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Abstract

Cholesterol oxidase, a bifunctional flavoenzyme facilitates the oxidation and 

isomerization of cholesterol. Wild type cholesterol oxidase has been crystallized, and its 

structure has been resolved to 0.95 A. Wild type cholesterol oxidase turns over 

cholesterol with such extreme efficiency that it is very difficult to crystallize the 

substrate-enzyme complex. Cholesterol oxidase H447E/E361Q double mutant, which 

binds cholesterol, but is unable to completely turn it over, was expressed, purified, and 

crystallized to obtain a crystal structure. Once solved, the structure of the cholesterol 

oxidase double mutant could then be used as a background structure for the 

crystallization of the substrate-enzyme complex. In an attempt to obtain a control for 

future experimentation on the substrate-enzyme complex, x-ray crystallographic methods 

were utilized. These methods yielded high-resolution data to 1.5 A.
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Introduction

Cholesterol oxidase is expressed by a wide array of organisms in varying 

environments.1 The enzyme’s ability to oxidize cholesterol was first identified in the 

1940s.1 The cholesterol binding site of cholesterol oxidase contains a flavin adenine 

dinucleotide (FAD) cofactor making it a flavoenzyme. The isoalloxazine ring system of 

FAD acts as a two-electron acceptor in the oxidation of cholesterol.

Studies of cholesterol oxidase have determined that the bifunctional enzyme 

facilitates both the oxidation of cholesterol and isomerization of the resulting 

intermediate at the same active site. The enzyme oxidizes cholesterol into cholest-5-en- 

3-one causing the reduction of the FAD cofactor followed by isomerization of the 

intermediate into cholest-4-en-3-one.2 The oxidized flavin cofactor is then regenerated 

by molecular oxygen, producing hydrogen peroxide as a by-product (Scheme 1).

' MacLachlan, J.; Wotherspoon, A.T.L.; Ansell, R.O.; Brooks, C.J.W. J. Steroid 
Biochem. Mol. Biol. 2000, 72, 169-195.

2 Yin, Y.; Lui, P.; Anderson, R.G.W.; Sampson, N.S. Arch. Biochem. Biophys. 2002, 402, 
235-242..
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Cholesterol

Scheme 1. The oxidation and isomerization of cholesterol to 
yield cholest-4-en-3-one.

Cholesterol oxidase obtains substrate through interaction with the lipid bilayer of 

the molecular membrane. These interactions, both of the enzyme with the membrane and 

the enzyme with the substrate, have been of great scientific value. For example, 

cholesterol oxidase has been used to measure cholesterol levels in membranes of the 

human body.3 Recent studies have shown that some pathogenic bacteria, specifically, 

those causing tuberculosis and leprosy, require cholesterol oxidase for infection of the 

host. The function of cholesterol oxidase in these bacteria remains uncertain, but it has 

been suggested that it is related to the enzyme’s ability to interact with and alter the

3 Sampson, N.S.; Vrielink, A. Acc. Chem. Res. 2003, 36, 713-722.
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cellular membrane.3 Another study has demonstrated that cholesterol oxidase has 

pesticidal properties against larvae of the boll weevil, Anthonomus grandis, and use of 

the enzyme as a pesticide is being investigated.4

The mechanism by which wild type cholesterol oxidase (Cos) operates has 

become better understood with the completion of a crystallographic study of the enzyme 

structure down to sub-atomic resolution (0.95 A).5 The interactions between Cos and 

substrate are especially interesting, specifically those between the residues histidine 447 

and glutamate 361 and cholesterol. In order to study these interactions, cholesterol 

oxidase H447E/E361Q double mutant (Cost) was constructed and was found to have a 

rate constant for the oxidation of cholesterol, or kcati 31,000 times less than that of Cos. 

Cost is completely unable to isomerize the intermediate cholest-5-en-3-one.2 Thus,

Cost is unable to catalyze the overall reaction.

Cosl is particularly useful for investigation of the mechanism and interactions of 

the enzyme, substrate, and membrane. Since Cos turns over cholesterol with such 

efficiency, it is extremely difficult to crystallize the substrate-enzyme complex and

collect data before most of the cholesterol bound to the active site has been oxidized and

isomerized. Cosl, the H447E/E361Q double mutant, with its considerably reduced 

activity, makes it possible to trap unprocessed cholesterol at the active site of the enzyme. 

In this study, Cosl was expressed, purified, and crystallized in an attempt to solve its 

structure. The resulting structure can then be used as a comparison for future studies of 

the enzyme-cholesterol bound complex.

4 Corbin, D.R.; Greenplate, J.T.; Purcell, J.P. HortScience. 1998, 33, 614-617.
5 Lario, P.I.; Sampson, N.S.; Vrielink, A. J. Mol. Biol. 2003, 236, 1635-1650.
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Results

Expression and Purification. Cosl was successfully expressed, purified, and 

isolated to a 30% yield (12 of 40 mg). It was determined to be greater than 98% pure by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the final 

concentration of protein was 6.8 mg/mL as determined by the Bradford assay and A280 

spectra. Purity of the enzyme compared to a protein standard and Cos was demonstrated 

(Fig. 1). The activity of Cosl was not analyzed due to its inactivity.2

Figure 1. SDS-PAGE illustrating the purity of the protein. 
Lane 1 is protein standard N485L, lanes 2 and 4 are 
purified Cosl, and lanes 3 and 5 are purified Cos.

Crystallization. Cosl crystallized optimally at 4.5 mg/mL in solution conditions 

comparable to those of Cos (9-11% PEG 8000, 75 mM MnSO4, 100 mM NaCacodylate, 

pH 5.2). However, the growth of the crystals of Cosl was considerably slower than the 

growth of the Cos crystals, and Cosl always formed a slight precipitate after 10 minutes. 

Crystals were first observed after two weeks of incubation, but growth was allowed to 

continue for additional weeks. When Cosl crystals were observed (Fig. 2), they
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exhibited the same morphology as the Cos crystals. A significant amount of precipitate 

was seen in the solution surrounding the Cosl crystal (Fig. 2).

Figure 2. Photograph of a Cosl crystal. The crystal is 
approximately 150 x 80 x 80 microns in size.

The Cosl crystals were unsuccessfully popsiclized. Diffraction occurred better 

when a crystal was looped, cryoprotected, and placed directly into the cryostream. The 

Cosl crystals diffracted cleanly to a resolution of 1.5 A (Fig. 3). To obtain enough points 

for the calculation of a complete electron density map, approximately 180° of data are 

needed. Unfortunately, only 65° of data were collected, and thus, the data set was 

incomplete.
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Figure 3. Diffraction pattern of a Cosl crystal 
resulting in 1.5 A resolution.
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Discussion

Expression and Purification. Although the total yield of Cosl was lower than 

the expected yield, Cosl was successfully expressed and purified.2 The discrepancy in 

yields between the two studies may be attributed to loss of Cosl on both chromatography 

columns, in transfers, or in the dialysis chamber.

Although the yield was less than expected, the expressed Cosl was found to be 

highly pure. The presence of more non-cholesterol oxidase bands in lanes 3 and 5 on the 

SDS-PAGE (Fig. 2) suggests that compared to Cos, Cosl is of higher purity. Although 

both proteins were expressed and purified using similar protocols, it is important to note 

that the last step of the purification process was different. For Cos, a collodion 

membrane was used to concentrate the protein. However, collodion membranes are no 

longer commercially available. So, Cosl was concentrated using a stirred cell. It appears 

that the stirred cell method may be more efficient in removing lower molecular weight 

impurities, while the collodion membrane method may be better at removing the higher 

molecular weight impurities (Fig. 1).

Crystallization. Initial attempts at crystallization utilized a protocol similar to 

that employed for Cos. Some trays were streak seeded with a cat whisker, and some were 

not. Initially, none of the trays yielded crystals, but all immediately yielded a precipitate. 

The presence of a precipitate indicated that Cosl was precipitating out of solution instead 

of orderly forming a crystal. This was due to a high concentration of either the protein or 

the precipitant in the solution.

A modified crystallization procedure was then utilized. The protein was diluted, 

and pH and percent PEG screens were performed. Lower PEG percentage, higher pH,
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and lower protein concentration all led to a decrease in the amount of precipitate. 

However, no crystals were observed in any situation.

Since no crystals were observed under the Cos crystallization conditions, two 

Hampton Crystal Screens were used. These commercially available screens were 

composed of solutions that vary in type and concentration of precipitant, buffer, and salt, 

which constitute the mother liquor. Trays were set up containing the crystal screens and 

Cosl. The only result was a heavy, dark precipitate in nearly all (85%) of the wells. This 

suggested that most of the conditions were too harsh causing Cosl to denature and 

precipitate out of solution. Also, the fact that more than 1/3 of the wells contained 

precipitate suggested that Cosl was too concentrated. Because of these results, Cosl was 

once again diluted, and more trays were set up.

The trays were viewed periodically from the time of set up to two weeks of 

incubation. After two weeks of incubation, small crystals were observed in the tray 

containing Cosl at a diluted concentration and the crystallization conditions of Cos.6 

This suggested that Cosl crystallized under the same conditions as Cos, but the former 

required a lower concentration of protein and considerably more time. It is possible that 

the mutations in the amino acid sequence caused Cosl to be less stable, and therefore, 

crystallization required more time. However, the Cosl crystals did exhibit the same 

morphology as Cos suggesting that overall the structure of Cosl was relatively unaffected 

by the mutations within the active site.

Several Cosl test crystals were examined by x-ray diffraction. To obtain a full 

data set on the particular x-ray diffractometer used, a single crystal must be able to

6 Yue, Q.K.; Kass, I.J.; Sampson, N.S.; Vrielink, A. Biochem. 1999, 38, 4277-4286.
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withstand an x-ray beam for several days. X-rays have high energy and tend to get hot. 

To ensure the protein did not denature and to lengthen the life of the crystal, it was placed 

in a cryostream of liquid nitrogen (100 K). To protect the crystal from this extremely low 

temperature, it was cryoprotected with a mixture of glycerol and the mother liquor (the 

crystallization solution) of the crystal. When placing the cryoprotected crystal in the 

cryostream, special care was taken to ensure that the cryoprotectant did not become 

cloudy. This was attempted through the use of propane popsicles. After the propane had 

melted away, the cryoprotected crystal was cloudy, causing the diffraction pattern to be

poor.

Once propane popsicles were found ineffective, a new crystal was looped, 

cryoprotected, centered in the cryostream and beamline, and examined for quality of 

diffraction. The initial diffraction pattern (Fig. 3) showed that the crystal diffracted to a 

resolution of 1.5 A, the limit of the x-ray diffractometer. This level of resolution is 

excellent for the diffractometer used, so the instrument was set to collect a complete data 

set (180° of data). Unfortunately, during the refilling of the liquid nitrogen Dewar, the 

cryostream was interrupted, and the crystal was lost. All subsequent attempts to remount 

a crystal failed due to an ice problem in the cryostream.

The Cosl crystal diffracted very well, and if a complete data set had been 

obtained, the structure of Cosl would have been described. Although this goal was not 

accomplished, Cosl was successfully crystallized. Therefore, this research provides a 

control for further investigations of the enzyme-substrate complex.
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Conclusion

In conclusion, the methodology used to express and purify Cosl is effective and 

efficient. Although Cosl differs from Cos by two residues, it crystallizes under the same 

conditions but at a different rate. This difference can possibly be contributed to its 

inactivity or mutations, but further structural studies are needed to confirm this 

supposition.

The Cosl crystals diffracted very well. If time and equipment had permitted, a 

full set of data would have been collected. Further research entails collecting enough 

x-ray data to calculate an electron density map of the structure of Cosl, solving the 

structure using molecular replacement, and continuing the project with the enzyme- 

cholesterol bound complex.
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Experimental

Materials. Purified double mutant cholesterol oxidase (Cosl) plasmid was 

obtained from Nicole Sampson.2 The plasmid was then transformed into competent 

BL21 Esherichia coli cells.

General Methods. The Bradford assay and A280 and OD measurements were 

acquired on an Eppendorf Biophotometer model 22331. X-ray data were acquired on an 

R-Axis IIC x-ray diffractometer. Crystallization trays were incubated in a Lab-Line

Ambi-Hi-Low Chamber held at 17°C.

Expression and Purification. Cosl was expressed and purified following 

procedures described in Yin et al2 The cells were grown at 37°C until their optical 

density reached 0.677, at which point 0.12 g of isopropyl-P-thiogalactoside were added to 

E. coli cells in IL of 2x YT-ampicillin (200 pg/mL) and chloramphenicol (34 pg/mL) 

medium. The cells were left at 25°C to express Cosl for 8 hours. The cell paste was 

then recovered using centrifugation and resuspended in 30 mL of 50 mM Tris-HCl/1 mM 

EDTA buffer, pH 7.0 while on ice. The cells were lysed five times with a cooled French 

Pressure cell at 18,000 psi followed by ultra centrifugation at 135,000 x g for 60 minutes 

at 4°C to remove cell debris. All subsequent steps were performed at 4°C or on ice. To 

achieve a final concentration of 1.0 M (NH4)2SO4, 6.99 g (NH4)2SO4 were slowly added 

to 49 mL of supernatant. The solution was centrifuged at 4,000 x g for 30 minutes, and 

the supernatant was collected. This step was followed by the further addition of 6.99 g 

(NH4)2SO4. The solution was then pelleted by centrifugation at 4,000 x g for 30 minutes. 

The pellet was resuspended in 12 mL 50 mM sodium phosphate buffer, pH 7.0 (buffer A) 

and desalted by dialysis against buffer A, which was changed three times. The dialysate
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was loaded onto a DEAE-cellulose column pre-equilibrated with buffer A. Fractions 

were collected by elution with buffer A, and those containing Cosl, as determined by 

SDS-PAGE electrophoresis, were centrifuged at 4,000 x g for 30 minutes to remove 

impurities. The fractions were concentrated by addition of 15.05 g (NH4)2SO4 followed 

by centrifugation at 4,000 x g for 30 minutes. The pellet was resuspended in 5 mL buffer 

A and assayed to determine the concentration of Cosl. After 10 minutes, a white 

precipitate formed, which was removed by centrifugation at 4,000 x g for 15 minutes.

The supernatant was left to recrystallize at 4°C over two days; however, the 

microcrystalline protein described by Yin et al2 was not observed. The Cosl solution 

was then brought to 1.5M (NH4)2SO4 by adding 2.85 mL 4M (NH4)2SO4. Cosl was 

further purified on a butyl-Sepharose column pre-equilibrated with a solution of 50 mM 

sodium phosphate buffer, pH 7.0 and 1.5M (NH4)2SO4. Fractions (3.2 mL each) were 

collected by elution following a linear gradient from 100% 50 mM sodium phosphate 

buffer, pH 7.0 and 1.5M (NH4)2SO4 to 100% buffer A. Fractions enriched with Cosl (as 

determined by SDS-PAGE) were combined. The Cosl concentration was determined 

using both the Bradford assay and A280 spectra. Cosl was further concentrated and ultra 

filtered using a stirred cell (YM 30 membrane) into 10 mM HEPES buffer, pH 7.0. This 

procedure yielded 12 mg of Cosl. The solution containing Cosl was flash frozen in 

50 pL aliquots and stored at -80°C until needed.

Crystallization. Crystallization of Cosl proved more difficult than 

crystallization of Cos. To crystallize Cosl, the hanging drop method was utilized. 

Initially, trays were set up with the same conditions in which Cos crystallizes (9-11% 

polyethylene glycol (PEG) 8000, 75 mM MnSO4, 100 mM NaCacodylate buffer pH 5.2).
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These trays were not streak seeded, but at initial viewing, Cosl precipitate was present. 

After preliminary observation, these trays, containing no crystals, were left at 17°C. 

Streak seeding was done using cat whiskers. The whiskers were used to poke mature Cos 

crystals. The whisker was then streaked through a hanging drop containing Cosl and the 

mother liquor (the crystallization solution). Streak seeding was done to expedite the 

nucleation process in hopes of causing Cosl to crystallize more readily. A tray was set 

up with the same conditions as listed above, but this tray was streak seeded with Cos 

crystals. This tray also immediately yielded Cosl precipitate. To further test the 

conditions at which Cosl crystallizes optimally, the Cosl concentration was varied in 

several trays. A tray was set up with Cosl diluted 2:1 and the initial conditions. This 

tray was also streak seeded using Cos crystals. Following no crystal growth in the above 

mentioned trays, a pH and PEG concentration screens were set up and streak seeded 

using Cos crystals. To test a wider range of crystallization conditions for Cosl, Hampton 

Research Crystal Screen Lite and Crystal Screen 2 were set up. Ultimately, the Cos 

crystallization conditions with Cosl diluted 2:1 yielded the cleanest and the most crystals

after two weeks of incubation.

Data Collection. Once crystals that were large enough to loop were grown, they 

were tested for diffraction. A crystal was cryoprotected using a solution of 20% glycerol, 

10% PEG 8000, 75 mM MnSO4, and 100 mM NaCacodylate, pH 5.2. The crystal was 

looped, placed into the cryoprotectant for 20 seconds, and then placed directly in the 

cryostream with the temperature set to 100 K. A diffraction test was run at <I> equal to 0.0 

and 90.0, and an exposure time of 20.0 minutes for each measure of <D; the camera length

CORETTE LIBRARY 
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was set to 100.0 mm. The crystal diffracted fairly well, to ~1.5 A, which is roughly the 

resolution limit of the copper source of the x-ray diffractometer.

In an attempt to better preserve the crystals, “propane popsicles” were made. 

Liquid propane was obtained by siphoning it through tubing in liquid nitrogen. The loop 

cap was placed in a Dewar containing liquid nitrogen, and liquid propane was poured into 

the cap. A crystal was then looped and inserted into the cap containing the liquid 

propane. The popsicle was frozen after 15 minutes. To use the popsicle, the loop and the 

cap were removed from the liquid nitrogen. The popsicle was allowed to thaw for 5 

seconds. After which time, the cap was removed, and the loop placed in the cryostream. 

Data were collected for 65 degrees at a camera length of 71.0 mm and a 20.0 minute 

exposure time before the cryostream was interrupted, and the crystal was lost.
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