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Abstract Mycobacterium neoaurum ST-095 and its
mutant M. neoaurum JC-12, capable of transforming
phytosterol to androst-1,4-diene-3,17-dione (ADD) and
androst-4-ene-3,17-dione (AD), produce very differ-
ent molar ratios of ADD/AD. The distinct differences
were related to the enzyme activity of 3-ketosteroid-A'-
dehydrogenase (KSDD), which catalyzes the C,, dehy-
drogenation of AD to ADD specifically. In this study, by
analyzing the primary structure of KSDD; (from M. neo-
aurum ST-095) and KSDDy; (from M. neoaurum JC-12),
we found the only difference between KSDD; and KSDD;
was the mutation of Val**® to Ser**. This mutation directly
affected KSDD enzyme activity, and this result was con-
firmed by heterologous expression of these two enzymes
in Bacillus subtilis. Assay of the purified recombinant
enzymes showed that KSDDy; has a higher C, , dehydro-
genation activity than KSDD;. The functional difference
between KSDD; and KSDDy; in phytosterol biotransforma-
tion was revealed by gene disruption and complementation.
Phytosterol transformation results demonstrated that ksdd,
and ksdd,; gene disrupted strains showed similar ADD/AD
molar ratios, while the ADD/AD molar ratios of the ksdd,
and ksdd;; complemented strains were restored to their
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original levels. These results proved that the different ADD/
AD molar ratios of these two M. neoaurum strains were
due to the differences in KSDD. Finally, KSDD structure
analysis revealed that the Val**®Ser mutation could possi-
bly play an important role in stabilizing the active center
and enhancing the interaction of AD and KSDD. This study
provides a reliable theoretical basis for understanding the
structure and catalytic mechanism of the Mycobacteria
KSDD enzyme.
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Abbreviations

AD Androst-4-ene-3,17-dione

ADD Androst-1,4-diene-3,17-dione
KSDD 3-Ketosteroid- A '-dehydrogenase
FAD Flavin adenine dinucleotide
Me-B-CD Methyl-B-cyclodextrin

PMS Phenazine methosulphate
DCPIP 2,6-Dichlorophenolindophenol
Introduction

As the second largest category drugs after antibiotics, ster-
oid drugs play an important role in treating and preventing
various diseases. Since 1952 when Murray and Peterson
[17] discovered the process of 1la-hydroxylation of pro-
gesterone by Rhizopus nigricans, the production of steroid
drugs by microbial technology has attracted the attentions
of many microbiologists. When compared with the tradi-
tional chemical synthesis process, microbial transformation
of steroid compounds has the advantages of yielding prod-
ucts of high purity at low cost and under environmentally
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friendly conditions [5]. Over the past half century, numer-
ous microbial transformations of steroid compounds,
including steroid hydroxylation, A!-dehydrogenation and
sterol side chain cleavage, have been reported [4]. Among
these studies, microbial sterol side chain cleavage has
received much attention in the pharmaceutical industry, and
has become an important pathway to produce many ster-
oid intermediates [11]. Since the discovery that microor-
ganisms could degrade the side chain of sterols to produce
17-ketosterols [12], mainly androst-4-ene-3,17-dione (AD)
and androst-1,4-diene-3,17-dione (ADD), phytosterol has
become a major raw material in pharmaceutical industry
for its low cost, abundant availability, and the efficiency of
its transformation into steroid intermediates [13]. Among
the products of microbial side chain cleavage obtained
from phytosterol, AD and ADD are important and valuable
steroid drug intermediates, widely used for the commercial
production of mineralocorticoids, corticosteroids, oral con-
traceptives, and other pharmaceutical steroids [33].

Many microbial strains have been described as biocata-
lysts of sterol bioconversions and different approaches for
steroid microbial conversion have been applied [4]. For
example, it has been reported that the bioconversion of
cholesterol to ADD could be enhanced by the addition of
lecithin, with a final ADD yield of 59 % (w/w) [27]. Wang
et al. reported that resting cell biotransformation of phytos-
terol to ADD in a cloud point system could improve ADD
production with yields up to 12 g/L [26]. Shen et al. showed
that use of hydroxypropyl-p-cyclodextrin (HP-B-CD) as a
cosolvent could increase AD and ADD yield with phytos-
terol as the substrate [23]. In our recent study of phytos-
terol biotransformation by M. neoaurum, we proposed a
three-stage fermentation strategy for enhancing ADD pro-
duction with methyl-B-cyclodextrin (Me-B-CD) used as
cosolvent [21].

In the process of phytosterol biotransformation,
3-ketosteroid-A'-dehydrogenase (KSDD) is the key
enzyme that catalyzes the conversion of AD to ADD [33].
During microbial steroid transformations, both AD and
ADD are formed. As the only structural difference between
AD and ADD is the C,, double bond [33], so the struc-
tures of AD and ADD are highly similar. This high struc-
tural similarity greatly increases the cost of the downstream
processes for the separation and purification of AD from
ADD [28]. Therefore, it is crucial to obtain strains capable
of efficient transformation of phytosterol into AD and ADD
with as high ADD/AD or AD/ADD ratios as possible.

Wild-type M. neoaurum ST-095 (formerly Mycobacte-
rium sp.), typically produces an ADD/AD molar ratio of
1:2 when used for phytosterol biotransformation [34]. In
our previous study, mutant strain M. neoaurum ZADF-4
was isolated [9], which gave AD/ADD molar ratios of 8:1
when used for steroid biotransformations, but activity was
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reduced [9]. By analyzing the DNA sequence of the mutant
ksdd gene, a nine nucleotide deletion and two point muta-
tions were revealed, which resulted in amino acid changes
[9]. To develop steroid biotransformation systems capable
of producing high AD/ADD or ADD/AD ratios and while
retaining high levels of biotransformation activity, it is nec-
essary to understand the behavior of the key enzyme KSDD
[29]. As a flavin adenine dinucleotide (FAD)-dependent
enzyme, KSDD not only catalyzes the conversion of AD
to ADD, but also plays an important role in microbial
sterol catabolism as well as other steroid drug transfor-
mations [15, 24]. However, the catalysis mechanism of
Mycobacterium KSDD enzymes is not well resolved, and
structural information on KSDD is still limited. Previous
studies focused on the investigation of the molecular, cata-
lytic and spectral characteristics of KSDD from different
strains, and based on chemical modification, mutagenesis,
and kinetics experiments, several key amino acid residues
were identified [6, 14]. In a recent study, Rohman et al.
revealed the first structure and catalytic mechanism of the
KSDD enzyme from Rhodococcus erythropolis SQ1 [19].
They confirmed that the enzyme contains two domains: an
FAD-binding domain and a catalytic domain, and they also
found that the active site contains four key residues: Tyr''?,
Tyr*13, Tyr*®’, and Gly*!. Xie et al. further reported that
Ser'3® was a key amino acid residue of KSDD and changes
at that position led to large differences in the ADD/AD
ratio [29].

By UV-NTG mutation, M. neoaurum JC-12 (formerly
Mycobacterium sp.-11), a strain capable of producing
an ADD/AD molar ratio of 10:1, was derived from strain
M. neoaurum ST-095 [34]. Furthermore, total amounts of
ADD and AD produced by these two strains were the same.
Having shown that KSDD enzyme activity directly affects
ADD/AD molar ratios, we investigated the KSDDs from
M. neoaurum ST-095 (named KSDD;) and M. neoaurum
JC-12 (named KSDDy;) to attempt to explain the different
characteristics of these two strains. After searching the Pro-
tein Data Bank (PDB) database for structural similarity, we
found that KSDD; and KSDDy; have the highest similarity
to KSDD from R. erythropolis SQ1 [29].

In this study, by sequence alignment, we found that
the only difference between KSDD; and KSDD;; was the
mutation of Val*®® to Ser’®®. The enzymatic character-
istics of KSDD; and KSDDy; were studied by heterolo-
gous expression in Bacillus subtilis 168, and the results
revealed that the mutation of Val’®® to Ser*®® enhanced
KSDD enzyme activity. We further investigated the func-
tion of KSDD; and KSDDy; in AD and ADD production
by gene disruption and complementation, which con-
firmed that the different characteristics of these two M.
neoaurum strains with respect to ADD/AD molar ratios
attained were caused by this mutation. The mechanism
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responsible for the different characteristics of KSDD;
and KSDDy; was further unraveled at the molecular level
by modeling the complex structure of KSDD-AD. The
results suggested that the change of Val*®® to Ser**® in
KSDD could facilitate the interaction of KSDD with AD
and thereby enhance KSDD enzyme activity. This study
not only serves as a basis for further studies on the struc-
tural analysis and catalytic mechanism of this dehydroge-
nase, but also provides a reliable theoretical basis for site-
directed mutagenesis to further improve ADD/AD molar
ratios in future research.

Materials and methods
Strains, plasmids and primers

The strains, plasmids and primers used in this work are
listed in Table 1.

Reagents, media and cultivation

The AD and ADD standards were purchased from Sigma-
Aldrich (Shanghai, China). Substrate phytosterol (95 %
purity) was obtained from Wuhan Kaidi Fine Chemical
Industrial Co., Ltd. (Wuhan, China). Tryptone and yeast
extract were purchased from Oxoid Ltd. (Basingstoke
Hampshire, England). Methyl-B-cyclodextrin (Me-B-CD)
was obtained from Zhiyuan Biotechnology Co., Ltd (Shan-
dong, China). Methanol and ethyl acetate obtained from
Jiangsu Hanbon Science & Technology CO., Ltd. (Jiangsu,
China) were chromatographic grade. All other chemicals
and reagents were analytical grade and purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China),
unless otherwise stated.

Escherichia coli and B. subtilis were cultivated in Luria
Broth (LB) medium and were used as the cloning and
expression hosts, respectively. The cultivation of M. neo-
aurum ST-095 and M. neoaurum JC-12 was performed
according to our previous study [21].

Expression and purification of KSDD in B. subtilis 168

Both the ksdd, and ksdd; genes were cloned with the
forward primer P1 and the reverse primer P2, from the
genome DNA of M. neoaurum ST-095 and M. neoaurum
JC-12, respectively. The plasmids pMAS5-ksdd; and pMA5-
ksdd;; were constructed by inserting the ksdd; and ksdd,,
genes into the BamH I and Nde I sites of pMAS. The trans-
formation of B. subtilis cells was in accordance with the
procedure described by Anagnostopoulos et al. [1], and the
selection of the recombinant strains BS168; and BS168
followed the process described in our previous study [20].

After cultivation in 50 mL LB medium for 24 h, recom-
binant cells were harvested by centrifugation (10,000 rpm,
10 min and 4 °C) and washed twice with 50 mM Tris—HCl
buffer (pH 7.0). Then the harvested cells were resuspended
with 5 mL Tris—HCI buffer. After ultrasonic disruption, cell
debris was removed by centrifugation at 10,000 rpm and
4 °C for 30 min. The supernatant was then used for enzyme
activity assays, SDS-PAGE analysis and enzyme purifica-
tion. Enzyme purification was carried out using HisTrap™
HP columns according to the manufacturer’s instructions
[30].

Enzyme activity assay of KSDD

The KSDD enzyme activity was determined spectropho-
tometrically at 30 °C<—using phenazine methosulphate
(PMS) and 2,6-dichlorophenolindophenol (DCPIP). Reac-
tion mixtures (1 mL) contained 50 mM Tris—HCI buffer
(pH 7.0), 1.5 mM PMS, 40 uM DCPIP, appropriate vol-
umes of the supernatant or cell extract, and 200 mM AD in
methanol (2 %) [33]. KSDD activity is expressed as U/mg
of protein, and 1 U is defined as the amount of enzyme giv-
ing a reduction of 1 umol/min DCPIP (£4y, = 11.3 x 10%
cm/M) [28].

Kinetic parameters of KSDD; and KSDD; were per-
formed in 50 mM Tris—HCI buffer (pH 7.0) at 30 °C by
changing the concentration of the substrate (AD). Kinetic
parameters (K, V. and k) were determined by fitting a
plot of rate versus substrate concentration to the Michaelis—
Menten equation using nonlinear regression in the software
GraphPad Prism 5.0 (GraphPad Software, Inc. La Jolla,
CA, USA).

AD and phytosterol transformation analysis

The conversion of AD by the purified enzymes was done
in 50-mL shake flasks and the transformation system was
similar to the enzyme assay system. The reaction mixture
(10 mL) consisted of 50 mM Tris—HCI buffer (pH 7.0),
1.5 mM PMS, 40 uM DCPIP, appropriate amounts of the
purified enzymes and 10 mg AD in methanol (2 %). The
conversion was carried out at 30 °C and 160 rpm for 12 h.
Phytosterol transformation was carried out in 250-mL
shake flasks and was performed as described in our previ-
ous study [21].

The ksdd gene disruption and complementation

Gene deletion in M. neoaurum was performed as described
by Gordhan and Parish with minor modifications [7].
To delete the ksdd, and ksdd;; genes, a 425 bp upstream
sequence and a 350 bp downstream sequence were ampli-
fied by PCR with primers P3/P4 and P5/P6. Then the two
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Table 1 The strains, plasmids and primers used in this work

Name Description Sources
Strains
Escherichia coli
E. coli IM109 recAl, endAl, gyrA96, thi-1, hsd Invitrogen
RI7(ry m{f)supE44
IM109, E. coli IM109 containing pMAS- This study
ksdd,
IM109y; E. coli IM109 containing pMAS- This study
ksdd,;
Bacillus subtilis
B. subtilis 168 trpC2 Laboratory stock
BS168; B. subtilis 168 containing pMAS5 as  This study
a control
BS168; B. subtilis 168 containing pMAS5- This study
ksdd,
BS168;; B. subtilis 168 containing pMAS5- This study
ksdd,;

Mycobacterium neoaurum
M. neoaurum ST-095

M. neoaurum JC-12

Source of ksdd; gene

Source of ksdd;; gene

Mut ksdd-deleted mutant of M. neoau-  This study
rum ST-095

Muty i ksdd-deleted mutant of M. neoau-  This study
rum JC-12

Compy, a1 ksdd;complemented strain of This study
Mutysan

Compy 11 ksdd-complemented strain of This study
Mutysgq

Plasmids

pMDI18-T E. coli clone vector; AmpR

pMAS Hpall promoter, colE1 ori, repB, replicates in E. coli (Amp®) or B. subtilis
(Km®)

PMAS-ksdd, PMAS containing ksdd-His

PMAS-ksdd,; PMAS containing ksdd;-His

p2 NIL Recombination vector of mycobacterium; KmR

pGOALI19 Hyg Paggs-lacZ Py, qp-sacB, Pacl cassette vector; Amp®

pMV261 Shuttle vector of E. coli and mycobacterium, carrying the heat-shock
promoter Asp60; KmR

pMV306 Mycobacterial integrating vector, Km®

P2N-Aksdd p2NIL harboring a crossover PCR product which covers the flank-
ing regions of ksdd, or ksdd,; gene and the selection cassette from
pGOAL19; Km® and Hyg®

p261-ksdd PMV261 carrying the ksdd, or ksdd,, gene; Km®

p306-ksdd pMV306 carrying the ksdd, or ksdd,;; gene under the hsp60 promoter; KmR

Primers 5’3/

P1 CGGGATCCATGTTCTACATGACTGCCC

P2 CGCATATGTCAGTGGTGGTGGTGGTGGTGGGCCTTTCCAGCGAG

P3 CGGGATCCATGTTCTACATGACTGCCC

P4 CCCATCCACTAAACTTAAACACGTCGGGACCGAGCTTC

P5 TGTTTAAGTTTAGTGGATGGGCCACCATCGAACGGTTC

P6 CCCAAGCTTTCAGGCCTTTCCAGCGAG

Laboratory stock

Laboratory stock

Takara
Laboratory stock

This study
This study
Dr. Parish
Dr. Parish
Dr. W.R. Jacobs Jr.

Dr. W.R. Jacobs Jr.

This study

This study
This study

The restriction enzyme sites were underlined, and the His-Tag coding region was bold typed

Amp® ampicillin resistant, Km® kanamycin resistant
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purified fragments were mixed to be used as template to
amplify a single large fragment using primers P3/P6. The
amplification products (containing the upstream and down-
stream regions of ksdd; and ksddy, 775 bp) were digested
with Kpnl and HindIII and cloned into the plasmid p2 NIL
to construct recombinant plasmid p2 N-Aksdd; and
p2 N-Aksdd;; which also included a selectable marker gene
cassette, which was removed from pGOAL19 by digestion
using Pacl and then inserted into the Pacl site of p2 NIL.
Finally, after alkali treatment and UV irradiation, the plas-
mids p2N-Aksdd; and p2N-Aksdd; were transformed
into M. neoaurum ST-095 and M. neoaurum JC-12 by
electrotransformation, respectively [7]. Prospective dele-
tion mutants of ksdd, and ksdd; were confirmed by PCR
and gene sequencing, and named Mut,,, and Mut,
respectively.

Plasmid pMV306 was employed as an integrating
expression vector to prepare plasmids for complementation
of the deleted mutants of ksdd; and ksdd,;. To construct the
complementation plasmids, we first constructed plasmids
p261-ksdd; and p261-ksdd;;. Using primers P1/P6, ksdd,
and ksdd;; genes were obtained through PCR techniques.
Then ksdd; and ksdd,;; were inserted into the BamH 1/Hind
IIT sites of plasmid pMV261 to create plasmids p261-ksdd,
and p261-ksddy, respectively. Then expression cassettes
containing ksdd, and ksdd;; under the control of the heat-
shock promoter hsp60 were removed from plasmids p261-
ksdd, and p261-ksdd,;, respectively, by double digestion
with Xbal/Clal, and subsequently inserted into the corre-
sponding sites of pMV306 to obtain the complementation
plasmids p306-ksdd; and p306-ksdd,;. The plasmids p306-
ksdd; and p306-ksdd;; were further transferred into Mut;.
4anr and Mut, ... by electrotransformation to generate the
KSDD complemented strains Comp,,,;; and Compy,p
respectively.

Analytical methods

The methods used for structural analysis of KSDDj
and KSDDy; were in accordance with our recent report
[10]. The structural models of KSDD; and KSDDy; were
acquired by homology modeling using SWISS-MODEL
Workspace (http://swissmodel.expasy.org/). Analysis of
the three-dimensional structures of the KSDD; and KSD-
D;; enzymes were conducted using Discovery Studio 2.5
software.

The preparation and analysis of biotransformation
products were performed as follows: 1 mL of sample was
withdrawn from culture broth and extracted with 4 ml of
ethyl acetate. After centrifugation, 2 ml of the supernatant
was analyzed on a Shimadzu HPLC instrument equipped
with a C18 column (Diamonsil ®C18, 5 um particles,

250 mm x 4.6 mm) and a UV/visible detector. ADD and
AD were detected at 240 nm and the mobile phase con-
sisted of methanol and water (70/30, v/v). The flow rate
was | mL/min and the column temperature was 30 °C [21,
22].

Results and discussion
Sequence analysis of KSDD; and KSDD;

Using the ksdd gene sequence from M. neoaurum NwIBL-
01 (Gene ID: 251736854) as the basis, we designed the
primers P1/P2 (Table 1) to obtain the complete ksdd gene
sequence from M. neoaurum ST-095 and M. neoaurum
JC-12 by PCR techniques. Both the ksdd; and ksdd;; gene
fragments were complete open reading frames and con-
tained 1701 bp nucleotides. Rohman et al. have reported
that the four key amino acid residues in the active center of
KSDD from R. erythropolis SQ1 are Tyr”g, Tyr318, Tyr487,
and Gly*!, and so we determined the corresponding amino
acid residues of KSDD from M. neoaurum by sequence
alignment (Fig. 1). As shown in Fig. 1, by the amino acid
sequence alignment analysis, we predicted the key amino
acid residues in the active center of KSDD from M. neo-
aurum were Tyr'®, Tyr’®, Tyr’*!, and Gly>*. By further
analysis of the nucleotide sequences of ksdd; and ksdd,;, we
found the ksdd, and ksdd;; genes showed 99.9 % similarity,
and there were only two differences located at nucleotides
1096 and 1097 (Fig. 2a), which caused the Val**® of KSDD,
to change into Ser*®® of KSDDy; (Fig. 2b). Mutations in the
amino acid sequence of KSDD have been shown previously
to lead to changes in KSDD structure, which resulted in
different enzyme activities [29]. Therefore, we speculated
that the residue change from Val**® to Ser’®® might have
enhanced KSDD enzyme activity, and thereby increased
the ADD/AD molar ratio. Similar results have also been
reported in studies on Mycobacterium sp. VKM Ac-1816D
and Mycobacterium sp. VKM Ac-1815D, where a single
point mutation apparently led to differences in accumula-
tion of the main product [2].

Enzymatic characteristics of KSDD; and KSDDy,

To confirm that the differences in KSDD activity were
caused by amino acid differences between KSDD; and
KSDDy,, the ksdd; and ksddj; genes, together with 6 His-tag
coding regions appended at their 3’-termini, were expressed
in B. subtilis 168. The KSDD enzyme activity of the
recombinant strains was detected and the results are shown
in Table 2. BS168; and BS168;; showed KSDD activities of
0.65 and 1.72 U/mg, respectively. No enzyme activity was
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DNAMAN1 . . .MFYMTAQDYSVFDVVVVGSGAAGMVAALTARHQGLSTVVVEKAPEYGGSTARSG . GGVWI PNNEVLQRDGVKDT PAEARKYLHAI IGDVVPAEK 93
DNAMAN2 MFYMTAQDYSVFDVVVVGSGAAGMVAALTAAHQGLSTVVVEKAPHYGGSTARSG . GGVHWIPNNEVLQRDGVKDT PAEARKYLHAI IGDVVPAEK 93
DNAMAN3 MEYMTAQDYSVFDVVVVGSGAAGMVAALTARHQGLSTVVVEKAPEYGGSTARSG . GGVWIPNNEVLQRDGVKDT PAEARKYLHAIIGDVVPAEK 93
DNAMAN4 MGSSHHHHHHSSGLVPRGSHMQDWTSECDVLVVGSGGGALTGAYTARAQGLTTIVLEKTDRFGGTSAYSG . AS IWLPGTQVQERAGLPDSTENARTYLRALLGDAE . SER 108
DNAMANS tevunnnneennneennnns MAEWAEECDVLVVGSGAGGCCGAYTPAREGLSVILVEASEYFGGTTAYSGGGGVWE PTNAVLQRAGDDDT IEDALTY Y PRVVGDRTPHEL 90
DNAMANG  evveunvennnnnennnnnns MKWADECDVLVAGSGGGGVTGAYTAAREGLSVILVEASDKFGGTTAYSGGGGVHFPCNPVLTRAGTDDTIEDALEY YHAVVGDRTPREL 89
DNAMAN7 . .....MDWAEEYDVLVAGSGAGGMAGTYTAAREGLSVCLVEAGDKFGGTTAYSGGGGAWF PANPVLLRAGTDDT IEDALEYYRAVVGDRTPADL 89
DNAMANS  +evnnnnvnnennnnnn MTTANDVEKNYDVIVVGSGAGAMTAALFAADQGNSVLIVEKTDKYGGTSAISG . GGIWIPNNDEFRALGGKDSYEAALTY IKAASQGSVDETR 92
DNAMAND euvenrveennannennnanns MAEQEYDLIVVGSGAGAMLGAIRAQEQGLKTLVVEKTELFGGTSALSG . GGIWIPLNYDQKTAGIKDDLETAFGYMKRCVRGMATDDR 87
DNAMANIO  ................MSANGLQWDESCDVLVVGSGAGAMTAALRARDLGSEVLVVEKSDRYGGTSAVSG.GGIWVPCNHRIEALGGHDSAEEAIAY IRAVTRGEIDDGR 93
DNAMAN1 IDTYLDRSPEMLSFVLKNSPLKLCHVPGYSIYl PETPGGKATGRSVE PKPFNAKKLGPDEKGLE PPYGKV PLNMVVLQQDYVRLNQLKREPRGVLRS IKVGVRSVHANAT 203
DNAMAN2 IDTYLDRSPEMLSFVLKNSPLKLCWVPGYSHY[Y PETPGGKATGRSVE PKPFNAKKLGPDEKGLE PPYGKV PLNMVVLOQDYVRLNQLKREPRGVLRS IKVGVRSVIWANAT 203
DNAMAN3 IDTYLDRSPEMLSFVLKNSPLKLCHVPGYSIY[ PETPGGKATGRSVE PKPFNAKKLGPDEKGLE PPYGKYV PLNMVVLQQDYVRLNQLKREPRGVLRS IKAGVRSVHANAT 203
DNAMAN4 QDAYVETAPAVVALLEQNPNIEFEFRAFPDYY|. . KAEGRMDTGRSINPLDLDPADIG. . . . . DLAGKVRPELDQDRTGQDHAPGEMIG . « « v ¢ e e v veeveennnennns 189
DNAMANS QEAYVRGGAPLIDYLESDDDLEFMVYPWPHYFGKAPKARAQG . RAIVPSPLPIAGDP. . . . . ELNESIRGPLGRERIGEPLP.DMLIG. . . 171
DNAMANG QETYVRGGAGLIEYLEADAFLKFAPMPWPLY[FGKAPKARTDGQRHIAARPLRVEKAP. . . . . HLRELVRGPLDVDRLGAEQPDDYFIG. . . 172
DNAMAN7 QETYVRGGAGLVAYLEEDDHFSFESYPWPLY[FGDAPKARRDGORHIIPTPLPVPSAP. . . . . ELREVVRGPLDNDRLGTPQPDDLEIG . « « v e e eeennnnenennns 172
DNAMANS IRAYLDNAPKMLRELQANSRVKFAVADKY PYYQHLEGSLPGGRSMDPELYDTTGLG . DENDNQQPAAGNALLMGKMSWTARQAHKAVSKERGWMLMI IGLMLRYKLDFK 201
DNAMAN9 VLAYVETASKMAEYLRQIG.IPYRAMAKYALY| PHIEGSRPGGRTMDPVDFNAARLGLAALETMRPGPPGNQLFGRMS ISAFEAHSMLSRELKSRFTILGIMLKYFLDYP 196
DNAMAN1O  IEAYVEQGHRVVRYLEQCSRVRFEAQPRYALY|PEVPGGKPGFRSMDPLPFDARLLG . DEFARMREPSPGTLMMGRMTMTMAEAQVLLCRGPGHLGLTLKILWRYWRDLP 202
DNAMANLI  GKN...... LVGMGRALIAPLRIGLQKAG.VPVLLNTALTDLYLEDG . VVRGIYVREAGAPESAEPKLIRARKGVILGSGGFEHNQEMRTKYQRQPITTEWTVGAV . ANT 304
DNAMAN2  GKN...... LVGMGRALIAPLRIGLQKAG.VPVLLNTALTDLYLEDG.VVRGIYVREAGAPESAEPKLIRARKGVILGSGGFEHNQEMRTKYQRQPITTEWTVGAV . ANT 304
DNAMAN3 . LVGMGRALIAPLRIGLQKAG. VPVLLNTALTDLYLEDG . VVRGIYVREAGAPESAE PKLIRARKGY I LGSGGFEHNQEMRTKYQRQPITTEWTVGAY . ANT 304
DNAMAN4 GRALIGRLLAAVQSTGKAELRTESVLTSLIVEDG.RVVGAEVESGGE. . . . . TQRIKANRGVLMAAGGIEGNAEMREQAG . TPGKAIWSMGPFGANT 279
DNAMANS . . GRALVGRFLIALRKYPNVDLYRNTPLEELIVEDG.VVVGAVVGNEVE. . . . . RRAIRARKGVVLAAGGFDQNDEMRGKYG . VPGAARDSMGPW . SNL 260
DNAMANG . .GRALIARFLKAIEQYQNASLRLNTPLVELVVEDG. IVTGAIVETDGE. . . . . RKAIRARRGVLLAAGGFEGNDDLRREYG . VPGVARDTMGPP . ANL 261
DNAMANT  eeennnnnnnnns GRALVARFLTALATYPHATLVRETALAELVVEDG . VVVGAIVETDGV. . . . . RRAIRARRGVLLAAGGFEANDELRQKYG . VPGVARDTMGPP. TNV 261
DNAMANS QRKKGRRDRRAGLGASLVASLRHSLCDRN. IPLWRDTEFTDEFVINND.KVTGIKVLRDGQ. . . . . ELTLNARYGVIMGSGGFEQNQALREKYLPAPSQQSWSATPKGGNT 304
DNAMAN9 WRNKTRRDRRMTGGQALVAGLLTAANKVG . VEMWHNS PLKELVQDASGRVTGVIVERNGQ. . . . . RQQINARRGVLLGAGGFERNQEMRDQYLNKPSKAEWTATPVGGNT 300
DNAMAN10 GRLRSRRDRFLTLGNALVGALRRSLMERD.VPLWLNCQLQRLIEEDG.RVVGAELLREGR.. ... TLRVRARRGVVLGAGGFERNQAMRSQYHPQPSRSDWSATPP . FNT 304
DNAMAN1 GDGIVAAEKLGAALELMEDAWWGPTVPLVGAP. . WFALSERNSPGSI IVNMNGKREFMNESNHYMEACHHMYGGQYGQGAGPGENY PAWMYV FDQQYRDRY I FAGLOPGQRI 412
DNAMAN2 GDGIVAAEKLGAALELMEDAWWGPTVPLVGAP. . WFALSERNSPGSIIVNMNGKREFMNESNHYBEACHHMYGGQYGQGAGPGENY PAWMYFDQQYRDRY I FAGLQPGQRI 412
DNAMAN3 GDGIVAAEKLGAALELMEDAWWGPTVPLVGAP. . WFALSERNSPGSIIVNMNGKRFMNESNHYVEACHHEMYGGQYGQGAGPGENVPAWMVEDQQYRDRYIFAGLQPGQRI 412
DNAMAN4 GDAISAGIAVGGATALLDQAWFCPGVEQPDGS. . . . AAFMVGVRGGLVVDSAGERYLNESLHYPQFGRAMDA.. . HDDNG. . . SAVPSFMIFDSREG. . GGLPAICIPNTA 378
DNAMANS GKAHEAGIAVGADVDLMDQAWWSPGLTHPDGR. . . . SAFALCFTGGIFVDQDGARFTNEYAHYPRLGRDVIA. . RMERGE . . MTLPFWMIYDDRNGEAPPVGATNVPLVE 362
DNAMANG GHAHQAAIAVGADVDLMEQAWWSPGMTHPDGR. . . . SAFALWETGGIFVDONGRREVNESAHYPRIGRAILP. . RLADGS . . MTLPYWMIYDDREGE I PPVKATNVSMVD 363
DNAMAN7 GAAHQAATAVGADTDLMGEAWWSPGLTHPDGR. . . . SAFALWFTGGIFVDGAGRRFVNESAHYPRLGRAVID. . HLTEGG. . VTPRYWMVYDHKEGSIPPVRATNVSMVD 363
DNAMANS GAALEAGQKLGAATDLLDWCWWT PTLNVPKERNARGLFAERAFPGAIVVDGAGQRFFNEAAHY[LEFGDAMYR . NEQKMGN . . . STPAWVVFDGHFRHEYAMGPLMPGKIM 410
DNAMAN9 GDAHRAGQAVGAQLALMDWSWGVPTMDVPKE PAFRGI FVERSLPGCMVVNSRGQRFLNESGHYPEFQQAMLA . EEAKGNG . . . GVPAWIVFDASFRAQNPMGPLMPGSAV 406
DNAMAN1O  GDAIRAGQALGAATALMDHSWWAPTTHVQGEEKQRALFVERTLPGCIMVNSIGERFVNEAAHY[PDIVYAMYD.NNREGAS. . . SVPCWLVFDAEFRRKYPCGALLPGYAM 410
DNAMAN1 PKKWME. . . . SGVIVKADSVAELAEKTGLAPDALTATIERFNGFARSGVDEDFHRGESAYDRY YGDPTNKPNPNLGE IKNGPFYAAKMYV PGDLGTKGGIRTDVEGRALRD s18
DNAMAN2 PKKWME. .. .SGVIVKADSVAELAEKTGLAPDALTATIERFNGFARSGVDEDFHRGESAYDRYYGDPTNKPNPNLGEIKNGPFYAAKMVPGDLGTKGGIRTDVEGRALRD 518
DNAMAN3 PKKWME.. . . . SGVIVKADSVAELAEKTGLAPDALTATIERFNGFARSGVDEDFHRGESAYDRY YGDPTNKPNPNLGE IKNGPFYAAKMYVPGDLGTKGGIRTDVEGRALRD si8
DNAMAN4 PAKHLE. . . . AGTWVGADTLEELAAKTGLPADALRSTVEKFNDARKLGVDEE FHRGEDPYDAFFCPPNGGANAALTAIENGPFYAARIVLSDLGTKGGLVTDVNGRVLRA 484
DNAMANS TEKYVD. .. .AGLWKTADTLEELAGQIGVPAESLKATVARWNELAAKGVDEDFGRGDEPYDLAFT. . . .GGGSALVPIEQGPFHAAQFGISDLGTKGGLRTDTVGRVLDS 464
DNAMANG TQQYVD. . . . AGLWHTADTLEELAAKIGVPAENLVATVERFNEFVVAGTDEDFGRGDEAYDRAFS . . . . GGASPLVAIEKGPFHAAAFGISDLGTKGGLRTDTAARVLDT 465
DNAMAN7 EEQYVA. ...AGLWHTADTLPELAALIGVPADALVATVARFNELVADGYDADFGRGGEAYDREFS. . . . GGEPPLVSIDEGPFHAAAFGISDLGTKGGLRTDTSARVLTA 465
DNAMANS PDSRAPKAWLGSVYFKADSLAELAKLVNIDADGLAQTVQKMNHYAATGVDEDFDRGGNVEFDRYYGDTKVKPNPCLAPLTKGPYYALKIHPGDIGTKGGLLTNEYAQVVRP 520
DNAMAN9 PDSKVRKSWLNNVYWKGETLEDLARQIGVDATGLQDSARRMTE YARAGKDLDFDRGGNVFDRY YGDPRLK . NPNLGPIEKGPFYAMRLWPGE IGTKGGLLTDREGRVLDT 515
DNAMAN1O  PDSRLP.ARLHGYFHKADSLLELAGRIGVDPAGLLRTVERFNLMAEAGRDEDFHKGESLFDRYYGDPTVTPNPCLAPLLKAPFYAVKVDAGDIGTKGGLLTDVHARVLRE 519
DNAMAN1 DNSVIEGLYAAGNVSSPVMGHTYPGHGS T IGPAMTFGYLAALELAGKA  « ¢« v e v veneanennnnns 566
DNAMAN2 DNSVIEGLYAAGNVSS PVMGHTYPGHGETIGPAMT FGYLAALHLAGKA 566
DNAMAN3 DNSVIEGLYAAGNVSSPVMGHTYPGHGETIGPAMTFGYLAALHLAGKA.. . S66
DNAMAN4 DGSAIDGLYAAGNTSASLSGREYPGHGVPLGTAMVFSYRAAQDMAK. . . . $30
DNAMANS EGAPIPGLYARGNTMAAPSGTWYPGGGNPIGASALFAHLSVMDAAGR. . . ... . si1
DNAMANG DGQVIAGLYAAGNTMAAPSGTHYPGGGNPIGTSMLFSHLAVKDMLGMDL . . . . . S14
DNAMAN? DGTPIGGLYAAGNTMAAPSGTTYPGGGNPIGTSMLFSHLAVREMGTEDAR - 515
DNAMANS SGEPIAGLYAIGNSSSSVMGIHYPGHGATIGPAMTFGYVAANHITANRGAEAND. . . . 574
DNAMAN9 QGRIIEGLYC ASVMGPHYPGHGSTLGPAMT FAFRAVADMLGKPLPIENPH. . . . . .. . LLGKTV 576
DNAMAN1O DGSPIAGLYAIGNSAASMM livu‘ TIGPAMVEFGFLAAGHIHAEKSGADGAHDSAGRRAQPLSRSI 588

Fig. 1 Sequences alignment of KSDD from different strains. The
key residues in the active center were marked with black frames and
the mutation site (Ser’®®) was indicated by hollow inverted triangle.
GenBank accession numbers for KSDD were in brackets: DNA-
MANI1, KSDD,;; DNAMAN2, KSDD,;; DNAMAN3, KSDD from
M. neoaurum NwIBL-01 (ACT10280.1); DNAMAN4, KSDD from
R. erythropolis SQ1 (ABW74859.1); DNAMANS, KSDD from R.

detected in BS168. These results gave preliminary indica-
tion that the enzyme activity of KSDD; was higher than
that of KSDD;.

Recombinant KSDD; and KSDD;; were then purified
using HisTrap™ HP columns to yield products with the
expected molecular weight of about 61 kDa, as shown

@ Springer

rhodochrous (BAA22789.1); DNAMANG6, KSDD from M. fortui-
tum (ALI25697.1); DNAMANY7, KSDD from Pimelobacter simplex
(AIY19527.1); DNAMANS, KSDD from Pseudoalteromonas halo-
planktis TAC125 (CAI87189.1); DNAMANY, KSDD from Coma-
monas testosteroni (BAP91417.1); DNAMANI10, KSDD from Pseu-
domonas resinovorans NBRC 106553 (BAN46966.1)

by SDS-PAGE analysis in Fig. 3. Enzyme activity and
Michaelis—Menten kinetics of the purified KSDD were
measured at 30 °C and pH 7.0 with AD as substrate. As
shown in Table 3, the specific activity of KSDDy; (4.03
U/mg) was much higher than that of KSDD; (1.46 U/mg)
indicating that the mutation of Val**® to Ser’*® greatly
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A

I AV A A TCGATGCCCTATIEMGGAGGCCTGCCA
|V CAATCGATGCCCTATINS GGAGGCCTGCCA

B
SNV E SMP YW EACHHMYGGQYGQGAGPGENVPA
LSININEIRF SMP Y[R EACHHMYGGQYGQGAGPGENVEA

Fig. 2 Alignment analysis of the nucleotide sequence (a) and amino
acid sequence (b)

Table 2 The KSDD enzyme activity of different strains

Strains Enzyme activity® (U/mg)
BS168; nd.

BS168; 0.65 £+ 0.03

BS168; 1.72 £ 0.06

All assays were performed in triplicate with three independent meas-
urements. Standard deviations of the biological replicates were repre-
sented by error bars

n.d. not detected enzyme activity

% One unit of enzyme activity was defined as the amount of enzyme
required to reduce 1 pmol DCPIP at 30 °C and pH 7.0 per min

5 4 3 2 1 M
KDa

: - e
- 072
- 66.4
— -—
- 443
e 29.0
e 20.1
’ - 143

Fig. 3 SDS-PAGE analysis of KSDD; and KSDDj; expression in
recombinant B. subtilis. Lanes: Lane M Protein marker; Lane 1 crude
cell extracts of BS168; as a control; Lane 2 purified KSDDy; Lane 3
crude cell extracts of BS168;; Lane 4 purified KSDDy;; Lane 5 crude
cell extracts of BS168;

improved the KSDD enzyme activity. The Michaelis con-
stant (K., value) of KSDD;; was lower than that of KSDD;
suggesting that the AD affinity of KSDD was increased by
the Val*®® to Ser’® mutation. The k/K,, value of KSD-
Dy (0.53 pM~" min~') was higher than that of KSDD;
(0.07 uM~" min~"), which further showed that the catalytic

efficiency of KSDDy; was improved considerably. Finally,

Table 3 Enzyme kinetic parameters of purified KSDD

Enzymes K, (uM) K, (min!) K_/K,, Specific activi-
UM 'min~!  ty* (U/mg)

KSDD; 34 2.39 0.07 1.46

KSDD, 11 5.78 0.53 4.03

* One unit of enzyme activity was defined as the amount of enzyme
required to reduce 1 umol DCPIP at 30 °C and pH 7.0 per min

the conversion of AD to ADD by the purified enzymes,
KSDD, and KSDDy;, was investigated. As shown in Fig. 4,
AD transformation was catalyzed more efficiently by KSD-
Dy; than by KSDD; indicating the KSDDy; enzyme activity
was higher than KSDD,. Since concentrations of KSDD;
and KSDDy; enzymes added into the conversion system
were the same, we conclude that the major factor that leads
to the difference in KSDD enzyme activity is the amino
acid differences in the two forms of KSDD enzyme.

Phytosterol degradation into AD and ADD by mycobac-
teria is complicated and the metabolic pathway remains
unresolved. However, KSDD has been identified as a key
enzyme in the metabolic pathway for many years [28].
Since Plesiat et al. successfully heterologous expressed
the KSDD from Pseudomonas testosterone in E. coli in
1991 [18], the ksdd genes from different species, such as
Arthrobacter, Rhodococcus and Mycobacterium, were het-
erologously expressed in different hosts including E. coli,
B. subtilis, Streptomyces lividans, etc. [3, 8, 16, 33]. These
previous studies of KSDD mainly focused on heterolo-
gous expression and molecular characterization. Recently,
Rohman et al. provided the first crystal structure and identi-
fied the key active site residues of the KSDD enzyme from
R. erythropolis [19]. Xie et al. also found that Ser'*® was a
critical amino acid in the KSDD enzyme from M. neoau-
rum [29]. Despite all these studies, the structure and cata-
lytic mechanism of the KSDD enzyme from M. neoaurum
were still unclear. In the present study, we heterologously
expressed the KSDD; and KSDDy; from M. neoaurum in B.
subtilis 168 to reveal their enzymatic characteristics. Our
results indicate that the mutation of Val*®® to Ser*®® appears
to improve KSDD affinity toward AD and enhance KSDD
enzyme activity. This study suggests possible directions
for future site-directed mutagenesis studies of KSDD to
improve its enzyme activity.

The function of KSDD; and KSDDy; in phytosterol
biotransformation

To eliminate the possible impact of other factors on the
different ADD/AD molar ratios in M. neoaurum ST-095
and M. neoaurum JC-12, the ksdd,; and ksdd,; genes were
disrupted and then complemented to clarify their function
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in phytosterol conversion. The cell growth curves showed
that there were no differences in biomass and residual glu-
cose between the ksdd gene disrupted strains and the parent
strains (Fig. 5), which indicated that ksdd gene disruption
has no observable effect on the growth of M. neoaurum
under these conditions. The results of phytosterol transfor-
mation by the parent strains, ksdd gene disrupted strains,
and ksdd gene complemented strains are shown in Fig. 6.
As seen in Fig. 6, with the disruption of ksdd in M. neo-
aurum ST-095 and M. neoaurum JC-12, ADD production
decreased markedly, while AD accumulation increased.
The ADD/AD molar ratios of the mutant strains Mut,,,
and Mut,,,,; were almost the same (1:29), but production

Y(1.000,000)

levels were very low. Then the mutant strains Mut,,;,, and
Mut,,,,; were complemented with ksdd;; and ksdd, to con-
struct the complemented strains Comp,,,;; and Compy 1
respectively. As a result, the ADD/AD molar ratio of the
complemented strain Comp,,,,; returned to a level very
similar to that of M. neoaurum JC-12, while the ADD/AD
molar ratio of the complemented strain Compy;,; was sim-
ilar to that of M. neoaurum ST-095 (Fig. 6). Xie et al. [29]
reported that disruption of ksdd in M. neoaurum MNR M3
led to the strain completely losing KSDD activity and that
no ADD was detected. In this study, ksdd gene disruption
caused ADD production to decrease dramatically. However,
there was still a small amount of ADD detected during the

(1,000,000
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Fig. 5 The cell growth curves
of the parent strains and their
ksdd gene disrupted mutants.
a M. neoaurum ST-095 and
Muty i b M. neoaurum JC-12
and Muty . All assays were
performed in triplicate with
three independent measure-
ments. Standard deviations of
the biological replicates were
represented by error bars

A ¥ glucose of ST-095 —A— 0D
—/—glucose of Mut,_,. A Op

Residual glucose (g/L)

600

600

of ST-095
of Mut

ksddl

=~

Residual glucose (g/L)

@ Springer

—w—glucose of IC-12 —A—OD,_ of JC-12
—/—glucose of Mut, .. —/A—OD  of Mut _
20 - 600 ksddll
] /325 30
Vs
15 L
1 y 20 _
S
10 | A
§ e}
5 10
0 —Q=B/$ 0
— T T T T T T4
20 40 60 80 100
t(h)



J Ind Microbiol Biotechnol (2016) 43:691-701

699

100

| |aD | | ADD
El e A

80

S
ey
o
=
g5 60—
§ o T
g J
a
2 40
-U -
g
a -
= 20
0 [ 1
N
S & W &
éﬁQ @Q ¥ Qo‘& ¢ & 006&

Fig. 6 AD and ADD molar yields of the engineered M. neoaurum
strains. The transformation was carried out for 7 days with 10 g/L
phytosterol as substrate. The phytosterol was not completely con-
verted to AD and ADD, and the AD and ADD molar yield was not
up to 100 %. The balance is essentially unconverted phytosterol. All
assays were performed in triplicate with three independent measure-
ments. Standard deviations of the biological replicates were repre-
sented by error bars

phytosterol conversion, and this result was in accordance
with that reported by Wei et al. [28]. This phenomenon may
be explained by the possible presence of other enzymes
that possess C, , dehydrogenation ability [32]. All of these
results suggest that the most reasonable explanation for the
difference in the ADD/AD molar ratios and KSDD enzyme
activities between M. neoaurum ST-095 and M. neoaurum
JC-12 is that the amino acid residue difference in 366 posi-
tion considerably influences KSDD activity.

Structure analysis of KSDD; and KSDD;

As the amino acid residues play important roles in enzyme
structure and catalytic reactions, single amino acid muta-
tions can significantly influence enzyme activity [29].
The structure of KSDD; and KSDD;; was modeled
using the crystal structure of KSDD (3-ketosteroid-A'-
dehydrogenase from R. erythropolis SQ1, PDB entry 4c3x;
43.1 % sequence identity) as template. The resulting mod-
els were used to explain the differences in enzyme catalytic
efficiency between KSDD; and KSDDy; in terms of struc-
ture using the software of Discovery Studio 2.5 accord-
ing to our recent report [10]. The analysis of the three-
dimensional structure of the wild-type KSDD; revealed the
extremely hydrophobic environment of the active center
(Fig. 7a). Molecular docking of complexes KSDD-AD
with the active site of KSDD obtained from M. neoau-
rum JC-12 (with 43.1 % sequence identity of KSDD from
R. erythropolis SQ1, PDB entry 4c3x) was performed by

GIySA3  Tyr2s

Tyes

Trp325 1 Glyi“,;ﬁ:
7

\ /

Pro542

Tyr365

Cys369

Tyrd68

Tyrl22
Tyrl25

Glys43

Fig. 7 Structure overview of KSDD; and KSDDy;. a The molecular
docking of AD with the wide-type KSDD (KSDD;). b Structure of
substrate binding pocket in KSDD. ¢ Structure of substrate binding
pocket in KSDDy;

the AUTODOCK 4.2 program suite according to the pre-
vious study [31]. The docking input files were generated
using the AutoDockTools program. A grid box size of
30 x 30 x 30 pointing in X, y and z directions was built. A
grid spacing of 0.375 A was used and fifty runs were gener-
ated for the best conformation. The O atoms in AD served
as hydrogen bond acceptors forming three strong hydrogen
bonding interactions with Tyr'®, Trp**® and Try*S. The
distances of these hydrogen bonds were 3.089, 2.809 and
2.852 A, respectively. Compared with the Val**® residue of
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KSDD;, the Ser*®® residue of KSDDj; has a hydroxyl group
that could possibly interact with the active catalytic center
by hydrogen bonding (Fig. 7c). Furthermore, due to steric
hindrance, the two methyl groups of Val**® may interfere
with the interaction of the substrate and the active center
(Fig. 7b). In this way, the Val*®® Ser mutation could possi-
bly improve KSDD affinity toward AD and further enhance
KSDD enzyme activity. Thus, the mutation of Val*®® to Ser
may directly affect the dehydrogenation activity of KSDD.

Purification of KSDD has been complicated by the
presence of hydrophobic transmembrane domains which
embed the enzyme in the membrane [8,15], and as a result
progress in determining KSDD structure and its catalytic
mechanism has been slow [29]. Oosterwijk et al. pro-
posed a method for analyzing membrane protein struc-
ture and successfully revealed the crystal structure of
A*-(50)-KSDD from R. jostii RHA1 [25]. Rohman et al.
resolved the crystal structure of KSDD from R. erythro-
polis SQI1 and clarified its catalytic mechanism with the
active site containing four key residues: Tyr'!®, Tyr’'$,
Tyr*®" and Gly*' [19]. Xie et al. revealed that Ser'*
played an important role in maintaining the active center
in the hydrophobic environment of KSDD [29]. Despite all
these studies, the structure of KSDD from M. neoaurum
remains unresolved. The analysis methods used for reveal-
ing the crystal structure of KSDD from Rhodococcus sp.
could provide a feasible way for KSDD structural analysis
in mycobacteria. In this study, the structural differences in
KSDD caused by the mutation of Val**® to Ser*®® resulted
in obvious changes in the ADD/AD molar ratio between
M. neoaurum ST-095 and M. neoaurum JC-12. This result
suggested that, in addition to the identified active site resi-
dues, other amino acids such as Val*®® are also important
determinants of the C,, dehydrogenation activity of the
KSDD enzyme. This work provides a feasible way for
analyzing the key amino acids of KSDD from M. neoau-
rum by site-directed mutagenesis. As the key residues of
KSDD can greatly affect final ratios of products formed
in industrial production strains [29], it is crucial to further
identify the key residues to reveal the catalytic mechanism
of the KSDD enzyme.

Conclusion

In this study, we clarified the different effects on ADD/AD
molar ratio of strain M. neoaurum ST-095 and its mutant
M. neoaurum JC-12 when used for phytosterol transforma-
tion. By PCR techniques and DNA sequence alignment, we
found that the only difference between KSDD; and KSDDy;
was the change of Val*®® to Ser*®. Enzyme assay of KSDD,
and KSDDy; showed that KSDDy; activity was higher than
KSDD,, which indicated that the mutation could possibly

@ Springer

enhance KSDD enzyme activity and improve the ADD/AD
molar ratio. The analysis of the KSDD; and KSDDy; func-
tions in phytosterol bioconversion further verified that the
differences in the ADD/AD molar ratio seen during phytos-
terol transformation by strains M. neoaurum ST-095 and M.
neoaurum JC-12 were possibly due to the KSDD mutation.
The KSDD structure analysis showed how the mutation in
the amino acid sequence of KSDD might lead to KSDD
structural modification and thereby result in the differ-
ent KSDD enzyme activity, which in turn would alter the
ADD/AD molar ratio.
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