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A B S T R A C T   

7α-Hydroxysteroid dehydrogenase (7α-HSDH) catalyzes the dehydrogenation of a hydroxyl group at the 7α 
position in steroid substrates using NAD+ or NADP+ as a co-factor. Although studies have determined the binary 
and ternary complex structures, detailed structural changes induced by ligand and co-factor binding remain 
unclear, because ligand-free structures are not yet available. Here, we present the crystal structure of apo 7α- 
HSDH from Escherichia coli (Eco-7α-HSDH) at 2.7 Å resolution. We found that the apo form undergoes substantial 
conformational changes in the β4-α4 loop, α7-α8 helices, and C-terminus loop among the four subunits 
comprising the tetramer. Furthermore, a comparison of the apo structure with the binary (NAD+)-complex and 
ternary (NADH and 7-oxoglycochenodeoxycholic acid)-complex Eco-7α-HSDH structures revealed that only the 
ternary-complex structure has a fully closed conformation, whereas the binary-complex and apo structures have 
a semi-closed or open conformation. This open-to-closed transition forces several catalytically important residues 
(S146, Y159, and K163) into correct positions for catalysis. To confirm the catalytic activity, we used alcohol 
dehydrogenase for NAD+ regeneration to allow efficient conversion of chenodeoxycholic acid to 7-ketolitho
cholic acid by Eco-7α-HSDH. These findings demonstrate that apo Eco-7α-HSDH exhibits intrinsically flexible 
characteristics with an open conformation. This structural information provides novel insight into the 7α-HSDH 
reaction mechanism.   

1. Introduction 

Intestinal bacteria can transform bile acids (steroid molecules) into 
secondary bile acids through enzymatic processes that mediate decon
jugation, dehydroxylation, or dehydrogenation reactions [1]. Among 
them, microbial stereospecific dehydrogenation of steroid molecules in 
both α and β orientations have been reported [2]. In particular, 
7α-hydroxysteroid dehydrogenase (7α-HSDH) is of great interest as a 
biocatalyst for the transformation of commercially useful steroid mole
cules [2,3]. For example, 7α-HSDH can be used for the bioconversion of 

chenodeoxycholic acid (CDCA) into ursodeoxycholic acid (UDCA), 
which helps reduce the cholesterol saturation of bile, thereby resulting 
in its application as a medical therapy for gallstone disease [4]. 

7α-HSDH reversibly catalyzes the oxidation of the C7 hydroxyl group 
of steroids using NAD+ or NADP+ as a co-factor. Several microbial 7α- 
HSDH enzymes have been identified and characterized in Escherichia coli 
[5–7], Bacteroides fragilis [8,9], Xanthomonas maltophilia [10], Clos
tridium sordellii [11], Clostridium difficile [12], and Clostridium absonum 
[13–15]. In recent years, many strategies have been developed for UDCA 
from CDCA synthesis using 7α-HSDH and 7β-HSDH. Each 7α-HSDH 
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enzyme has a different co-factor preference and requires expensive 
nicotinamide co-factors [NAD(P)(H)] for substrate catalysis [16]. 
Moreover, utilization of well-established enzymatic strategies for the 
regeneration of nicotinamide co-factors can be applied to the synthesis 
of UDCA [17]. 7α-HSDH from E. coli (Eco-7α-HSDH) utilizes NAD+, 
whereas 7α-HSDH from C. absonum (Cab-7α-HSDH) prefers NADP+ as a 
co-factor. Additionally, Cab-7α-HSDH possesses positively charged res
idues (R16, R38, and R194) that interact specifically with the adenosine 
ribose C2 phosphate group of NADP. 

To date, the crystal structures of Eco-7α-HSDHs [5], Cab-7α-HSDHs 
[14], and 7α-HSDH from Brucella melitensis [Bme-7α-HSDH; Protein Data 

Bank (PDB): 3GAF; not yet published] have been determined. These 
include two crystal structures of Eco-7α-HSDH in a binary complex with 
NAD (PDB: 1AHH) and a ternary complex with NADH and 7-oxoglyco
chenodeoxycholic acid (PDB: 1AHI) [5], and a crystal structure of 
Cab-7α-HSDH (PDB: 5EPO) in complex with taurochenodeoxycholic 
acid [tauro-(CDCA)] and NADP(+), which explained the NADP prefer
ence as a co-factor [14]. Notably, the crystal structure of apo 
Bme-7α-HSDH has also been determined (PDB: 3GAF), but related 
studies have not yet been published. 

In this study, we present the first apo Eco-7α-HSDH structure at 2.7 Å 
resolution. Although the molecular details of the Eco-7α-HSDH protein 
have been previously reported in binary- and ternary-complex forms, 
the apo structure provides insight into novel conformational changes 
induced by substrate and co-factor recognition. Moreover, comparative 
structural analysis with previously determined structures shows that the 
β4-α4 loop, α7-α8 helices, and C-terminal loop are important elements 
for co-factor and substrate binding. Furthermore, we demonstrated the 
use of an NAD+-regeneration system using Eco-alcohol dehydrogenase 
(ADH) for CDCA biotransformation by Eco-7α-HSDH. These findings 
offer new insight into the mechanism of Eco-7α-HSDH activity. 

2. Materials and methods 

2.1. Chemicals and materials 

CDCA, 7-ketolithocholic acid (7-KLCA), acetone, kanamycin, and 
NAD+ were purchased from Sigma-Aldrich (Seoul, Korea). Commercial 
ADH-2 protein was purchased from Cambrex (Wiesbaden, Germany). 

2.2. Cloning and protein purification 

The gene encoding Eco-7α-HSDH (UniProtKB: P0AET8) and that 
encoding ADH (UniProtKB: P37686) from E. coli (Eco-ADH) were opti
mized and synthesized following BamHI and XhoI restriction digestion 
and cloning into the pET28a(+) vector. Both ligation constructs were 
used to transform E. coli C41 cells. Seed culture (1 mL seed) was added to 
100 mL of LB medium containing kanamycin (100 μg/mL) and grown at 
37 ◦C and 200 rpm. The cells were induced with isopropyl β-D-1-thio
galactopyranoside (0.5 mM) for overexpression after they reached an 
optical density of 0.6 at 600 nm; then, they were incubated at 25 ◦C for 
16 h for protein synthesis. The cells were harvested by ultracentrifuga
tion at 3500 rpm for 20 min, and dry cells were washed twice with 
washing buffer (50 mM potassium phosphate buffer), followed by lysis 
via sonication. The lysate was then centrifuged at 10,000 rpm for 10 
min, and the supernatant was mixed with resin for purification. The 
resin-bound proteins were eluted with different concentrations of 

Scheme 1. Reaction catalyzed by Eco-7α-HSDH using the Eco-ADH system for NAD+ regeneration.  

Table 1 
X-Ray diffraction data collection and refinement statistics.  

Dataset Eco-7α-HSDH 

X-ray source BL-5C beam line 
Space group P21 

Unit-cell parameters (Å, ◦) a = 58.8, b = 100.2, c = 160.2, α=γ = 90.00, β =
95.6 

Wavelength (Å) 0.9794 
Resolution (Å) 50.0–2.70 (2.75–2.70) 
Total reflections 178,734 
Unique reflections 50,045 (2487) 
Average I/σ (I) 16.7 (2.7) 
Rmeas 

a 0.167 (0.756) 
CC1/2 0.987 (0.776) 
Redundancy 3.6 (3.8) 
Completeness (%) 98.7 (100.0)  

Refinement  
Resolution range (Å) 38.06–2.70 (2.75–2.70) 
No. reflections in the working 

set 
49,978 (2483) 

No. reflections in the test set 2490 (124) 
No. amino acid residues 1977 
No. water molecules 126 
Molecules per asymmetric unit 8 
Rcryst

b 0.195 (0.266) 
Rfree

c 0.276 (0.369) 
R.m.s. bond length (Å) 0.010 
R.m.s. bond angle (◦) 1.328 
Average B-value (Å2) (protein) 60.4 
Average B-value (Å2) (solvent) 49.1 

Values in parentheses refer to the highest resolution shells. 
R.m.s., root mean square. 

a Rmeas =
∑

hkl {N (hkl) / [N (hkl) − 1]}1/2 ∑
i |Ii(hkl) − <I(hkl)>|/

∑
hkl

∑
iI 

(hkl). 
b Rcryst =

∑
｜|Fo| − |Fc|｜/

∑
|Fo|. 

c Rfree was calculated using 5% of all reflections excluded from the refinement 
stages and using high-resolution data. 
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Fig. 1. Crystal structure of apo Eco-7α-HSDH. (A) Overall monomer structure of Eco-7α-HSDH (chain A) is shown in front and 90◦-rotated views. Ribbon repre
sentation of Eco-7α-HSDH (chain A) with the β-strands in cyan and α-helices in yellow. (B) Tetramer structure of Eco-7α-HSDH. (C) Multiple sequence alignment of 
Eco-7α-HSDH with homologous proteins. Aligned sequences include Eco-7α-HSDH (UniProtKB: P0AET8), Bme-7α-HSDH (UniProtKB: Q8YIN7), Cab-7α-HSDH 
(UniProtKB: G9FRD7), short-chain dehydrogenase reductase from Chryseobacterium sp. (UniProtKB: X2D0L0), and 3-oxoacyl-ACP reductase from Bacillus anthracis 
(UniProtKB: A0A6L7H0J7). The catalytically important residues (S146, Y159, and K163) are indicated with black circles. 
Bme-7α-HSDH, Brucella melitensis 7α-HSDH; Cab-7α-HSDH, Clostridium absonum 7α-hydroxysteroid dehydrogenase; Eco-7α-HSDH, Escherichia coli 7α-hydroxysteroid 
dehydrogenase. 
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imidazole and concentrated using a 30-kDa filter for Eco-ADH and 10-kD 
filter for Eco-7α-HSDH (Centricon; Millipore, Billerica, MA, USA). 

2.3. Co-factor regeneration system 

Because Eco-7α-HSDH requires NAD+ as a co-factor for catalysis, we 
used ADH with the co-substrate acetone for efficient NAD+ regeneration 
(Scheme 1). The efficiency of 7-KLCA production from CDCA was 
observed with different concentrations of Eco-ADH. The in vitro reaction 
was conducted using 7α-HSDH (2 mg/mL), CDCA (10 mM), DTT (1 
mM), ADH (4 mg/mL), NAD+ (0.5 mM), and 10 % acetone in 500 μL of 
potassium phosphate buffer (pH 7.4) for 1 h. The reaction mixture was 
extracted with double volume ethyl acetate, and then dried with nitro
gen gas and was dissolved in methanol for analysis. 

We cloned Eco-ADH into the pET32a(+) vector and used it to 
transform C41 cells harboring the Eco-7α-HSDH pET28a(+) plasmid for 
in vivo biotransformation. Cells were overexpressed, and dry cells were 
obtained as described above. These cells were then suspended in po
tassium phosphate buffer, and the in vivo biotransformation of CDCA to 
7-KLCA was performed in a 1-mL reaction (1.0 g/mL cell dry weight) 
containing CDCA (10 mM) and 10 % acetone in a 500-μL reaction vol
ume of potassium phosphate buffer (pH 7.4) for 2 h. 

2.4. Analytical methods 

The substrate and product were analyzed using an evaporation light- 
scattering detector (ELSD) (ESA6700; Chromaflo Technologies, Ash
tabula, OH, USA), and the samples were separated using a Mightysil 
reverse-phase C18 GP column (4.6 mm × 250 mm, 5 μm; Kanto 
Chemical, Tokyo, Japan). The reaction mixture was eluted using a 
gradient system of water (A) and acetonitrile (B). Pump B concentration 
was gradually increased from 10 % to 100 % for 27 min and gradually 
decreased to 10 % for 35 min at a flow rate of 1.5 mL/min. The sample 
mixture was nebulized at 60 ◦C and 350 kPa pressure (nitrogen gas). The 
reaction mixtures were analyzed by SYNAPT G2-S/ACUITY UPLC liquid- 
chromatography (LC) quadrupole time-of-flight/electrospray ionization 
mass spectrometry (MS; water) in the positive ion mode. 

2.5. Crystallization and data collection 

Crystallization screening of Eco-7α-HSDH was performed in 96-well 
crystallization plates (Emerald Bio, Bainbridge Island, WA, USA) at 293 
K using the sitting-drop vapor-diffusion method. A high-throughput 
Mosquito crystallization robot (SPT Labtech, Basingstoke, UK) was 
used with several commercially available crystallization screening kits 
[MCSG I-IV (Anatrace, Maumee, OH, USA), Index, and SaltRx (Hampton 
Research Aliso Viejo, CA, USA)]. Drops consisting of 200 nL of protein 
solution and 200 nL of reservoir solution were equilibrated against 80 μL 
of reservoir solution. Crystals were grown in the presence of 0.1 M 
HEPES:NaOH pH 7.5, 20 % (w/v) PEG 4000, and 10 % (v/v) 2-propanol 

(MCSG4 #G11), and after 2 days of incubation at 293 K, single crystals 
were harvested and mounted without cryoprotectant. X-Ray diffraction 
data were collected on a BL-5C beamline at the Pohang Accelerator 
Laboratory (Pohang, Korea). The dataset containing 180 images with 1◦

rotation was indexed, integrated, and scaled using the HKL-2000 pro
gram [18]. 

2.6. Structure determination and refinement 

The crystal structure of Eco-7α-HSDH was determined at 2.7 Å res
olution by molecular replacement using MOLREP from the CCP4i suite 
[19,20] and with NADH-bound Eco-7α-HSDH (PDB: 1FMC) as a tem
plate model [5]. Iterative model rebuilding and refinement were per
formed using COOT [21], REFMAC5 [22], and phenix.refine [23]. The 
final structure model of Eco-7α-HSDH checked using MolProbity [24] 
had Rwork and Rfree values of 0.195 and 0.276, respectively. The detailed 
X-ray data collection and refinement statistics are presented in Table 1. 
The coordinate and structural factors for Eco-7α-HSDH have been 
deposited in the Protein Data Bank (http://www.rcsb.org/; accession 
code: 7ENY). Structural figures were generated using the PyMOL pro
gram [25]. 

3. Results and discussion 

3.1. Apo structure of Eco-7α-HSDH 

To investigate the structural changes associated with substrate and 
co-factor binding, we determined the apo structure of Eco-7α-HSDH at 
2.7 Å resolution. The Eco-7α-HSDH crystals belonged to space group P21, 
with two tetrameric molecules in the asymmetric unit. The structure was 
solved by molecular replacement using the monomer Eco-7α-HSDH 
structure (NAD+-complexed structure; PDB: 1AHH) [5] following the 
removal of NAD and water molecules. Data collection and refinement 
statistics are summarized in Table 1. 

The overall structure of apo Eco-7α-HSDH has Rossmann-fold motifs 
with nine α-helices and seven β-strands (Fig. 1A) and shows a homote
trameric quaternary structure, which was in accordance with previous 
analysis of the oligomeric state of this same enzyme and our size- 
exclusion chromatography results (Fig. 1B). Interestingly, the four 
chains in the functional tetramer displayed significant conformational 
differences in the β4-α4 loop, α7-α8 helices, and C-terminal loop, as 
illustrated by the superposition of the four-subunit structures (Fig. 1C). 
This is discussed in detail in the following section. 

Searches for structural homologs using the DALI server [26] revealed 
that apo Eco-7α-HSDH showed a high degree of structural similarity with 
binary- and ternary-complexed Eco-7α-HSDH structures. Additionally, 
the DALI search showed that apo Eco-7α-HSDH shares remarkable sim
ilarity with Bme-7α-HSDH (PDB: 3GAF; DALI z-score: 41.7), ketone 
reductase ChKRED20 from Chryseobacterium sp. CA49 (PDB: 5 × 8H; 
DALI z-score: 36.0), 3-oxoacyl-ACP reductase from B. anthracis (PDB: 

Table 2 
Structural homolog search results for Eco-7α-HSDH (DALI-Lite server).  

Protein name PDB 
code 

DALI Z- 
score 

UniProtKB 
code 

Ligand Reference 

Eco-7α-HSDH 1AHH 43.3 P0AET8 NAD+ [5] 
Eco-7α-HSDH 1AHI 41.8 P0AET8 NADH, 7-oxoglycochenodeoxycholic 

acid 
[5] 

Bme-7α-HSDH 3GAF 41.7 Q8YIN7 No Unpublished 
Ketone reductase ChKRED20 from 

Chryseobacterium sp. CA49 
5 × 8H 36.0 X2D0L0 No (2017) Appl Microbiol Biotechnol 101: 

8395− 8404 
3-oxoacyl-ACP reductase from Bacillus anthracis 2UVD 35.9 A0A6L7H0J7 No (2008) Proteins 70: 562− 567 
NADH-dependent FabG from Cupriavidus 

taiwanensis 
4NBV 35.8 B3R6T4 Bis-tris propane (2014) Appl Environ Microbiol 80: 

497− 505 
Cyclohexanol dehydrogenase from Aromatoleum 

aromaticum 
4URF 35.7 Q5P8S7 NAD+, (2015) J Mol Microbiol Biotechnol 25: 

327− 339 

Bme-7α-HSDH, Brucella melitensis 7α-hydroxysteroid dehydrogenase; Eco-7α-HSDH, Escherichia coli 7α-hydroxysteroid dehydrogenase; PDB, Protein Data Bank. 
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2UVD; DALI z-score: 35.9), NADH-dependent FabG from Cupriavidus 
taiwanensis (PDB: 4NBV; DALI z-score: 35.8), and cyclohexanol dehy
drogenase from Aromatoleum aromaticum (PDB: 4URF; DALI z-score: 
35.7) (Table 2). 

3.1.1. Apo Eco-7α-HSDH has intrinsic structural flexibility in the β4-α4 
loop and C-terminal loop regions and the α7-α8 helices 

The structural superposition results obtained using four subunits in 
the apo Eco-7α-HSDH structure showed that significant conformational 
changes appeared in three regions: the β4-α4 loop, α7-α8 helices, and C- 
terminal loop (Fig. 2A). The α7-α8 helices form the most open confor
mation in the chain B structure (Fig. 2B–E). Notably, the α7-α8 helix 
region formed crystal-packing interactions with the neighboring mole
cules (Figure S1). Additionally, the chain C structure has a closed 

conformation, where the α7-helix is partially unfolded. Moreover, the 
β4-α4 loop includes missing and non-modeled residues (148–151) in 
chain B and (149–152) chain C, indicating that this region has a high 
degree of flexibility. The co-factor-binding site is located at one end of 
the β-sheet, and the substrate-binding site is located at the upper posi
tion of the co-factor-binding site. Furthermore, the electrostatic surface- 
charge distribution showed that the substrate-binding site is hydro
phobic. In the apo Eco-7α-HSDH structure, the substrate-binding site was 
capped and covered by the β4-α4 loop or C-terminal loop, both of which 
bend over the active site and block the hydrophobic substrate-binding 
site. The C-terminal region covered the substrate-binding site in the 
chain A and chain D structures, and the L254 residue in the C-terminal 
loop forms hydrophobic interactions with the α5-α6 and α8-helix regions 
(Fig. 2F). In contrast, the β4-α4 loop covers the hydrophobic substrate- 

Fig. 2. Structural comparison of four subunits in apo Eco-7α-HSDH. (A) Superposition of the four subunits (chains A–D; colors identical to those identified in Fig. 1B) 
in stereoview. Cartoon representations of (B) chain A and (E) chain D, where residue L254 blocks the entrance to the substrate-binding site. Cartoon representations 
of (C) chain B and (D) chain C, where residue M147 blocks the entrance to the substrate-binding site. Electrostatic charge surface view of (F) chain A and (G) chain B. 
Eco-7α-HSDH, Escherichia coli 7α-hydroxysteroid dehydrogenase. 
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binding site in the chain B and chain C structures. In particular, the 
M147 residue located on the β4-α4 loop makes hydrophobic interactions 
with residues in the β6-α8 loop and α7-helix regions (Fig. 2G), which 
result in the extrusion of the β4-α4 loop into the substrate-binding 
pocket. These findings revealed that the apo Eco-7α-HSDH structure 
has an open conformation due to α7-α8 helix movement, although the 
substrate-binding site is blocked by the β4-α4 loop or C-terminal loop. 
We speculated that blocking substrate binding might prohibit nonspe
cific hydrophobic molecules from entering the substrate-binding site of 
apo Eco-7α-HSDH. 

3.1.2. Structural comparison of apo Eco-7α-HSDH with the binary- and 
ternary-complex structures 

A structural comparison of the apo structure with the binary (PDB: 
1AHH) and ternary-complex (PDB: 1AHI) [5] structures of Eco-7α-HSDH 

revealed that the conformation of the α7-α8 helices represented the 
primary difference between the three structures (Fig. 3A). The structure 
of the ternary complex has a fully closed conformation due to the closing 
movement of the α7-α8 helices. Chain B of the apo structure showed the 
widest open conformation, whereas chain A resembled the 
co-factor-bound binary-complex structure, although there was a slight 
closing movement by the α7-α8 helices and conformational changes in 
the I43, I69, and R194 side chains promoting interaction with NAD+. 
Additionally, K163 in chain B of the apo structure showed substantial 
structural movement relative to that observed in chain A of both apo and 
binary-complex structures (Fig. 3B). These findings suggest that the 
binary-complex structure of Eco-7α-HSDH showed a semi-closed 
conformation, whereas only the ternary-complex structure has a fully 
closed structure. In contrast, the apo Eco-7α-HSDH subunits demonstrate 
a consistently open conformation, although the degree of opening differs 

Fig. 3. Structural comparison of apo Eco-7α-HSDH with the binary- and ternary-complex structures. (A) Stereoview of the structural superposition of apo Eco-7α- 
HSDH (chains A and B) with the binary (PDB: 1AHH)- and ternary (PDB: 1AHI)-complex structures. Residues undergoing structural changes by (B) NAD+ binding and 
(C) 7-oxoglycochenodeoxycholic acid binding are indicated by stick models. 
Eco-7α-HSDH, Escherichia coli 7α-hydroxysteroid dehydrogenase. 
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from the other structure due to intrinsic structural flexibility. Structural 
comparisons of the open and fully closed conformations indicated that 
the Y159, L254, M209, and I201 residues undergo a large conforma
tional change upon substrate binding. A previous study proposed that 
S146, Y159, and K163 are important for the catalytic process of 
Eco-7α-HSDH. Specifically, Y159 might act as a catalytic residue, 
whereas S146 and K163 play important roles in substrate and co-factor 
binding, respectively (Fig. 3C). 

The structure information of apo Eco-7α-HSDH enabled us to eval
uate serial structural changes by prior co-factor (NAD+) binding, fol
lowed by substrate binding. Moreover, four chain structures in apo Eco- 
7α-HSDH have different conformations in the β4-α4 loop, β5-α6 loop, α7- 
α8 helices, and C-terminal loop regions. This enabled us to examine 
conformation and interaction changes during initial co-factor binding. 
The co-factor binding induced the movement of the β4-α4 (residues 
95–107) and β5-α6 loops (residues 145–155) in Eco-7α-HSDH. In the apo 
chain B and C structures, these two loops are extruded to the center of 
the co-factor-binding site. However, the two loops move back and form 
tight interactions with the bound co-factor. Structural superposition of 
the apo structure (chains B and C) and binary complex (PDB code 1AHH) 
showed that the Met147 residue is located in the corresponding position 
of the nicotinamide group of bound NAD. Another notable conformation 
change is the flip motion of the side chain of Tyr159. The Tyr159 residue 
of the apo structure (chains B and C) is located in the β4-α4 loop of bi
nary complex structure. After co-factor binding, the side chain of Tyr159 
is flipped to the inner side of the co-factor-binding pocket and directed 
to the ribose sugar ring of bound co-factor (Figure S2A). The following 
substrate binding might be related to the closing movement of the α7-α8 
helices (residues 195–211) and conformational changes in the C-termi
nal loop region (residues 247–255). It should be noted that the Met209 
and Leu254 residues are directly involved in substrate binding by 
forming hydrophobic interactions. In the ternary complex structure 
(PDB code 1AHI), the bound substrate (7-oxoglycochenodeoxycholic 
acid) forms hydrophobic interactions with the co-factor (NADH) and the 
Tyr159 residue (Figure S2B). Thus, it is thought that co-factor binding 
may facilitate and induce substrate binding. 

3.2. Biotransformation of CDCA to 7-KLCA using a co-factor- 
regeneration system 

Following successful co-expression and purification of Eco-7α-HSDH 
and Eco-ADH (Figure S3), we observed efficient catalysis of CDCA to 7- 
KLCA using the ADH system for co-factor recycling. The retention time 
was 22.4 min for the product (7-KLCA), which existed as a dimer with a 
mass of 781.564 m/z according to the LC–MS analysis (Figure S4). Eco- 
7α-HSDH catalysis requires the co-factor NAD+ [5], which is expensive. 
Prabha et al. [7] reported Eco-7α-HSDH activity in the presence of CDCA 
and other C-7 hydroxyl bile acids, demonstrating increased enzyme 
activity in the presence of ions and chelating agents. Additionally, 
Huang et al. [27] demonstrated upregulated 7-KLCA production by 
NADP+-dependent 7α-HSDH from C. absonum using D-amino acid de
hydrogenase for NADP+ regeneration. In the present study, we intro
duced the Eco-ADH system for NAD+ recycling, which can then be used 
by Eco-7α-HSDH for catalysis (Scheme 1 and Fig. 4 ). We found that 
increased Eco-ADH concentration along with constant levels of 
Eco-7α-HSDH, NAD+, and substrate doubled the production of 7-KLCA 
in the in vitro reaction (Fig. 4B). A comparison of the Eco-7α-HSDH ac
tivity using commercial ADH-2 with that using Eco-ADH under similar 
optimum conditions revealed that the NAD+-regeneration system using 
ADH-2 showed >95 % conversion of CDCA to 7-KLCA (Fig. 4A). More
over, Eco-7α-HSDH and Eco-ADH in the in vivo system resulted in ~50 % 
product formation (Fig. 4C). It is possible that optimization and use of 
ADH might be a crucial first step in co-factor regeneration during UDCA 
production from CDCA. Similarly, a previous study used lactate dehy
drogenase with pyruvate as a co-substrate for NAD+ recycling with 
Eco-7α-HSDH to synthesize a 7-KLCA intermediate during the two-step 
synthesis of UDCA (Zheng et al., 2015). Large-scale production of 
UDCA from CDCA has been achieved using 7α-HSDH from C. absonum 
and 7β-HSDH from Ruminococcus torques and a sufficient amount of 
NADP+ co-factors [28]. In the present study, we demonstrated efficient 
and reliable synthesis of a 7-KLCA intermediate using Eco-7α-HSDH in 
the presence of Eco-ADH for co-factor regeneration targeting UCDA 
synthesis. 

In conclusion, we solved the structure of apo Eco-7α-HSDH, which 
allowed elucidation of conformational changes in three key structural 
elements (the β4-α4 loop, α7-α8 helices, and C-terminal loop) associated 
with co-factor and substrate binding. These structural alterations 

Fig. 4. Product (7-KLCA) formation using different combinatorial approaches. (A) The reaction included Eco-7α HSDH (2 mg/mL), Eco-ADH/ADH-2 (2 mg/mL), 
CDCA (10 mM), DTT (1 mM), NAD+ (0.5 mM), and 10 % acetone in 500 μL of potassium phosphate buffer (pH 7.4); the reaction was performed for 1 h. (B) In vitro 7- 
KLCA formation along with increasing Eco-ADH concentration. (C) In vivo 7-KLCA formation using the co-substrate acetone in the presence of Eco-ADH for NAD+

regeneration. 
7-KLCA, 7-ketolithocholic acid; ADH, alcohol dehydrogenase; CDCA, chenodeoxycholic acid; Eco-7α-HSDH, Escherichia coli 7α-hydroxysteroid dehydrogenase; Eco- 
ADH, Escherichia coli alcohol dehydrogenase. 
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reposition catalytically important residues and enable catalysis. Addi
tionally, we observed that L254 and M147 act as gatekeepers to block 
the substrate-binding site in apo Eco-7α-HSDH before co-factor and 
substrate binding. Furthermore, we developed an efficient method to 
assess Eco-7α-HSDH activity through co-expression with Eco-ADH, 
which enables co-factor recycling through 7-KLCA generation from 
CDCA via Eco-7α-HSDH. 
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