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Abstract: The C12 specific oxidation of hydroxys-
teroids is an essential reaction required for the
preparation of pharmaceutical ingredients like urso-
deoxycholic acid (UDCA) and chenodeoxycholic
acid (CDCA), which can be synthesized by Wolff-
Kishner reduction of the obtained 12-oxo-hydrox-
ysteroids. 12a-hydroxysteroid dehydrogenases (12a-
HSDHs) have been shown to perform this reaction
with high yields, under mild conditions and without
the need of protection and deprotection steps,
required in chemical synthesis. Here, the recombi-
nant expression and biochemical characterization of
the nicotinamide adenine dinucleotide (NAD™)-
dependent HSDH from Eggerthella lenta (El120-
HSDH) are reported. This enzyme shows compara-
ble properties with the well-known nicotinamide
adenine dinucleotide phosphate (NADP *)-depend-
ent enzyme from Clostridium sp. 48—50. In order to
perform a viable and atom efficient enzymatic
hydroxysteroid oxidation, NAD(P)H oxidase (NOX)
was employed as cofactor regeneration system:
NOX uses oxygen (O,) as sacrificial substrate and
produces only water as side product. 10 mM of
cholic acid was fully and selectively converted to
12-0x0-CDCA in 24 h. The possibility to employ
this system on UCA and 7-oxo-deoxycholic acid (7-
0ox0-DCA) as substrates was additionally investi-
gated. The performance of the E/120-HSDH was
evaluated also in combination with a “classical”
regeneration system (oxaloacetate/malate dehydro-
genase) showing full conversion in 4 h. Finally, the
feasibility of a catalytic aerobic-NAD"-dependent
enzymatic oxidation was shown on a preparative
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scale (oxidation of CA to 12-oxo-CDCA) employ-
ing the E/120-HSDH-NOX system in a segmented-
flow-reactor.

Keywords: Bile acids; NAD *-dependent; 12a-hy-
droxysteroid dehydrogenases; NAD(P)H oxidase;
Flow-reactor

Ursodeoxycholic acid (UDCA) and chenodeoxycholic
acid (CDCA) are widely used as pharmaceutical
ingredients.!!” UDCA can be employed to treat
gallstones,™™ to improve the digestion of fatty acids, to
reduce cholesterol absorption and, in cases of choles-
tatic diseases, to stimulate the liver functions.”) CDCA
has been used for the same treatments, but its side
effects made the use in clinical treatment less desider-
able than UDCA."! However, in the last years several
pharmaceutical properties of this compound have been
discovered and explored (e.g. CDCA is used for the
treatment of Cerebrotendinous Xanthomatosis (CTX),
a rare genetic metabolic disorder).”

Nowadays, these two compounds are produced by
chemical C12 dehydroxylation of cholic acid (CA) in a
5-step synthesis: after the protection of the carboxylic
group, a selective protection of the 3- and 7-OH groups
with acetic anhydride and pyridine is performed (92%
yield). The removal of the 12-OH group is achieved by
a redox route. Oxidation with CrO; (98% yield) and
subsequent reduction of the formed keto group by
Wolff-Kishner reduction (82% yield) finally give
CDCA with an overall yield of 65%.°

The selective oxidation of the 12-OH group can be
achieved by using a 120-hydroxysteroid dehydrogen-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Scheme 1. Oxidation of 120-OH group of hydroxysteroids catalysed by 120-HSDH.

ase (12a-HSDH)."” Using this enzyme, the 12-hydroxy
group of CA can be specifically oxidized to the
corresponding ketone (forming 12-oxo-CDCA) with-
out the need of protection steps or the toxic Cr(VI).
The product can afterwards undergo Wolff-Kishner
reduction to form CDCA (Scheme 1). The advantages
of enzymatic oxidation include the reduction of waste
and mild reaction conditions with high conversion and
yield utilizing catalysts easily produced by
microorganisms.® The 12a-HSDHs belong to the
family of oxidoreductases with NAD™ or NADP™ as
electron acceptor. The NADP "-dependent activity is
distributed among the strains of the genus Clostridium,
while the NAD " -dependent activity has been observed
and reported in Eubacterium sp.

Several reports describe the NADP™-dependent
120-HSDH from Clostridium sp. 48—50 (C12a-HSDH)
as biocatalyst for the production of 12-oxo
hydroxysteroids.”) However, the use of a NAD™
-dependent enzyme for this reaction would be more
desirable: in comparison to NADP*, NAD™" is more
stable, naturally more abundant, cheaper and easier to
regenerate by employing additional enzymes and
sacrificial substrates.'” In addition, several studies
have recently reported the development of a fully
NAD™"-dependent process for the production of 12-
0x0-UDCA," opening up the possibility that the same
cofactor could be used for both epimerization (employ-
ing NAD*-dependent 70- and 7BHSDH) and the 12-
OH oxidation step.

A NADT-dependent 120-HSDH from unknown
source has been commercialized by Genzyme Bio-
chemicals and employed in several biocatalytic
studies,”® however no DNA or protein sequences were
annotated for this enzyme.

In this work, the gene corresponding to the NAD*-
dependent 12a-HSDH from Eggerthella lenta (EI120a-
HSDH) was characterized. Although this enzymatic
activity was identified earlier,!'” its biocatalytic poten-
tial was not investigated to date. The identified gene
coding for the FE/120-HSDH (GenBank: WP
114518444.1) showed 57% of sequence identity with
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the NADP " -dependent C120-HSDH (GenBank: WP_
044992937), 53% with the NADP *-dependent enzyme
from Eggerthella CAG:298 (GenBank: CDD59475.1)
and differs from the reported enzyme Elen-2515
(GenBank: ACV56470.1) by a single amino acid
(P41S). Multiple sequence analyses (BLASTp), 3D
structure modelling (using SWISS-MODEL) and dock-
ing analyses (AutoDock VINA)!"*! were carried out in
order to investigate the protein sequence/structure
relationship of this enzyme. Particularly, the NADP™"
binding motif (G39 and R40) in C120-HSDH, is
exchanged to a NAD™ binding motif (D39 and L40)
(Supplementary Figure 1). This change in the amino
acid sequence is frequently involved in the determi-
nation of the cosubstrate specificity of these
enzymes.""! The 3D model of the E/120-HSDH
structure showed a homotetrameric oligomeric state,
conserved among the group of SDR oxidoreductases,
confirming the predicted NAD"-binding (Figure 1A).
Docking analysis of CA in the active site of the E/12a-
HSDH showed correct positioning of the 12a-OH
group with respect to the catalytic residues (S145 and
Y158) and the nicotinamide cofactor (Figure 1B).
Therefore, the bioinformatic data suggested that the
sequence was coding for a NAD"-dependent 120-
HSDH.

In order to evaluate the catalytic performances of
the E/12a-HSDH and directly compare them with the
one of the NADP'-dependent system reported in
literature, C120-HSDH and El12a-HSDH were recom-
binantly expressed in E. coli BL21 (DE3) cells as N-
His-tagged proteins and purified by a single HiTrap
chelating chromatography step (>95% purity, as
determined by SDS-PAGE analysis, Supplementary
Figure 2).

EN20-HSDH was expressed in higher volumetric
yield than the C120-HSDH (215 and 26 mg/L_ures
respectively), making it more suitable for its industrial
employment (Purification tables are provided in
Supplementary Table 1). E/120-HSDH and C12a-
HSDH showed enzymatic activity (under standard
conditions) of 59.2 and 30.1 Umg ', respectively.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


http://asc.wiley-vch.de

Adva
Synthesis &
COMMUNICATIONS Catalysis

asc.wiley-vch.de

Figure 1. (A) Hypothetical binding mode of the NADH inside the 3D model of £/12a-HSDH active site: the putative formation of a
hydrogen bond between the aspartate side-chain (D39) and the 2°-OH group of ribose (distance 1.9-2.3 A). (B) Docking analysis of
CA in the catalytic pocket of E/12a-HSDH. The 3D structure model of the E/120-HSDH was obtained using SWISS-MODEL
(https://swissmodel.expasy.org/interactive), employing the crystal structure of the putative SDR from Burkholderia xenovorans
(PDB ID: 5JY1.1) as template. Docking analyses were performed employing AutoDock Vina ¥ (see Supplementary Material).

Table 1. Kinetic parameters of the recombinant C12a-HSDH and E/120-HSDH.

kcat I<m kcat/Km
(s (mM)
C12a-HSDH CAM™ 97.7+2.4 0.121+0.014 807.3+113.2
7-0x0-DCAM 62.7+0.2 0.252+0.022 24894224
UCAM 113.84+2.8 0.239+0.025 476.0+61.4
DCA™ 198.9+11.5 0.548+0.117 362.94+98.4
NADP P! 78.6+2.4 0.073 £0.009 1077+ 165
El120-HSDH CAM 146.1+4.0 0.636+0.062 229.8+28.6
7-0x0-DCAM 90.0+£2.3 0.461 +£0.047 195.3+24.8
UCAM 87.0+3.4 0.399 +0.060 218.1+41.3
DCAM 275+1.5 0.673+0.130 40.9+10.1
NAD P! 122.44+10.5 0.919 +0.164 133.2+35.2

4 Kinetic parameters determined in presence of 1 mM of NAD(P)*;

) Kinetic parameters determined in presence of 1 mM of CA. Activities were spectrophotometrically measured by following the
production of NAD(P)H at 340 nm. All the activities were performed in presence of 50 mM KPi buffer, pH 8.0 and 10% MeOH at
25°C. k., values were calculated considering a MW of 111 and 113 kDa for C120-HSDH and E/120-HSDH, respectively.

Notably, the position of the His-tag plays a crucial of the C-terminal proline residue, which has an
role in the activity of these enzymes: when a C-His- essential role in the binding of bivalent cations
C120-HSDH was expressed and purified, it showed a necessary for the enzyme oligomerization. Similar
low enzymatic activity (0.1 Umg™'). This loss of behaviour was observed in other C-terminal proline

activity was probably due to the C-His-Tag “masking” proteins."*! Additionally, the C-His-Tag was located

Adv. Synth. Catal. 2019, 361, 24482455  Wiley Online Library 2450  © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 2. Activity of C120-HSDH (black) and E/12a-HSDH
(grey) under different conditions. (A) activity in presence of
different concentrations of nicotinamide cofactors, 1 mM CA,
10% MeOH and 50 mM KPi pH 8.0. (B) Effect of pH on the
enzymatic activity at 25°C. The value at pH 8.0 is taken as
100%. (C) Effect of MeOH on the enzymatic activity at pH 8.0,
25°C. The value in absence of MeOH is taken as 100%. (D)
Effect of temperature on the enzymatic activity at pH 8.0. The
value at 25 °C is taken as 100%. In all the cases, activities were
determined in presence of 1 mM CA and 1 mM NAD(P)* by
measuring the NAD(P)* reduction at 340 nm.

close to the active site of the enzyme, restricting the
accessibility of the substrate in the catalytic pocket
(further details are provided in Supplementary Figure 3
and Supplementary Table 2).

Kinetic parameters of the two enzymes were
evaluated with different substrates (CA, 7-oxo-deoxy-
cholic acid (7-oxo-DCA), UCA and deoxycholic acid
(DCA)) in the presence of B-nicotinamide cofactors
(NAD" and NADP*, for El120-HSDH and Cl12a-
HSDH, respectively) (Table 1).

The C120-HSDH showed higher affinity to both
substrate and cosubstrate. On the other hand, E/12a-
HSDH displayed higher V,,,, for CA and 7-oxo-DCA:
in biocatalytic reactions, the influence of the K, value
on the performances of the enzymes is of lower
relevance as concentrations are typically higher (<
5 mM). Indeed, to achieve similar conversions, larger
amounts of FE/120-HSDS where therefore necessary
(Table 2).

The enzymatic activities in the presence of the not-
preferred cofactor were also assayed and, as predicted
by the in silico analysis of the sequence/structural
relationship, E/120-HSDH shows a strict NAD*-de-
pendent activity (Figure 2A). Notably, since the K,
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Figure 3. Bioconversion time-courses employing (A) Cl120-
HSDH and (B) El120-HSDH of: (green lines) 20 mM, (red
lines) 10 mM and (blue lines) 5 mM of CA in presence of (from
the lightest to the darkest tone) 0.2, 0.5 and 1 mM NAD(P)*.
All reactions were carried out employing 0.1 U/mL of enzyme
(2.6 uygmL™" and 3.5pgmL™' of C12a-HSDS and EIl120-
HSDS, respectively) and 0.5 mgmL™"' of NOX in 50 mM KPi,
pH 8.0 and 10% MeOH at 25 °C.

value for NAD™ is 0.91 mM, a decrease of the activity
was observed when lower amounts of cofactor were
employed.

The activity and the stability of the obtained
enzymes were evaluated at different pH values, differ-
ent MeOH concentrations and temperatures. Unlike the
C120-HSDH, which showed a pH optimum at pH 8.0,
the optimal pH for E/120-HSDH activity was 10
(Figure 2B). However, stability studies showed that
this enzyme was less stable at this pH value, retaining
43% of its initial activity when incubated for 24 hour
at pH 10 (Supplementary Figure 4A). Thus, we con-
clude that the optimal working pH for both enzymes is
8.0.

Interestingly, E/12a-HSDH was less hampered by
the cosolvent, retaining 100% of its activity in presence
of 10% of MeOH (Figure 2C). Additionally, no signifi-
cant decrease of activity was observed after 24 h of

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Table 2. Bioconversion table.

Entry Enzyme Reaction [Substrate] Regeneration Scale Conversion, iy,
(mM) system (mg) )y

1 C120-HSDH ~ CA—12-0x0-CDCA 10 NOX 10 54, 96,24

2 C120-HSDH  CA—12-0x0-CDCA 20 NOX 20 366, 7204y

3 C120-HSDH  CA—12-0x0-CDCA 201 NOX 20 326 6524

4 El120-HSDH ~ CA—12-0x0-CDCA 10 NOX 10 80 > 9904,

5 El20-HSDH ~ CA—12-0x0-CDCA 20 NOX 20 264 804)

6 El120-HSDH  CA—12-0x0-CDCA 201 NOX 20 12 804

7 C120-HSDH  7-ox0-DCA—7,12-dioxo-LCA 10 NOX 10 10, 44

8 C120-HSDH  UCA—12-0x0-UDCA 10 NOX 10 28 624)

9 C120-HSDH  DCA—12-0x0-LCA 10 NOX 10 43 5624

10 El120-HSDH  7-0x0-DCA—7,12-dioxo-LCA 10 NOX 10 12 94,5,

11 EN20-HSDH  UCA—12-0x0-UDCA 10 NOX 10 36 204

12 El120-HSDH  DCA—12-0x0-LCA 10 NOX 10 26 34

13 El20-HSDH ~ CA—12-0x0-CDCA 10 OxAc+MDH 10 >990)

14 EN20-HSDH  7-0x0-DCA—7,12-dioxo-LCA 10 OxAc+MDH 10 50 >994)

15 El120-HSDH  UCA—12-0x0-UDCA 10 OxAc+MDH 10 60 >994

16 El20-HSDH ~ DCA—12-0x0-LCA 10 OxAc+MDH 10 30 >994)

17 EN20-HSDH  CA—12-0x0-CDCA 10 OxAc+MDH 200 >994

18 EN20-HSDH 7-0x0-DCA—7,12-dioxo-LCA 10 OxAc+MDH 1000 >994,

19 El120-HSDH ~ UCA—12-0x0-UDCA 10 OxAc+MDH 200 >994

20 EN20-HSDH  DCA—12-ox0-LCA 10 OxAc+MDH 200 >994

21 C120-HSDH  CA—12-0x0-CDCA 10 NOX 25 34"

22 C120-HSDH ~ CA—12-0x0-CDCA 10 NOX 25 23

23 El120-HSDH ~ CA—12-0x0-CDCA 10 NOX 25 184"

24 El120-HSDH  CA—12-0x0-CDCA 10 NOX 25 96"

25 El120-HSDH ~ CA—12-0x0-CDCA 10 NOX 300 786" >99.,,Y

26 El20-HSDH ~ CA—12-0x0-CDCA 20 NOX 600 286 6824)"

4 [NAD(P)+]=0.2 mM;
*I Reaction in autoclave under oxygen pressure (3 bar);

[
[
) Reaction in autoclave under ambient atmosphere;
[

4 Reaction in flow-reactor. All the reactions were carried out employing 0.1 UmL " of enzyme (2.6 pygmL " and 3.5 uygmL " of

C120-HSDS and EI/120-HSDS, respectively), 0.5 mgmL ™" of NOX and 0.5 mM NAD(P)" in 50 mM KPi, pH 8.0 and 10%
MeOH at 25°C. In all the cases we observe a reaction selectivity of 100%. Reaction times are shown in the brackets.

incubation of the enzyme under the same conditions
(Supplementary Figure 4B).

Finally, the influence of the temperature on the
enzymatic activity of these two enzymes was eval-
uvated. As previously reported, C120-HSDH is a
thermostable protein, showing a temperature optimum
of 75°C and retaining 97% of its initial activity after
24 h of incubation at 37°C. On the other hand, E/12a-
HSDH showed a temperature optimum of 55°C (Fig-
ure 2D), but its activity was halved after incubation at
37°C for 24 h. However, both enzymes were stable
when incubated at 25°C for 24 h (Supplementary
Figure 4C).

The biocatalytic properties of the two 12a-HSDHs
were evaluated in batch mode reactions. In order to
regenerate the oxidised nicotinamide cofactors,
NAD(P)H oxidase (NOX), a commercial enzyme that
uses O, for the oxidation of NAD(P)H was applied. In
comparison with other classical regeneration systems,
the NOX system has the advantage that O, as
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sacrificial substrate is gaseous and generates only
water as side product, leading to cleaner reactions and
simplifying the downstream processes.!'"”’ As observed
from the biochemical characterization, NOX shows
comparable activity with both NADH and NADPH,
(198 and 223 mU/MEfccse-dried powder TeSPECtively). In
order to demonstrate the applicability of this enzymatic
cascade (Supplementary Scheme 1A), bioconversion
reactions were set up with 0.1 UmL™" of 120-HSDHs,
NOX (0.5 mgmL™"), different amounts of CA (5, 10
and 20 mM) and NAD(P)* (0.2, 0.5 and 1 mM).

The C120-HSDH-NOX system was able to fully
convert 5 and 10 mM of CA into 12-0xo-CDCA in 8
and 48 h, respectively (Figure 3A). However, when
higher concentration (20 mM) of CA where employed
only 85% of conversion to the desired product was
achieved in 48 h. Notably, the reaction rates observed
were not influenced by the different concentrations of
NADP* employed in the reactions, which can be
explained by the low K, of the enzyme for the cofactor

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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(73 uM), making the enzymatic reactions proceed at
rates close to V,,, even at low cosubstrate concen-
trations (Table 2; entries 1-3).

On the other hand, in the presence of 1 mM NAD™,
EN20-HSDH converted 5 and 10 mM of CA in 12-
0x0-CDCA in 6 and 24 h, respectively (Figure 3B).
Under the same conditions, 20 mM of substrate were
converted to the desired product (94% conversion).
Different to its NADP™-dependent homologue, the
reaction rate decreased when lower amounts of
cosubstrate were applied. However, except when
20mM of CA were incubated in the presence of
0.2 mM NAD(P)*, the catalytic performances of the
EN20-HSDH were better than those of the C120-
HSDH, leading to higher conversions and lower
reaction times (Table 2, entries 4-6). Again, the dis-
advantage in the use of the E/12a-HSDH is partially
compensated by the high volumetric production of
these recombinant enzyme.

Having established the time course of the reaction,
experiments focused on the scope of the enzymatic
system (Table 2).

The systems C120-HSDH-NOX and E/12a-HSDH-
NOX were applied for the preparation of 7,12-dioxo-
LCA, 12-0x0-UDCA and 12-oxo-LCA (using 7-oxo-
DCA, UCA and DCA as substrate, respectively;
entries 7-12). In comparison to the reaction with CA
as substrate, lower conversions and rates were
observed with both enzymatic systems. However,
when a “classical” NAD*-regeneration system (oxa-
loacetate and malate dehydrogenase (MDH — Supple-
mentary Scheme 1B) was used, all three substrates
were fully converted in 4h by E/120-HSDH (en-
tries 13—16). The same performance was observed on
preparative scale (entries 17-20). The comparison
between the regeneration systems suggests that the rate
limiting enzyme of 12a-HSDH-NOX cascade is the
cofactor regeneration by NOX.

Since NOX uses O, as electron acceptor, the poor
solubility of this gas in aqueous environment can limit
the NAD(P) *-regeneration rate. In order to investigate
the O, limitation, reactions were carried out in an
autoclave (with 3 bar of pure O, gas; entries 21 and
23). Increased conversions were obtained when com-
paring the reaction under O, pressure with control
reactions (in autoclave under atmospheric pressure;
entries 22 and 24). However, with both enzymes,
conversion values lower than those obtained in the
rotatory shaker were observed, suggesting that the
stirring method employed in the autoclave reactor is
not optimal (possibly because of the mechanical stress
that leads to the inactivation of the biocatalysts).

A promising technology that enables high O,
transfer rates without strain on the enzymatic structure
is the flow-reactor.!"” Preparative reactions employing
El12a-HSDH-NOX system was recirculated for 24 h
in a flow-system (Supplementary Figure 5). This
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system (entry 25-26) performed equally well as the
batch reactions on the rotatory shaker (analytical scale;
entry 4-5, respectively). 10 mM of CA were fully
converted into 12-0xo-CDCA in 24 h. However, when
a high substrate loading was applied (20 mM CA) only
13.6 mM of product were obtained.

These data show the feasibility of a NAD " -depend-
ent process for the specific oxidation of 12-OH
hydroxysteroids to 12-oxo-hydroxysteroids catalysed
by recombinantly expressed E/12a-HSDH. The bio-
synthetic potential of this enzyme is similar to the one
of the widely used C120-HSDH, with the advantage of
using a cheaper and more stable cosubstrate, NAD ™.

The combination of 120-HSDH and NOX repre-
sents a promising system for this biocatalytic con-
version: C12a-HSDH and E/12a-HSDH, coupled with
NOX for NAD(P)* regeneration, showed similar TTN
and ToF (330000 and 2.6 s™' vs. 250000 and 2.9 s~ for
the C120-HSDH and FE/120-HSDH, respectively).
However, when FEI/12a-HSDH was coupled with a
classical regeneration system for NAD*, a ToF of
174s™' was calculated, confirming that the low
activity of NOX is limiting the reaction rate of these
systems. Future research will be conducted in order to
find a more robust O, dependent NAD(P)* regener-
ation system.

Green metrics values were calculated in order to
compare the different synthetic routes.

For the pure chemical route!® we calculated an
atom efficiency'” of 49% and an E-factor!'®! of 55.4.

In addition to these undesired values, the route
requires the use of the highly toxic and carcinogenic
CrO;. The combination of 12a-HSDH and NOX
showed high atom efficiency (96%) and a low E-factor
(2.5). In comparison, the “classical” MDH regeneration
system showed a lower (but still acceptable) atom
efficiency (75%) and an E-factor value of 4.4. These
calculations do not take in account the waste produced
for the production and purification of the enzymes and
chemicals or for the downstream process. The alter-
native chemo/enzymatic route for the production of
12-0x0-UDCA (chemical oxidation of CA to dehydro-
cholic acid (DHCA) followed by reduction with 3a-
and 7B-HSDHs in presence of formate
dehydrogenase!”) is less atom economic (57%).
Although the E-factor value of this system (5.2) is
comparable with the 12a-HSDH-MDH system pro-
posed here, the chemical oxidation is still performed
employing toxic and environmentally hazardous re-
agents, making it less desirable for an industrial scale.

In conclusion, the clean oxidation of several 12a-
hydroxysteroids to 12-oxo derivatives by employing
120-HSDH-NOX system has been shown. This one-step
enzymatic transformation avoids the use of protection
groups and toxic oxidants (CrO;) required by the
chemical synthesis and, in comparison with other
enzymatic route, does not need sacrificial substrates that

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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complicate downstream processing. In addition, the
substitution of a NADP'- for a NAD™"-dependent
enzymatic system was achieved. Combined, these
factors improve the sustainability of CDCA and UDCA
production.

Experimental Section

Cloning, Recombinant Expression and Purification
of 12a Hydroxysteroid Dehydrogenases (12a-
HSDHs)

The synthetic cDNAs encoding for the E/12a-HSDH and for
the C120-HSDH were designed by in silico back translation of
the amino acid sequence reported in the GenBank database
(Accession no. WP_114518444.1 and AET80684.1, respec-
tively). The genes were subcloned into the pET28a(+) plasmid,
using Ncol (CCATGG) and Xhol (CTCGAG) restriction sites
resulting in 6.1-kb constructs (pET28-E/12a-HSDH and pET28-
C12a-HSDH). Six codons (encoding for six additional histi-
dines) were added to the 5'-end of the 12a-HSDH gene during
the subcloning process. The codon usage of the synthetic gene
was optimized for expression in Escherichia coli and produced
by BaseClear.

HSDH enzymes were expressed in BL21(DE3) E. coli cells and
purified by HiTrap chelating affinity chromatograpy employing
the same procedure described in a preceding paper.!'”

Activity and Kinetic Measurements

120-HSDHs enzymatic activities in the crude extract and of the
purified enzyme were determined at 25°C using 1.0 mM CA,
1.0 mM NAD(P)*, in 50 mM KPi buffer, pH 8.0 and 10%
methanol (v/v). The production of NAD(P)H was followed at
340 nm (extinction  coefficient of  NAD(P)H is
6,220 M~'-cm™"). One unit (U) was defined as the amount of
enzyme producing 1 umol of product per minute at 25°C and at
pH 8.0. Blank measurements were performed in absence of CA,
NAD(P)* and enzyme.

Biocatalytic Reactions

All bioconversions were carried out employing 0.1 UmL™" of
purified  C120-HSDS (2.6 ugmL™") or  E/12a-HSDS
(3.5pgmL™"), 0.5mgmL™" of NAD(P)H oxidase PRO-NOX
(001) (Prozomix Limited, Haltwhistle, UK — NOX), 10%
MeOH and 50 mM KPi buffer at pH 8.0. Analytical scale
conversions were carried out in a 15 mL tube filled with 2 mL
of reaction mixture. Reactions were incubated at 25°C on
rotator shaker (45 rpm) (IntelliMixer, Neolab Migge GmbH,
Heidelberg, DE). Reaction in autoclave were performed
employing 6 mL of reaction mixture in 10 mL metal vessels
(HP Chemscan 8, HEL Ltd, Borehamwood, UK), magnetically
stirred (200 rpm), at 25 °C under 3 bar of pure oxygen pressure.
Control reactions were performed in autoclave vessels under
atmospheric pressure. Analytical and preparative reaction
employing the “classical” NAD"-regeneration system were
performed in presence of 30 mM oxaloacetate, L-malate
dehydrogenase from pig heart (6 UmL™', 5 ugmL™', Sigma
Aldrich, Saint Louis, USA) and 2.6 pygmL ™" of C120-HSDS or
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3.5 ugmL " of E/12a-HSDS. Samples (50 pL) were withdrawn
at different times, diluted with 200 uL. of water/CH;CN/TFA
(70/30/0.1) solution and centrifuged at 14000 xg for 2 min.
10 uL of the obtained samples were analysed by HPLC
(Supplementary Material).

Flow Reactor Experiments

Silicon reactor coils (2 mm ID) with a volume of 60 mL were
constructed. The reaction mixture (75 mL) containing 10 mM
CA, 0.5mM of NAD', 0.1UmL™"' of E/12a-HSDH and
0.5mgmL™" of NOX was introduced (3.5mL min™') via a
peristaltic pump (120 U, Watson Marlow, Falmouth, UK), while
the pure oxygen flow (5 mL min ') was controlled by a mass
flow controller (EL-FLOW, Bronkhorst, Ruurlo, NL), resulting
in a segmented flow. The reaction mixture was recirculated for
24 h (at 21 °C) and, at fixed times analysed by HPLC.

Abbreviations

CA, Cholic acid; CDCA, Chenodeoxycholic acid; DCA,
Deoxycholic acid; DHCA, dehydrocholic acid; LCA, Litho-
cholic acid; UCA, Ursocholic acid; UDCA, Ursodeoxycholic
acid; HSDH, Hydroxysteroid dehydrogenase; MDH, Malate
Dehydrogenase; NOX, NAD(P)H oxidase; OxAc, Oxaloacetate;
SDR, Short-chain Dehydrogenase/Reductase; ToF, Turnover
frequency; TTN, Total turnover number.

Acknowledgements

FT and N.A. gratefully acknowledge the ONE-FLOW project
(https://one-flow.org) that has received funding from the Euro-
pean Union’s FET-Open research and innovation actions
(proposal 737266-ONE-FLOW). We thank Morten van der
Schie and all the BOC group of TU Delft for the scientific
discussions.

References

[1] T. Ikegami, Y. Matsuzaki, Hepatol. Res. 2008, 38, 123—
131.

[2] a) A. Crosignani, P. M. Battezzati, K. D. R. Setchell, P.
Invernizzi, G. Covini, M. Zuin, M. Podda, Dig. Dis. Sci.
1996, 41, 809-815; b) G. Salen, A. Colalillo, D. Verga,
E. Bagan, G. S. Tint, S. Shefer, Gastroenterology 1980,
78, 1412-1418.

[3] a) C. Colombo, P. M. Battezzati, M. Podda, N. Bettinar-
di, A. Giunta, Hepatology 1996, 23, 1484-1490; b) C.
Colombo, A. Crosignani, M. Assaisso, P. M. Battezzati,
M. Podda, A. Giunta, L. Zimmer-Nechemias, K. D. R.
Setchell, Hepatology 1992, 16, 924-930; c) B. Combes,
R. L. Carithers, W. C. Maddrey, D. Lin, M. F. Mcdonald,
D. E. Wheeler, E. H. Eigenbrodt, S. J. Muiioz, R. Rubin,
G. Garcia-Tsao, Hepatology 1995, 22, 759-766; d) C.
Colombo, K. D. R. Setchell, M. Podda, A. Crosignani, A.
Roda, L. Curcio, M. Ronchi, A. Giunta, J. Pediatr. 1990,
117, 482-489.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


https://doi.org/10.1007/BF02213140
https://doi.org/10.1007/BF02213140
https://doi.org/10.1016/S0016-5085(19)30493-7
https://doi.org/10.1016/S0016-5085(19)30493-7
https://doi.org/10.1002/hep.510230627
https://doi.org/10.1002/hep.1840160412
https://doi.org/10.1016/S0022-3476(05)81103-5
https://doi.org/10.1016/S0022-3476(05)81103-5
http://asc.wiley-vch.de

COMMUNICATIONS

asc.wiley-vch.de

Adva
Synthesis &
Catalysis

[4] E. Roda, F. Bazzoli, A. M. Labate, G. Mazzella, A.
Roda, C. Sama, D. Festi, R. Aldini, F. Taroni, L. Barbara,
Hepatology 1982, 2, 804-810.

[5] M. del Mar Amador, M. Masingue, R. Debs, F. Lamari,
V. Perlbarg, E. Roze, B. Degos, F. Mochel, J. Inherited
Metab. Dis. 2018, 41, 799-807.

[6] A.F. Hofmann, Acta Chem. Scand. 1963, 17, 173—186.

[7]1 F. Tonin, I. W. C. E. Arends, Beilstein J. Org. Chem.
2018, /4, 470-483.

[8] a) R. Bovara, G. Carrea, S. Riva, F. Secundo, Biotechnol.
Lett. 1996, 18, 305-308; b) P. P. Giovannini, A. Grandi-
ni, D. Perrone, P. Pedrini, G. Fantin, M. Fogagnolo,
Steroids 2008, 73, 1385-1390; c¢) D. Monti, E.E.
Ferrandi, 1. Zanellato, L. Hua, F. Polentini, G. Carrea, S.
Riva, Adv. Synth. Catal. 2009, 351, 1303-1311.

[9] a) M. Braun, H. Lunsdorf, A.F. Buckmann, Eur J.
Biochem. 1991, 196, 439-450; b) I. A. Macdonald, J. F.
Jellett, D. E. Mahony, J. Lipid Res. 1979, 20, 234-239.

[10] a) J. T. Wu, L. H. Wu, J. A. Knight, Clin. Chem. 1986,
32, 314-319; b) H. Chen, Z. Zhu, R. Huang, Y.-H. P.
Zhang, Sci. Rep. 2016, 6, 36311; c¢) C. You, R. Huang,
X. Wei, Z. Zhu, Y.-H. P. Zhang, Synth. Syst. Biotech.
2017, 2, 208-218.

[11] a) F. Tonin, L. G. Otten, I. W. C. E. Arends, ChemSu-
sChem 2018, DOI: 10.1002/cssc.201801862; b) Z.-N.
You, Q. Chen, S.-C. Shi, M.-M. Zheng, J. Pan, X.-L.
Qian, C.-X. Li, J.-H. Xu, ACS Catal. 2018, 9, 466-473.

[12] a) I. A. Macdonald, J. F. Jellett, D. E. Mahony, L. V.
Holdeman, Appl. Environ. Microbiol. 1979, 37, 992—
1000; b) S. C. Harris, S. Devendran, C. Méndez-Garcia,
S. M. Mythen, C. L. Wright, C. J. Fields, A. G. Hernan-
dez, 1. Cann, P. B. Hylemon, J. M. Ridlon, Gut microbes
2018, 9, 523-539.

[13] O. Trott, A.J. Olson, J. Comput. Chem. 2010, 31, 455—
461.

[14] a) N. J. Watkins, A. K. Campbell, Biochem. J. 1993, 293,
181-185; b) M. Nomura, S. Inouye, Y. Ohmiya, F. 1.
Tsuji, FEBS Lett. 1991, 295, 63—66.

[15] G. A. Aleku, J. Mangas-Sanchez, J. Citoler, S. P. France,
S. L. Montgomery, R. S. Heath, M. P. Thompson, N. J.
Turner, ChemCatChem 2018, 10, 515-519.

[16] a) M. B. Plutschack, B.u. Pieber, K. Gilmore, P.H.
Seeberger, Chem. Rev. 2017, 117, 11796-11893; b) B.
Gutmann, D. Cantillo, C. O. Kappe, Angew. Chem. Int.
Ed. 2015, 54, 6688—6728; ¢c) M. M. C. H. van Schie, T. P.
de Almeida, G. Laudadio, F. Tieves, E. Fernandez-Fueyo,
T. Noél, I. W. C. E. Arends, F. Hollmann, Beilstein J.
Org. Chem. 2018, 14, 697-703.

[17] B. M. Trost, Angew. Chem. Int. Ed. 1995, 34, 259-281.

[18] R. A. Sheldon, Pure Appl. Chem. 2000, 72, 1233—1246.

[19] L. Liu, M. Braun, G. Gebhardt, D. Weuster-Botz, R.
Gross, R. D. Schmid, Appl. Microbiol. Biotechnol. 2013,
97, 633-639.

Adv. Synth. Catal. 2019, 361, 24482455

Wiley Online Library 2455

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


https://doi.org/10.1002/hep.1840020611
https://doi.org/10.1007/s10545-018-0162-7
https://doi.org/10.1007/s10545-018-0162-7
https://doi.org/10.3891/acta.chem.scand.17-0173
https://doi.org/10.3762/bjoc.14.33
https://doi.org/10.3762/bjoc.14.33
https://doi.org/10.1016/j.steroids.2008.06.013
https://doi.org/10.1002/adsc.200800727
https://doi.org/10.1111/j.1432-1033.1991.tb15835.x
https://doi.org/10.1111/j.1432-1033.1991.tb15835.x
https://doi.org/10.1016/j.synbio.2017.09.002
https://doi.org/10.1016/j.synbio.2017.09.002
https://doi.org/10.1042/bj2930181
https://doi.org/10.1042/bj2930181
https://doi.org/10.1016/0014-5793(91)81385-L
https://doi.org/10.1002/cctc.201701484
https://doi.org/10.1021/acs.chemrev.7b00183
https://doi.org/10.1002/anie.201409318
https://doi.org/10.1002/anie.201409318
https://doi.org/10.3762/bjoc.14.58
https://doi.org/10.3762/bjoc.14.58
https://doi.org/10.1002/anie.199502591
https://doi.org/10.1007/s00253-012-4340-5
https://doi.org/10.1007/s00253-012-4340-5
http://asc.wiley-vch.de

