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Abstract

A'-Dehydrogenation is one of the most important reactions for steroid drug modification. Numerous 3-ketosteroid-A'-dehy-
drogenases (KstDs) catalyzing this reaction were observed in various organisms. However, only a few have been characterized
and used for substrate conversion. In this study, a promising enzyme (KstD2) from Mycobacterium neoaurum DSM 1381 was
purified and characterized. Interestingly, KstD2 displayed a high activity on a range of substrates, including 17x-hydroxypregn-
4-ene-3,20-dione (17x-OH-P); androsta-4,9(11)-diene-3,17-dione (NSC 44826); and 4-androstene-3,17-dione (AD). These re-
actions were performed under optimal conditions at 40 °C and pH 8.0. Noteworthy, both the activity and stability of the enzyme
were sensitive to various metal ions. After optimizing the expression and biocatalyst conditions, up to 1586 U mg ™" intracellular
KstD activity on AD could be produced. Furthermore, the associated conversion rate was 99% with 30 g L™ AD after 8 h. On the
other hand, we obtained 99%, 90%, and over 80% of conversion with 20 g L' NSC 44826; 10 g L' 16,17 x-epoxyprogesterone;
and 20 g L' 17x-OH-P or canrenone, respectively, after 24 h. Sequence homology and structural analyses indicated that the
residue R178 located in a unique short loop among cluster 2 is crucial for substrate recognition which was confirmed by
mutagenesis. In summary, this study reports on the first purification and characterization of a KstD from cluster 2. Its remarkable
properties deserve more attention to potentially lead to further industrial applications.

Keywords 3-Ketosteroid-A'-dehydrogenase - Mycobacterium neoaurum - Biocatalysis - Steroids - Heterogeneous expression

Introduction

Steroid drugs are particularly important in the prevention and
treatment of various diseases (Fernandez-Cabezon et al. 2018;
Electronic supplementary material The online version of this article Garcia et al. 2012). Moreover, seeking for more active steroid
(httpsz//ldoi.}cl).rgli 1.0.100?/5({0253—0119—(.)9988—5) contains supplementary drugs can be achieved by modifying the structure of the ste-
material, which is avaitable to authorized users. roid nuclei (Donova and Egorova 2012; Wu et al. 2015).
However, traditional chemical methods are difficult to imple-
ment in whole processes in order to modify steroid interme-
diates, because of the complex steroid structure (Bhatti and
Khera 2012). Therefore, microbial transformation has caught
the attention of medicinal chemists due to the associated mild
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Fig. 1 a Representation of the A'-dehydrogenation catalyzed by (KstD2) at the C1-C2 position of the steroid substrates. b Structures of the selected 3-

ketosteroid substrates

2017; Yao et al. 2014). On the one hand, KstD inactivation
was achieved in many actinomycetes including Rhodococcus
erythropolis, Rhodococcus ruber, and Mycobacterium
neoaurum, leading to the production of important intermedi-
ates such as 22-hydroxy-23; 24-bisnorchol-4-ene-3-one
(4HP); 4-androstene-3,17-dione (AD); and 9u-hydroxy-4-
androsten-3,17-dione (9x-OH-AD) (Guevara et al. 2017;
Knol et al. 2008; Yao et al. 2014; Zhang et al. 2018). This
resulted from altered degradation of the steroid nuclei. On the
other hand, some strains, including Arthrobacter and
Mycobacterium, were mutated, selected, and used for catalyz-
ing the A'-dehydrogenation of steroids. For instance, the
Arthrobacter simplex was employed to transform cortisone
acetate to prednisone acetate (Song et al. 2018).

Promising strains were also produced by heterologous ex-
pression of KstDs to convert various valuable steroid interme-
diates (Shao et al. 2017a; Shao et al. 2017b). This approach
drew more and more attention because it is time-saving and
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does not lead to by-product accumulation (Wang et al. 2017).
Some of the recent studies are summarized in Table 2. KSDD
from M. neoaurum JC-12 was successfully expressed in
Bacillus subtilis to produce (1,4-androstene-3,17-dione)
ADD from AD (Zhang et al. 2013). Moreover, the heterolo-
gous expression of KSDD in Escherichia coli or
Corynebacterium crenatum was gradually improved allowing
enzyme purification and characterization (Shao et al. 2017a;
Zhang et al. 2016). Recently, a number of KstDs from a vari-
ety of bacteria were identified and a series of steroids were
characterized as preferential substrates. For example,
MsKstD1 from M. smegmatis mc®155 allowed the almost
complete conversion of 6 g L' hydrocortisone (Wang et al.
2017). Furthermore, site-directed mutagenesis of KsdD3 from
A. simplex was reported to improve the yields of the corre-
sponding reactions (Mao et al. 2018). In short, the growth
conditions and the intrinsic KstD activity are the largest con-
tributors to the bioconversion efficiency.
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The crystal structure of KstD1 from R. erythropolis SQ1
(SQ1-KstD1) was resolved previously and gave a deep insight
into its catalytic mechanism (Rohman et al. 2013). In addition,
several mutations were performed on various KstDs leading to
a better understanding of substrate recognition. Such as, the
W299A mutation of KsdD3 from A. simplex (KsdD3w2994)
improved its specific activity towards substrates including AD
and testosterone (Mao et al. 2018). Moreover, the candidate
sites reported in M. neoaurum KsdD were proved to be also
essential in KsdD3 from A. simplex, although the preferred
residues differ. For example, S138 is beneficial to the activity
of KsdD from M. neoaurum, but the corresponding residue is
H134 in KsdD3 from A. simplex. Furthermore, the H134S
mutation leads to the complete inactivation of A. simplex
KsdD3 (Mao et al. 2018; Shao et al. 2016). These studies
indicate that substrate recognition among the KstD family is
similar but involves a number of differences.

In a previous work, we identified KstD2 from
M. neoaurum DSM 1381 as a high potential candidate en-
zyme with yet unknown properties (Zhang et al. 2018).
Moreover, according to the latter study, optimizing codon us-
age and bacterial transformation as well as regulating protein
expression greatly improved the bioconversion (Shao et al.
2017a, b). Therefore, in the present work, we investigated
the optimal temperature and pH and the impact of metal ions
on the reaction as well as the substrate specificity of the en-
zyme. The best conversion processes were explored and sug-
gested possible application of KstD2 on other valuable steroid
substrates. Finally, KstD2 structural modelization was
achieved providing some insights in the mechanism of sub-
strate recognition.

Materials and methods
Chemicals, strains, and media

2,6-Dichlorophenolindophenol (DCPIP); phenazine
methosulfate (PMS); FAD; hydrocortisone; 17x-OH-P;
canrenone; hydrocortisone acetate (HA); 16,17 «x-
epoxyprogesterone; and AD were bought from Shanghai
Macklin Biochemical Co., Ltd. (China). 17 x-
Hydroxypregna-4-ene-3; 20-dione-21-acetate (RSA);
androsta-4,9(11)-diene-3,17-dione (NSC 44826); and 9x-hy-
droxy-4-androstene-3,17-dione (9x-OH-AD) were obtained
from Zhejiang Xianju Junye Pharmaceutical Co., Ltd.
(China). ClonExpress® II One Step Cloning Kit (Vazyme
Biotech Co., Ltd. Nanjing, China) was used for plasmid con-
struction. The other reagents were obtained from Thermo
Fisher Scientific.

E. coli DH5 o« was cultivated in Luria—Bertani medium (LB
medium) at 37 °C and 200 rpm for kstD gene cloning. E. coli
BL21 (DE3) was used as a host for heterologous expression of

KstD2 and was grown in Terrific Broth medium (TB medi-
um). Isopropyl {3-d-1-thiogalactopyranoside (IPTG) and
kanamycin 50 ug mL™" were added when necessary.

Cloning and expression

The kstD2 gene (GenBank accession number MG251736) was
amplified and cloned into pET28a (Novagen) as described pre-
viously (Zhang et al. 2018). The corresponding codon-optimized
gene (kstD2°™) was designed for expression in E. coli and syn-
thesized by Sangon Biotech (Shanghai) Co., Ltd. (China). The
latter was subsequently inserted into pET28a between the
BamHI and Hindlll sites with an N-terminal His6 tag. All the
primers are listed in Table S1. To express the recombinant KstD2
with a His6 tag at both its C- and N-terminals, the primers
kstd2opt-F/kstd20ptCH6-R were used to amplify kstD2°" and
the product was inserted into the BamHI site of pET28a. The
resulting plasmid was called pET28a-kstD2°"'CH6. Using
pET28a-kstD2°P'CH6 as a template, the primers kstd2opt-F/
kstd2optCH9-R were used for PCR amplification prior to clon-
ing into pET28a digested by BamHI and Xhol. pET28a-
kstD2°™'CH9 which has a his9 tag instead of a his6 at the C-
terminal was finally obtained. Plasmid sequences were con-
firmed by Sanger sequencing prior to transformation of E. coli
BL21 (DE3) and kanamycin selection.

Site-directed mutagenesis of KstD2 was performed by
PCR using the plasmid pET28a-kstD2°'CH9 as a template
and the primers are listed in Table S1. The PCR products were
treated with Dpnl and used for transformation of E. coli BL21
(DE3). Mutants were then confirmed by Sanger sequencing.

The recombinant strains were cultivated overnight in 3 mL
LB medium containing kanamycin at 37 °C under agitation
(200 rpm). The strains were subcultured in 50 mL of TB
medium supplemented with kanamycin at 37 °C and
200 rpm until ODgg reached 1.5-2.5. IPTG was then added
ata concentration of 0.1 mM for inducing KstD2 expression at
30 °C and 200 rpm during 20 h. Incubation temperature (10—
37 °C), IPTG concentration (0—1.0 mM), and induction time
(0-24 h) were optimized for efficient protein production.
Optimal conditions were used for further experiments unless
explicitly stated.

Purification of KstD2

The recombinant KstD2 protein was expressed from pET28a-
kstD2°P'CH9 and purified by affinity chromatography on a Ni-
TED Sefinose (TM) Column (Sangon Biotech (Shanghai) Co.,
Ltd.). Whole cells were collected, resuspended in 100 mL lysis
buffer (50 mM Tris-HCIL, pH 8.0, 25 uM FAD), and lysed by
sonication. Cell extracts were centrifuged at 12,000 rpm for
30 min at 4 °C. The column was subsequently washed with
buffer B (50 mM Tris-HCI, pH 8.0, 30 mM imidazole). KstD2
elution was carried out using buffer C (50 mM Tris-HCI, pH 8.0,
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250 mM imidazole), and the fraction containing the protein was
exchanged into buffer D (20 mM Tris-HCI, pH 8.0,10 uM FAD)
using Millipore Amicon® Ultra-15 centrifugal filter concentra-
tors. The samples were stored at — 20 °C after 10-20% glycerol
was added. The purified enzyme was subsequently assayed by
SDS-PAGE with the procedure described previously (Zhang
et al. 2018).

KstD enzymatic assay

The activity of KstD in cell-free extracts as well as the purified
KstD2 was measured at 600 nm (600 = 18.7 x 10> em™' M)
with a Nano Drop 2000 spectrophotometer (Thermo Scientific)
at 40 °C. The reaction mixture (1 mL) contained 50 mM Tris-
HCI pH 8.0, 1.5 mM PMS, 0.12 mM DCPIP, diluted cell-free
extracts or purified KstD2, and 500 uM steroid substrate in
methanol (2%). Three replicates were analyzed. The Bradford
method was employed to determine protein contents. One unit
of enzyme activity is defined as the reduction of 1 umol of
DCPIP per minute. Specific activities are defined as micromoles
per milligrams per minute (U mg ).

Characterization of the recombinant KstD2

Optimal temperature for KstD2 activity was determined at pH
8.0 by performing 15-min reactions at various temperatures
(2560 °C). The assay was started by the addition of 500 uM
AD and 1.5 mM PMS to the reaction mixture. KstD2 activity
at 40 °C was defined as 100%. Thermostability of the enzyme
was characterized at 40 °C by measuring the residual activity
after incubation at temperatures ranging from 25 to 60 °C
during 2 h in Tris-HCI buffer (50 mM, pH 8.0). Residual
KstD2 activity at 25 °C was defined as 100%.c

The optimal pH of KstD2 was evaluated at 40 °C at varying
pH values in 50 mM buffers (3.0-6.0, citric acid buffer; 6.0—
8.0, sodium phosphate buffer; 8.0-9.0, Tris-HCI buffer; 9.0—
10.0, Gly-NaOH buffer). pH stability was determined by in-
cubating the enzyme at 4 °C during 2 h and the residual ac-
tivity was measured at pH 8.0 and 40 °C. KstD2 activity with
Tris-HCI buffer at pH 8.0 was defined as 100%.

The effect of NaCl, KCI, and MgCl was determined by
adding the different compounds at final concentrations rang-
ing from 0 to 50 mM. In order to measure the KstD2 stability,
the purified enzyme was incubated with various concentra-
tions of NaCl (0-500 mM) at different temperatures (4 °C,
25 °C, 35 °C, 45 °C) during 2 h. The relative enzyme activity
was determined under standard assay conditions.

Effects of metal ions on KstD activity
To investigate the effect of metal ions (K*, Na*, Mg”*, Ca®*,

Mn?>*, Cu®*, Ni**, Fe*™) and ethylenediaminetetraacetic acid
(EDTA) on the activity of the purified KstD2, 1 mM of the
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corresponding chloride salts was added to the reaction. The
activity of the control experiment (without salt) was defined as
100%.

Substrate specificity of purified KstD2

The substrate specificity of KstD2 was determined by mea-
suring enzyme activity with 500 uM AD; hydrocortisone;
17x-OH-P; canrenone; HA; 16,17 x-epoxyprogesterone;
RSA; NSC 44826; or 9a-OH-AD as substrates and using
the corresponding optimal pH and temperature. Kinetic pa-
rameters of the Michaelis—Menten equation were determined
with the use of origin 8.0 by employing Hill function with n =
1. All measurements were performed in triplicate.

Analytical methods

One milliliter of samples was extracted with 2 mL of ethyl
acetate twice. The supernatants were then mixed and dried
under vacuum. Samples were dissolved in methanol prior to
high-performance liquid chromatography (HPLC) analysis.
Separation was performed on an Agilent XDB-C18 column
(4.6 x 250 mm; 40 °C) and a UV/visible detector (254 nm)
was employed to detect the steroid substrate conversion rates
with methanol/water (70:30, v/v). The flow rate was 0.6 mL
min”".

Biocatalytic conditions with resting cells of E. coli

The recombinant E. coli BL21/pET28a-kstD2°*'CH9 strain
was grown and submitted to induction under optimal condi-
tions during 12 h. Cells were harvested by centrifugation at
7000 rpm for 10 min and resuspended in 15-20 mL of buffers
(50 mM) containing AD and emulsified by hydroxypropyl-[3-
cyclodextrin (HP-3-CD, molar ratio to AD was 1:1) and
Tween 80 (0.1%, v/v). Final cell and AD concentrations were
10gL "and 5 gL', respectively. The optimal temperature of
bioconversions was carried out with Tris-HCI buffer (pH 8.0)
in 250-mL shake flasks at 200 rpm and cells were sampled
after 2 h. For determining optimal pH, the same biocatalytic
processes were implemented at various pH values and 40 °C.
The influence of the dosage of wet cells (5, 10, 20, 50, 80, and
100 g L™") on the bioconversion of 10 g L™ AD was investi-
gated at optimal pH and temperature. Fifty grams per liter of
wet cells were used to measure the effect of different AD
concentrations (20, 30, 40, 50 g Lfl) on the conversion rate.
Finally, the performances of the recombinant E. coli strain on
selected steroid substrates were also investigated.

Structure modeling of KstD2

The sequence similarity network (SSN) for 3-ketosteroid-A'-
dehydrogenase (KstD) was created using EFI-EST (https://efi.
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igb.illinois.edu/efi-est/). The input sequences were from
FAD_ binding 2 InterPro family (IPR003953). The SSN was
displayed with an e-value threshold of 10~"°°. Cytoscape v3.6.
1 (Shannon et al. 2003) was used for SSN visualization and
analysis.

KstD2 (Uniprot: AOA2P1IUZS) model was built based on
that of KstD1(PDB: 4C3Y) using Schrdédinger Suite 2018-2.
The structure of 4C3Y was processed by Protein Preparation
Wizard. The model of KstD2 was also optimized by Protein
Preparation Wizard for analysis.

Multiple sequence alignment was performed by Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/), and
weblogo (https://weblogo.berkeley.edu/logo.cgi) was used to
generate sequence logos.

Accession number

The nucleic acid sequence of kstD2°™ has been deposited in
the GeneBank database with the accession number
MK040595. The accession number of the corresponding ami-
no acid sequence is AVN89960.1.

Results

Purification and characterization of the recombinant
KstD2

In order to purify KstD2, its expression was enhanced accord-
ing to previous reports (Shao et al. 2017a). Using codon opti-
mization, low expression temperature (25 °C), optimum [PTG
concentration (0.1 mM), and proper induction time (12 h), the
intracellular KstD2 activity reached up to 1585.5 Umg ' (Fig.
S1). Purification was then performed by affinity chromatog-
raphy using the his6 and his9 tags present at the N- and C-
terminal, respectively (Fig. S2). The impact of temperature,
pH, NaCl concentration, and metal ions on KstD2 activity was
investigated.

This revealed that the optimal temperature of the enzyme is
40 °C, while it also displayed relatively high activities be-
tween 25 °C and 45 °C, corresponding to more than 90%
activity compared with that observed at 40 °C (Fig. 2a).
Thermal stability of the recombinant KstD2 slightly decreased
with temperature increase from 25 °C to 40 °C. Meanwhile,
the stability was seriously impaired when the temperature
reached 45 °C, and enzyme activity was completely inhibited
after incubation at 50 °C or higher during 2 h (Fig. 2b).

The optimum pH was 8.0 (Fig. 2¢). The enzyme exhibited
about 50% and 42% activity at pH 6.0 and pH 9.0, respective-
ly. Moreover, KstD2 was almost completely deactivated at pH
3.0, pH 4.0, and pH 10.0. On the other hand, the enzyme was
relatively stable at pH ranging from 6.0 to 9.0. It retained only
21.9% and 33.6% activity compared with pH 8.0 with Tris-

HCIl buffer after 2-h incubation at pH 5.0 and 10.0, respective-
ly. Furthermore, Tris-HCI appeared as a better buffer com-
pared with sodium phosphate (Fig. 2d).

Metal ions showed opposite effects on the activity of
KstD2. The latter was slightly affected by 1 mM Na*, K™,
Mg**, or EDTA (Fig. 2e). It was almost completely inhibited
by Ca®*, Mn®*, and Cu”* and relatively less inhibited by Fe**
and Ni** with 40.6-59.1% of remaining activity, respectively.

In addition, phosphate-buffered saline (PBS) or Tris-
HCI buffer containing high NaCl concentration was found
not suitable for the efficient production of active recombi-
nant KstD2 during purification. Thus, the effect of differ-
ent concentrations of NaCl was also investigated. This
analysis showed KstD2 activity was slightly influenced
by NaCl with final concentration ranging from 20 to
50 mM (Fig. S3a). Nevertheless, the presence of high
NaCl concentration impaired KstD2 stability, especially
at high temperature. At 20 mM, the remaining activity of
KstD2 was hardly decreased after 2 h of incubation at the
four selected different temperature (4, 25, 35, 45 °C) (Fig.
2f). Enzyme stability was more seriously altered when the
final NaCl concentration was increased. The relative activ-
ity of the enzyme dropped down to 59.8% at 4 °C and
500 mM and was completely inhibited at 35 °C and
500 mM after 2 h. The same was observed with KCl or
MgCl (Fig. S3 and Fig. S4).

Substrate specificity

The K, Michaelis—Menten constant) and k., (catalytic rate
constant towards various substrates) of KstD2 are displayed in
Table 1. These parameters allowed to estimate the catalytic
efficiency (k¢o/Kin). The ko of KstD2 was much higher than
those described previously for the other isoenzymes indicating
the excellent property of KstD2.

The catalytic efficiency (k../K) favored 17x-OH-P
(470.91 x 10° M ! s7!) as a substrate. High k../K,, value
towards 16,17 x-epoxyprogesterone was also observed.
Lower key (8882.95 s7') and ke/Ki (67.13 x 10° M ™' s7)
values were measured using AD as a substrate. KstD2 had the
lowest affinity (832.72 uM) and k., (1862.9 s ) toward hy-
drocortisone and 9x-OH-AD, respectively. Furthermore,
when the hydroxyl group at C21 of hydrocortisone was
substituted by an acetyl group, the A'-dehydrogenation reac-
tion was largely promoted. Indeed KstD2 displayed a much
higher catalytic efficiency with HA compared with hydrocor-
tisone. The hydroxyl group at C11 hindered the activity of
KstD2 since the activity was higher on RSA than on HA.
Moreover, the activity of KstD2 on NSC 44826 was lower
than that observed with AD indicating that the C=C structure
at C9—C11 hampers the reaction. The A'-dehydrogenation
reaction catalyzed by KstD2 on different substrates varied
depending on the structure of the compound.

@ Springer


https://efi.igb.illinois.edu/efi-est/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://weblogo.berkeley.edu/logo.cgi

6610

Appl Microbiol Biotechnol (2019) 103:6605-6616

1001 i/'/./-\_

D =]
o o
1 1

Relative activity (%)
B
o

5

N
o
1

T T T T
35 40 45 50 55 60 65
Temperature (°C)

T T
25 30

c —=a— Citric acid

—e— Sodium phosphate
—4a— Tris—HCI
100 - —v— Gly—-NaOH

80 4
60 -

40

Relative activity (%)

20

-
IS
o
o
~
©
©
-
=)

pH Values

120 -
T .
80
60

40

Relative activity (%)

20 -

oA AL A g cn AL

CK Na* K' Mg?*Mn? Ca?* Cu?** Fe** Ni*EDTA
Metal ions and EDTA

Fig. 2 Effect of the temperature, pH, and metal ions on the activity and
stability of recombinant KstD2. Effect of temperature on recombinant
KstD2 activity (a) and stability (b). Effects of pH on recombinant

Optimization of the conditions for improving AD
conversion rate

The conversion rates using 5 g L™ of AD and 10 g L™" of wet

cells were measured at different temperatures and pH. The
highest conversion rate was 85.2 % after 2 h and was obtained
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at 40 °C and pH 8.0. The conversion rate decreased when the
temperature was shifted away from the optimum. To investigate
the influence of the biomass on the conversion rate, various
concentrations of wet cells were used and the bioconversion
was carried out with 10 g L™ of AD under optimal conditions.
As shown in Fig. 3, both the conversion speed and rate rose with
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Table 1 Kinetic parameters of KstD2 under optimal conditions

Substrate Ky (uM) Keat ) ket Km (% 10°M'sh Specific activity (prmol mg_1 min~') Relative activity (%)
AD 14338 £26.1 962536 +856.83 67.13 8882.95 + 790.75 100 £ 8.9
9x-OH-AD 832.72 +81.09 1862.9+7841 224 1719.21 £72.37 19.35+0.81
Hydrocortisone 915.76 +£227.78 2842.34+306.61 3.10 2623.11 +282.96 29.53 +£3.19
17x-OH-P 21.09 +0.37 9929.5+60.87 47091 9163.63 +56.18 103.16 £ 0.63
Canrenone 68.71 £9.82 2774.12+137.49 4037 2560.15 £ 126.88 28.82+1.43
HA 191.85+£20.05 6825.77+288.03 35.58 6299.29 +265.82 70.91 £2.99
NSC 44826 17329 £29.4 64753 +44042 3737 5975.86 + 406.45 67.27 £4.58
RSA 15.84 £ 1.56 8452.5+264.8  533.54 7800.55 + 244.37 87.81 £2.75
16,17x-epoxyprogesterone  30.5 +2.53 13849.8 £472.19 454.08 12781.55 £435.77 143.89 £4.91

the increase of E. coli cell weight. Fifty grams per liter of wet
cells were used in the subsequent experiments as the conversion
rate was up to 99.6% at this concentration after 2.5 h. To further
determine the potential of E. coli/pet28a-kstD2CH9, the AD
concentration was increased to 20, 30, 40, and 50 g L' After
8 h, AD (20 g L™") was almost completely converted to ADD
(99.32%). Furthermore, when using a concentration of 30 g L,
99.0% of AD was transformed to ADD. Forty grams per liter and

50 g L' of AD were also used, and conversion rates were 86.5%
and 77.7%, respectively.

Bioconversion of steroids by resting cells
The bioconversion of another four valuable steroids, including

canrenone; 16,17 x-epoxyprogesterone; 17x-OH-P; and NSC
44826, were investigated over 24 h using E. coli resting cells
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(Fig. 4). About 99% of NSC 44826 (10 gL ' and 20 g L")
were transformed in 8 h. 89.3% of NSC 44826 could be con-
verted when using a concentration of 30 g L™ and the con-
version rate hardly increased after 8 h. The performances of
resting cells on 17«-OH-P and canrenone were quite similar at
the three concentrations. The conversion rate reached approx-
imately 77.8-80.6% and 73.0-78.2% at 8 h, respectively, and
increased slightly to 83.9-86.7% and 81.6-88.2% at 24 h,
respectively. For 16,17 x-epoxyprogesterone, the conversion
rate declined sharply with 46.6%, 72.1%, and 89.6% for 10 g
L', 15 gL, and 20 g L', respectively, after 8 h. On the
other hand, it hardly increased from 8§ h to 24 h. Even though
the purified KstD2 showed much higher activities on 17c-
OH-P and 16,17 x-epoxyprogesterone compared with AD,
the performance of E. coli BL21 (DE3) harboring KstD2
was barely satisfactory. We speculate that the reasons may
be the lower solubilities under the given conditions compared
with AD and NSC 44826.

Sequence and structural analysis of the KstD2
homology model

In order to further the study of KstD2 protein, the sequence
similarity network (SSN) of FAD binding 2 family

Fig. 4 Bioconversion of NSC
44826 (a), 17x-OH-P (b),

—=—10gL" —e—20gL" ——30gL"

(IPR003953) was constructed and displayed with an e-value
cutoff of 10"%° (share ~ 50% sequence identity inside each
cluster). The 3-ketosteroid-A'-dehydrogenases with clear
function from different organisms were located into four clus-
ters (Fig. Sa, Fig. S5). Moreover, KstD2 and SQ1-KstD1 (for
which the crystal structure was resolved, PDB: 4C3Y) belong
to clusters 2 and 1, respectively. According to previous studies
(Mao et al. 2018; Shao et al. 2016; Xie et al. 2015), the amino
acid residues of the catalytic pocket are involved in KstD
activity. So, to further understand the function of KstD2, we
used 4C3Y as a template to build a homology model of KstD2.
The residues of KstD2 and SQ1-KstD1 within a 4 A distance
from the AD molecule were used to define the substrate bind-
ing site. From the overall structure (Fig. 5b), most of the se-
quence was well aligned apart from two short loops close to
the substrate binding site in KstD2. The latter was highlighted
in light blue (Fig. 5¢). We performed multiple sequence align-
ment for cluster 1 and cluster 2 and used the Weblogo to
generate sequence logo graphically representing the amino
acid conservation (positions) in the substrate binding site
(Fig. 5d).

It was reported that Y119, Y359, Y459, and G491 are
essential for the dehydrogenation reaction in SQ1-KstD1
and the counterpart residues in KstD2 are Y121, Y359,
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Fig. 5 Sequence and structural a
analysis of the KstD2 homology
model. a The sequence similarity
network (SSN) of KstDs. b
Ribbon representation of the pre-
dicted KstD2 overall structure
(light blue) and its model template
(4C3Y, pink). FAD and AD are
shown as orange and red stick. ¢
The residues of KstD2 and 4C3Y
within 4 A to AD. AD was col-
ored as orange and red stick, and
the predicted unique sites for
KstD2 within this area were
highlighted in light blue and la-
beled in red. d Comparison of
substrate binding motifs of cluster
1 and cluster 2 which contain
SQI1-KstD1 and KstD2, respec-
tively. And the unique sites for
cluster 2 were also labeled in red
corresponding to ¢

Cluster2  Cluster 1

Y459, and G536 (Rohman et al. 2013). In addition to the four
key residues, the G50, L492 and Y532 were also conserved,
which corroborate their significant role in substrate binding.
Besides, in a previous study, the mutant Y541F (Y532 in
KstD2) of M. neoaurum obviously displayed reduced KstD1
activity (Qin et al. 2017).

Several residues were conserved and unique in cluster 2.
This includes E136, L334, Y463, and T538. In addition, the
positions from M176 to P180 were located into a loop which
was not conserved in cluster 2. This excluded R178, which
was close to the C17 position of the steroid substrates and is
mainly occupied by basic amino acids. Consequently, we mu-
tated the R178 to various amino acids as shown in Fig. S6. As
expected, the R178K mutant retained most of the activity on
AD compared with wild type KstD2. On the contrary, when it
was substituted by a Y which is aromatic amino acid, the
activity of KstD2 on AD was completely inhibited. This re-
sult, on the one hand, confirms the importance of R178 in the
catalysis. Moreover, it proves the reliability of our homology-
based structural analysis. Thus, the residues mentioned above
probably contribute to the substrate recognition and catalytic
reaction of KstDs of cluster 2.

To summarize, the high activity and substrate specificity of
KstD2 is probably conferred by unique residues of the sub-
strate binding site. As the activity of KstD2 on AD is much

Cluster 3

FAD-binding
Domain

Cluster 4

higher than SQ1-KstD1, the unique five residues which were
labeled in red attracted much attention, especially R178.
Overall, this is the first time that a KstD from cluster 2 was
purified and characterized.

Discussion

The properties of numerous KstDs from various hosts were
investigated in recent years (Mao et al. 2018; Wang et al.
2017; Zhang et al. 2015, 2016). These enzymes play impor-
tant functions in steroid degradation and significant applica-
tions can be implemented in the production of steroid drugs
(Donova and Egorova 2012). However, none of the KstDs
from cluster 2 was purified and characterized. Moreover, there
is an important need for KstDs with higher activity and inter-
esting properties. Thus, the KstD2 from M. neoaurum DSM
1381 that has been previously reported as a good candidate
was purified, characterized, and used to transform various
steroids.

KstD2 could easily be expressed at high levels in E. coli,
but the enzyme was mainly accumulated in the insoluble frac-
tion (Fig. S2). Both codon-optimization and improvement of
the induction conditions were implemented to enhance solu-
ble expression of the enzyme. During protein purification,
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KstD2 slightly binds to the Ni**-column if the protein only
contains a his6 tag at the N-terminal. Purification was much
more efficient when a his6 tag was added at the C-terminal
and further improved by lengthening the his6 tag to a his9 tag
(Fig. S7).

The optimal pH of KstD2 was pH 8.0, which is also the
best pH value for storing the protein. KstD2 stability was best
in Tris-HCI buffer. We speculated that Na* (present in the
sodium phosphate buffer) was the causal compound since
the stability of KstD2 reduced when NaCl was supplied to
the Tris-HC1 buffer. Furthermore, the effect of NaCl increased
with the temperature and this phenomenon was first observed
with KstD2, since the KsdD3 from A. simplex was reported to
be stored with 0.2 M NaCl (Mao et al. 2018). Surprisingly,
most of the selected metal ions inhibited KstD2. This does not
correlate with the observation that Ca* strongly stimulates the
activity of KSDD from M. neoaurum JC-12 (Zhang et al.
2016). Another trait of KstD2 is the relatively high optimal
temperature of 40 °C and that it keeps high activity over a
broad temperature ranging from 25 to 45 °C. By contrast,
most of the well-studied KstDs showed highest activity under
30 °C (Mao et al. 2018; Wang et al. 2017; Zhang et al. 2016).
This trait is strongly conducive to its industrial application.

Besides the specificities mentioned above, another more
remarkable feature is its high catalytic rate (k... and catalytic
efficiency (k../K,) towards various substrates, especially AD,
170-OH-P, and 16,17 x-epoxyprogesterone. The enzyme cat-
alytic efficiency (keu/Kyn) for AD was 67.13 x 10° M ' s,
which was almost 20 times higher than that of the
KsdD3 w2994 reported recently (Mao et al. 2018). The catalyt-
ic efficiency (k./Ky,) forl7a-OH-P was also much higher

than that of MsKstD1 reported by Wang et al. (2017).
Moreover, the substrate profile of KstD2 was also different
from MsKstD1 and ReKstD. For example, MsKstD preferred
hydrocortisone and 9-OH-AD rather than AD and the &,/
K., of ReKstD towards the three substrates was similar (Wang
et al. 2017). However, for KstD2 from M. neoaurum DSM
1381, the k./K, for AD was much higher than for hydrocor-
tisone and 9x-OH-AD. Besides, both the C=C structure at
C9—CI11 and hydroxyl groups at C9 and C11 reduced the
efficiency of the A'-dehydrogenation reaction catalyzed by
KstD2.

In the recent years, several studies of the A'-dehydro-
genation of steroid substrates employed heterologously
expressed KstDs from various organisms (Table 2). This
is only related to cluster 3 and cluster 4 KstDs. No KstD
of cluster 2 was purified and applied in this process. In
addition to the excellent properties mentioned above, the
recombinant E. coli BL21 (DE3) harboring KstD2 showed
impressive performance when used for A'-dehydrogena-
tion of steroid substrates. It also displayed the highest
feedstock of AD (30 g L") ever reported with the
achievement of a 99% conversion rate. Another valuable
steroid named NSC 44826 was also completely catalyzed
when supplied with 20 g L™ precursors. This perfor-
mance was much better than that of KstDs,,, expressed
in E. coli which was able to transform 2 g L' of NSC
44826 with a 96% conversion rate. Nevertheless, only
90.0% of the 30 g L' of NSC 44826 were transformed,
which implies that KstD2 prefers steroid substrates with-
out C=C structure at C9—C11. Considering the catalytic
efficiency (k../Kn,) towards 16,17 x-epoxyprogesterone

Table2 Recent works on A'-dehydrogenation of steroid substrates by heterologously expressing vary KstDs
Enzymes Cluster Original strains Host strains ~ Substrate Substrate conc. (g Time  Conversion rate  Reference
L ® ()
KsdD 3 M. neoaurum JC-12 B. subtilis  AD 9 50 NR? Shao et al.
168 2017a
KsdD 3 M. neoaurum JC-12 C. crenatum AD 10 10 83.87 Shao et al.
2017b
KsdD3ywo99a 4 A. simplex E. coli AD 5 48 95 Mao et al.
BL21 2018
KstD2 2 M. neoaurum DSM 1381  E. coli AD 30 8 99 This study
BL21
MsKstD1 4 M. smegmatis mc*155 E. coli Hydrocortisone 6 3 90 Wang et al.
BL21 2017
KsdD3wog0a 4 A. simplex E. coli Testosterone 5 48 97 Mao et al.
BL21 2018
KstD3g0; 4 G. neofelifaecis NRRL E. coli NSC 44826 2 16 96 Zhang et al.
B-59395 BL21 2015
KstD2 2 M. neoaurum DSM 1381  E. coli NSC 44826 20 8 99 This study
BL21

# NR, the data was not reported
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and 17x-OH-P is much higher than towards AD; the poor
performances on the 16,17 x-epoxyprogesterone and 17x-
OH-P compared with AD may be due to the inappropriate
conversion conditions and may probably be improved by
increasing substrates’ solubility (Table 1). On the other
hand, the main reason for the relatively low conversion
rate on canrenone is the low catalytic efficiency of KstD2.
All in all, KstD2 was proved as a high potential KstD
performing much better than previously reported enzymes
(Table 2), and KstDs of cluster 2 deserve more attention.

Then, we attempted to understand the high KstD2 activity
by structural analysis and multiple sequence alignment of
cluster 1 and cluster 2 enzymes. As shown in Fig. 5, KstD2
shares a lot of conserved residues with its homologs in cluster
2 at the substrate binding sites. This may explain the similar
properties between these proteins. For example, the K, values
of KstD2s from M. neoaurum DSM 1381, R. erythropolis
SQI1, and R. ruber strain Chol-4 on AD are much lower than
on 9x-OH-AD (Guevara et al. 2017; Knol et al. 2008; Zhang
et al. 2018). Besides, R178 was identified as an important
residue responsible for KstD2 activity. This residue is con-
served and unique in cluster 2. Some other residues were also
specific to KstD2 among the cluster 2. These residues may be
potential sites for developing a more efficient KstD based on
the structure of KstD2. Thus, we hope that more attention will
be paid to cluster 2 KstDs which may lead to a deeper insight
in the KstD family.

In short, the high activity KstD isoform from M. neoaurum
DSM 1381 belongs to cluster 2. In the present study, the en-
zyme was purified and characterized for the first time. It
displayed high specific activities on various substrates, espe-
cially AD, NSC 44826, 17x-OH-P, and 16,17 «-
epoxyprogesterone. Moreover, its relatively high optimal tem-
perature of 40 °C also benefits to its industrial application.
However, it is sensitive to many metal ions which should
capture our attention. Furthermore, its high conversion effi-
ciency on selected steroid substrates further proved its excel-
lent properties. The analysis of its structure and the cluster 2
KstD sequences revealed that two short loops, which are close
to the substrate binding site, are specific to cluster 2. Finally, a
conserved residue, R178, is located in one of these loops and
indeed plays an important role for the activity of KstD2.
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