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Abstract: 12α-Hydroxysteroid dehydrogenase (12α-

HSDH) has the potential to convert cheap and readily 

available cholic acid (CA) to 12-oxochenodeoxycholic acid 

(12-oxo-CDCA), a key precursor for chemoenzymatic 

synthesis of the therapeutic bile acid ursodeoxycholic acid 

(UDCA). In this work, a native nicotinamide adenine 

dinucleotide (NAD+)-dependent 12α-hydroxysteroid 

dehydrogenase (Rr12α-HSDH) from Rhodococcus ruber 

was identified using a structure-guided genome mining 

(SSGM) approach, which is based on the structure of 

cofactor pocket and the conserved nicotinamide cofactor 

binding motif alignment. Rr12α-HSDH was heterologously 

overexpressed in Escherichia coli BL21 (DE3), purified 

and characterized. The purified Rr12α-HSDH showed a 

high oxidative activity of 290 U mg−1
protein toward CA, with 

a catalytic efficiency (kcat/KM) of 5.10 × 103 mM–1 s–1. In a 

preparative biotransformation (100 mL), CA (200 mM, 80 

g L−1) was efficiently converted to 12-oxo-CDCA in 1 h, 

with a 85% isolated yield and a space-time yield (STY) of 

up to 1632 g L−1 d−1. Furthermore, Rr12α-HSDH was 

shown to be able to catalyze the oxidation of other 12α-

hydroxysteroids at high substrate loads (up to 200 mM), 

giving the corresponding 12-oxo-hydroxysteroids in 

71%−85% yields, indicating the great potential of Rr12α-

HSDH as a promising biocatalyst for the synthesis of 

various therapeutic bile acids. 

Keywords: biocatalysis; 12α-hydroxysteroid 

dehydrogenase; NAD+-dependence; structure-guided 

genome mining; 12-oxochenodeoxycholic acid 

 

Ursodeoxycholic acid (UDCA, 1e, Scheme 1) is an 

active pharmaceutical ingredient of bear bile powder, 

which is a traditional Chinese medicine used for 

thousands of years.[1] Clinically, 1e is an effective 

drug for the treatment of cholesterol gallstones and 

cholestatic diseases.[2] Traditionally, 1e is either 

obtained from bear bile powder or produced 

chemically from cholic acid (CA, 1a, Scheme 1), 

which is the most abundant and cheapest bile acid.[1,3] 

However, on the one hand, it is inhuman and 

unsustainable to extract 1e from the bile of live bears. 

On the other hand, chemical synthesis requires 

multiple protection and deprotection steps, leading to 

a low/moderate overall yield (about 30%–53%), and 

the inevitable use of toxic and hazardous reagents 

(e.g., pyridine and CrO3) generates copious amounts 

of waste.[4] Therefore, it is much more sustainable 

and economical enzymatic synthesis of 1e from 1a, 

given the availability of 1a as a cheap raw material 

and the eco-friendly nature of the enzymatic reaction 

conditions.[3] 

The enzymatic synthesis of 1e requires the use of a 

very important class of enzymes, hydroxysteroid 

dehydrogenases (HSDHs), which can perform 

oxidoreduction of the hydroxyl/carbonyl groups on 

the core structure of hydroxysteroids.[5] These 

enzymes show very high regioselectivity toward the 

hydroxyl groups at different positions (e.g., C3, C7, 

and C12) of the steroid nucleus (Scheme 1).[3] 

Furthermore, HSDHs display excellent 

stereoselectivity for each of these positions by 

oxidizing hydroxyl groups oriented either below (α-

OH) or above (β-OH) the plane of the steroid 

molecule.[6] To date, many HSDHs with known 

protein sequences have been reported. These include 
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3α-HSDHs from rat liver, Comamonas testosteroni, 

and Eggerthella lenta;[7] 7α-HSDHs from Escherichia 

coli HB101, Eubacterium sp. VPI 12708, Clostridium 

sordelli, Bacteroides fragilis, Clostridium absonum 

(formerly Clostridium sardiniense), Clostridium 

difficile, Stenotrophomonas maltophilia, and 

Brevundimonas sp.;[8] and 7β-HSDHs from 

Collinsella aerofaciens,[9a] Clostridium absonum,[8e] 

Ruminococcus gnavus,[9b] Ruminococcus torques,[9c] 

Lactobacillus spicheri,[8g] and Clostridium sp. 

Marseille.[8h] However, 12α-HSDHs with known gene 

sequences are rarely reported.[10] 

12α-Hydroxysteroid dehydrogenase (12α-HSDH; 

EC 1.1.1.176) is a key enzyme for chemoenzymatic 

synthesis of 1e from 1a.[6] 12α-HSDHs catalyze the 

oxidation of the 12α-hydroxyl group of 1a, forming 

12-oxochenodeoxycholic acid (12-oxo-CDCA, 1b), 

which can be subjected to a Wolff-Kishner-Huang 

reduction to remove the C12 carbonyl group. The 7α-

hydroxylated chenodeoxycholic acid (CDCA, 1c) is 

then epimerized to 7β-hydroxylated 1e through the 

stable intermediate 7-oxo-lithocholic acid (7-oxo-

LCA, 1d) using two stereo-complementary enzymes, 

7α-HSDH and 7β-HSDH (Scheme 1).[6,11] Up to now, 

the nicotinamide adenine dinucleotide phosphate 

(NADP+)-dependent 12α-HSDH with published 

sequence was identified from Clostridium sp. strain 

ATCC 29733/VPI C48-50 and showed low catalytic 

activity.[7c,12] Ridlon et al. discovered several new 

12α-HSDHs from Eggerthella sp. CAG:298, 

Clostridium hylemonae, Clostridium scindens, and 

Clostridium hiranonis, respectively.[7c,10] 

 Nevertheless, all of these documented 12α-

HSDHs are stringently NADP+-dependent 

oxidoreductases (Table 1, entries 3−7). When 

compared with NADP+, nicotinamide adenine 

dinucleotide (NAD+) is much less costly and more 

stable under industrial conditions, making it the 

preferred cofactor for practical application of 

dehydrogenases.[13] Most recently, a new NAD+-

dependent 12α-HSDH from Eggerthella lenta 

(El12α-HSDH) was reported by the group of Ulf 

Hanefeld. However, El12α-HSDH showed a 

productivity of only 4 g L−1 d−1 as a biocatalyst for 

the synthetic application.[14] Therefore, the 

identification of novel NAD+-dependent 12α-HSDHs 

with high enzymatic activity for efficient and 

economical synthesis of 1e precursor will promote 

sustainable and cost-efficient production of 

therapeutic bile acids. 

 

Scheme 1. 12α-HSDH mediated oxidation of 1a as the first step of chemoenzymatic synthesis of 1e. 

Table 1. Specific activity of 12α-HSDHs toward 1a.[a] 

Entry Enzyme NCBI accession no. Sequence identity  

[%] 

Cofactor dependence Specific activity  

[U mg−1] 

1 Rr12α-HSDH WP_026137560.1 100 NAD+ 289 ± 13 

2 El12α-HSDH WP_114518444.1 43 NAD+ 76 ± 2.1 

3 Cl12α-HSDH ERJ00208.1 42 NADP+ 40 ± 0.8 

4 Eg12α-HSDH CDD59475.1 39 NADP+ 59 ± 0.3 

5 rCHYL EEG75500.1 42 NADP+ 103 ± 3 

6 rCSCI EDS06338.1 41 NADP+ 84 ± 2 

7 rCHIR EEA85268.1 38 NADP+ 197 ± 4 

[a] Specific activity of 12α-HSDHs was measured in 100 mM potassium phosphate, pH 8.0, containing 1.0 mM NAD+ or 

NADP+, and 2 mM substrate 1a at 30°C using purified enzyme. 
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Figure 1. Structural models of (A) Cl12α-HSDH with NADPH, (B) El12α-HSDH with NADH, and (C) Rr12α-HSDH 

with NADH. 

Herein, we discovered a new NAD+-dependent 

Rr12α-HSDH (NCBI accession no. 

WP_026137560.1), which was identified from 

Rhodococcus ruber using a structure-guided genome 

mining (SGGM) approach based on the 3D structure 

of the enzyme’s cofactor pocket and the alignment of 

a conserved nicotinamide cofactor-binding motif. 

Rr12α-HSDH possesses the highest specific activity 

toward 1a when compared with other 12α-HSDHs 

(Table 1). Up to 200 mM (80 g L−1) of 1a was 

efficiently converted by Rr12α-HSDH to 1b with a 

space-time yield (STY) of as high as 1632 g L−1 d−1 

(Table 5, entry 7). Moreover, Rr12α-HSDH can bio-

oxidize other 12α-bile acids and their glyco and tauro 

conjugates with 99% conversion, forming the 

corresponding 12-oxo-hydroxysteroids (Table 4), 

which are important precursors for the synthesis of 

pharmaceutically relevant bile acids. 

To discover novel and native NAD+-dependent 

12α-HSDHs, a structure-guided genome mining 

(SGGM) strategy was proposed. Firstly, we 

structurally analyzed the phosphate- and hydroxyl-

binding pockets of Cl12α-HSDH and El12α-HSDH, 

respectively. The phosphate-binding motif (GRN) in 

NADP+-dependent Cl12α-HSDH (Figure 1A) was 

found to be replaced by a hydroxyl-binding motif 

(DLF) in the NAD+-dependent El12α-HSDH (Figure 

1B). This change in the amino acid residues located 

on the phosphate/hydroxyl-binding loops would be 

responsible for NAD(H)/NADP(H) cofactor 

recognition.[8g,14,15] In general, NADP+-dependent 

enzymes have larger phosphate-binding pockets with 

positively charged residues (such as Arg51 in Cl12α-

HSDH, Figure 1A) that interact with the negatively 

charged 2′-phosphate group of NADPH (phospho-) 

adenosine ribose, while NAD+-dependent enzymes 

prefer negatively charged residues (such as Asp38 in 

El12α-HSDH, Figure 1B).[13c,15,16] Therefore, NAD+-

dependent enzymes could be rationally discovered by 

discriminating the residues on the cofactor pocket. 

Subsequently, we performed a pBLAST search of 

the NCBI nonredundant database using the protein 

sequence of El12α-HSDH (NCBI accession no. 

WP_114518444.1) as the template, and carried out an 

alignment of the conserved cofactor-binding motifs. 

Twenty eight enzyme genes with negatively charged 

residues (Asp) on the N-terminal of hydroxyl-binding 

loop were selected from 1000 sequences (Figure S1), 

cloned into pET28a vector, and heterologously 

overexpressed in Escherichia coli BL21 (DE3) 

(Table S1). The activity of each enzyme (using crude 

enzyme extracts as the catalysts) toward 1a was 

tested using NAD+ as a cofactor. One of the tested 

enzymes, Rr12α-HSDH originating from 

Rhodococcus ruber, showed a significant activity on 

1a and was thus chosen for further studies. No 

activity was detected when using NADP+ as a 

cofactor, indicating that Rr12α-HSDH is a native 

NAD+-dependent enzyme. As shown in Figure 1C, a 

DVD motif was present on the hydroxyl-binding loop 

of the NAD+-dependent Rr12α-HSDH. The 

negatively charged Asp36 residue may form 

hydrogen bonds with the 2′-hydroxyl group of the 

adenosine ribose in NADH, which facilitates the tight 

binding of NADH with the enzyme. However, this 

position in all the NADP+-dependent 12α-HSDHs 

was replaced by a phosphate-binding motif (GRN) 

(Figure S6). The results demonstrated that SGGM 

strategy could enable effective and target-focused 

identification of the unknown but naturally occurring 

NAD+-dependent dehydrogenases. 

Rr12α-HSDH is shown to be a new 12α-HSDH 

because it shares only 38%–43% of its identity with 

the reported El12α-HSDH (Eggerthella lenta), 

Cl12α-HSDH (Clostridium sp. strain ATCC 

29733/VPI C48-50), Eg12α-HSDH (Eggerthella sp. 

CAG: 298), rCHYL (Clostridium hylemonae DSM 

15053), rCSCI (Clostridium scindens ATCC 35704), 

and rCHIR (Clostridium hiranonis DSM 13275) 

(Table 1). To characterize the enzymatic properties of 

Rr12α-HSDH, the N-terminal His-tagged 

recombinant enzyme was purified by nickel affinity 

chromatography and analyzed by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (Figure 

S2). As shown in Table 1, the oxidation activity of 

purified Rr12α-HSDH was 290 U mg−1
protein (under 
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standard conditions), which is the highest specific 

activity toward 1a for 12α-HSDHs reported to date. 

Rr12α-HSDH showed higher catalytic activity at a 

temperature range of 35–45°C, and exhibited the 

highest activity at 40°C, retaining 70% activity at 

30°C (Figure S3). The pH properties of the purified 

Rr12α-HSDH in both the reductive and oxidative 

reactions are shown in Figure S4. Rr12α-HSDH 

displayed a maximum activity at pH 10.0 for 1a 

dehydrogenation with NAD+ as a cofactor and an 

optimum at pH 6.0 for 1b reduction with NADH as a 

cofactor. The thermostability of Rr12α-HSDH was 

also examined, giving half-lives (t1/2) of 72, 20, and 

0.25 h, respectively, at 30, 40, and 50°C (Figure S5), 

implying that the enzyme was quite stable at 30°C 

but deactivated at higher temperatures. Hence, the 

enzymatic synthesis reactions were performed at 

30°C so as to avoid the negative influences of the 

poor thermostability. 

The kinetic parameters of 12α-HSDHs toward 1a 

and cofactor were determined. As shown in Table 2 

(entries 1−2), the Michaelis−Menten constant (Km) of 

Rr12α-HSDH for 1a was 0.025 mM, displaying a 25-

fold higher affinity than El12α-HSDH (0.64 mM). 

The turnover frequency (kcat) of Rr12α-HSDH for 1a 

was 128 s−1, affording the catalytic efficiency (kcat/Km) 

of 5.10 × 103 mM−1 s−1, which is 88-fold greater than 

that of El12α-HSDH. In addition, compared with 

El12α-HSDH, Rr12α-HSDH showed a much better 

affinity to cofactor NAD+ with a Km of 0.063 mM 

(Table 2, entry 3), which is 15 times lower than 

El12α-HSDH (0.92 mM) (Table 2, entry 4), 

indicating that Rr12α-HSDH has a greater application 

prospect in enzymatic synthesis. The kinetic 

parameters of Rr12α-HSDH toward other 12α-

hydroxysteroids were also measured, as summarized 

in Table 2 (entries 5−11). Rr12α-HSDH exhibited 

relatively high kcat values for all the 12α-

hydroxysteroids tested (78.3–141 s−1) and the highest 

kcat was observed when using glycocholic acid (GCA, 

6a) as substrate. The Km values of Rr12α-HSDH for 

majority of the 12α-hydroxysteroids ranged from 

0.025 to 0.046 mM, indicating that the enzyme has 

excellent affinity to these substrates except for 

deoxycholic acid (DCA, 4a, Km = 0.138 mM). The 

results demonstrated that Rr12α-HSDH can be used 

as a potential biocatalyst for the production of various 

health-promoting bile acids. 

Table 2. Kinetic parameters of recombinant Rr12α-HSDH and El12α-HSDH.[a] 

 

Entry Substrate 

(R1 =, R2 =) 

Vmax  

[μmolmin1mg1] 

Km  

[mM] 

kcat  

[s−1] 

kcat/Km  

[mM−1 s−1] 

1 1a (α-OH, H) 290 ± 13 0.025 ± 0.005 128 ± 6 5.10 × 103 

2 1a (α-OH, H)[b] 78 ± 2.1 0.640 ± 0.060 36.5 ± 1.0 57.0 

3 NAD+[c] 292 ± 5 0.063 ± 0.005 129 ± 2 2.03 × 103 

4 NAD+[d] 65 ± 6 0.920 ± 0.160 30.6 ± 2.6 33.3 

5 2a (Ketone, H) 178 ± 4 0.041 ± 0.003 78.3 ± 1.8 1.91 × 103 

6 3a (β-OH, H) 240 ± 13 0.046 ± 0.008 106 ± 6 2.30 × 103 

7 4a (H, H) 276 ± 21 0.138 ± 0.003 121 ± 9 8.80 × 102 

8 5a (α-OH, Taurine) 319 ± 15 0.035 ± 0.007 140 ± 7 4.01 × 103 

9 6a (α-OH, Glycine) 320 ± 15 0.042 ± 0.008 141 ± 7 3.35 × 103 

10 7a (H, Taurine) 295 ± 8 0.038 ± 0.004 130 ± 4 3.40 × 103 

11 8a (H, Glycine) 293 ± 4 0.042 ± 0.002 129 ± 2 3.10 × 103 

[a] Kinetic parameters were determined at different substrate concentrations (0–10 mM) in the presence of 1 mM NAD+ 

using purified Rr12α-HSDH, and [b] El12α-HSDH, respectively. [c] Kinetic parameters were determined at different NAD+ 

concentrations (0–1.0 mM) in the presence of 2 mM 1a using purified Rr12α-HSDH, and [d] El12α-HSDH, respectively. 

The kcat values were calculated considering a subunit size of 28.0 and 28.3 kDa for Rr12α-HSDH and El12α-HSDH, 

respectively. 
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Table 3. Optimization of reaction conditions for the oxidation of 1a catalyzed by Rr12α-HSDH.[a] 

 

Entry 1a  

[mM] 

Rr12α-HSDH  

[g L−1] 

NAD+  

[mM] 

Time  

[h] 

Conv.  

[%][b] 

1 50 1 0.2 0.5 >99 

2 100 1 0.2 24 82 

3 100 1 0.4 1 >99 

4 200 2 0.4 12 50 

5 200 2 0.6 1.5 >99 

6 200 5 0.5 0.5 >99 
[a] Reaction conditions: 10 mL reaction mixture, containing 50–200 mM substrate 1a, 1.5-fold equivalent pyruvate, 1–5 g 

L−1 each of lyophilized E. coli cells harboring Rr12α-HSDH and LdLDH genes respectively, 0.2–0.6 mM NAD+, and 

potassium phosphate buffer (100 mM, pH 8.0), was incubated at 30°C and 220 rpm. [b] Conversion was determined by 

reversed-phase high-performance liquid chromatography (RP-HPLC). 

To evaluate the feasibility of utilizing Rr12α-

HSDH for the biocatalytic process, the pyruvate/LDH 

system was chosen for the regeneration of cofactor 

NAD+. Compared with other NAD+ regeneration 

systems such as O2/NOX and  α-

ketoglutarate/glutamate dehydrogenase system, the 

lactate dehydrogenase (LdLDH) identified from 

Lactobacillus delbrueckii subsp. bulgaricus LdLDH 

possesses higher specific activity (331 U 

mg−1
protein).[11a,17a] In practical industrial applications, 

the supply of O2 could be very problematic,[17b] and 

α-ketoglutarate is very expensive since it is used for 

medical treatments and as a chemical building 

block.[17c] The pyruvate/LDH system utilized to 

regenerate cofactor NAD+ is more efficient and 

economical. Initial experiments were performed in a 

10 mL reaction system with 50 mM 1a, 0.2 mM 

NAD+, 75 mM pyruvate, and 1 g L−1 each of 

lyophilized E. coli cells harboring Rr12α-HSDH and 

LdLDH genes, respectively. As a result, 1a was 

completely converted to 1b within 0.5 h (Table 3, 

entry 1). An increase of substrate loading to 100 mM 

without changing other conditions led to 82% 

conversion in 24 h (Table 3, entry 2). When 0.4 mM 

NAD+ was added to the reaction mixture, Rr12α-

HSDH completely oxidized 100 mM 1a within 1 h 

(Table 3, entry 3). The substrate loading could be 

further raised to 200 mM, but the conversion was 

only 50% after 12 h (Table 3, entry 4). It was found 

that 99% conversion could be achieved in 1.5 h with 

a load of 0.6 mM cofactor (Table 3, entry 5). For cost 

effectiveness, taking into account the internal 

cofactor content of lyophilized E. coli cells,[18] the 

reaction was carried out using 5 g L−1 biocatalyst and 

0.5 mM of external NAD+. Accordingly, 200 mM 

substrate was transformed completely with 99% 

conversion within 0.5 h (Table 3, entry 6), indicating 

the great potential of Rr12α-HSDH as a biocatalyst 

for practical applications. In the 10-mL scale 

biotransformation, 50 mM CA could be rapidly 

converted to 12-oxo-CDCA. But when the substrate 

loading was gradually increased to 200 mM, both the 

concentrations of biocatalyst and cofactor had to be 

increased simultaneously to achieve complete 

oxidation of CA, indicating that the enzymes and 

cofactor might have been partially inactivated during 

the reaction. Further work will be required to 

elucidate the mechanisms that lead to the loss of 

enzyme activity and/or degradation of the cofactor. 

Finally, in order to demonstrate the practical 

capability of Rr12α-HSDH for synthetic reactions, 

the oxidation of various 12α-hydroxysteroids were 

performed on a preparative scale (100 mL) under the 

optimized conditions. Consequently, 200 mM 1a was 

completely oxidized (>99% conversion) into 1b by 

Rr12α-HSDH within 1 h. After extraction and 

purification, 1b was isolated in 85% yield (Table 4, 

entry 1), giving a STY of up to 1632 g L−1 d−1, which 

represents the highest reported productivity to the 

best of our knowledge (Table 5). For substrates 7-
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oxo-deoxycholic acid (7-oxo-DCA, 2a), ursocholic 

acid (UCA, 3a), and 4a, the corresponding products 

7,12-dioxo-lithocholic acid (7,12-dioxo-LCA, 2b), 

12-oxoursodeoxycholic acid (12-oxo-UDCA, 3b), 

and 12-oxo-lithocholic acid (12-oxo-LCA, 4b) were 

isolated after 3.5−4.5 h of reaction in 75%, 81%, and 

82% yields, respectively, albeit at a slightly lower 

substrate loading (150 mM) (Table 4, entries 2−4). 

Their respective STYs, 240, 333, and 295 g L−1 d−1, 

were obviously lower than that of 1b. This might be 

attributed to the slightly lower kcat of Rr12α-HSDH 

toward 2a and 3a and higher Km toward 4a than 1a 

(Table 2, entries 5−7). Following the same protocol, 

200 mM substrates of taurocholic acid (TCA, 5a), 

glycocholic acid (GCA, 6a), taurodeoxycholic acid 

(TDCA, 7a), and glycodeoxycholic acid (GDCA, 8a) 

were totally converted within 1−2 h, affording the 

corresponding 12-oxo-hydroxysteroids with 99% 

conversion (Table 4, entries 5−8). These results 

demonstrated that Rr12α-HSDH is an efficient 

biocatalyst for the technically competitive and 

economically viable bioproduction of 12-oxo-

hydroxysteroids, all acting as precursors for 

manufactory of therapeutic bile acids. 

Table 4. Oxidation of hydroxysteroids catalyzed by Rr12α-HSDH.[a] 

 
[a] Reaction conditions: 100 mL reaction mixture, containing 150−200 mM substrate, 1.5-fold equivalent pyruvate, 5 g L−1 

lyophilized E. coli cell harboring Rr12α-HSDH gene, 5 g L−1 lyophilized E. coli cell harboring LdLDH gene, 0.5 mM 

NAD+, and potassium phosphate buffer (100 mM, pH 8.0), was incubated at 30°C and 220 rpm. [b] Conversion was 

determined by RP-HPLC. [c] Isolated yields. 
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Table 5. Comparison of Rr12α-HSDH with other reported catalysts in synthesis of 1b from 1a. 

Entry Catalyst 1a  
[mM] 

Time 

[h] 

Conv.  

/Yield [%] 

E factor[a] Atom 

efficiency 

[%][b] 

STY 

[g L−1 d−1] 

Ref. 

1 Chemical 

catalysts[c] 

312.5 21 47.5 55.4 48.5 68 Hofmann[4] 

2 12α-HSDH[d] 100 4 >99/88 1.8 64.3 240 Carrea et al.[19] 

3 12ɑ-HSDH[e] 100 24 92 6.1 87.1 37 Fossati et al.[20] 

4 12ɑ-HSDH[f] 12 12 98 3.3 81.9 9 Giovannini  

et al.[21] 

5 El12α-HSDH[g] 10 24 >99 2.5 95.8 4 Tonin et al.[14] 

6 El12α-HSDH[h] 10 4 >99 4.4 75.2 24 Tonin et al.[14] 

7 Rr12ɑ-HSDH[i] 200 1 >99/85 1.08 81.9 1632 This work 
[a] The calculations did not take into account the waste generated for the preparation of the catalysts and the downstream 

processes. The detailed calculations of E factor and [b] atom efficiency are listed in Supporting Information. [c] The 400 mL 

reaction mixture contained 50 g 1a (312.5 mM). [d] 12α-HSDH was extracted from Clostridium group P. 70 mL reaction 

mixture contained 0.37 U/mL 12α-HSDH and 0.06 mM NADP+. [e] Purified 12ɑ-HSDH from Clostridium sp. 10 mL 

reaction mixture contained 20 U/mL 12α-HSDH and 0.1 mM NADP+. [f] Partially purified 12ɑ-HSDH from calcoaceticus 

lwoffii. 100 mL reaction mixture contained 0.028 U/mL 12α-HSDH and 0.2 mM NAD+. [g] Purified El12α-HSDH 

(recombinant E. coli/pET28a-El12ɑ-HSDH) combined with NOX (75 mL reaction mixture contained 0.1 U/mL El12α-

HSDH and 0.5 mM NAD+), and [h] MDH (50 mL reaction mixture contained 0.1 U/mL El12α-HSDH and 0.5 mM NAD+), 

respectively. [i] Lyophilized cells of recombinant E. coli/pET28a-Rr12ɑ-HSDH. 100 mL reaction mixture contained 10 

U/mL Rr12ɑ-HSDH and 0.5 mM NAD+. 

The enzymatic synthesis of 1b from 1a mediated 

by the combination of Rr12ɑ-HSDH and LDH 

showed an atom efficiency of 81.9% (Table 5), 

slightly lower than that obtained by the El12α-HSDH 
combined with NOX, but still acceptable compared 

with the chemical route. More importantly, as shown 

in Table 5, the E factor (environmental factor) for the 

production of 1b catalyzed by Rr12ɑ-HSDH was 

estimated to be 1.08, in contrast to those for other 

reported biocatalysts and 55.4 for the chemical route, 

indicating the significant environmental benefit of 

biocatalysts, especially Rr12ɑ-HSDH.  

In summary, a new and native NAD+-dependent 

Rr12α-HSDH with high catalytic efficiency was 

discovered from Rhodococcus ruber by the proposed 

structure-guided genome mining approach (SGGM). 

Rr12α-HSDH showed higher specific activity toward 

1a than other reported 12α-HSDHs. By stepwise 

optimization of reaction conditions, as much as 80 g 

L−1 (200 mM) of 1a could be completely oxidized 

within 1 h, and efficiently converted to 1b, with an 

isolated yield of 85% and a STY of up to 1632 g L−1 

d−1. The biocatalytic process gave an atom efficiency 

of 81.9% and an E factor of 1.08. Furthermore, 

various 12α-hydroxysteroids were bio-oxidized to the 

corresponding 12-oxo-hydroxysteroids by Rr12α-

HSDH at high substrate loads (up to 200 mM) and in 

good yields (up to 85%), indicating that E. 

coli/pET28a-Rr12α-HSDH can serve as an attractive 

biocatalyst for highly efficient and environmentally 

benign production of important scaffolds of 

pharmaceutical bile acids. Further reaction 

engineering for pilot-scale and large-scale 

applications is ongoing in our laboratory. 

Experimental Section 

Structure-Guided Genome Mining of New 12α-HSDHs 

To discover novel and native NAD+-dependent 12α-

HSDHs, a structure-guided genome mining (SGGM) 

strategy was adopted. We performed a pBLAST search of 

the NCBI nonredundant database 

(http://www.ncbi.nlm.nih.gov) using the protein sequence 

of El12α-HSDH (NCBI accession no. WP_114518444.1) 

as the template, and carried out an alignment of the 

conserved cofactor-binding motifs. To ensure the diversity 

of sequences, 1000 candidate sequences with 20−60% 

similarities to the template sequence were selected. Based 

on the fact that the residues located on the 

phosphate/hydroxyl-binding loops would be responsible 

for NAD(H)/NADP(H) cofactor recognition, 28 putative 

12α-HSDH sequences encoding a negatively charged 

amino acid residue (Asp) on the N-terminal of hydroxyl-

binding loop were chosen among the 1000 candidate genes 

and used for cloning, expression, and activity detection 

(Supporting Information). 

Activity Assays and Kinetic Parameters  
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Enzyme activity was determined by spectrophotometric 

assay at 30°C measuring the oxidation of NAD(P)H or 

reduction of NAD(P)+ at 340 nm (ɛ = 6.22 mM−1 cm−1).  

The reaction mixture (1 mL) was composed of 970 μL 

potassium phosphate buffer (KPi, 100 mM, pH 8.0), 10 μL 

of substrate stock solution (200 mM), 10 μL NAD(H) or 

NADP(H) solution (100 mM), and 10 μL purified enzyme 

with an appropriate concentration. One unit of the enzyme 

activity is defined as the amount of enzyme that catalyzes 

the reduction (or oxidation) of 1 μmol NAD(P)(H) per 

minute under the assay conditions. Kinetic parameters 

were determined at different substrate concentrations (0–

10 mM) and cofactor (NAD+ or NADP+) concentrations 

(0–1.0 mM). The resultant data were adjusted to a 

Michaelis-Menten model using Origin 8.6.  

Preparative Synthesis of 12-Oxo-hydroxysteroids  

The biotransformation was conducted at 30°C and 220 rpm 

for 24 h in a 100 mL solution containing 150–200 mM 

12α-hydroxysteroids, 1.5-fold equivalent pyruvate, 5 g L-1 

each of lyophilized E. coli cells harboring Rr12α-HSDH 

and LdLDH genes respectively, 0.5 mM NAD+, and 

potassium phosphate buffer (KPi, 100 mM, pH 8.0). The 

conversion of substrates was determined by RP-HPLC 

(Supporting Information). After complete conversion, the 

solution was acidified with 1 M HCl till pH 3.0, and the 

precipitated product was filtered and washed with 50−100 

mL of ethanol. Subsequently, the ethanol is evaporated, 

and the powder was dried, and purified by silica gel 

column chromatography eluting with a mixture of 

dichloromethane and methanol (20/1–10/1) to yield pure 

12-oxo-hydroxysteroids. The product was characterized by 

NMR spectroscopy and high-resolution mass spectrometry 

(HRMS) (Supporting Information). 
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