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Abstract: The putative active site base of cholesterol oxidase f&raptomycebhas been removed by site-directed
mutagenesis and the mutant enzyme characterized. When glutamate-361 is mutated to a glutamine, the isomerization
chemistry catalyzed by cholesterol oxidase is suppressed and the intermediate cholest-5-ene-3-one is isolated. The
specific activity for oxidation is 20-fold slower than the wild-type reaction, though the specific activity for isomerization

is 10 000-fold slower. Furthermore, incubation of cholest-5-ene-3-one with the E361Q cholesterol oxidase resulted
in the production of cholest-4-eng-hydroperoxy-3-one (6%), cholest-4-ene-3,6-dione (32%), cholest-4{&ne-6
ol-3-one (36%), and cholest-4-ene-Bydroperoxy-3-one/cholest-4-ene-6l-3-one (13%), in addition to cholest-
4-ene-3-one (13%). Measurement of reaction stoichiometry eliminated the possibility {@ataf the C4a-
hydroperoxy flavin was the oxygenation agent. It is proposed that cholest-4-ene-6-hydroperoxy-3-one is the product
of radical chain autoxidation and that cholest-4-ene-3,6-dione and cholest-4-ene-6-ol-3-one are decomposition products
of the hydroperoxy steroid radical. The characterization of the E361Q mutant chemistry has illuminated the importance
of intermediate sequestration in enzyme catalysis. The mutant enzyme will be used to obtain information about the
structure of the enzyme in the presence of the reaction intermediate. Moreover, the altered activity of E361Q cholesterol
oxidase will facilitate its application in studies of cell membranes.

We describe here the results of experiments designed toproperties of cholesterol oxidase have been discov&ted.
elucidate the mechanism of cholesterol oxidase. CholesterolCholesterol oxidase causes complete lysis of mid-gut epithelial
oxidase (EC 1.1.3.6) catalyzes the oxidation and isomerizationcells in boll weevil Anthonomus grandis grandiBoheman)
of cholesterol into cholest-4-ene-3-ore,(Scheme 1). It is larvae. Information about the structure and mechanism of
produced by a variety of microorganisms, includBigvibac- cholesterol oxidase will lead to improved analytical techniques
terium sterolicum(ATCC 81387) andStreptomycesp. strain and commercial products.

SA-COO, and is used to assay serum cholesterol levels. Itis Cholesterol oxidase is part of the bacterial metabolic pathway
also used by cell biologists as a tool for studying cholesterol for utilizing cholesterol as a carbon source and is secreted by
localization in cell membranés. Recently, the insecticidal  gram-positive soil bacteria. The cholesterol oxidases from

T — Streptomyce¢choA) andB. sterolicum(choB) are 58% and
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10%1 glutamine, the isomerization chemistry catalyzed by E361Q
cholesterol oxidase is suppressed. Upon incubation of choles-
H %\%LH% terol with E361Q cholesterol oxidase, the intermediate cholest-
/ :Z 1/7 N 5-ene-3-onel, is isolated (Scheme 1). Furthermore, prolonged
° incubation ofl with E361Q cholesterol oxidase results in the
2 production of cholest-4-ene-6-hydroperoxy-3-o8e,In addi-
tion, cholest-4-ene-3,6-diond, and cholest-4-ene-6-0l-3-one,
respectively Both the choA enzyme, used in this report, and 5, are formed (Scheme 2). We propose it the product of
the choB oxidase are monomers (57 kD) and require one flavin radical chain autoxidation and thatand 5 are hydroperoxy
adenine dinucleotide (FAD)? Blow and co-workers® have radical decomposition products.
solved the X-ray crystal structures of the choB oxidase without
substrate bound and with epiandrosterone, a substrate analogudxperimental Procedures
bound in the active site. These structures show that there is & - general Procedures. Cholest-4-ene-3-oné, cholest-5-ene-3-one,
single active site for both oxidation and isomerization. 1, and Triton X-100 were from Aldrich Chemical Co., Milwaukee, WI.
Previously, using deuterated and nondeuterated substrates, Weholest-4-ene{8-0l-3-one, 58, and cholest-4-ene-3,6-dioné, were
demonstrated that the isomerization step proceeds via a ste-obtained from Steraloids, Wilton, NH. Cholesterol was from Sigma
reospecific proton transfer from the4osition to the B- Chemical Co., St. Louis, MO, and [26C]cholesterol from E. I.
position to form cholest-4-ene-3-of#.This result implies that ~ Dupont, Philadelphia, PA. pCO117 was a generous gift from Y.
there is one active site base responsible for isomerization. ThisMurooka:® All chemicals and solvents, of reagent or HPLC grade,
isomerization mechanism is analogous to those determined forVe'e supplied by Fisher Scientific, Pittsburgh, PA, unless otherwise
the unrelated cholesterol oxidase frivocardia erythropolist zpec'f'ed' Wﬁter fokr] assays and;hromatograph?.’l was distilled, followed
and ketosteroid isomeras®s14 Furthermore, orbital symmetry y passage through a Barnstead NANOpure® filtration system to give

. - T . X L a resistivity better than 18 8. A Shimadzu UV2101 PC spectro-
requires that isomerization is a stepwise 1,3 éﬁ_lﬂixamlnatlon photometer was used for assays and recording spectra. CD spectra
Of the X'ray CrySta| structure Of Ch0|eSteI‘O| 0X|dase reVeaIS that were acquired on an Aviv Model 62A circular dichroism spectropho_
there is one charged residue in the active site, glutamaté®361, tometer. Mass spectra were obtained on a VG 70-VSE mass spec-
that is positioned directly over thgface of the bound sterdl. trometer at the University of lllinois.*H NMR data are reported in
This residue is the most reasonable choice of base responsibl¢he following manner: chemical shift in ppm with solvent as standard
for isomerization of the double bond into conjugation with the (multiplicity, integrated intensity, coupling constant in hertz, and steroid

ketone of the intermediate, and we wanted to experimentally carbon to which proton is attached). Only the resolved steroid

confirm its role in catalysis.

Site-directed mutagenesis of glutamate-361 to glutamine was

the method by which we verified the role of this residue. We

resonances are given. NMR spectra were recorded in €DUThe
following buffers were used: (A) 50 mM sodium phosphate, pH 7.0;
(B) A + 0.025% Triton X-100; (C) A+ 1.5 M (NH4),SO:. HPLC
capacity factors (ls) reported correspond to the conditions described

report here the mutation of the putative active site base of pgqu.
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Construction of pCO219 (E361Q Plasmid). The Streptomyces
cholesterol oxidase gene was subcldgf&dm pCO117 into M13mp18
phage using EcoRI and Hindlll restriction sites, and the E361Q mutant
gene was constructed using the method of Eckéféh.To change
glutamate-361 to glutamine, the mutagenic primegdgygCgATCT-
gCgCgAAgAC-3 was used. The mutant gene was subcloned into
pKK223-3 using EcoRI and Hindlll restriction sites to generate the
expression plasmid containing mutant cholesterol oxidase, pC0O219.
The mutation was verified by dideoxy termination sequerf@ingjthe
pCO219 construct.

Purification of Wild-Type Cholesterol Oxidase. Cell paste of.
coli BL21(DE3)plysS(pC0O117) obtained from Luria broth containing
ampicillin (0.5 mM) medium grown for 12 h after addition of IPTG
(0.2 mM) at mid-log phase was resuspended in 50 mM -H@,

1 mM EDTA, pH 7.0, and lysed by French press at 18 000 psi. All
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subsequent purification steps were performed @t 4 Cell debris was
removed by centrifugation at 135 000g for 30 min. The supernatant
was loaded onto a column of DEAE-cellulose (DE-52, Whatman)
preequilibrated with buffer A and eluted with buffer A. Fractions
containing cholesterol oxidase were concentrated by.Jp8@, pre-
cipitation, the pellet was redissolved in buffer A, and (3O, was
added to a final concentration of 1.5 M. The protein was further
purified on a butyl-Sepharose column (Pharmacia) that had been
equilibrated with buffer C and eluted with a linear gradient {00%)

of buffer A. Fractions were collected and analyzed by SDS-PAGE.
Fractions containing pure oxidase were pooled, concentrated, and
desalted by ultrafiltration into buffer A. Typically, 2680 mg of pure
cholesterol oxidase was obtained per liter of culture. Protein concentra-
tions were determined by UV absorbance usiag = 81 924 M

cm! (calculated from the molar absorptivities of tryptophan and
tyrosine).

Purification of E361Q Cholesterol Oxidase. Cell paste oE. coli
BL21(DE3)plysS(pC0O219) was purified as described above for pCO117,
the wild-type cholesterol oxidase. Typically,280 mg of pure E361Q
cholesterol oxidase was obtained per liter of culture.

UV and CD Spectra of Cholesterol Oxidase. A solution of
cholesterol oxidase was prepared in buffer A. A baseline spectrum of
buffer A was subtracted from the sample spectrum. The concentration
of cholesterol oxidase was +39 uM for UV spectra and CD spectra
in the near UV. For CD spectra in the far UV, the protein concentration
was 54-58 uM.

Specific Activity Assay of Cholesterol Oxidase.Cholesterol was
added as a propan-2-ol solution (4 mM) to buffer B prewarmed to
37 °C. The final assay mixture was 1.26% propan-2-ol, ;0a
cholesterol. The rate of formation of cholest-4-ene-3-ahewas
followed at 240 nm at 37C. The slope of the first 10% of the reaction
was determined by linear regression and convertedntol/min-mg
usingezso= 12 100 Mt cm for 211 The rate of formation of kD,
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Figure 1. A typical HPLC chromatogram of E361Q reaction mixture
after 3 h. HPLC conditions are given in Experimental ProceduBes:
cholest-4-ene-®@-hydroperoxy-3-one’ = 11.5;5a., cholest-4-ene-&-
ol-3-one k' = 11.8;34, cholest-4-ene{-hydroperoxy-3-ones’ = 14.3;
4, cholest-4-ene-3,6-dion&, = 15.7; 54, cholest-4-ene{6-0l-3-one
k' = 16.5;2, cholest-4-ene-3-on&, = 23.3;1, cholest-5-ene-3-ong,
= 23.8; cholesterolk’ = 25.7.

7.75 (s, 1, OOH)K = 14.3; Amax = 240 nm. Cholest-4-ene-6.-

hydroperoxy-3-one (31): *H-NMR ¢ 4.60 (ddd, 1) = 12.6, 5.4, 1.8
Hz, 6-H), 6.09 (s, 1, 4-H), 8.05 (bs , 1, OOH;= 11.5; Amax = 240
nm. Cholest-4-ene-6.-ol-3-one (): m/z(El) = 400;'H-NMR ¢ 4.31
(m, 1, 6-H), 6.15 (s, 1, 4-H)K = 11.8; Amax = 240 nm. Cholest-4-
ene-@-ol-3-one (P): m/z(El) = 400; *H-NMR 6 4.33 (dd, 1,J =

2.7,2.7 Hz, 6-H), 5.80 (s, 1, 4-H; = 16.5;Amax= 240 nm. Cholest-

was determined using a horseradish peroxidase coupled assay. The.ene-3 6-dione (4):m/z (EI) = 398; H-NMR ¢ 2.66 (dd, 1,0 =
standard assay conditions were the same as the cholest-4-ene-3-ongs 5 3.6, 2- or 7-H), 6.15 (s, 1, 4-HY = 15.7; Amax = 251 nm.

assay with the addition of 1.13 mM phenol, 0.87 mM 4-aminoantipyrine
(Aldrich, Milwaukee, WI), and 10 U of horseradish peroxidase (Sigma,
St. Louis, MO). The formation of quinonimine at 510 nm was followed
as a function of time. The slope of the first 10% of the reaction was
determined and converted gomol/min-mg usinges;o = 5780 M?
min~1. Thise was calculated by calibration of solutions using the above
referencedk,so Of 2.

The individual specific activities for the formation &f 3, 4, and5
were measured under the same conditions ashgassay using [26-
1Clcholesterol. The quantity of each product formed was analyzed
by HPLC (vide infra).

Time Course of Cholesterol Oxidase Reaction.Cholesterol or
cholest-5-ene-3-ond, was added as a propan-2-ol solution (3 mM)
to buffer B prewarmed to 37C, to a final concentration of 14@M.
Reactions were initiated by the addition of cholesterol oxidase (6 nM
wild-type or 294 nM E361Q). Reaction mixtures were incubated under
foil to protect them from ambient light in a screw-capped vial with a
silicone seal at 37C. Aliquots (1 mL) were removed at various time
points and analyzed by HPLGie infra).

HPLC Analysis. Samples were analyzed with a Model 680 gradient
controller, three M510 solvent pumps, and a Model 490 multiwave-
length detector (Waters Corp., Milford, MA) or a Model PDA-1
photodiode array detector (Rainin Instrument, Woburn, MA). The
following conditions were used: stationary phase, Microsorb-MV®
C-18 column (Rainin Instrument Corp., Woburn, MA#n, 10 A,

4.6 x 250 mm); gradient elution at 1.25 mL/min; solvent A, §3HN;
solvent B, propan-2-ol; solvent C, GEIN/H;O (1:1, v:v); detection at
212 and 240 nm and by scintillation counting of fractions. A 25-min
isocratic elution with 80% A and 20% C followed by 10-min linear
gradient to 85% A and 15% B followed by 25-min isocratic elution at

the same conditions yielded the separation shown in Figure 1. SamplesB

were injected directly from assay solutions. Product ratios were
determined by liquid scintillation counting of collected fractions and,
when necessary, integration of peak area as detected at 212 nm. Isolate
peaks were characterized as described below.

Product Characterization. Cholest-4-ene-B-hydroperoxy-3-one
(36): H-NMR 6 4.42 (dd, 1, J= 3.6, 2.4 Hz, 6-H), 5.87 (s, 1, 4-H),

Attempted Inhibition of 6-Oxygenation Activity. The specific
activities of E361Q and wild-type cholesterol oxidase were measured
in buffer B with cholesterol (5@M, 1.6% propan-2-ol) in the presence
of NaCN (1 mM), dithiothreitol (1 mM), or tris(carboethoxy)phosphine
(3 mM) by following the increase in absorbance at 240 nm at@G7
The tris(carboethoxy)phosphine reaction mixture was analyzed by
HPLC (vide suprg. Catalase (21 U) and E361Q cholesterol oxidase
(16 ug) were addeda a 1 mLsolution of cholesterol (140M, 3.3%
propan-2-ol) in buffer B. The products formed were analyzed by HPLC
(vide suprg.

Anaerobic Titration of E361Q Cholesterol Oxidase. A quartz
cuvette, modified as described by Williams et?lwas used for
anaerobic titrations. A 32M solution of E361Q cholesterol oxidase
was prepared in buffer B. Protein solutions were deoxygenated by
lyophilization and resuspended in degassed water under an Ar
atmosphere. Residuab@<5 uM) was removed from the solution by
titration with cholesterol. The solution was judged to befi®e when
titration of the FAD spectrum with 0.5 equiv of cholesterol showed a
50% reduction in absorption and remained constant, i.e., the RADH
formed was not reoxidized. This titration served to generate 0.5 equiv
of 1in situin the absence of £ Thus, oxidized E361Q cholesterol
oxidase was incubated with in the absence of © Flavin spectra
were recorded every 20 min. After 1 h, the FAD was completely
reduced by the addition of a second 0.5 equiv of cholesterol. Thus,
reduced E361Q was incubated with Spectra were recorded every
20 min over 1 h. The FADKwas reoxidized by @to FAD.

Initiation of 1 Oxidation by E361Q Cholesterol Oxidase. A
solution of E361Q cholesterol oxidase (877 nM) in buffer B was
ultrafiltered (NMWCO= 30 000) to remove cholesterol oxidase and
the filtrate added to a solution &f(50uM, 1.2% propan-2-ol) in buffer
. The rate of product formation was followed by UV assay at 240
nm. A portion of the filtrate was tested for residual cholesterol oxidase

ctivity by measuring the specific activity with cholesterol as substrate
the absence df. In a second experiment, E361Q cholesterol oxidase

(24) Williams, C. H., Jr.; Arscott, L. D.; Matthews, R. G.; Thorpe, C.;
Wilkinson, K. D. Meth. Enzymol1979 62, 185-197.
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Figure 3. CD spectra of wild-type-{) and E361Q (- - -) cholesterol
Wavelength (nm) oxidase in sodium phosphate buffer, pH 7.0. (A) Spectra from 180 nm
Figure 2. UV spectra of 19«M wild-type (—) and 17uM E361Q to 250 nm of 5&:M wild-type and 54uM E361Q cholesterol oxidase.
(- - -) cholesterol oxidase in sodium phosphate buffer, pH 7.0. Spectra (B, inset) Spectra from 250 nm to 350 nm of ABI wild-type and 13
were normalized at 280 nm. (A) Spectra from 225 nm to 700 nm. (B, uM E361Q cholesterol oxidase.
inset) Closeup of FAD region, from 320 nm to 580 nm.
) ] ) tively. The CD spectra show that the enzyme is a mixture of
(280 nM) was incubated witl until 10% of the cholesterol was  ; _nalix andB-sheet, as expected from the X-ray crystal structure.

consumed, as measured by HPLC assay. This solution was ultrafiltered. o A
and the filtrate added to a solution bf The rate of product formation The molar ellipticities are the same for wild-type and E361Q
throughout the far- and near-UV.

was followed by UV assay at 240 nm. The product content of both ) ]
mixtures was analyzed by HPLC. HPLC Analysis of Product Mixtures. The products of the

Initiation of 1 Oxidation by 3 8. A solution of 1 (50 uM, 1.2% wild-type and E361Q cholesterol oxidase reactions were ana-
propan-2-ol) was prepared in buffer B3 (50 uM) was added and lyzed by reversed-phase C-18 chromatography using a ternary
the rate of product formation followed by UV at 240 nm over 6 h. A gradient. A typical analytical chromatogram is shown in Figure
control solution ofl in buffer B was analyzed at the same time. Ina 1, Peaks corresponding to products of cholesterol turnover were
second experiment, (50 M, 1.2% propan-2-ol) an@f (50 M) in distinguished from Triton X-100, protein and buffer peaks by
2?2?; dig?;?$r§%aa$§sv¥gnosvi%1§t gﬁg’?ﬁﬁ (zAglﬁthz i?gggﬁ;g;e the use ofi“C-labeled cholesterol. The identity of the peaks

’ was established by coinjection with commercially-available and

were also analyzed by HPLC. hesized henti d henti | f th
Attempted Initiation of 1 Oxidation by Riboflavin. ~Solutions of synthesized authentic compounds. Authentic samples of the

1 and2 (140uM, 3.3% propan-2-ol) were prepared separately in buffer Nydroperoxy stgroid@a and3f were Syhthesized according to
B. Riboflavin (1 mM) was added to each solution, and the solutions Cox*> The purity of peaks was confirmed by detecting the
were incubated at 37C. Aliquots (500uL) were analyzed at 0 min  ratio of Axd/Az12 in ratio-recording mode. Observation of a

and 10 h by HPLC. square peak confirmed peak purity. Ketodesnd2 were not
Rates of 1, 2, 3, 4, 5 and Cholesterol DecompositiorSolutions baseline resolved, but the relative amount of each was deter-

of 1, 2, 3, 4, 5and cholesterol (50 «M, 1.2% propan-2-ol) were  mined using ratios oPosg/As12» = 0.154 and 3.52 fofl and?2,

prepared separately in buffer B. After incubation at°&7for 24 h, respectively. Standard solutions were used to determine the

the solution compositions were analyzed by HPLC.
Determination of Reaction Stereospecificity. Deuterium labeling
experiments were conducted as previously descrid@tj3->’H]Cho- i ) ) )
lesterol (14QuM) was incubated with E361Q cholesterol oxidase (984 ~ After 24 h, incubation of cholesterol dr with wild-type
nM) or recombinant wild-type oxidase (18 nM). The products were cholesterol oxidase yielded 98%and 2%3, 4, and5. After

isolated by HPLC and analyzed by El mass spectrometry. Qnly 24 h, incubation of cholesterol dr with E361Q cholesterol
and53 were analyzed by mass spectrometry. The mass spectra of theoxidase yielded 1392, 6% 34, 32% 4, 13% 3a. and 5a.,, and
hydroperoxidesSo. and 33 do not contain a parent ion. The position 369, 58.
of deutt_enumlmcorporanon 2, 4, 50, and 55 was determined by Measurement of Specific Activity. The solubility of the
integration of!H resonances in their respective NMR spectra. . . .

substrates precluded determining Michaelidenten rate con-
stants, and, therefore, specific activities with:B@ cholesterol

AzsdAz12. Steroids3o. and5a also were not baseline resolved
and values reported are for the combined products.

Results
) ] were used for comparison of wild-type and E361Q cholesterol
Preparation of E361Q Cholesterol Oxidase Mutant. The oxidase activities. The specific activity for the overall rate of
E361Q point mutation was prepared by standard method5.  reaction was determined by following the formation of conju-

The mutant cholesterol oxidase was heterologously expressedgated enone at 240 nm and measuring the initial velocity. In
in E. coli at the same levels as wild-type cholesterol oxidase the wild-type reaction, this rate corresponds to the rat@ of
(30 mg/L of culture). The mutant cholesterol oxidase was formation. In the E361Q reaction, this rate corresponds to the
purified in an identical manner to wild-type and had the same rate of2, 3, 4, and5 formation combined. The specific activity
elution characteristic§ on a hydrophobic affinity chromatogrgphy of the recombinant wild-type oxidase is 35 U/mg; the E361Q
column. Further evidence that the mutant cholesterol oxidase cholesterol oxidase is 1000-fold lower in activity with a specific
is properly folded is presented in Figures 2 and 3. The UV 4ctivity of 0.035 U/mg. Note théyqo specific activity is only

spectra of the bound FAD cofactors have identiGaks at 391 gpproximate because of the variety of products formed: a more
nm and 468 nm. The ratios @6gy/Azg1 andAxgyf/Assg are 11.1

and 12.7 for wild-type and 12.7 and 13.5 for E361Q, respec-  (25) Cox, A. J.J. Org. Chem1965 30, 2052-2053.
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Figure 4. Plot of product mole fraction formed in E361Q (294 nM)
reaction with 140uM cholesterol as a function of time (log scale).
The mole fractions of products were monitored by HPLC as described
under Experimental Procedures: Choleste®)} ¢holest-5-ene-3-one,
1(O); cholest-4-ene-3-on&,(v); cholest-4-ene{6-hydroperoxy-3-one,
3B (&); cholest-4-ene-6-o0l-3-ond, cholest-4-ene-3,6-diond, and
cholest-4-ene-@&-hydroperoxy-3-one3a. (<). Lines are drawn to clarify
the plot and do not represent curve-fitting to any kinetic equation.
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Table 1. Specific Activities of Wild-Type and E361Q Cholesterol
Oxidases

product wild-type gmol/min-mg) E361Q gmol/min-mg)
2 350 0.00%

1 n.o¢ 1.8

3,4,5 2 x 107°6° 0.01%

aMeasured by UV at 240 nnf.Measured by HPLC assayNone
observed? Measured as formation of 43,

J. Am. Chem. Soc., Vol. 119, No. 5, 185D

Table 2. Determination of Stability of Steroids in Assay Buffer

decomposition products

steroid % remaining after 22h observed by HPLC
cholesterol 100 none
1 82 1%2,10%3,2%4,5%5
2 100 none
3p 100 none
4 100 none
53 100 none

@ A 140 uM solution was incubated in buffer B at 3€. No E361Q
cholesterol oxidase was addedfter 24 h, the steroid composition of
each solution was analyzed by HPLC as described in Experimental
Procedures.

added wild-type or E361Q cholesterol oxidase, was analyzed
by HPLC (Table 2). Cholest-5-ene-3-ordeslowly decomposes

to 3, 4, and5 (18% after 24 h). The hydroperoxy sterddthe
alcohol 5, the dione4, enone2, and cholesterol were stable
over 24 h. Moreover, cholest-5-ene-3-odejs stable in the
presence of 10 mM riboflavin for at least 10 h.

An E361Q cholesterol oxidase solution (877 nM) was
ultrafiltered to remove the protein, and the filtrate added to a
solution of1 (50 uM) in assay buffer. The rate df turnover
as measured byAy was 0.024M min~—! and unchanged
compared to a buffer-only control (usieg= 12 100 M-lcm?1
for all species). In a separate experiment, an E361Q cholesterol
oxidase solution (280 nM) was incubated with cholesterol until
10% had been consumed. The ratelafirnover as measured
by AAzsowas 0.3uM min~1. The solution was ultrafiltered to
remove the protein and the filtrate added to a solutiot (0
uM) in assay buffer. The rate of conjugated enone formation
was 0.08«M min~1, this rate was faster (4-fold) than in the
previous experiment, although slower (4-fold) than the turnover

accurate measurement of activities was made by HPLC assayrate observed in the presence of E361Q.

(vide infra) and these activities are presented in Table 1.
The rate of HO, formation was determined by following the
formation of quinonimine using a horseradish peroxidase

The rate of oxidation ol in assay buffer containing 1 equiv
of cholest-4-ene{6-hydroperoxy-3-one3s was followed by
HPLC for 6 h. This rate was no faster than a buffer-only

coupled assay. In the wild-type reaction, this rate correspondscontrol. Incubation ofl and 38 in the presence of E361Q

to the rate o2 formation that was measured independently by
following the appearance @fat 240 nm. In the mutant E361Q
reaction, the rate of $D, formation corresponds to the rate of
1 formation; this was confirmed by HPLC analysis. The specific
activity of E361Q forl formation is 1.8 U/mg, only 20-fold
reduced from wild-type (see Table 1).

The variety of conjugated steroid products that were formed
in the E361Q reaction reduced the utility of initial velocity
measurements at 240 nm to follow the formation of specific
products. In order to follow the E361Q reactions and the very

slow noncatalyzed reactions, assay mixtures were analyzed byt

HPLC. Use of [26%C]cholesterol allowed quantitation of the
concentration of each steroid with good precisii®b$o). The
time course of E361Q reaction is presented in Figure 4, an
the specific activities for E361Q catalyzed formation of various
products are in Table 1. In the case of the wild-type oxidase,
accumulation ofl in solution was not detected. Cholestenone
2 is the first product observed®, 4, and5 are detected after
95% of the substrate is consumed.

Characterization of 6-Oxygenation Activity. The addition
of catalase to incubation mixtures of E361Q had no effect on

cholesterol oxidase had no effect on the ratd afutoxidation
(data not shown).

The stoichiometric reaction of E361Q withwas followed
by UV spectroscopy. The absorption spectrum of the flavin
cofactor between 300 nm and 500 nm was used as an indicator
of the oxidation state of the cofactor. By careful titration with
cholesteroll was formed in the presence of the oxidized flavin,
FAD, under anaerobic conditions. No change in the FAD
spectrum was observed avé h (Figure 5). Upon further
itration with cholesterol,l was formed in the presence of
FADH, under anaerobic conditions. No change in the FADH
spectrum was observed over 1 h. Furthermore, in the absence

d of oxygen,1 was completely stable. Thus, no radical flavin

species were detected.

Measurement of 2H Transfer. [43-?H]Cholesterol was
incubated with recombinai@treptomycewild-type cholesterol
oxidase and completely converted2p30% of the deuterium
label remained in the produc? as determined by mass
spectrometry.'H-NMR spectral analysis & revealed that the
deuterium label transferred to the product was incorporated at

the quantities of 6-oxygenated products obtained. The additioncarbon-6. No deuterium label remained at carbon-4i-7H4]-

of 1 mM NaCN or 1 mM DTT to assay mixtures of E361Q

Cholesterol was incubated with E361Q cholesterol oxidase and

and cholesterol did not affect the rate of conjugated cholestenonecompletely converted t@, 3, 4, and5. Product2 had 27%

formation as observed at 240 nm. The specific activity of
E361Q at 240 nm was 0.03dmol/min-mg with 3 mM tris-
(carboethoxy)phosphine in the assay mixture.

The stability of the products in assay buffer over 24 h, without

deuterium, productd and 58 had 23% deuterium labellH-
NMR spectral analysis of the products revealed that all of the
deuterium label remaining in the product was on carbon-4. No
deuterium label had been transferred to carbon-6.
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With the wild-type enzyme, the specific activity measured
by either assay is the same, @mol/min-mg. In addition,
analysis of the reaction products by HPLC revealed that 98%
of the product formed in the reaction is cholest-4-ene-3-@ne,
The remainder of the products aBe4, and5. None of the
intermediate, cholest-5-ene-3-orfe,was detected during the
turnover of cholesterol, even at low concentrations of wild-type
cholesterol oxidase. Thus, we cannot say whether the formation
of 3, 4, and5 is due to a second catalytic activity of the wild-
type enzyme or to the release of the intermediatdrom the
enzyme and its subsequent decomposition. The close retention
times of1 and2, however, prohibit detecting small amounts of
1 (<5%) in the presence &.

When the E361Q specific activity was measured by following
conjugated enone formation, the activity is 1000-fold reduced

300 350 400 450 500 550 600 from that of wild-type (Table 1). Moreover, reversed-phase
Wavelength (nm) HPLC analysis of the assay mixture at the completion of the
Figure 5. Spectral changes observed during titration of E361Q reaction revealed that four steroid products were formed. The
cholesterol oxidase (32M) with cholesterol under an Ar atmosphere  products were identified & 3, 4, and5 by mass spectral and
in sodium phosphate buffer, 0.025% Triton X-100, pH 7.0: (M IH-NMR analysis. The HPLC retention timek's) andH-
cholesterol {); (b) 16uM cholesterol {-), and afte 1 h (- - -); (c) 32 NMR spectra are identical with autheni@and5 obtained from
#M cholesterol {), and afte 1 h (- - -); (d) 32uM cholesterol and air  Steraloids, Inc., an8 synthesized as described by G8xThe
= specific activity of E361Q cholesterol oxidase measured by
following H,O, production was 1.@mol/min-mg, only 20-fold
reduced from wild-type and much faster than the formation of

In our effort to elucidate the mechanism of cholesterol conjugated enones. When the reaction was followed by HPLC,
oxidase, we sought to identify the active site base responsible\e observed that was the initial product formed, and that upon
for isomerization of the intermediate, cholest-5-ene-3-dne, prolonged incubation with the enzymEkwas isomerized t@,
to cholest-4-ene-3-on€2. Inspection of the X-ray crystal  and1 was oxidized further to the 6-oxygenated produtss,
structure of theB. sterolicumoxidase (choB)® suggested that  and 5 (Figure 4). When2 was incubated with E361Q
glutamate-361 was positioned over fiiéace of the steroid and  cholesterol oxidase, no 6-oxygenated products were formed.
could act as the base. The position of glutamate-361 wasHowever, whenl was incubated with E361Q cholesterol
consistent with the stereochemistry results we reported e#ftlier, oxidase, the same produc® 3, 4, and 5 were formed as
that the #-H is transferred to thefposition. We mutagenized  opserved upon extended incubation of cholesterol with E361Q.
glutamate-361 to glutamine, thus substituting the putative |ndividual rates of formation were measured by HPLC. The
CarbOXylate base isosterically with a neutral moiety. We Specific activity for2 formation is Oooatmo”mm-mg, 10 000-
performed our experiments with thStreptomycesoxidase  fold slower than wild-type. Thus, mutagenesis of glutamate-
(choA) because the heterologous expression plasmid pCO117361 separated/Bhydroxy oxidation from isomerization and
constructed by Murooka and co-work¥rgields approximately  confirmed that it is the base responsible for isomerization.
30 mg of pure protein per liter of growth culture. The choA However, increased amounts of 6-oxygenated products were
oxidase is 58% identical in amino acid sequence with choB, obtained in the mutant catalyzed reaction, albeit, slowly.
and E361 is conserved. The high quantities of protein obtained The report of Murooka and co-workers that wild-type
have allowed us to perform biophysical characterization of the chglesterol oxidase has an unusual monooxygenase activity
mutant E361Q protein. _ aided us in our identification of the E361Q oxidation products.

The UV and CD spectra of both the wild-type and the E361Q They had previously reported that 3% of the product produced
cholesterol oxidase protein are presentgd in Figures 1 and 2-by wild-type cholesterol oxidase & as well as some other
The Amaxs of the FAD cofactor remain unchanged upon minor unidentified product?® They proposed that perhaps the
replacement of glutamine for glutamate-361. Furthermore, the FAD could act as both an oxidase and a Monooxygenase.
ratios of Aogo/Ase1 andAsgo/Ases are within 13% and 6% of the  potentially, the C4a-hydroperoxy flavin adduct, formed upon
ratio for wild-type, respectively. The CD spectra show that the (ezction of oxygen and the reduced flavin, FARHN the
secondary structure of the mutant enzyme is unchanggd fromreoxidation pathway? could be formed in the presence bf
that of wild-type. Taken together, these spectroscopic data Thjs C4a adduct might act directly as a hydroxylation agent, or
strongly suggest that the E361Q protein has folded into the sameypon elimination of HO, provide a source of sequestered
structure as wild-type. . hydroxylating agent. The reduced flavin is formed upon

Among the variety of continuous assays that may be used to gxjgation of the 3-hydroxyl moiety of cholesterol. Our results
analyze cholesterol oxidase activity, we have chosen two to suggested that mutation of E361 to glutamine had unmasked

study the E361Q mutant. The first assay follows directly the thjs reactivity and further experiments were undertaken to
formation of conjugated enone product by UV absorbance at characterize it.

240 nm. In the wild-type reaction, the conjugated products are
formed as a result of two chemical reactions, oxidation and _ (26) Molnar, I.; Hayashi, N.; Choi, K. P.; Yamamoto, H.; Yamashita,
isomerization. The second assay follows indirectly the produc- M.’(2'\%1Igﬁ!(s?é,YS.,.\;/klz/lllaglsKe:;?b\ﬁtr%?]??‘BiZ)’c?]JégrngSéQ 181 1-17.

tion of HO; by coupling the reaction to horse radish peroxidase  (28) Nickon, A.; Mendelson, W. LJ. Org. Chem.1965 30, 2087
and observing the formation of quinonimine dye at 510 nm. 2089.

; indi (29) Furutachi, N.; Nakadaira, Y.; Nakanishi, K.Chem. Soc., Chem.
This assay serves as an indicator of the rate of turnover of theCommun.1968 16251626,

flavin cofactor, and thus of thqé’ahydroxy oxidation chemistry (30) Dang, H.-S.; Davies, A. G.; Schiesser, C.JHChem. Soc., Perkin
catalyzed by cholesterol oxidase. Trans. 1199Q 789-794.
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If the C4a-flavin or HO, were the hydroxylating agent,
incubation ofl with E361Q cholesterol oxidase should not yield
any 6-oxygenated products. Wild-type cholesterol oxidase will
catalyze isomerization df to 2 without any redox cycling of
the flavin. As stated above, whdrwas incubated with E361Q
cholesterol oxidase, the 6-oxygenated products were still

produced in the same ratios that were obtained when cholestero

was incubated with E361Q cholesterol oxidase. Moreover,

when cholesterol was incubated with E361Q cholesterol oxidase,

H,O, production was stoichiometric with cholesterol consump-
tion, i.e., HO, was not consumed in the hydroperoxylation
reaction. This stoichiometry was inconsistent with hydroxyla-
tion by the C4a adduct or @, to form 3, 4, or 5. If the C4a
adduct were a hydroxylating agent,® would be formed
instead of HO,. Removal of HO; by catalase, a very efficient
enzyme, also had no effect. In addition, the difference in rate
betweenl formation and3, 4, and5 formation implied that
flavin redox cycling was not involved in the 6-oxygenation
reaction.

It seemed that we were observing the well-known air
oxidation of cholest-5-ene-3-onk, Both the benzoyl peroxide
initiated radical reaction and the photosensitized singlet oxy-
genation reaction produ@& 4, and5.2528-30 |n addition, singlet
oxygenation ofl produces @&,5a-epidioxycholest-6-343-ol.3°
3,5-Cholesten-3-ol ethyl ether is convertedstin 60% yield
after exposure to direct sunlight. The oxidation ofL, however,

proceeded faster in the presence of E361Q cholesterol oxidas

than in buffer-only incubation mixtures (see Figure 4 and Table
2). Only 18% of1 was oxidized in air-saturated buffer over

24 h; however, the reaction was 15 times faster in the presenc
of 280 nM E361Q cholesterol oxidase. Furthermore, the

absence or presence of light had no effect on the rate or ratio;

of product formation. Incubation of riboflavin within buffer
did not initiate autoxidation. The production 8suggested to
us thatl was undergoing radical oxidation, and tiagand 5

were the induced decomposition products of the hydroperoxy

radical®%32 Extended conjugation would favor the formation

of an allylic cholestenyl radical. We hypothesized that the
oxidation reaction was initiated by E361Q cholesterol oxidase
or a co-purified contaminant to form the cholest-4-enyl-3-one
radical (Scheme 3). Reaction of the cholestenyl radical with

30, forms the 6-hydroperoxy radical that propagates the chain

reaction by abstraction of the 6-H frohto regenerate the
cholestenyl radical.

oxidase and another species acting as the initiator, for example

metal ions, the following experiments were performed.

(31) Gardi, R.; Lusignani, AJ. Org. Chem1967, 32, 2647-2649.

€
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Inhibitors of heme iron were added; NaCN and DTT had no
effect on the oxidation ofl to 3, 4, and5. Addition of tris-
(carboethoxy)phosphine gave a 10% reduction in specific
activity. HPLC analysis of the reaction products showed that,
after 24 h, the predominant product wascholest-4-ene-6-ol-
3-one. This slight difference in rate is most likely due to the
small variations inezqo between hydroxy and hydroperoxy
steroids. Thus, we were not able to inhibit the reaction with
additives.

A solution of E361Q cholesterol oxidase was ultrafiltered
(NMWCO = 30 000) and the filtrate added to a solutionlof
The rate of autoxidation observed was the same as a buffer
control. In a second experiment, E361Q cholesterol oxidase
was incubated withl until 10% had been converted to
6-oxygenated products. This solution was ultrafiltered and the
filtrate added to a solution af. The initial rate of oxidation
observed was faster than the rate observed in buffer alone,
although not as fast as the initial reaction. We conclude that
the initiator has a molecular weight greater than 30 kD, and it
is presumed to be E361Q cholesterol oxidase. Furthermore,
this initiator can be removed from solution and the reaction
continues, this behavior is indicative of a radical chain reaction.
One might expect that removal of the initiator (by ultrafiltration)
would lead to termination of the chain process, because in most
putoxidation sequences, the steady state oxidation of substrate
depends on the rate of chain initiatiéh. In fact, once
intermediate peroxide species are formed, their breakdown
products may serve as initiato¥%. Although our experiments
demonstrated th& alone does not initiate the autoxidation of
1, there may be other species formed in the reaction, e.g.,
dicholestenyl peroxidé&: that will initiate the reaction. Fur-
thermore, we do observe that the reaction is 4-fold slower after
removal of E361Q cholesterol oxidase. Analysis of the product
mixture by HPLC shows that the reaction initiated with
ultrafiltration goes to completion. Thus the rate of termination
must be very slow compared to the rate of propagation. This
relative rate is consistent with the observation that the primary
pathway of termination appears to be the reaction of two
hydroperoxy radical species to forfhand5. As long as the
concentration ofl remains higher than the concentration of
hydroperoxy radical, propagation will dominate over termina-
tion, i.e., the kinetic chain length is long.

We attempted to detect intermediate radical species that might
be formed using the flavin absorption spectrum as an indicator.
eUnder anaerobic conditiong, was generated in the presence
of FAD-E361Q oxidase and FADFE361Q oxidase (Figure 5).
No flavin semiquinone species were detected in either incuba-
tion; only the spectra of FAD and FADHvere observed. Upon
addition of @, the FADH-oxidase was restored to the fully
oxidized form without loss of protein signal. The variability
in absorption at 325 nm is due to the formation of product and
the high absorbance of Triton X-100. We conclude that, if any
radical flavin species is formed during the 6-oxygenation
reaction, it is a very small percentage of the total flavin. That
is, there is no stoichiometric formation of flavin semiquinone.

We tested the stereospecificity of hydrogen abstraction in the
E361Q catalyzed isomerization and oxygenation reactions by
following deuterium transfer from thep4carbon to the B-
carbon as previously describ&l. The cholest-4-ene-3-one
product, 2, has 27% of the deuterium label remaining as
determined by mass spectrometry. HoweWdrNMR analysis

To distinguish between E361Q cholesterol revealed that none of the deuterium label had been transferred

(32) Kochi, J. SAutooxidation Kochi, J. S., Ed., John Wiley and Sons:
New York, 1967; Vol. 2, pp 362.

(33) Betts, JQuart. Ren. 1971, 25, 265-288.

(34) Ingold, K. U.Acc. Chem. Red.969 2, 1-9.
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to the 6-carbon. The 27% deuterium remaining after conversion suggests that the formation & 4, and 5 in the wild-type
of cholesterol to product is located on the 4-carbon. In the wild- reaction is a result of loss of intermediate and its subsequent
type reaction, 30% of the label is transferred to tfiep@sition. decomposition, not a second intrinsic catalytic activity. Fur-
Clearly, the base responsible for transfer of deuterium is thermore, the very slow appearance3f, and5 (2 x 106
glutamate-361, and after removal, the isomerization reaction is gumol/min-mg) relative to2 formation (35xmol/min-mg) also
no longer stereospecific. The 6-oxygenated products also havesuggests that approximately 2% of enzyme-boliisireleased
little deuterium label remaining. The 23% of the label that and slowly autoxidizes in solution to the 6-oxygenated products.
remains is at the 4-carbon. This experiment demonstrated the Besides characterization of the mechanism of cholesterol
lack of st_ereospec_ificity of hydrogen abstraction in the hydro- gxigase, the E361Q mutant is potentially useful as a tool in
peroxylation reaction. o i cell biology. Cholesterol oxidase is used to quantitate choles-
Itis clear the 6-oxidation chemistry is faster in the presence g in cell membranes and to characterize the lipid structure
of E361Q. A modest rate .enhar.lcement of 15-fold wlth and phase of the membrarie$-38 One of the experimental
280 nM E361Q cholesterol oxidase is observed. The 6-oxida- gfficulties commonly encountered is increased permeability and
tion chemistry is not stereospecific; both the-6and - even lysis of cell membranes upon their treatment with

hydroperoxycholest-4-ene-3-ones are formed. Furthermore, .p|esterol oxidase. This problem is due to the formation of
abstraction of the C4-hydrogen is not stereospecific; both the ¢5|est-4-ene-3-0ne2.36:39-41 The employment of E361Q

4a- and the @#-hydrogens are removed. The lack of ste-  qpjegierol oxidase as a tool would reduce the permeability
reospecificity in the reaction, as well as the kinetic results, problems, because cholest-5-ene-3-dnepes not increase cell
suggests that 6-oxygenation is a re_sult of rapllqal chain chemistry. o mbrane permeabili§f41 Quantitation of cholesterol would
Thg rolg of E361Q cho!esterol ox!Qase is limited. Perhapsl the il be facile using horse radish peroxidase coupled assays.
active site of E361Q simply stabilizes the cholestenyl radical E361Q binds to lipid bilayers, i.e., unilamellar vesicles, with

and simultaneously lowers the activation barrier for its forma- " <o affinity as wild-typ With an understanding of the

tion. kinetics of cholesterol and cholest-5-ene-3-ohepxidation,

Our experiments clearly show that the oxidase and isomerasethe mutant E361Q could be applied readily to membrane
activities of cholesterol oxidase can be separated by a Singlestructure problems

mutation, E361Q. The susceptibility of the intermediate, . .
In conclusion, replacement of glutamate-361 by glutamine

cholest-5-ene-3-onel, to radical chain oxidation, however, . e JE ; .
suppresses isomerization but not oxidation in the reaction

complicates the analysis of the reaction. This reactivity points X T
to another example of one important function of enzymes, that catalyzed by cholesterol oxidase. The rate of oxidation is 20-

is, to sequester reactive intermediates. Possibly, these strain{0!d slower than the wild-type reaction, and the rate of
of bacteria have evolved a bifunctional enzyme in order to avoid S0merization is 10 000-fold slower. Isolation hfthe cholest-

the formation of reactive radical and hydroperoxy steroids. In 5-€Nn€-3-one product of the mutant catalyzed reaction, is
the wild-type reaction, within the limits of our detection complicated by its susceptibility to radical chain autoxidation.
methods. accumulation dfin solution is not observed. This  This E361Q mutant cholesterol oxidase will be used to obtain

sequestration of intermediate highlights the balance in affinities information about the structure of the enzyme in the presence
required for an efficient enzyme. The enzyme must have an ©f the reaction intermediate and thus to further characterize its

affinity for the intermediate sufficient to prevent its release, yet catalytic mechanism. This improved understanding of the

not bind the product so tightly that turnover of catalyst is mechanl_sm of action of choles?erol oxidase will facilitate its

prevented. Note that the difference between intermediate anduse in biotechnology and cell biology.

product is a subtle difference in their conformations. The A-

and B-rings of 2 are more planar and more chair-like,  Acknowledgments. Elizabeth Anderson prepared the

respectively, than those df M13mp18 subclone of cholesterol oxidase and initiated mu-
In view of the sequestration of intermediate by wild-type, tagenesis experiments. Professor Y. Murooka kindly provided

one easily could envision that E361Q might release the the pCO117 clone of cholesterol oxidase. The 70-VSE mass

intermediate very slowl§j> Slow release of cholest-5-ene-3- spectrometer in the Mass Spectrometry Laboratory, School of

one, 1, would lead to product inhibition and limited turnover Chemical Sciences, University of lllinois, was purchased in part

of cholesterol. We see, however, a very small reduction in with a grant from the Division of Research Resources, National

turnover upon mutation, indicating thatis not bound by the Institutes of Health. Funding for this work was provided by a

mutant much more tightly tha@ is by wild-type. Thus, with grant-in-aid from the American Heart Association, National

a single mutation, we have constructed a catalytically active Center (N.S.), a Camille and Henry Dreyfus New Faculty Award

enzyme with altered function. If we assume that the rate of (N.S.), National Institutes of Health Grant HL-53306 (N.S.),

36-hydroxy oxidation is unaffected by the E361Q mutation, and a DOE/GAANN fellowship (I.K.).

release ofl is only 20-fold slower than isomerization afto 2 JA9622580

and release 2. These relative rates suggest that, in the wild-

type reaction, one molecule of intermediate should be released ™ (36) Grmberg, L.; Siotte, J. FBiochemistry199Q 29, 3173-3178.

into solution for every 20 turnovers df to product. We (37) Slotte, J. PBiochim. Biophys. Actd992 1124 23—-28.

observed that 2% of the total product of the wild-type reaction ~ (38) Mattjus, P.; Slotte, J. Rhem. Phys. Lipid2996 81, 69-80.

was autoxidation products derived frdm This percentage is Eigg [B)Larﬁgﬁ”gf’A?'B';dcﬁét('ﬁf’eﬁ' KD.JF'eﬁ'\‘}anEeeséﬁZ%? Ell’_.lﬂ?fofcﬁilnzq:

quite close to the 5% predicted from the relative specific Biophys. Actal972 255 321-330.

activities of wild-type and E361Q cholesterol oxidase and _ (41) Ben-Yashar, V.; Barenholz, Biochim. Biophys. Actd989 985
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