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12-Keto-UDCA is an important optically active component for the drug ursodeoxycholic acid
(UDCA). Starting from the three-keto compound dehydrocholic acid, the carbonyl groups at position
3 and 7 have to be reduced stereo- and regioselectively. In this case we applied two hydroxysteroid
dehydrogenases for this purpose, the NAD-dependent 3α-HSDH from Pseudomonas testosteroni
and the NADP-dependent 7β -hydroxysteroid dehydrogenase from Collinsella aerofaciens. Both en-
zymes can be produced in high yields by an Escherichia coli strain as recombinant proteins. In order
to avoid impurities by the 7α-hydroxysteroid dehydrogenase of Escherichia coli, a mutant strain with
an inactivated 7α-enzyme was applied for producing the three enzymes. For bioconversion, the de-
hydrogenases can be used as crude enzyme samples and are applied simultaneously. A 1.8 L batch
of 100 mM DHCA incubated at pH = 8.0 and 25 ◦C resulted in 80 g crude product with a quite high
purity of ≥ 99.5% as judged by HPLC analysis.

Key words: Bile Acid, Hydroxysteroid Dehydrogenase, Short-chain Dehydrogenase,
Ursodeoxycholic Acid

Introduction

Bile acids are important biological compounds for
the digestion and adsorption of fats, fatty acids and
lipid-soluble vitamins. As an example of the ex-
isting drugs, ursodeoxycholic acid (UDCA), which
is widely used in cholesterol gall-stones disso-
lution therapy [1 – 4], is industrially prepared on
a ton scale, either by several chemical steps or
by a combination of enzymatic and chemical steps.
An important target compound in the synthesis
of ursodeoxycholic acid is 12-ketoursodeoxycholic
acid, which can be converted by a Wolff-Kishner
reduction into ursodeoxycholic acid. One route
for the synthesis of 12-ketoursodeoxycholic acid
starts from cholic acid (3α ,7α ,12α-trihydroxy-5β -
cholanoic acid), which can be converted by two ox-
idative steps catalyzed by 7α- and 12α-hydroxysteroid
dehydrogenases (HSDHs), followed by a 7β -HSDH-

catalyzed reductive step [5, 6]. A further route starts
from 7-ketolithocholic acid which is converted into ur-
sodeoxycholic acid by reducing the 7-keto group by
7β -HSDH [7, 8].

Here we describe the complete conversion of dehy-
drocholic acid (DHCA) into 12-ketoursodeoxycholic
acid at high substrate concentrations (up to 100 mM)
by using two hydroxysteroid dehydrogenases (3α- and
7β -HSDH) for reduction of the keto groups in 3- and
7-position.

Results and Discussion

Cloning and heterologous overexpression of the
hydroxysteroid dehydrogenases and glucose
dehydrogenase

The complete route leading to ursodeoxycholic acid
starting from cholic acid consists of a consecutive
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Scheme 1. The enzyme-catalyzed conversion of DHCA (dehydrocholic acid) 1 to 12-keto-ursodeoxycholic acid applying 3α-
and 7β -hydroxysteroid dehydrogenases (HSDHs) simultaneously. The mono-reduced intermediates 2 (7,12-diketo-UDCA)
as the product of 3α-HSDH, and 3 (3,12-diketo-UDCA) can be detected by HPLC after reduction by 7β -HSDH.

combination of an oxidative chemical step to oxidize
the three hydroxy groups (3α , 7α , 12α), followed
by a biocatalytic treatment of DHCA (dehydrocholic
acid or 3α ,7α ,12α-triketocholanic acid) to reduce the
keto groups at C-3 and C-7, and followed by a fur-
ther chemical step, the Wolff-Kishner reduction of 12-
ketoursodeoxycholic acid to delete the keto group at
C-12. In order to reduce the two keto groups at C-
3 and C-7, NAD-dependent 3α-HSDH from Pseu-
domonas testosteroni [9 – 11] and NADP-dependent
7β -hydroxysteroid dehydrogenase from Collinsella
aerofaciens [8] were used simultaneously (Scheme 1).
The reduced coenzymes were regenerated by glucose
dehydrogenase and glucose. The enzymes were pro-
duced in recombinant form using Escherichia coli
BL21(DE3) as the host. The key advance is the use
of an E. coli host strain where the gene coding for
7α-hydroxysteroid dehydrogenase has been deleted
(BL21(DE3) ∆7α-HSDH). This avoids the formation
of the undesired by-product 12-ketochenodeoxycholic
acid (3α ,7α-dihydroxy-12-ketocholanoic acid).

In order to express the dehydrogenases, standard
cloning techniques were used to create three differ-
ent recombinant plasmids. All used hydroxysteroid de-
hydrogenases were cloned without any modification.
For the recombinant overexpression of the dehydro-
genases, E. coli BL21(DE3) ∆7α-HSDH was used as
host, leading to a high level of recombinant protein for

all three strains. The activities of the different crude ex-
tracts were studied comparatively using DHCA respec-
tively glucose as substrate. The functional expression
of the enzymes was determined by measuring photo-
metrically the activities in cell-free extracts. The GDH
activity was found to be 197 U mL−1 (19.9 U mg−1),
the 3α-HSDH activity 35 U mL−1 (3.1 U mg−1), and

Fig. 1. SDS-PAGE analysis of the enzymes applied for the
enzyme-catalyzed conversion of DHCA. Lane M = marker
proteins, lane 1 = crude extract from recombinant GDH,
lane 2 = crude extract from recombinant 3α-HSDH, lane
3 = crude extract from recombinant 7β -HSDH.
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Fig. 2. Influence of pH on the activity of 3α-
HSDH (a) and 7β -HSDH (b) for dehydrocholic
acid (DHCA) and the mono-reduced interme-
diates (3,12-diketo-UDCA for 3α-HSDH and
7,12-diketo-UDCA for 7β -HSDH). Activity was
measured at 25 ◦C.

the 7β -HSDH activity 134 U mL−1 (5.6 U mg−1) for
expression in LB. The activities of the expression in
autoinduction medium (AI) was up to 3-fold higher.

The overexpression was judged by SDS gel elec-
trophoresis (Fig. 1). The main bands in lanes 1 to
3 (Fig. 1) are in good accordance with the molecu-
lar masses of dehydrogenases (calculated molecular
masses: GDH = 28.1 kDa, 3α-HSDH = 26.4 kDa, 7β -
HSDH = 28.8 kDa).

Biochemical characterization of 3α- and
7β -hydroxysteroid dehydrogenases

– Dependence of the hydroxysteroid dehydrogenase
activities on pH

The influence of pH on the enzyme activity and
stability is a crucial parameter for preparative appli-

cations of these enzymes. Especially when using en-
zymes such as hydroxysteroid dehydrogenases in the
reductive and a further enzyme for regeneration in the
oxidative direction it is necessary to find an optimal
pH range for the enzymes. Furthermore, the influence
of the pH on the solubility of the substrates, the inter-
mediates (3,12- and 7,12-diketo compounds) and the
product have to be considered. Due to the pKa values,
these bile acids are soluble at alkaline pH values of >
7.8. Thus, we measured the pH dependence of the hy-
droxysteroid dehydrogenases in the range of 7.5 – 9.0
with the substrate DHCA and the corresponding mono-
reduced intermediates (the 3,12-diketo compound with
3α-HSDH and the 7,12-diketo compound with 7β -
HSDH) (Figs. 2a and 2b). For GDH it is known from
the literature that the pH optimum for the oxidation
of glucose lies at 8.5 with a residual activity of about
40% at 7.5 [12]. Fig. 2 shows that the activities of both
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hydroxysteroid dehydrogenases decrease with increas-
ing pH value in the range of 7.5 up to 9.0, whereas
glucose dehydrogenase shows an opposing effect. For
preparative application of this coupled dehydrogenase
system a pH of 8.0 was used to convert DHCA into
12-ketoursodeoxycholic acid which takes the solubil-
ity of the bile acids and the residual activities of the
three dehydrogenases into consideration.

– Determination of kinetic parameters of the
hydroxysteroid dehydrogenases

The kinetic parameters of the substrates DHCA
and 3,12-diketo-UDCA were determined photometri-

Fig. 3. Michaelis-Menten graphs for 3α- (a and b) and 7β -hydroxysteroid dehydrogenases (c and d) with the substrates
DHCA (a and c) and 3,12-diketo-UDCA for 3α-HSDH (b) and 7,12-diketo-UDCA for 7β -HSDH (d).

cally for 3α-HSDH, and that of DHCA and 7,12-
diketo-UDCA for 7β -HSDH. Michaelis-Menten ki-
netic curves are given for these four parameters in
Figs. 3a–3d. For 7β -HSDH both KM values are in
the same order of magnitude, and a slight substrate
excess inhibition was observed for both substrates.
Compared to the three-keto compound DHCA (dehy-
drocholic acid) which can be converted with a vmax
of 8.4 U mg−1, the mono-reduced intermediate com-
pound, 7,12-diketo-UDCA, is reduced with a signif-
icantly lower reaction rate of 3.2 U mg−1. For 3α-
HSDH it is very difficult to determine exact KM val-
ues, since both substrates show a quite strong sub-
strate excess inhibition. The apparent KM values are
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Enzyme Substrate vmax (U mg−1) KM (mM) KI (mM)
7β -HSDH DHCA (dehydrocholic acid) 8.4±0.5 0.07±0.015 12.4±3.2
7β -HSDH 7,12-diketo-UDCA 3.2±0.2 0.07±0.02 38.3±14.5

(3α-hydroxy-7,12-
dioxo-5β -cholanoic-24 acid)

3α-HSDH DHCA (dehydrocholic acid) 25a 0.2a 9a

3α-HSDH 3,12-diketo-UDCA 18a 0.15a 7a

(7β -hydroxy-3,12-dioxo-
5β -cholanoic-24 acid)

a Data taken from Figs. 3a and 3b.

Table 1. Kinetic characterization of 7β -
and 3α-HSDH for dehydrocholic acid
and the mono-reduced intermediates 7,12-
diketo-UDCA (for 7β -HSDH) and 3,12-
diketo-UDCA (for 3α-HSDH).

in the same order of magnitude for both substrates
(0.2 mM for DHCA and 0.15 mM for 3,12-diketo-
UDCA) which holds true also for the the vmax val-
ues (25 U mg−1 for DHCA and 18 U mg−1 for 3,12-
diketo-UDCA). Table 1 summarizes the calculated ki-
netic data for 7β -HSDH and apparent kinetic data for
3α-HSDH.

Biotransformation of DHCA

In order to produce 12-keto-UDCA on a gram-scale,
the enzyme-catalyzed reduction of DHCA was car-
ried out in 1.8 L aqueous buffered solution. 100 mM of
DHCA was converted by 1.5 U mL−1 of recombinant
3α- and 1.5 U mL−1 of 7β -HSDH in the presence of
a slight excess of glucose dehydrogenase (5 U mL−1)
for regeneration of the coenzymes. Samples were taken
periodically up to 19 h and analyzed by HPLC for
monitoring the process.

Fig. 4 shows that during the first 90 min the con-
centration of DHCA decreases with a nearly linear
reaction rate of 1 mM min−1. Only small amounts
of the mono-reduced intermediate 7,12-diketo-UDCA
were observed whereas the intermediate 3,12-diketo-
UDCA, formed by the primary reduction step cat-
alyzed by 7β -HSDH, accumulates to a significantly
higher degree. This means that 3α-HSDH is less ef-
fective against the mono-reduced compound than 7β -
HSDH against the 3α-HSDH product, which cor-
responds to the results measuring enzyme activities
at different pH values (Fig. 2). Nevertheless, nearly
80% of the product 12-keto-UDCA is formed at
a high rate of about 0.67 mM min−1 during 3 h. Af-
ter completion of the bioconversion a crude prod-
uct was obtained by precipitation. 80 g of the prod-
uct with a high purity of ≥ 99.5% (HPLC analysis;
Fig. 5) was obtained by this bioconversion step ap-
plying two hydroxysteroid dehydrogenases for reduc-
tion of DHCA, glucose dehydrogenase for regenera-

Fig. 4. Cell-free biotransformation of 100 mM dehydro-
cholic acid (DHCA) by 3α- and 7β -hydroxysteroid-
dehydrogenases in the presence of 0.1 mM NADP+ and
0.25 mM NAD+, respectively on a 1.8 L scale monitored
over 19 h. Concentrations of DHCA (dehydrocholic acid)
(––�––), 3,12-diketo-UDCA (– ·4 · –), 7,12-diketo-UDCA
(– – � – –), and 12-keto-UDCA (· · ·• · · ·) were determined
by HPLC.

tion of NADH or NADPH, and glucose as the hydrid
donor.

Conclusion

Two hydroxysteroid dehydrogenases, namely NAD-
dependent 3α-hydroxysteroid dehydrogenase from
Pseudomonas testosteroni and NADP-dependent 7β -
specific dehydrogenase from Collinsella aerofaciens
can be applied for the regio- and stereoselective syn-
thesis of 12-keto-UDCA from the precursor DHCA.
A 1.8 L batch reaction to convert 100 mM DHCA was
carried out at pH = 8.0 and 25 ◦C. HPLC analysis con-
firm a complete biotransformation of DHCA into the
product 12-keto-UDCA, which means that 80 g crude
product with a quite high purity of ≥ 99.5% was ob-
tained. The conversion of higher concentrations are
limited so far by the solubility of the components and
a substrate excess inhibition. Furthermore, a strong
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Fig. 5. HPLC chromatogram of the enzyme-catalytically pro-
duced 12-keto-UDCA. a: the chromatogram of standard sub-
stances with retention times in min given in parentheses:
1 = UDCA (0.90), 2 = 3,12-diketo-UDCA (1.10), 3 = 7,12-
diketo-UDCA (1.3), 4 = DHCA (1.6); b: the chromatogram
of the product after enzyme-catalyzed conversion of DHCA
followed by acid precipitation and drying over-night at
60 ◦C. The chromatogram confirms a purity of ≥ 99%.

buffer capacity is required at higher concentration due
to the production of two acid equivalents per mol
DHCA.

Experimental Section

Materials

If not specified otherwise, all chemicals were purchased
from Sigma Aldrich (Buchs/Switzerland). Bile acids were
purchased from PharmaZell GmbH (Raubling/Germany).

Centrifugation was carried out using the centrifuges
RC5BPlus (Sorvall, Waltham, MA/USA), Mikro22 and
Rotina 35 R (Hettich, Tuttlingen/Germany). For analyti-
cal methods, HPLC-colums purchased from Phenomenex
(Aschaffenburg/Germany) and Merck (Darmstadt/Germany)
were used. Restriction enzymes were purchased from Fer-
mentas (St. Leon-Rot/Germany).

Bacterial strains and culture conditions

Escherichia coli strain DH5α (Novagen, Madison
WI USA) was grown at 37 ◦C in LB-medium containing
appropriate antibiotics. E. coli strain BL21(DE3)∆7α-
HSDH (PharmaZell GmbH, Raubling/Germany) was grown
at 37 ◦C in LB-Medium containing appropriate antibio-
tics. After the cells reached the exponential growth phase
(OD600 = 0.5 – 0.7) they were induced with 0.5 mM isopropyl
β -D-1-thiogalactopyranoside (IPTG) and kept at 25 ◦C.

Cloning and creation of expression constructs

For cloning of the 7β -hydroxysteroid-dehydrogenase
gene, the plasmid pET22b 7β -HSDH (PharmaZell GmbH,
Raubling/Germany) was used as template for PCR
introducing the restriction sites NdeI and xhoI (up: 5′-
AACCAACCACATATGAACCTGAGGGAGAAGTAC-3′

down: 5′-ATAATAAGAGCTCTTAGTCGCGGTAGAA-
CGACCC-3′). The restriction endonuclease sites for NdeI
and xhoI were in bolt and the methionine/stop-codons were
underlined. The amplification was performed using standard
PCR techniques, and the created NdeI-xhoI fragment was
subcloned into the vector pET21a 7β -HSDH. This vector
is based on the commercially available pET21a(+). The
gdh gene was amplified using genomic DNA from Bacillus
subtilis as template and primers with recognition sites
for the restriction enzymes Eco31I/NcoI and notI (up: 5′-
ACCAACCAGGTCTCACATGTATCCGGATTTAAA-3′,
down: 5′-ATAATAAGCGGCCGCTTAACCGCGGCC-
TGC-3′). The restriction endonuclease sites for Eco31I/NcoI
and notI were in bolt and the methionine/stop-codons
were underlined. The amplification was performed using
standard PCR techniques, the created Eco31I/NcoI-notI
fragment was subcloned into the vector pACYCDuet.
For cloning of the 3α-hydroxysteroid-dehydrogenase
gene, the plasmid pET22b 3α-HSDH (PharmaZell
GmbH, Raubling/Germany) was used as template for
PCR introducing the restriction sites NdeI and xhoI (up:
5′-AACCAACCACATATGTCCATCATCGTGATAAG-3′

down: 5′-ATAATACTCGAGTTAGAACTGTGTCGGGCG-
CAT-3′). The restriction endonuclease sites for NdeI and
xhoI were in bolt and the methionine/stop-codons were
underlined. The amplification was performed using standard
PCR techniques, the created NdeI-xhoI fragment was
cloned into the vector pET21a(+). The inserted DNA was
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sequenced to confirm the correct in-frame DNA sequence
and the absence of any mutations.

Heterologous expression of the hydroxysteroid
dehydrogenase

Starting cultures of E. coli BL21(DE3) ∆7α-HSDH cells
carrying the recombinant plasmid were cultivated overnight
at 37 ◦C in 5 mL LB medium [13], containing 100 µg mL−1

ampicillin (pET-Vector) or 36 µg mL−1 chloramphenicol
(pACYCDuet-Vector), respectively. The cultures were used
to inoculate the main cultures in LB medium or autoinduc-
tion (AI) medium (24 g L−1 yeast extract, 12 g L−1 casein
hydrolysate, 5 g L−1 glycerol in 100 mM KPi buffer pH = 7,
2 g L−1 lactose, 0.5 g L−1 glucose) at a final concentration
of 0.05 optical density at 600 nm (OD600). The cultures were
grown at 37 ◦C. When the OD600 reached a value between
0.5 and 0.7 the production of the recombinant steroid de-
hydrogenase and GDH was induced by the addition of iso-
propyl thio-β -D-galactoside (IPTG) to a final concentration
of 0.5 mM. The cultures were shaken for 20 h at 25 ◦C, re-
spectively for 72 h at 15 ◦C (AI), and harvested by centrifu-
gation.

Preparation of cell-free extracts

The bacterial cultures were harvested by centrifugation at
18,000× g for 20 min at 4 ◦C. A cell suspension (20%) was
prepared in 50 mM KPi buffer pH = 8. Cells were disrupted
by three sonification cycles of 1 min (30% – 40% power out-
put) with cooling periods in-between. The lysed cells were
centrifuged at 18,000× g for 30 min at 4 ◦C, and the super-
natant was used for determination of HSDH and GDH ac-
tivities. Protein concentrations were determined according to
Bradford using BSA as a standard [14].

Spectrophotometrical assays for the determination of the
glucose dehydrogenase and hydroxysteroid dehydrogenases
activities

Continuous assays using UV absorbance at 340 nm were
employed to monitor the NADPH concentration during re-
duction or oxidation catalyzed by steroid dehydrogenase or
GDH. One unit of activity was defined as the amount of
enzyme which catalyzes the oxidation of 1 µmol NAD(P)H
per minute (HSDH) or reduction of 1 µmol NADP+ (GDH)
under standard conditions (25 ◦C, pH = 8). For the deter-
mination of HSDH activity, dehydrocholic acid was used
as standard substrate. The assay mixture contains 970 µL
substrate solution (10 mM substrate in 50 mM KPi buffer
pH = 8), 20 µL NAD(P)H (12.5 mM) in distilled water and
10 µL enzyme solution. For the determination of GDH ac-
tivity, D-glucose was used as substrate, standard conditions
were 25 ◦C and pH = 8. The assay mixture contains 970 µL

substrate solution (100 mM substrate in 50 mM KPi buffer,
pH = 8), 20 µL NAD(P)+ (25 mM) and 10 µL enzyme so-
lution. The reaction was started by addition of the enzyme
solution, and the amount of NAD(P)H was measured over
1 min.

Determination of kinetic parameters

To determine the kinetic parameters (KM und vmax), the
standard activity assay for reduction was used. All para-
meters were kept constant, only the investigated parameter
(substrate concentration) was modified. Kinetic parameters
were calculated using a non-linear fitting algorithm (software
ORIGIN 7G).

Protein analysis

Protein overexpression was monitored by SDS poly-
acrylamide gel electrophoresis. The gels were stained with
coomassie brilliant blue, and molecular mass was determined
by comparison with standard markers (Invitrogen, Darm-
stadt/Germany).

Biotransformation of DHCA

For the biotransformation 100 mM substrate in 500 mM

KPi-buffer, pH = 8.0, 0.1 mM NADP+, 0.25 mM NAD+,
1 mM MgCl2, 1.5 U mL−1 of HSDHs and 5 U mL−1 of glu-
cose dehydrogenase were incubated at 25 ◦C. Cultivation
was done in glass vials at 25 ◦C with a stirring bar in
it and a stirrer speed of 800 rpm. Samples (100 µL) were
taken periodically and diluted with methanol-water (9 : 1,
v/v) (200 µL) for HPLC analysis. Concentration was de-
termined using a Kinetex column (Phenomenex, Aschaffen-
burg/Germany). For analysis an isocratic program was used.
After finishing the biotransformation, the solution was acidi-
fied with 3 M hydrochloric acid to pH = 1. After filtration the
precipitated product was dried over-night at 60 ◦C followed
by another HPLC analysis.

Chromatography

HPLC analysis was performed on a Kinetex column,
75× 4.6 mm, protected by a “security guard” column (both
Phenomenex, Aschaffenburg/Gemany) on a HPLC LC-
2010AHT System (Shimadzu/Japan) at a flow rate of
2 mL min−1. The mobile phase consisted of two eluents. Elu-
ent A was HPLC-acetonitrile, and eluent B was distilled wa-
ter (pH = 2.6 adjusted with 85% orthophosphoric acid). The
isocratic program was eluent A 65% and eluent B 35%. The
system was monitored by UV detection at 200 nm.
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