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Mass production of an r-CDH derived from Nocardia
species was made possible by gene technology.
(Horinouchi et al., Applied and Environmental Micro-
biology, 57, 1386-1393 (1991)). However, the charac-
teristics of the r-CDH have not been studied in detail
and have not been improved enough for industrial use.
We accordingly characterized both the native-CDH and
the r-CDH prepared from Streptomyces lividans. Both
CDHs were monomers with molecular masses of
37kDa. The K,, of r-CDH was 2.50x10-3m for
cholesterol and 2.33x10-4wm for NAD. The activators
of CDHs were TritonX-100 and cholate. TritonX-405,
Ag+, and Zn2* inhibited both enzymes. The residual
activity of native CDH after heat treatment was 32%
(37°C, 60 min), while the r-CDH showed a residual ac-
tivity of 87% (37°C, 60 min). The r-CDH is an enzyme
with high substrate specificity for cholesterol as well as
native CDH and higher thermal stability than native
CDH.

We have developed a novel serum cholesterol assay
using the r-CDH, which permits the direct measurement
of cholesterol by measuring NADH reaction products.
We conclude that this r-CDH enzyme is useful and can
be used to measure cholesterol in a clinical chemistry
setting.
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CDH oxidizes the 3-B-hydroxyl group of
cholesterol to cholestenone with concomitant reduc-
tion of the coenzyme as follows: NAD or NADP
to produce NADH or NADPH, Cholesterol+
NAD(P)* —»A4-4-cholesten-3-one+ NAD(P)H+H*.

T. Akiba? separated and purified native CDH

from Nocardia species in 1990. Since native CDH can
be produced only in small amounts, Horinouchi
et al.? in 1991 used a Streptomyces host-vector sys-
tem? to produce r-CDH successfully on a large scale,
but the characteristics of CDH has not been studied
in detail.

On the other hand, we investigated and developed
a diagnostic assay system by use of the enzyme pro-
tein. Serum cholesterol in the clinical laboratory is a
very important marker for diagnosis and treatment
of arteriosclerosis, which is one of the modern adult
diseases. However, interference due to reduced sub-
stances, e.g. bilirubin and ascorbate, are inevitable in
the conventional colorimetric assays for the measure-
ment of cholesterol in human serum using cholesterol
oxidase (COD, EC 1.1.3.6).” Cholesterol assays us-
ing CDH eliminate these COD interferences and per-
mit the direct measurement of cholesterol using the
absorbance at 340 nm of NADH reaction products.

In this report, we characterize both the native
CDH and the r-CDH and use them to measure
cholesterol with use of r-CDH in a clinical laborato-

ry.
Materials and Methods

Enzyme activity. The activity of native and r-CDH
was measured by the amount of NADH produced by
the CDH-catalyzed oxidation of cholesterol to A-4-
cholesten-3-one in a reaction mixture containing 1.5
mM NAD, 0.86 mMm cholesterol, 0.12% TritonX-100,
and 0.003 unit/ml CDH in 0.1 m Tris-HCI buffer at
pH 8.5. One unit (U) of enzyme activity was defined
as the amount of CDH that catalyzes the oxidation of
1 umole of cholesterol per minute at 25°C.
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PAGE, sodium dodecylsulfate polyacrylamide gel electrophoresis
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Enzyme purification. Production of r-CDH in the
Streptomyces lividans TKS54 strain® carrying the
plJ702¥ grown in 200 ml of medium containing
1.0% glucose, 2.0% meat extract, 1.0% yeast ex-
tract, 0.01% MgSO,-7H,0, 0.01% antifoam
(Adekanol LG126), 0.01% thiostreptone, and 0.2%
KH,PO, at pH 7.2 and 30°C in a 500-ml shaker. The
Streptomyces lividans TKS54 strain as a host and the
pl1J702 as a vector were provided by D. A. Hopwood
and T. Akiba. The Streptomyces lividans TK54 was
transformed by the protoplast method.® After 24 h
of the first cultivation, 200 ml of culture broth was
inoculated in 20 liters of medium containing 1.0%
glucose, 2.0% meat extract, 1.0% yeast extract,
0.019% MgSO,-7H,0, 0.01% antifoam, 0.01% thios-
treptone, and 0.2% KH,PO, at pH 7.2. The cultiva-
tion was done in a 30-liter jar fermentor at 30°C for
24 h with agitation at 300 rpm and an air flow of 10
1/min. The broth was centrifuged at 12,000 x g for 20
min to harvest the cells.

Production of the native CDH started with
cultivation of Nocardia species strain Ch2-1 (Ferm-
PNo0.6217),2 which was provided by T. Akiba
(Amano Pharmaceutical Co. Ltd., Nagoya, Japan),
in 200 ml of medium containing 0.5% glucose, 0.5%
meat extract, and 0.029% yeast extract at pH 7.2 and
30°C. After 24 h of this first cultivation, 200 ml of
culture broth was inoculated in 20 liters of medium
containing 0.5% cholesterol, 0.5% glucose, 0.5%
meat extract, and 0.02% yeast extract at pH 7.2. The
cultivation was done in a 30-liter jar fermentor at
30°C for 40 h with agitation at 200 rpm and an air
flow of 10 1/min. The broth was centrifuged at 8,000
X g for 10 min to harvest the cells. The native and
r-CDH containing bacterial cells were purified in the
same way as described below.

(1) Extraction of crude enzyme solution. Five hun-
dred grams (500 g) of the bacterial cell harvest was
suspended in 5.0 liters of 10 mMm phosphate buffer
(pH 7.0) containing 0.1% TritonX-100, and the sus-
pension was homogenized and extracted with a Dyno
Mill KDL (Willy A, Bachofen Manufacturing En-
gineers, Switzerland). The homogenate was cen-
trifuged at 12,000 x g for 15 min to obtain the trans-
lucent crude enzyme solution.

(2) Ammonium sulfate precipitation. Solid ammo-
nium sulfate was added to the crude enzyme solution
to 459 saturation with stirring. The mixture was cen-
trifuged at 12,000 x g for 15 min. The ammonium
sulfate precipitate fraction was collected and dis-
solved in 700 ml of 10 mm phosphate buffer (pH 7.0)
containing 0.1% TritonX-100, and concentrated
and desalted by ultrafiltration (Amicon YM-10,
Millipore, U.S.A.).

(3) Ion chromatography. Five hundred grams

(500 g) of DEAE-cellulose (Brawn) equilibrated with
10 mmM phosphate buffer (pH 7.0) was mixed with the
ammonium sulfate precipitate fraction for 30 min at
10°C. The DEAE-cellulose was collected by filtration
on filter paper and washed with 1,600 ml of 10 mm
phosphate buffer (pH 7.0) containing 0.1% sodium
cholate. The CDH enzyme was eluted with 1,000 ml
of 10 mM phosphate buffer (pH 7.0) containing 0.1%
sodium cholate and 0.4 M sodium chloride. Solid am-
monium sulfate was added to the eluate to 45% satu-
ration, the mixture centrifuged at 12,000 x g for 15
min, and the ammonium sulfate precipitate was col-
lected.

(4) DEAE-Sepharose chromatography. The am-
monium sulfate precipitate was dissolved in 10 mm
phosphate buffer (pH 7.0) containing 0.1% sodium
cholate, and the solution was concentrated by
ultrafiltration. The concentrated solution was ad-
sorbed onto a 200-ml DEAE-Sepharose column (¢
4.6 x 12 cm, Pharmacia Biotech, Sweden) equilibrat-
ed with 10 mMm phosphate buffer (pH 7.0). After
being washed with 10 mm phosphate buffer (pH 7.0)
containing 0.1% sodium cholate, the enzyme was
eluted with 10 mm phosphate buffer (pH 7.0) contain-
ing 0.1% sodium cholate and 0.2 M sodium chloride.
The elute was concentrated and desalted by
ultrafiltration.

(5) Blue-Sepharose chromatography. The concen-
trated DEAE-Sepharose eluate solution was put on a
100 ml Blue-Sepharose column (¢ 3.6 X 10 cm, Phar-
macia Biotech, Sweden) equilibrated with 10 mm
phosphate buffer (pH 7.0). After being washed with
10 mM phosphate buffer (pH 7.0) containing 0.1%
sodium cholate and 0.1 M sodium chloride, the
column was developed with a linear gradient of NaCl
(0.1 to 1 M) in 10 mmM phosphate buffer (pH 7.0) con-
taining 0.1% sodium cholate. Active fractions were
collected and concentrated by ultrafiltration.

(6) Cellulofine GC700m gel filtration chro-
matography. The Blue-Sepharose active fraction was
filtered through a 0.2 um membrane filter and put on
Cellulofine GC700m column (¢ 3.0 x 100 cm, Chisso,
Japan) and eluted with 10 mm phosphate buffer (pH
7.0) containing 0.1M sodium chloride and 0.1% sodi-

‘um cholate as the mobile phase. Fractions containing

CDH activity were collected and concentrated by
ultrafiltration. A summary of the native and r-CDH
purification is shown in Table 1. The native-CDH
was purified about 676-fold in terms of specific activi-
ty with a recovery of 11.4%. The r-CDH was purified
about 132-fold in terms of specific activity with a
recovery of 22.9%. Two homogeneous enzyme
preparations showed the specific activity of 41 U/mg.
The enzyme preparations gave a single band on SDS-
PAGE by the method of Laemmli” (Fig. 1). The
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Table 1. Summary of Purification

r-CDH Native-CDH
Procedures Total Total Specific . . Total Total Specific : .
Activity  Protein  Activity Ref;";” Puzgxc;z(ijt)lon Activity  Protein  Activity Refg}v)e‘y Pua?(;adt)lon
) (mg) (U/mg) ° ) (mg) (U/mg) °
Crude homogenate 18,100 59,200 0.31 100.0 1.0 3,200 53,300 0.06 100.0 1.0
(NH,),SO, ppt. 15,840 19,800 0.80 87.5 2.6 2,620 21,900 0.12 81.9 2.0
DEAE-Cellulose (Brown) 12,600 1,050 12.00 69.5 38.7 1,940 2,170 0.89 60.6 14.8
DEAE-Sepharose 9,900 475 20.80 54.7 67.1 1,080 253 4.30 33.8 71.6
Blue-Sepharose 7,560 204 37.10 41.8 119.7 830 38 21.80 25.9 363.3
Cellulofine GC700m 4,140 101 41.00 22.9 132.2 365 9 40.60 11.4 676.7
characteristics of these purified enzymes were exa- MP. D @ ® @ M.P.
mined for the measurement determination of
cholesterol. 97,400
. 66,200 | "EBW -
Assay method for serum cholesterol. We devised
an extension of the CDH assay for free cholesterol to 42,699 | W ; -
permit the measurement of serum cholesterol using r- m
CDH. Cholesteryl esters are first converted to free
. 31,000 | -
cholesterol by hydrolysis with cholesterol esterase
(CE) (EC 3.2.1.13). The resulting total cholesterol is
measured by determing the amount of NADH
. 21,5 i -
produced by the r-CDH catalyzed oxidation of oo
cholesterol. 14400
Fresh human serum was tested as samples. ' - .
Two assay solutions were prepared to permit the
preparation of independent step blank solutions.
The CE reagent was composed of 6.0 mm NAD,
0.2% sodium deoxycholate, 0.3% TritonX-100, 3
U/ml of CE (derived from Pseudomonas species . . .
/ ( p > Fig. 1. Analytical SDS-Polyacrylamide Gel Electrophoresis of

Asahi Chemical Industry Co., Ltd., Japan) and 20
mM dichlorohydrazinium (for trapping ketone on
cholestenone®) in 0.1 M Tris-HCI buffer, pH 9.0.

The r-CDH reagent was composed of 30 U/ml of
r-CDH in 0.02 m phosphate buffer, pH 7.0.

A 100 ul of human serum for a test sample or 100
ul of saline for a control sample and 3.0 ml of the CE
reagent were mixed and incubated at 37°C for 5 min.
One ml of the r-CDH reagent was added, mixed well,
and incubated at 37°C for an additional 5 min. The
absorbance of NADH produced in the 5 min after
mixing with the r-CDH reagent was measured at 340
nm against distilled water for the test sample [A1] or
the saline control [B1].

The test sample blank [A2] was prepared by adding
1.0 ml of 0.02 m phosphate buffer, pH 7.0 instead of
1.0 ml of the r-CDH reagent to the test sample. The
saline control blank [B2] was prepared by adding 1.0
ml of 0.02 M phosphate buffer, pH 7.0 instead of 1.0
ml of the r-CDH reagent to the saline control sample.

A Hitachi UV-3210 spectrophotometer (Hitachi
Co. Ltd., Japan) was used for the absorbance meas-
urements. The cholesterol concentration was calcu-
lated according to the following formula.

Purified Recombinant and Native Cholesterol Dehydrogenase
from Nocardia Species.

Lanes @) and @), native CDH; Lanes @ and ®), r-CDH;
M.P., molecular weight markers. Each protein was elec-
trophoresed on a polyacrylamide gel containing 0.1% SDS.
Molecular weight markers were SDS-PAGE MW Standards-
Low (Bio-Rad Laboratories, U.S.A.). The arrow indicates the
position of tracking dye, Coomassie Brilliant Blue.

Concentration (mg/dl) = {(A1-BI1)- (A2 - B2)}
X TV x 10°x 386.66/(¢ x SV X 10)

Where:

Al: Absorbance of the test sample at 340 nm

B1: Absorbance of the saline control sample at
340 nm

A2: Absorbance of the test sample blank at 340
nm

B2: Absorbance of the saline control blank at
340 nm

TV: Total volume of the reaction solution
(4.1 ml)

SV: Sample volume (0.1 ml)

&: Molar extinction coefficient of NADH at

340 nm (6.30x10° M~ '-cm~1)?

386.66: Molecular weight of cholesterol (g/mole).
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Results

Characteristics of the enzymes

One ml of a 10 U/ml solution of native- or r-CDH
was added to 30 ml of 0.1 M Tris-HCI buffer (pH 8.5)
containing 0.86 mM cholesterol, 1.5 mm NAD, and
0.129% TritonX-100 and incubated at 37°C for 20
min. As controls, the NAD was omitted, or the CDH
solution was replaced by distilled water and incubat-
ed similarly. These incubated solutions were extract-
ed three times with n-hexane.'?

The extracts were dried by evaporation, re-dis-
solved in 1 ml of n-hexane, and chromatographed on
a thin layer silica gel (Merck, Germany) using 20% n-
hexane-CHCI; as the mobile phase. The native and r-
CDH converted cholesterol to a single product in the
presence of NAD. The R; of this product agreed with
that of a standard sample of 4-4-cholesten-3-one
(Sigma Chemicals Co., U.S.A.).

Molecular weight and isoelectric point

The molecular weight of the native and r-CDH was
obtained using SDS polyacrylamide gel electrophore-
sis. As shown in Fig. 1, both CDHs show the same
molecular weight of 37 kDa. Isoelectric focusing in a
density gradient was done using various concentra-
tions of sucrose by Vesterberg’s method.'” Elec-
trophoresis was done at 400 V and 5°C for 48 h using
Pharmalyte 3-10 (Pharmacia Biotech, Sweden) as the
carrier ampholyte. The pH of each fraction (1.8 ml)
indicated that the isoelectric points (p/) of native-
CDH and r-CDH were 4.54 and 4.59, respectively.

PH activity and stability

In a buffer containing N-(2-acetamido)-2-
aminoethanesulfonic acid (ACES), Tris and N-cyclo-
hexyl-2-aminoethanesulfonic acid (CHES), both
types of enzymes are active at pH 6 or above with a
peak activity at around pH 9. To observe the stability
at various pHs, the enzyme preparations were incu-
bated at 37°C for 60 min in a 0.1 M solutions of each
buffer and the residual CDH activity was measured.
The r-CDH was stable at pHs ranging from 6.0-8.5,
and the native CDH was stable at pHs ranging from
6.5-7.5 (Fig. 2).

Optimum temperature and stability

The heat stability and optimum temperature of
each CDH were examined. A ten U/ml CDH solu-
tion in 0.1 M ACES buffer (pH 7.0) was prepared and
incubated at various temperatures for 15 min. The
residual activity of the native-CDH was 32% at 37°C
and 159% at 40°C, while the r-CDH showed a residual
activity of 87.5% at 37°C and 78.8% at 40°C
(Fig. 3). The optimum reaction temperature was exa-
mined using a 0.1 m Tris-HCI buffer (pH 8.5). Both
enzymes showed their highest activity at 30°C.

120
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Residual activity (%)
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Fig. 2. Effects of pH on the Stabilities of the Purified Recom-
binant and Native-Cholesterol Dehydrogenase.

The purified recombinant enzyme was incubated for 60
minutes at 37°Cin a 0.1 m ACES buffer (O), a 0.1 M Tris buffer
(A), and a 0.1 M CHES buffer (). The purified native enzyme
was incubated for 60 minutes at 37°C in a 0.1 M ACES buffer
(@), a 0.1 M Tris buffer (A), and a 0.1 M CHES buffer (®).
Residual activities of both the enzymes were assayed at pH 7.0.
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Fig. 3. Effects of Temperature on the Stabilities of the Purified
Recombinant and Native-Cholesterol Dehydrogenase.

The purified recombinant enzyme (O) and the purified native
enzyme (@) were incubated for 15 minutes in a 0.1 M ACES
buffer (pH 7.0) at various temperatures. Residual activities of
both the enzymes were assayed at 10°C.

Activators and inhibitors

Activators and inhibitors of r-CDH and native
CDH were examined. Both enzyme were activated by
detergents with a hydrophile-lipophile balance (HLB)
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Table 2. Comparison of r-CDH, Native CDH and COD from Nocardia Species

r-CDH Native CDH cop?
Molecular weight 37,000 37,000 ND
Subunit Monomer Monomer ND
Opt. pH >9.0 >9.0 7.0
Opt. Temp. 30°C 30°C ND
pl 4.59 4.54 ND
pH stability 6.0~8.5 6.5~17.5 ND
Thermal stability 87% (37°C, 60 min) 32% (37°C, 60 min) 50°C
Ky (M)
Cholesterol 2.50x 1073 M 2.63x107% M 1.4x107° M
NAD 2.33x107* M 2.13x107* M —_
Substrate specificity (%)
Cholesterol 100.0 100.0 100
B-Sitosterol 51.6 49.1 105
Stigmasterol 30.3 30.0 34
Ergosterol 50.0 50.0 60
Pregnenolone 14.1 10.1 82
Cholate 0.0 0.0 ND
Deoxycholate 0.0 0.0 ND
Taurocholate 0.0 0.0 ND
Testosterone 0.0 0.0 ND
Pregnanediol 0.0 0.0 24
Dehydroepiandrosterone 0.0 0.0 1
Lanosterol 0.0 0.0 ND
Metal requirement (%)
None 100 100 ND
MnCl, 99 99 ND
MgCl, 93 93 ND
CaCl, 100 100 ND
FeCl, 96 96 ND
LiCl, 96 96 ND
NiCl, 48 48 ND
ZnCl, 0 0 ND
AgNO;, 0 0 ND
Activator
TritonX-100 TritonX-100 ND
0.1% Cholate 130 130 ND
Inhibitor
0.1% TritonX-405 35 35 ND

a): Data from reference 14. ND: No data.

of less than 13 (TritonX-100) and inhibited by deter-
gents with HLB of higher than 16 (TritonX-405).
Various metal salts were added to the reaction mix-
tures at a concentration of 1.0 mm, and their effect on
enzyme activity was examined. Ag* and Zn** in-
hibited both enzymes.

Substrate specificity

The substrate specificity of r-CDH and native-
CDH for various compounds that have the steroid
skeleton was examined. Both enzymes acted on
cholesterol. Deoxycholate, taurocholate, testoster-
one, pregnanediol, dehydroepiandrosterone or
lanosterol were not oxidized by these enzymes. The
coenzyme requirement was also examined. NAD was
found to be the best coenzyme for both enzymes.

Michaelis constant (K,,) of CDH
The K., of CDHs for cholesterol were measured in
a reaction mixture containing 1.5mM NAD,

cholesterol (0.48-2.90 mMm), 1.87% TritonX-100 and
0.006 U/ml CDH in 0.1 M Tris-HCl buffer at pH 8.5.
The K, of CDHs for NAD were measured in a reac-
tion mixture containing NAD (0.135-0.675 mm),
0.86 mM cholesterol, 1.29% TritonX-100 and 0.006
U/ml CDH in 0.1 M Tris-HCI buffer at pH 8.5. The
K., of native-CDH and r-CDH for cholesterol were
2.50x1073M and 2.63x 1073 M and for NAD were
2.13x107*M and 2.33 x 107 % M.

Nucleotide sequence of the r-CDH gene

The nucleotides were sequenced automatically on
the Model 373A DNA Sequencing System with Dye
Primer and Dye Terminator Cycle Sequencing Kit
(PE Applied Biosystems, U.S.A.). Nucleotide se-
quence of the r-CDH gene on plasmid isolated from
Streptomyces lividans TK54 was coincide with that of
the Nocardia CDH gene in the report by S.
Horinouchi et al.?
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Absorbance at 340 nm

Time (min)

Fig. 4. Reaction Course of Human Serum Samples (A and B)
and Saline (C) after Mixing with CDH Reagent.
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Fig. 5. The Correlation between the Total Serum Cholesterol
Measured by the CE, r-CDH Method and the ALBK Method.

Assay of serum cholesterol

The course of reaction after mixing with 30 U/ml
r-CDH reagent is shown in Fig. 4. The reaction of
CDH was complete in 3.5 min and the final NADH
produced was stable for at least 10 min. The correla-
tion of this assay with the Abell-Levy-Brodie-Kendall
(ALBK) method'*>!¥ is shown in Fig. 5. The correla-
tion between the methods was excellent.

Discussion

As shown in Table 2, the substrate specificity of
both the r-CDH and native-CDH were much the
same as COD from Nocardia species.” However, the
K, of COD for cholesterol was lower than that of
CDH.

The various properties of r-CDH were observed. r-

CDH and native-CDH are similar in their phys-
icochemical properties such as molecular weight, K5
for substrate and coenzymes, isoelectric point, op-
timal pH, and optimal temperature. However, the r-
CDH was superior to native CDH with respect to
heat and pH stability. It was supposed that the rea-
son was caused by the difference of primary protein
structure, higher order protein structure, or contami-
nation by small amount of protein such as protease
and so on between native CDH and r-CDH. But, the
various properties of r-CDH and native-CDH were
shown in this paper, their primary and higher order
protein structures are not clarified yet. Therefore, the
clarification of primary and higher order protein
structures are needed. It has been reported that im-
proved heat stability can be obtained by manipula-
tion of the primary structure while maintaining reac-
tivity to the substrate,' applied protein engineering
and gene technology such as suppresser variation by
heat treatment,'® changing hydrophobic interac-
tion,!” and other methods.'®!® These reports suggest
the possibility that an r-CDH with better heat stabili-
ty can be developed. The finding of the improved
heat stability is very interesting because it can in-
crease its industrial usefulness.

Similar to the native CDH, r-CDH showed high
substrate specificity for cholesterol. Using this
property in combination with CE, we constructed an
assay for serum cholesterol. The results obtained by
this new method agreed well with those determined
by the ALBK method. We conclude that this r-CDH
enzyme is useful and can be used to measure
cholesterol in a clinical chemistry setting.
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