 
hydroxy phenyl acetic acid was detected after 
45 min of reaction at 37°C, by recording the 
relative fluorescence intensity with a Hitachi 
F-2000 spectrofluorimeter (excitation 325 rim, 
emission 415 nm). 

Molecular modeling 

Energy-minimized 3D-models of the sterol 
were modeled on an Evans-Sutherland com- 
puter running the Sybyl Molecular Modeling 
Software (version 5.41; Tripos Associates, Inc., 
St Louis, MO). The Tripos internal parameter 
set was used for the mechanistic energy-mini- 
mization procedure. 

RESULTS 

Force-area isotherms of monolayer sterols 

The partial structure of the cholesterol ana- 
logues which were used in this study are shown 
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Fig. 3. Energy-minimized models of different cholesterol 
ring analogues. The molecular structures of the different 
sterols were energy-minimized, whereupon the molecules 
were rotated so that C(8) (in ring-B/C) and (I1) (ring-C) 
were in the same plane. Then all hydrogens were removed, 
and the structure plotted as shown. All bonds shown are 
between carbons, except the 3fl-bond in all structures 
[between C(3) and an oxygen], and the double at C(7) in 

3fl-hydroxy-5-cholesten-7-one (carbon-oxygen). 

in Fig. 1. Six of  the cholesterol analogues had 
altered structures in either the A- or the B-ring. 
In addition to the ring analogues, three side 
chain analogues of cholesterol were examined. 
A common structure in all sterol was the 3fl- 
hydroxy group, which is an essential require- 
ment for cholesterol oxidase activity[14-16]. 

The force-area characteristics of  these sterols 
was determined on water at 22°C. Since these 
sterol analogues have a rigid ring system, the 
compressed monolayers were solid-like. The ob- 
served mean molecular areas at a lateral surface 
pressure of 10mN/m were slightly below or 
around 40A2 for each of the sterol species 
(Table 1). These values were subsequently used 
to approximate the number of molecules over 
the reaction chamber (2550 mm 2) at I0 mN/m, 
to allow for calculation of  the number of mol- 
ecules oxidized per time unit [18]. 

Oxidation of sterols by cholesterol oxidase 

The basis for the measurement of cholesterol 
oxidation by cholesterol oxidase in a monolayer 
system is the larger mean molecular area 
requirement of the oxidized end-product (4- 
cholesten-3-one when cholesterol is the sub- 
trate) [18]. The enzyme-catalyzed production of  

a sterol derivative having a larger mean molecu- 
lar area requirement compared to the substrate 
molecule will at constant lateral surface pressure 
lead to a monolayer expansion [18]. A typical 
time-course for the oxidation of  monolayer 
cholesterol by cholesterol oxidase at a lateral 
surface pressure of 10 mN/m (at 22°C) is shown 
in Fig. 2. Similar curves were obtained with 
all sterol analogues which were oxidized by 
cholesterol oxidase (not shown). The average 
oxidation rate observed in a cholesterol mono- 
layer was about 3.06 x 1013 molecules oxidized 
per s, and this value was arbitrarily set to 1.0, 
and the average oxidation rate observed in other 
sterol monolayers were related to this value. The 
results are presented in Table 1. In the ring 
analogue series, it was observed that removal 
of the A-5 double bond, to yield 5~-cholestan- 
3fl-ol, had almost no effect on the rate of  
oxidation. If the A-5 double bond was instead 
positioned at A-4, the rate was 3-fold slower 
compared to the rate observed with cholesterol. 
A similar 3-fold decrease in oxidation rate was 
observed if the A-5 double bond in cholesterol 
was instead at the A-7 position (to yield 
5~-cholest-7-en-3fl-ol). 5,7-Cholestadien-3fl-ol, 
which has an additional double bond at 
A-7, was oxidized 5-fold slower than choles- 
terol. 3fl-Hydroxy-5-cholesten-7-one and 5fl- 
cholestan-3fl-ol were not substrates for choles- 
terol oxidase (Table !). 

With side chain analogues, it was consistently 
observed that modifications in this structure, or 
even the total absence of the side chain, did not 
markedly affect the oxidation rate as compared 
to cholesterol (Table !). 

To verify the cholesterol oxidase suscepti- 
bility or resistance of the sterols, we performed 
an additional assay in which the production of 
H202 was determined. With this assay, we 
confirmed the cholesterol oxidase susceptibility 
of all sterol analogues, except 3fl-hydroxy-5- 
cholesten-7-one and 5fl-cholestan-3fl-ol, which 
appeared to be completely resistant to oxidation 
(within 45 min at 37°C; Table 1). 

DISCUSSION 

The novel feature of the present study is the 
application of  the monolayer technique to stud- 
ies on the substrate specificity of  cholesterol 
oxidase (Streptomyces). By having the sterol 
substrate in the form of a monolayer membrane 
on the air/water interface, one can control 
the orientation of sterol molecules relative to the 
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interface and the enzyme. In comparing the 
effects of structural alterations in the cholesterol 
molecule on the oxidation susceptibility, we 
have used sterol analogues with either side chain 
alterations, or ring structure alterations. 

The results from this study, and from a 
related study using 5-androsten-3fl-ol [19], 
clearly indicate that cholesterol oxidase does not 
recognize alterations in the side chain of the 
sterols. This statement, however, appears to be 
true only when the sterol substrate is properly 
oriented, as in a laterally compressed mono- 
layer. Previous studies by others have indicated 
that a missing side chain, or variable-length side 
chains, lead to slower oxidation rates both with 
Nocardia and Streptomyces oxidases[2, 5, 14]. 
However, as Smith and Brooks[14] have 
pointed out, it appears that the C(l 7) side chain 
does not greatly affect the degree of sterol 
binding to the enzyme, but serves to orientate 
the sterol molecule correctly relative to the 
enzyme. The present monolayer results clearly 
show that this interpretation is correct. 

Alterations in the ring structure of the sterol 
molecule is expected to result in more dramatic 
changes in cholesterol oxidase susceptibility. 
5ct-Cholestan-3fl-ol was in this study oxidized 
with similar rates as cholesterol, a finding con- 
sistent with previous reports on the Nocardia 
enzyme[14]. However, 4-cholesten-3fl-ol, 5ct- 
cholest-7-en-3fl-ol, and 5,7-cholestadien-3fl-ol 
were all oxidized slower compared to choles- 
terol. Qualitatively similar results have been 
obtained with Nocardia oxidases [5, 14], 
although Smith and Brooks reported that 4- 
cholesten-3fl-ol was oxidized with kinetics simi- 
lar to cholesterol [14]. 

We have in this study used molecular model- 
ing to derive 3-dimensional, energy-minimized 
structures of the ring analogues. From these 
structures (Fig. 3) it can be seen, for example, 
that 5ct-cholestan-3fl-ol is structurally very 
similar to cholesterol (as is the oxidation rate), 
whereas the A-ring of 5fl-cholestan-3fl-ol is 
markedly reoriented away from the plane of 
the sterol ring system. This A-ring distortion, 
together with the resulting reorientation of the 
3fl-hydroxy group, makes this sterol essentially 
a non-substrate for cholesterol oxidase (Table 1 
and [14]). Another interesting comparison can 
be made regarding the structures presented in 
Fig. 3: the 3-D structure of 3fl-hydroxy-5- 
cholesten-7-one is very similar to the structure 
of cholesterol, save for the keto-group extruding 
at C(7). This 7-keto derivative of cholesterol is 

not a substrate of cholesterol oxidas¢ (Table 1). 
This finding suggests that obstructing functional 
groups at positions in the B-ring will interfere 
with the successful binding of the sterol mol- 
ecule to the catalytic site of the enzyme. Sterol 
analogues which have obstructing methyl 
groups at position 4 in the A-ring, are also 
non-substrate molecules for cholesterol oxi- 
dases [25]. 

The crystal structure of cholesterol oxidase 
from Brevibacterium sterolicum was recently 
reported [26]. This protein is reported to have 
two domains, an FAD-binding domain, and a 
steroid-binding domain. The steroid-binding 
domain is a hydrophobic cavity enclosed by a 
six-stranded antiparallel fl-sheet. The length of 
the steroid-binding cavity is 11 A, which is 
enough to accommodate the tetracyclic steroid 
ring structure which has a reported length of 
10 A [27]. Although the X-ray structure of an 
enzyme-steroid complex is still unavailable, it 
can be assumed that obstructing functional 
groups in the ring structure of a steroid mol- 
ecule can prevent its docking into the steroid- 
binding cavity of the enzyme. This assumption 
would explain why 3fl-hydroxy-5-cholesten-7- 
one (this study), and 4-methylsterols or lano- 
sterol[25] are not substrates of cholesterol 
oxidases. 
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