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Abstract

Steroidal resource occupies a vital proportion in the pharmaceutical industry attributing to their important therapeutic effects
on fertility, anti-inflammatory and antiviral activities. Currently, microbial transformation from phytosterol has become the
dominant strategy of steroidal drug intermediate synthesis that bypasses the traditional chemical route. Mycobacterium sp.
serve as the main industrial microbial strains that are capable of introducing selective functional modifications of steroidal
intermediate, which has become an indispensable platform for steroid biomanufacturing. By reviewing the progress in past
two decades, the present paper concentrates mainly on the microbial rational modification aspects that include metabolic
pathway editing, key enzymes engineering, material transport pathway reinforcement, toxic metabolic intermediates removal
and byproduct reconciliation. In addition, progress on omics analysis and direct genetic manipulation are summarized and
classified that may help reform the industrial hosts with more efficiency. The paper provides an insightful present for steroid

biomanufacturing especially on the current trends and prospects of mycobacteria.
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Introduction

Steroidal compounds (steroids) are terpenoid lipids with four
cycloalkane rings (A-D) as a unique nucleus, which usually
harbors a side chain at C-17 (Fig. 1A). They are widespread
in nature as important cell membrane components and hor-
mone precursors, which also gives them precious biological
resources value. The common structural and stereochemical
skeleton of these compounds can be further modified or sub-
stituted with different side chain groups, resulting in multiple
biological functions (Wollam and Antebi 2011). About three
hundred steroid-based drugs have been approved for clinical
application, which makes them the second largest category
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of pharmaceuticals (Donova 2017). Most recently, the cheap
and common steroid dexamethasone was found to use in
COVID-19 severely infected patients significantly reduced
the mortality by about one-third of patients under respira-
tory assistance (Ledford 2020). Steroid drugs are mainly
divided into the categories of sex hormone and adrenocorti-
cal hormone analogs, due to their wide range of therapeutic
applications, the steroidal drug market demand has become
a strong driver for the fast-growing production scale (Fer-
nandez-Cabezon et al. 2018). Steroidal drugs are derived
from a variety of steroid intermediates, which contain a
gonane core with different side-chains at C-17 as illustrated
in Fig. 1A. Examples include androst-4-ene-3,17-dione
(AD), androsta-1,4-diene-3,17-dione (ADD), 9a-hydroxy-
4-androstene-3,17-dione (9-OH-AD), 22-hydroxy-23,24-bis-
norchol-4-ene-3-one (4-HBC), 22-hydroxy-23,24-bisnor-
chol-1,4-diene-3-one (1,4-HBC), progesterone (PG), and
testosterone (TS), among many others.

The preparation of steroid intermediates mainly
includes chemical methods and microbial transforma-
tion. The main raw materials for chemical conversion are
diosgenin, a key raw material extracted from Dioscorea
species, and the chemically produced 16-dehydropregne-
nolone acetate (Fig. 1B), as the central intermediates for
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«Fig. 1 Structures of key steroidal intermediates, pharmaceuticals and
phytosterols. A. Steroidal core structure gonane and basic steroidal
precursors. B. Diosgenin is an important raw material for chemical
synthesis of steroids and some active pharmaceutical ingredients. C.
Four main components and structures of phytosterols. AD androst-
4-ene-3,17-dione, ADD androsta-1,4-diene-3,17-dione, 9-OH-AD
9a-hydroxy-4-androstene-3,17-dione, 4-HBC 22-hydroxy-23,24-bis-
norchol-4-ene-3-one, 1,4-HBC 22-hydroxy-23,24-bisnorchol-1,4-di-
ene-3-one, PG progesterone and TS testosterone

the synthesis of a large number of steroidal drugs (Baruah
et al. 2015; Herraiz 2017) (Fig. 1C). Although chemi-
cal synthesis was once absolutely dominant in the field,
the limitations of raw material sources and the cumber-
some process steps were still difficult to solve (Gupta and
Mabhajan 2018). In recent decades, the traditional meth-
ods have gradually been replaced by biotechnology due
to its mild reaction conditions, low cost and environmen-
tal friendliness (Giorgi et al. 2019). With the advance of
genetic engineering, directed modification of steroids by
microbial transformation has become a new trend in recent
years.

The main phytosterols in such mixtures, including camp-
esterol, sitosterol, brassicasterol and stigmasterol, are very
similar in structure compared with diosgenin and steroidal
drugs (Fig. 1D), and have gradually substituted diosgenin as
the raw material for the synthesis of steroidal intermediates
(Liu et al. 2018a). The phytosterols are abundant, cheap, and
easy to obtain from the leftovers of vegetable oil extractions,
which makes them a stable and high-quality resource for the
production of steroidal drugs (Fernandes and Cabral 2007).
Microbial conversion of phytosterols is an effective way to
synthesize important steroidal intermediates. Many micro-
organisms can catabolize steroidal intermediates as carbon
sources. Mycobacterium sp. exhibited a superior capabil-
ity of cholesterol uptake and side-chain degradation, which
leads to the accumulation of steroid-based drug interme-
diates during microbial transformation (Zhao et al. 2021).
Compared with other microorganisms, abundant genes and
enzymes related to sterol catabolism have been identified
in Mycobacterium sp., indicating its great potential for bio-
based steroid production on an industrial scale (Behra et al.
2019; Xu et al. 2016).

In this paper, research progress on steroid bioconversion
by Mycobacteria neoaurum (M. neoaurum) was reviewed
since 2000, with special attention paid to the rational devel-
opment of mycobacteria as a biorefinery factory. Rational
aspects of the modification of steroid transformation
pathways, including the exploitation of monooxygenase
resources, editing of biosynthetic routes, metabolic engi-
neering and reinforcement of material uptake and transport,
are all discussed. New trends in omics analysis and genetic
manipulation are also covered, with an emphasis on the
rational development of M. neoaurum.

Biotransformation route from sterols
to steroidal intermediates

Phytosterols are better sustainable resources for the con-
ventional route of cholesterol-side chain degradation due
to their low price and comparatively higher conversion rate
(Sripalakit et al. 2006). The mapping and analysis of the
complicated sterol catabolic pathway has always been one
of the research hotspots in the field, involving a variety of
enzymes and reactions, some of which show discrepancies
among different species, which precluded the elucidation
of the entire metabolic pathway (Wilbrink 2011).

With the development of bioinformatics, the genetic
information of Actinomycetes was annotated, and the mys-
tery on the functional genes involved in the general sterol
catabolism route has been gradually unveiled (Donova
2017; Giorgi et al. 2019). As shown in Fig. 2, cholesterol
is firstly conversed to 4-cholesten-3-one by cholesterol
oxidase (chox, ChOx) or 3p-hydroxysteroid oxidase (hsd,
3B-HSD) that was responsible for the initiation of bacterial
cholesterol catabolism (Fig. 2M1). The side-chain deg-
radation process was confirmed to be consistent with the
fatty acid oxidation pathway (Kendall et al. 2007). Ster-
oid C26-monooxygenase (cypl25, cypl42) is proposed to
mainly catalyze side-chain to form a terminal carboxyl
group (Fig. 2M2). After the terminal acylation of C-27,
the cholesterol side-chain is activated by the terminal CoA
thioesterification, and then the carboxyacyl-CoA of C-27
enters the p-oxidation reaction, consisting of acyl-CoA
dehydrogenation, alkenyl-CoA hydration, f-hydroxyacyl-
CoA dehydrogenation and f-ketoacyl-CoA sulfurization
sequentially (Niu et al. 2019) (Fig. 2M3-M4). Module 5
shows the key intermediates synthesis in which aldola-
ses and propionyl-CoA reductase are applied to generate
4-HBC, which can be further synthesized into PG. In the
others pathway, the side-chain is completely truncated to
produce AD, ADD and 9-OH-AD, and 3-ketosteroid Al
dehydrogenases (KstD) and 3-Ketosteroid-9a-hydroxylase
(KSH) that play a crucial role in initiating the opening of
the steroid nucleus (Li et al. 2019; Rohman and Dijkstra
2021).

The complete microbial degradation of a sterol requires
a large array of steroid-degrading enzymes with different
specificities. Through the combination of metabolic modi-
fication and genetic engineering technology, researchers
hope to obtain excellent strains that can efficiently trans-
form phytosterols into high-value steroidal intermediates.
The corresponding products and intermediates of steroids
obtained via cholesterol or phytosterol side chain degra-
dation are listed in Table 1, the recently reported yield
indicated the current research level and industrialization
potential in this field. Since most of the classical enzymes
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Fig.2 Key intermediates and relevant bioconversion steps in the deg-
radation of cholesterol by mycobacteria (Donova and Egorova, 2012).
Cholesterol is a classic substrate for sterol metabolism in mycobac-
teria, C3 is oxidized and isomerized by cholesterol oxidase initially.
Three rounds of degradation of the side chain are launched by C27
monooxygenase, similar to the p-oxidation reaction of lipid, and
release propionyl-CoA and acetyl-CoA in the process. In addition to

involved in sterol catabolism have been summarized in
previous studies (Donova and Egorova 2012; Zhao et al.
2021), we focused on the most recent advances on the key
enzymes involved in the initiation of sterol catabolism in
this paper.

Significance of monooxygenase resources
for steroid modification

Steroid C27 monooxygenase: initiation of side-chain
degradation

Microbial degradation of steroids encompasses three pro-
cesses, including the oxidation and isomerization of the
sterane core by 3f-hydroxysteroid dehydrogenases or cho-
lesterol oxidase, degradation and oxidation of the sterol
side chain, and finally decomposition of the steroid nucleus
(Fernandez-Cabezon et al. 2017). The degradation of the
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the normal reaction, a special pathway involving aldolase and reduc-
tase are also drawn for synthesizing 4-HBC. The products obtained
from the metabolism will further modify the sterane nucleus under
the action of hydroxylase and dehydrogenase. Splitting of the ring are
not displayed in the sketch, and finally cholesterol can be degraded to
water and carbon dioxide

side chain is crucial for sterol metabolism. Although many
enzymes and cofactors participate in the process, this step is
mainly driven by steroid C27 monooxygenases belonging to
different cytochrome P450 families (Rosloniec et al. 2009).

CYP125 is demonstrated to be crucial both in hydroxylat-
ing cholest-4-en-3-one at C27 and oxidizing it into cholest-
4-en-3-one-27-carboxylic acid. Therefore, reinforce of
CYPI125 activity can enhance the transformation ability
of steroids. The CYP 125 family has a " letterbox" active
center, which can accommodate sterol molecules with a
polycyclic structure, and a funnel-shaped entrance near the
active-site heme. The alkyl chain of the substrate extends
downward along the narrow junction funnel, and the termi-
nal methyl carbon of the side chain is brought in proximity
of the heme iron for oxidation (McLean et al. 2010). Accord-
ingly, the CYP 125 level was upregulated with the increase
of cholesterol (Brengel et al. 2016). Deletion of the gene
greatly affected the growth of mycobacteria utilizing choles-
terol as carbon source (Capyk et al. 2009). Overexpression
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Table 1 Steroidal drug intermediates obtained by phytosterols biotransformaton with Mycobacterium neoaurum

Strain Strain information Phytosterols® Main productb Molar yield® (%) References
JC-12 From soil 40 g/L 18.6 g/L ADD 67.8 Shao et al. (2015)
JC-12 g5 cpoMeksddiAksha JC-12 overexpressing cyp125A2, 30 g/L 20.1 g/ ADD 91.6 Shao et al. (2019a)
choM-ksdd, deleting kshA
NRRL-B3683 DSMZ-German Collection of Micro- 25 g/LL 12.0 g/L ADD 70.0 Wang et al. (2006)
organisms and Cell Cultures
NwIB-01MS UV mutant of NwIB-01 15 g/L 5.57 g/L ADD 54.1 Yao et al. (2013)
NwIB-yV (Resting cell) NwIB-01 deleting kstD1&2&3, over- 70 g/L 36.4 g/L 9-OH-AD 71.3 Gao (2016)
NwIB-yV expressing kshA 15 g/L 733 g/L 67.0 Yao et al. (2014)
9-OH-AD
Wiy,,.c (Resting cell) M. neoaurum deleting 20 g/L 9.90 g/L 9-OH-AD 67.9 Xiong et al. (2020a)
kstD1, kstD2, kstD3 and embC
Wl .55 (Resting cell) M. neoaurum deleting 20 g/ 10.90 g/L 9-OH-AD 74.7 Xiong et al. (2020b)
kstD1, kstD2, kstD3 and kasB
Ac-1815D ¢p-smo-rsaan  Ac-1815D overexpressing choD, 50 g/L 25.8 g/L AD 74.7 Chang et al. (2020)
cypl25A, hsd4A
B3805 DSMZ-German Collection of Micro- 20 g/LL 7.4 g/LAD 53.6 Mancilla et al. (2018)
organisms and Cell Cultures
NwIB-R10 UV mutant of NwIB-01 15 g/L 6.85 g/L AD 66.1 Yao et al. (2013)
NdhF TCCC 11978 S5g/lL 3.28 g/L AD 95.0 Zhou et al. (2019a)
overexpressing ndh
WIII ATCC 25795 80 g/L 57.4 g/L 85.8 Hu et al. (2020)
deleting kshAl,2, kstD1,2,3, hsd4A 4-HBC
DSM 1381 p1up; DSM 1381 deleting kstD1 20 g/L 14.18 g/L 4-HBC 89.0 Zhang et al. (2018)
WIII WIII overexpressing choD, cypI25A 20 g/L 7.59 g/LL 4-HBC 47.6 Xiong et al. (2017)
AmmpL3-cyp125-choM1-fadAS and fadA5
(Resting cell)
mJTUB.,, 0pccr CCTCC AB2019054 deleting kstD, 10 g/L 7.41 g/L 4-HBC 93.0 Peng et al. (2021)

hsd4A and overexpressing mnOpccR

*Phytosterols including B-sitosterol (414.7 g/mol), stigmasterol (412.7 g/mol), campesterol (400.7 g/mol), brassicasterol (398.7 g/mol) and other
sterols. The average molecular weight of phytosterols is calculated as 414.7 g/mol (National Center for Biotechnology Information)

®The main final products are shown and other by-products are not enumerated

“The molar yields are calculated by the following formula: Y,, = A};Lxg” % 100%, Y,, molar yield of the steroidal product, %, My the molecular
pXLs

weight of phytosterols, g/mol, C the working concentration of phytosterols, g/L; Mp: the molecular weight of steroidal intermediates, g/mol Cp

the end concentration of steroidal products, g/LL

of CYP 125-3 in M. neoaurum M3 increased the specific
activity by 22%, and the NAD*/NADH ratio was increased
by 31%, the yield of AD was improved approximately 18%
in the biotransformation of phytosterol (Su et al. 2018).
In addition, three isoenzymes (SMO1, SMO2, SMO3) of
steroid C27 monooxygenase were identified in M. neoau-
rum JC-12. The strongest catalytic activity was exhibited
by steroid C27 monooxygenase 2, and when it was co-
expressed with ChOx and KstD, the production of ADD
reached 20 g/L (Shao et al. 2019a). A whole-cell catalyst
for the production of AD overexpressing cholesterol oxidase
and steroid C27 monooxygenase exhibited 88.6% capacity
improvement, and the highest reported AD yield of 25.8 g/L
was achieved in a two-step bioprocess (Chang et al. 2020).
Hence, in the process of transformation of steroid by myco-
bacteria, C27 hydroxylation of the side chain by CYP 125 is

both the initial step of side chain degradation and the rate-
limiting step of cell growth, which plays an important role
in metabolism (Ouellet et al. 2010).

Nucleus hydroxylation for the activation of steroid
molecules

Sequencing analysis of Mycobacterium tuberculosis (M.
tuberculosis) revealed that there were twenty P450s in its
genome. These cytochrome P450s have been designated with
systematic “CYP” numbers, such as CYP 125, CYP 142,
CYP 106A, CYP 109, CYP 154, CYP 260 and other families
(Szaleniec et al. 2018). Many CYPs have also been used in
the reaction of steroid modification, and the obtained new
steroid resources have more medicinal value. The important
sites of the steroidal nucleus, such as C6, C7, C11, C12,
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7alpha-hydroxycholesterol

Fig.3 Cytochrome P450s with major target sites on steroid sub-
strates. The steroidal precursors are modified by hydroxylation for
different functions. C17 and C11 of hydroxylation were particu-
larly concerned owing to its significance for steroids activation.
Atoms in red represent the first critical hydroxyl group, and atoms
in blue represent the second critical hydroxyl group. C6-hydroxy-
lase: CYP4A21, CYP260B1; C7-hydroxylase: CYP7A2, CYP2A1;

C14, C15, C16, C17 and C25, are also a focus of continu-
ous research (Fig. 3). For example, 25-hydroxycholesterol
possesses a significant antiviral and counteract inflamma-
tion activity (Diczfalusy, 2013; Tricarico et al. 2019), and
could be produced from cholesterol by CYPI109E1 from
Bacillus megaterium (Putkaradze et al. 2019). CYP11A1
can biosynthesize pregnenolone by diametrically catalyzing
the side-chain hydroxylation and cleavage of cholesterol or
phytosterols, which avoids multiple rounds of step-by-step
degradation (Zhang et al. 2019a). CYP154C5, CYP109E1
were found to convert testosterone into 16a-hydroxy-
testosterone, which is an important precursor of steroidal
drugs in the pharmaceutical industry (Bracco et al. 2013;
Jozwik et al. 2016). Similarly, 17a-hydroxyprogesterone is
an important pharmaceutical intermediate in the production
of megestrol, hydrocortisone acetate, betamethasone, dexa-
methasone and other drugs (Gonzalez et al. 2018). In recent
years, 17a-hydroxylases (CYP17A) were used to convert
17a-hydroxyprogesterone. At present, CYP17A2 had been
successfully expressed in Pichia pastoris and used for the
synthesis of 7a-hydroxyprogesterone, but the production
was only 120.9 mg/L (Liu et al. 2022a).

The hydroxylation of C7, C11, C14 has great significance
in the pharmaceutical industry (Chen et al. 2019; Milecka-
Tronina et al. 2014; Schiffer et al. 2015). To extend the ste-
roidal bioconversion pathway, exploration and screening

@ Springer

\ 26
\ CYPI7A2

/ Q’AIS()Iun

CYP7A2
CYP2A1

CYP106A2
CYP106A1

Megestrol

CYP27Al
CYPI109E1
CYP46A1

CYP142A1

CYP17A1

16beta-hydroxytestosterone

CYP106A2, CYPI11B;

Cl11-hydroxylase:
CYP8B1; Cl4-hydroxylase: P450lun; C15-hydroxylase: CYP106A1,
CYP106A2; C16-hydroxylase: CYP154C2, CYP109A1; C17-hydrox-

C12-hydroxylase:

ylase: CYP17Al1, CYP17A2; (C25-hydroxylase: CYP27Al,
CYPI09E1, CYP46Al1;  C26/C27-hydroxylase: =~ CYP125Al,
CYP142A1

of hydroxylase with higher activity and selectivity towards
more active steroids and their functional expression in Myco-
bacterium is regarded as novel direction for the rational
development of mycobacteria cells in the future (Donova
2021). Therefore, it is of great significance that we carry out
more research on steroid oxidation by CYP enzymes, which
will help to expand the application of cholesterol derivatives.

Enhancement of substrate availability

Reaction engineering for improving the accessibility
of sterol substrates

The metabolic pathway is only one of the limiting fac-
tors for sterol transformation, low substrate solubility and
transport barriers are also important constraints (Xiao
et al. 2020). The problems of sterol emulsion have not been
completely resolved, since the particles disperse poorly
and require a complicated biocompatibility balance (Gao
2016). To improve the bioavailability of sterols by the appli-
cation of emulsion technologies so that the mass transfer
interface area is amplified (McClements 2012), research-
ers mainly add materials such as surfactants (Tween 80,
Triton X-100), cyclodextrins (CDs) and their modified
variants (2-hydroxylpropyl-B-cyclodextrin, HP-p-CD,
methyl-p-cyclodextrin) (Shao et al. 2015). There are many
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shortcomings in these strategies, since surfactants interfere
with cell growth and make wastewater treatment more chal-
lenging, while the cost of cyclodextrins remains prohibitive
for industrial application (Mancilla et al. 2018).

In the process of mycobacterial growth and metabolism,
the addition of vancomycin, glycine, ethambutol, polyeth-
yleneimine and cyclodextrin was found to change the per-
meability of the cell membrane or cell wall to enhance the
trans-membrane delivery of sterols (Wang et al. 2006; Mala-
viya and Gomes 2008). For example, glycine was found to
interfere with the formation of the peptidoglycan network
structure. The resulting incomplete cell wall is conducive
to breaking the osmotic barrier to promote the transport
of sterols and other lipid substances, and thereby increase
the accumulation of steroidal intermediates. Notably, most
of these studies enhance the permeability of hydrophobic
substances by altering the phenotype of cell wall, while the
genetic regulation mechanism of sterol transport was sel-
domly addressed. This aspect had been effectively supple-
mented by omics analysis and molecular biology technology.

Enhancement of transport channels in the cell membrane

The structure of envelope in mycobacteria is another key
factor for improving the accessibility of sterol substrates,

Fig.4 The structure of cell
envelope in mycobacteria refer
to the model of Jackson's cell

capsule (Jackson et al., 2020). Capsule
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not only maintains the life activities, but also represents an
osmotic barrier for material transfer. The mycobacterial cell
wall is mainly composed of peptidoglycan, arabinogalactan
and the very-long-chain mycolic acids (Fig. 4). In these
unusual core complexes, mycolic acid endows the cell wall
with hydrophobic properties, while the crosslinking of pepti-
doglycan gives the cell wall its density, these structures play
different functions in the process of transport (Kieser and
Rubin 2014). With the development of omics technology,
many genes regulating substrate transport and the osmotic
barrier function of the membrane have been discovered. An
analysis of the genomes of M. tuberculosis and M. smeg-
matis also found similar gene clusters with mce4 homologs.
Their genome respectively accommodated 4 and 6 gene clus-
ters corresponding to mce operons, and each of mce loci con-
tained 2 yrbE and 6 mce genes, which encoded two integral
membrane proteins. The membrane proteins have numer-
ous similarities with the ATP-binding cassette transporters,
which are closely related to cell membrane remodeling and
cholesterol assimilation (Kumar et al. 2005).

The mce4 genes have been confirmed to form part of the
operon of M. tuberculosis for the uptake and utilization of
cholesterol. Similarly, the mce4 operon is also involved
in the cholesterol transport of M. smegmatis (Klepp et al.
2012). Moreover, it was found that any of the mce4 mutants

) Sterols
- o
| magme W '

—;-Q\/QMM.\/. A —

gi i

Steroids =) "Q.

kasB
ephD
aceE

o embB
a araR

—
A

pbpA
ples pbpB
—
Metabolic transformation ""
p oy - A ] ’

e o = = -

@ Springer



191 Page8of16

World Journal of Microbiology and Biotechnology (2022) 38: 191

could not grow on cholesterol. Hence, these genes are nec-
essary for cholesterol uptake, while the homologous genes
of other mce operons did not have the ability to replace
them (Garcia-Fernandez et al. 2017). The Mce4 transport-
ers were recently found to form a multiprotein complex
that is essential for the mycobacterial cells to take up cho-
lesterol. At the same time, it was found that Mce4 A might
bind to Mce systems, including Mcel (Rank et al. 2021).
When mceG, yrbE4A and yrbE4B from M. tuberculosis,
which respectively encode energy-related factors and two
integral membrane proteins, were expressed in Mycobac-
terium sp. MS136-GAB, they increased the product yield
by 20% compared with the wild-type strain, indicated that
the system promoted the mass transfer of phytosterols (He
et al. 2018).

Regulation of cell envelope

In recent years, the mycobacterial cell wall structure has
also been widely investigated because of its unique func-
tion in sterol uptake. The mmpl3 gene encodes a treha-
lose transmembrane transporter, and is also an impor-
tant gene affecting mycobacteria cell envelope assembly
(Tahlan et al. 2012). When the expression of mmpL3 was
reduced in M. neoaurum ATCC 25795, the cell perme-
ability was increased by 23.4%, and the uptake of sterols
was enhanced by 15.6% (Xiong et al. 2017). This is only
one of the strategies that can be used to change the cell
permeability by modifying the mycobacterial membrane
and membrane proteins to affect the uptake and transport
of substrates. The pbpAB genes were modified to change
the structure of the peptidoglycan layer, and the yield of
4-HBC could be increased by 28% compared with the
wild type (Sun et al. 2019a).

What’s more, the mycolic acid layer can also be
changed. The deletion of the nonessential gene kasB, which
encodes B-ketoacyl acyl carrier synthetase, resulted in the
disorder of the proportion of mycolic acids in M. neoau-
rum ATCC 25795. Furthermore, the cell permeability was
increased by about twofold, and the yield was significantly
increased by 2.38-fold, greatly reducing the conversion
time (Xiong et al. 2020b). embC converts lipomannan to
lipoarabinomannan in M. tuberculosis. The knockout of
the embC resulted in a dysfunction of the cell envelope and
increase of cell permeability, increasing sterol uptake by
52.4% over the parental strain (Xiong et al. 2020a). Recent
reports indicate that LmeA and SucT mediate the matura-
tion of lipoarabinomannan and can change the hydropho-
bicity and stiffness of the capsule (Palcekova et al. 2019;
Rahlwes et al. 2020). Modulation of the mycobacterial cell
envelope had not only become a new research hotspot, but
also strengthened the sterol production performance of the
strains from another aspect.
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Coordination strategy of toxic metabolic
intermediates

Rational modulation of propionyl-CoA

Mycobacterium sp. can use cholesterol as a carbon source for
growth, or convert sterols into steroids, what mainly involves
the degradation of the sterol side chain and the decomposi-
tion of the core rings, whereby propionyl-CoA and acetyl-
CoA are produced in the metabolic pathway (Uhia et al.
2012). The propionyl-CoA can maintain metabolic balance
and provide energy in Mycobacterium sp., such as acylation
of amino acids, metabolism of lipids (Crowe et al. 2017,
Xu et al. 2020). However, studies have shown that when M.
smegmatis and M. tuberculosis grow on propionate, the cells
will accumulate excessive amounts of propionyl-CoA, which
acts as a toxic intermediate that triggers metabolic stress
and inhibits growth (Lee et al. 2013). Therefore, the detoxi-
fication of the propionyl-CoA pool is essential. There are
three pathways for the degradation of toxic propionyl-CoA,
including the methyl citrate cycle (MCC), the vitamin B12
dependent methylmalonyl pathway (MMP) and the synthesis
of methyl-branched chain lipids in the cell envelope (Liu
et al. 2018c). MCC is characterized by the initial conden-
sation of propionyl-CoA and oxaloacetate to form methyl
citrate, which is converted into pyruvate and succinate to
achieve the goal of detoxification after several reactions
(Otzen et al. 2014).

Based on these findings, in order to improve the ability
of microbial transformation of AD, it is necessary to relieve
the toxicity of propionyl-CoA. In M. neoaurum, there is
a complete MCC pathway encoded by a prp gene cluster
including prpB, prpC, and prpD encoding key enzymes, as
well as a transcriptional regulator encoded by prpR. It was
demonstrated that the expression of prpR and related genes
(prpDBC) could be enhanced by the phosphate regulator
RegX3 in MCC (Pei et al. 2021). Overexpression of prpB-
CDR significantly increased the transcription level of the prp
gene cluster and conversion of AD. Compared with the wild
type, prpR could effectively reduce the level of propionyl-
CoA and improve the cell viability. Furthermore, the nitro-
gen transcription regulator GInR inhibited the transcription
of the prp operon in nitrogen- limited medium. The deletion
of glnR brought about the enhancement of the prp gene clus-
ter transcription and expression, and promoted propionate
detoxification (Zhang et al. 2020).

MMP is another detoxification strategy for propionyl-
CoA. Firstly, propionyl-CoA is carboxylated into methyl
malonyl-CoA, and then isomerized to non-toxic succinyl-
CoA. The key enzyme in this metabolic process is biotin
dependent propionyl-CoA carboxylase (PCC) (Savvi et al.
2008). For example, increasing the expression of pccB
enhanced the biotransformation ability of phytosterols
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(Zhou et al. 2019b). Furthermore, the pccB and prpR genes
were overexpressed to construct a citrate-based ATP futile
cycle (AFC) and pyruvate-based AFC. These cycles could
reduce the accumulation of ATP and propionyl-CoA in cells,
enhancing cell viability and increasing the AD conversion
rate (Zhou et al. 2020). In conclusion, propionyl-CoA is
one of the key factors restricting the growth and production
efficiency of host cells in the process of microbial trans-
formation of phytosterols into steroids. The research and
application of detoxification pathways will help improve the
conversion rate of sterol substrates.

Metabolic detoxication of reactive oxygen species

Intracellular reactive oxygen species (ROS), such as super-
oxide radical, hydrogen peroxide (H,0,), hydroxyl radical
and lipid peroxides are mainly produced by NADPH oxi-
dase, xanthine oxidase, or during electron transfer in the res-
piration process (Shao et al. 2017; Yeware et al. 2017). ROS
has traditionally been regarded as a regulator of many cel-
lular functions, such as transcription, direct oxidative modi-
fication, protein turnover, protein interaction and enzyme
modification (Finkel 2011). However, excessive accumula-
tion of ROS leads to oxidative stress and damages a variety
of biological molecules, including DNA, proteins, and lipids
(Tyagi et al. 2015).

Most mycobacteria have evolved antioxidant systems to
resist the damage of ROS. There are two frequently-used
detoxification mechanisms, based either on oxygen scav-
enging enzymes, such as catalase (CAT), catalase peroxi-
dase and superoxide dismutase, or on low molecular weight
mercaptans, such as glutathione (GSH), fungal mercaptan
(MSH) and ergothioneine (EGT) (Richard-Greenblatt et al.
2015; Sao Emani et al. 2018). When Mycobacterium sp.
utilizes sterols, a series of redox reactions will occur inside
the cell, which requires a large number of NAD* and FAD
molecules, producing ROS beyond the normal threshold
(Shao et al. 2017). Excessive ROS brings about oxidative
stress on the metabolism and subsequently damages various
biological molecules, and ultimately injures cells critically
(Imlay 2003), thus both the cell growth and steroidal bio-
synthetic capability of mycobacteria was severely inhibited.
Therefore, it is an important strategy to reduce ROS level for
enhancing steroid transformation.

Enhancing type Il NADH dehydrogenase in M. neoaurum
effectively increased the NAD'/NADH ratio and ATP level,
and also effectively reduced the oxidative stress, resulting
in greater cell viability. After enhancing NADH dehydro-
genase, ROS was decreased by 42.3%, resulting in a 54.2%
increase of viability, thus substantially raising the productiv-
ity of AD (Zhou et al. 2019a). NADH oxidase and catalase
genes from Bacillus subtilis were overexpressed to eliminate
the toxic H,0, accumulated during sterol bioconversion,

which improved the sterol transformation efficiency by 80%
compared to the initial strain (Shao et al. 2019b). Mycobac-
terial endogenous antioxidants, ROS scavenging enzymes
and low molecular weight mercaptans were used to construct
detoxification pathways. The combination of CAT, MSH and
EGT could boost cell viability by 54.2% and increase 4-HBC
production by 47.5% (Sun et al. 2019b). Thus, normal ROS
levels were restored by skillful metabolic adjustment, which
may be employed as an effective strategy for enhancing
sterol bioconversion.

Omics-guided studies provide new insights

Multi-omics strategies are valuable tools in the search for
key genes and proteins of metabolic pathways. In the wake
of the continuous development and convergence of inter-
net and biotechnology, the application of bioinformatics
is becoming increasingly widespread (Shtratnikova et al.
2021). The mycobacteria research can be divided into
two categories. One is the research on pathogenic myco-
bacteria such as M. tuberculosis (Malone et al. 2018).
Through the means of bioinformatics, the mechanism of
infection, therapeutic drugs and metabolic pathways are
continuously being explored (Goff et al. 2020). Another
branch focuses on non-pathogenic mycobacteria (such
as M. smegmatis and M. neoaurum) which have indus-
trial potential and can be used to produce steroids (Uhia
et al. 2012) (Table 2). Multi-omics data analysis of sam-
ples from different growth conditions or life cycles is not
only help understand the biology of the strains, but is also
conducive to the mining of key genes and new metabolic
pathways, aiming to achieve the goal of industrialization
(Li et al. 2016).

Genomics and transcriptomics assist the rational
improvement of mycobacteria

Genome and transcriptome sequencing can reveal the gene
expression changes that may be responsible for steroid
catabolism of M. neoaurum. On the basis of significant dif-
ferences in omics data, combined with single nucleotide
polymorphisms and dynamic sRNA data, we can understand
gene associations and interactions, as well as the regulatory
mechanism of small molecules in various pathways, such
as lipid transport and metabolism, amino acid metabolism,
signal transduction, cell envelope function and ATP bio-
synthesis (Liu et al. 2016a, b). For example, a high yield
and substrate resistant mutation of M. neoaurum MN4 was
obtained by physical and chemical mutagenesis and screen-
ing. Experimental data from the combined omics analy-
sis between the wild type and mutation revealed that both
ChOx and enzymes involved in $-oxidation were mutated
(Xu et al. 2017). By comparing and analyzing the genome
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Table 2 Omics studies of Mycobacterium neoaurum reported in rescent studies

Omics Strains Discovery

References

ATCC 25795, MN2, MN4,
NRRL B3805, HGMS2, JC-12

Genome

Interpretation of substrate and product tolerance
Provided comprehensive gene sequence information

Transcriptome  ATCC 25795, VKM Acl1817D

Several key genes of the steroid catabolism pathway were found

Associations and interactions of genes. Regulation of biomolecules

Bragin et al. (2013;
Liu et al., 20164,
b)

Xu et al. (2017)

Wang et al. (2020)

Bragin et al. (2019)

metabolism and biosynthesis

Effect on the internal metabolism of cells for sterol transformation

JC-12
NwIB-HKS86

Proteome

Metabolome

The key proteins were found to improve steroid synthesis

Inhibitory effect was uncovered from sterol side-chain degradation

Liu et al. (2018b)
Liu et al. (2020)
Wang et al. (2021)

of Mycobacterium sp. VKM, researchers found several
key enzymes of steroid catabolism, such as KSH and KstD
(Bragin et al. 2013). These results not only confirmed the
hypotheses raised by previous studies, but also guided the
design of experiments to increase production (Rohman and
Dijkstra 2021; Zhang et al. 2019b).

Furthermore, transcriptome analysis was applied more
frequently in sterol biodegradation research. The high-
throughput transcriptome sequencing of Mycobacterium
sp. VKM Ac-1817D grown on phytosterols showed that
core genes encoding KSH and KstD exhibited tenfold of
upregulation (Bragin et al. 2019). The changes in the tran-
scriptome and proteome of M. neoaurum ATCC 25795 were
used to panoramically analyze the sterol transformation
process, substrate uptake, carbon metabolism, cell wall and
membrane synthesis, regulatory changes of efflux protein
and ATP at different levels, which provided targets for the
removal of by-products and increase of sterol uptake (Liu
et al. 2018b, ¢).

Profiling of biotransformation intermediates using
metabolomics

Many studies investigated the metabolome of mycobacteria,
but they mainly focused on the physiological networks, path-
ogenic mechanisms and novel drug targets of M. tuberculo-
sis (Rego et al. 2021). By comparison, the research on the
metabolome of M. neoaurum is sparse. Tween 80, a deter-
gent that promotes the dissolution of sterols and reduces
the aggregation of bacterial cells, is conventionally added
to the medium for steroid transformation. Metabolomics
revealed that Tween 80 induced the upregulation of mul-
tiple pathways in central carbon metabolism and affected
the synthesis of triacylglycerols, proteinogenic amino acids
and nucleotide precursors (Pietersen et al. 2020). The in-
depth influence of detergents on the synthesis of steroids at
the metabolic level is worth exploring. In addition to these
results, propionyl-CoA, ROS, and 4-ene-3-ketosteroids were
identified as toxic molecules that inhibit the synthesis of
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9a-OH-AD, and an in-situ adsorption scheme improved the
production efficiency by 23.15% (Wang et al. 2021). Devel-
opment of omics not only rapidly promoted the technologi-
cal development of the biosynthesis of steroids, but also
provided genetic data for constructing efficient pathways
and designing biological cell factories.

Advances in genetic manipulation approaches
of mycobacteria

General genetic manipulation

Non-pathogenic M. smegmatis and M. neoaurum are widely
applied in the development of steroid biotransformation, but
wild-type bacteria usually have a long growth period, large
accumulation of by-products and low product yield, so it
is necessary to conduct extensive genetic engineering to
obtain high-yield strains (Loraine and Smith 2017). Genetic
manipulations can be divided into three broad strategies:
(D) Gene replacement based on homologous recombination
and resistance marker screening; (II) Gene silencing based
on homologous sequences and controllable promoters; (IIT)
CRISPR (Clustered Regularly Interspaced Short Palindro-
mic Repeats) editing technology, which was recently also
introduced in Mycobacterium sp. (Choudhary et al. 2016).
It is difficult and inefficient to eliminate resistance
markers to obtain label-free mutants. To solve this prob-
lem, two strategies have been developed, based on suicide
plasmids carrying screening gene cassettes and mutually
dependent or incompatible plasmids (Pashley et al. 2003).
These vectors can be easily eliminated after silencing
the target gene. However, there are still many problems
such as multiple transformation steps and low efficiency
of screening. In addition to the influence of resistance
markers, the introduction of exogenous genes into myco-
bacterial hosts will cause a greater burden on growth
and metabolism, which is not conducive to the imple-
mentation of genetic manipulation (Brown and Parish,
2006). Genetic manipulation for activation or silencing
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at appropriate times can effectively relieve the growth
burden of the host.

Precise genome editing

The emergence of CRISPR greatly simplified gene editing
on the chromosome. CRISPR-Cas is a natural defense sys-
tem found in many bacteria and archaea, which can selec-
tively cleave exogenous invading DNA (Han and She 2017
Makarova and Koonin 2015). It has become the “No.1 scis-
sors” of genetic engineering, and its inventors were awarded
the Nobel Prize in physiology and medicine in 2020. Before
plasmids can be introduced into the acceptor strain, it needs
alkali or ultraviolet treatment to improve the success rates
of transformation and recombination (Song et al. 2015). The
time-consuming traditional tools limited the research on
mycobacteria. CRISPR-Cas can shorten the time of genetic
operation, reduce the difficulty of marker selection, and
remove the restriction of homologous arm length (Doudna
and Charpentier 2014). Consequently, the application of the
CRISPR system in mycobacteria is becoming increasingly
popular.

Many successful cases have been demonstrated in vari-
ous mycobacteria. For example, the introduction of codon
optimized dCas9 and sgRNA from Streptococcus pyogenes
into M. tuberculosis resulted in complete inhibition of sin-
gle or multiple target genes (Tang and Fu 2018). Using the
CRISPR-Cas9 system, the expression of sepF was success-
fully inhibited in M. smegmatis. The inhibition rate is as
high as 98%, and no off-target effects were found (Xiao et al.
2019). Moreover, CRISPR-Cas9 combined with non-homol-
ogous end joining (NHEJ) could achieve efficient frameshift
mutation of genes in M. marinum and M. tuberculosis, which
accelerated the research on these lethal pathogens (Meijers
et al. 2020). However, CRISPR-Cas9 has many limitations,
such as toxicity, single strand cleavage and low efficiency in
GC rich recognition regions. CRISPR-Cas12a (Cpfl) edits
bacterial genomes more effectively, providing a new tool
for special hosts that cannot accept Cas9. It has different
recognition target sites and the ability to cut double stranded
DNA, as well as lower host toxicity (Tang and Fu 2018; Yan
et al. 2017).

When different Cas effector proteins were tested in M.
smegmatis, the expression and editing effect of FnCpfl-cg
was significantly better than that of Cas9. The efficiency
of FnCpfl combined with the NHEJ system was as high
as 70%, which greatly reduced the genetic operation time
(Sun et al. 2018). CRISPR-Cas12a assisted recombination
technology was also applied to steroidal biosynthesis. M.
smegmatis strains with inactivated kstD1, kstD2 and kstD3
were successfully constructed, and accumulated 2.86 g/L
9a-OH-AD (Meng et al. 2020). Unfortunately, there are few
reports on the application of CRISPR-Cas systems in M.

neoaurum. In 2021, it was reported that M. neoaurum could
be edited using Cas12 in combination with NHEJ or HR-
mediated DSB repair. CRISPR-Cas12a was able to delete
target fragments of 1-24 kb with a maximum efficiency of
70%. Combined with a suicide plasmid system, the probabil-
ity of single crossover increased to 100% (Liu et al. 2022b).
CRISPR-Cas has many advantages in genetic operation,
and there are still many expectations on how to help reform
industrial hosts for the production of steroids.

Conclusions and future prospects

The research on the transformation of sterols into steroids by
Mpycobacterium sp. has been ongoing for decades. Although
the direction and content of these studies are very exten-
sive, and many breakthroughs have been made, there are
still many problems that have not been solved. For example,
(D) the low solubility of the substrates is one of the most
important factors limiting the microbial uptake and transfor-
mation of sterols; (II) More than ten enzymes are involved
in the degradation of the sterol side chain, which lack una-
bridged analysis of their catalytic mechanisms and isozyme
relationships; (III) There are still no efficient, systematic and
simple genetic operation tools; (V) There is no ideal host
that can overcome the low material transport efficiency and
slow growth. Accordingly, many new research strategies are
needed in the future.

Synthetic biology and bioinformatics are currently very
popular disciplines. Combined with emerging technologies,
they will not only encourage technological innovation in the
research of steroids, but also promote the efficient develop-
ment of industrialization processes for steroid biosynthesis
(Fernandez-Cabezon et al. 2018). By taking the high-speed
trains of bioinformatics, researchers can deeply analyze the
interaction relationship of genes, proteins, regulatory factors,
and metabolic networks at the individuality or global level
using massive data, and point out the direction for accurate
mining and rational improvement of strains. Using the tech-
nology of synthetic biology, sterol conversion systems will
be modularized and componentized, skillfully transplanted
and assembled into a more efficient host. This will enable
researchers to reconstruct the metabolic pathway, build
an efficient cell factory, and break through the traditional
boundaries. Artificial cell synthesis instead of natural extrac-
tion will achieve great economic benefits and contribute to
industrial upgrading tremendously.

Existing mycobacteria cell factories cannot meet the
requirements of the steroid industry revolution thoroughly.
Nowadays, even though the biocatalytic potential of myco-
bacteria towards steroids is gradually disclosed, the devel-
opment of an ideal mycobacterial chassis strain is still a
pressing problem. An industrial chassis strain must have
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numerous robust features, such as low nutritional require-
ments and short growth cycle, efficient substrate uptake and
product efflux, high copy and correct translation of genetic
information, knock out or silencing of by-product genes,
flexible and modular gene circuit design, as well as strong
environmental adaptability and tolerance to substrates and
products.

The metabolism of steroids in mycobacteria is highly
complex. The optimization of metabolic pathways will
greatly increase the flux of steroid synthesis and reduce the
difficulty of regulation. Related strategies include the min-
ing and heterologous expression of aldolases or high-perfor-
mance hydroxylases. It is not only beneficial to improve the
biosynthesis efficiency of steroids, but also to achieve the
synthesis of related derivatives. What's more, enzymes that
are difficult to adapt can be directed or artificially created to
modify steroids. Recent research on the change of catalytic
sites in the directed evolution of enzymes can serve as inspi-
ration (Grobe et al. 2021).

Cholesterol is a model substrate for the study of sterol
metabolism, but it is too expensive for large-scale indus-
trial production of steroids. At present, phytosterols are the
main raw materials for steroid production, but they also have
many disadvantages, such as complex composition, limited
sources and many by-products. There were many reports on
the synthesis of lanosterol, ergosterol, campesterol and cho-
lesterol from glucose by yeast (Xu and Li 2020; Zhang et al.
2017). Therefore, combining the advantages of yeasts in the
synthesis of polycyclic substances with the mycobacterial
characteristics in the degradation and utilization of sterols
holds promise to completely solve the problem of substrate
availability in the future.
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