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Structural modification of steroids by microorganisms,
known since the 1950s, is nowadays a base for industrial
production of many steroid hormones and their high-value
precursors. Phytosterols, renewable biomaterials of plant
origin, are recognised now as most attractive, low-cost and

available raw materials for the pharmaceutical industry.

Microbial technologies have been developed for production of
value-added androstane steroids — androstenedione, androstadie-
nedione, 9a-hydroxy androstenedione in a single biotech stage
from phytosterol to yield over 30% (w/w) of the high-purity crys-
talline products. The bio-processes are based on the activity of
selected mycobacterial strains (Mycobacterium neoaurum VKM
Ac-2015D, 1816D, Mycobacterium sp. VKM Ac-1817D) capable of
performing cascade reactions of the selective sterol side chain
degradation and steroid core oxidation, which are the parts of

sterol catabolic pathway.

New generation microbial technologies are based on the applica-
tion of the engineered strains in combination with new approaches
for the enhancement of hydrophobic steroid bioconversions. Het-
erologous expression of eukaryotic steroidogenesis genes in sap-
rophyte mycobacteria allowed single-step biotechnological
production of the valued steroid hormones such as testosterone,
boldenone and progesterone from phytosterols. Novel manufac-
ture schemes based on the one-pot two stage microbial conver-
sions, or combined chemical-microbiological syntheses allow more
key steroid intermediates to be produced from phytosterol. Arange
of the biotechnologies for production of hydroxylated steroids has
been developed using selected filamentous fungi capable of regio-
and stereospecific hydroxylation of androstane and pregnane

steroids.

The results indicate great potential of actinobacteria and filamen-
tous fungi for steroid production. Selection of the suitable strains,
metabolic engineering of steroid catabolic pathways in combina-

tion with chemical derivatisation, fungal oxyfunctionalisation of

steroids and effective down-stream procedures enable creation of
improved bioprocesses and effective schemes to produce a large

number of high-value steroids.

Steroids (Greek, stereos = solids) represent a specific class of
terpenoid lipids that contain in their structure gonane core of four
fused cycloalkane rings (A-D) (Figure 1). The steroid superfamily
includes various structures such as sterols (e.g. cholesterol, sitos-
terol, ergosterol), bile acids, corticoids, cardiac aglycones, vitamin
D, insect molting hormones, etc. These compounds fulfil essential
vital functions in living organisms of the animal and plant kingdoms.
They control various aspects of cell proliferation and differentia-
tion, play arole as sex hormones in the reproduction of vertebrates,
provide electrolyte and glucose homeostasis in higher organisms,
regulate signal transduction pathways by the binding to the re-
spective intracellular receptors and some of them serve also as
signaling molecules in cell-cell interactions. Bile acids are extremely
important for the vertebrate digestion: the so-called neurosteroids
function as allosteric modulators of neurotransmitter receptors,
etc.'”. In eukaryotes, the hormones, bile acids and other essential
steroids are produced from cholesterol, an important component
of the cell membranes, playing a role in membrane fluidity, cell

differentiation and proliferation.

High biological activities provide great importance to steroid pre-
parations for medicine: more than 300 steroid therapeuticals are
clinically approved®’. Along with antibiotics, steroids represent the
best-selling category, being a significant sector of the global phar-
maceutical market and this trend is forecast to continue in the

future®”’.

Nowadays, phytosterols (I) that are the mixtures of plant sterols
such as sitosterol, stigmasterol, campesterol and others, are
recognised as most cheap and available raw materials for steroid
industry. Phytosterols are structurally close to cholesterol. They
are produced in huge amounts from soya, pine, or wastes from
cellulose production plants. Because all steroid hormones share
several common precursors, production schemes for different
kinds of steroid hormones (sex, adrenocortical, anabolic etc.)
include phytosterol bioconversion to Cqo- steroids such as andro-
stenedione (AD, II), androstadienedione (ADD, III), 90-hydro-
xyandrostenedione (9-OH-AD, IV), testosterone (XIII) (Figure 1)

and others.

Since their discovery in the early 1950s, microbial biotechnologies
play a significant role in the steroid pharmaceutical industry thus
replacing multistage, complicated and environmentally risky or-
ganic syntheses. Growing demand for steroid pharmaceuticals

stimulates development of new cost-effective and ecologically
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Figure 1. Valuable steroids produced from phytosterol (I) using microbiotechnologies, producer strains and active pharmaceutical ingredients (APIs)
on their base: Il, androst-4-ene-3,17-dione (AD) produced by Mycobacterium neoaurum VKM Ac-1815D; lll, androsta-1,4-diene-3,17-dione (ADD),
by Mycobacterium neoaurum VKM Ac-1816D; IV, 9o-hydroxy-androst-4-ene-3,17-dione (9-OH-AD), by Mycobacterium sp. VKM Ac-1817D;
V, 11a-hydroxy-androst-4-ene-3,17-dione, by one-pot two-stage bioconversion with M. neoaurum VKM Ac-1815D and Asperqgillus ochraceus
VKM F-830; VI, androst-4,9(11)-diene-3,17-dione, by chemoenzymatic synthesis (via IV or V); VII, 20-hydroxymethylpregn-4-ene-3-one (20-HMP,
BA), by M. neoaurum VKM Ac-1815D and relative strains; VIII, progesterone, by engineered Mycobacterium smegmatis mc2 155 strain;
IX, 3B-hydroxyandrost-5-en-17-one (dehydroepiandrosterone; prasterone, DHEA), by M. neoaurum VKM Ac-1815D using chemical protection/
deprotection of 3B-hydroxyl function; X, 3B,7a,15a-trihydroxyandrost-5-ene-17-one, by Fusarium graminearum and relative fungal strains;
XIl, 3B-hydroxy-5,7-diene-17-one, by bioconversion with 73-hydroxylating fungal strain followed by chemical modification; XIll, androst-4-ene-
3-one-17f-ol (testosterone), by engineered M. neoaurum strain; XIV, androst-1,4-diene-3-one-173-ol, boldenone, by recombinant M. neoaurum
strain.

friendly biotechnologies. Microbial steroid bioconversion may
provide in one biotech stage single steroid modifications, or
cascade reactions that are a part of catabolic pathways intrinsic to
microorganisms, with cofactor regeneration and with mild condi-
tions. It expands the toolbox of organic synthesis thus enabling
production of both well-established and new steroid derivatives of
potential biological and pharmacological activity that are otherwise

inaccessible®.

There are some data showing that steroids originated hundreds
millions years ago’, and microorganisms evolved, exposed to a
variety of steroid substrates thus resulting in numerous metabolites
and enzymatic activities. Natural steroid substrates serving as

carbon sources have originated from plants (e.g. sitosterol,

stigmasterol), or animal steroids excreted into the environment
such as cholesterol, estrogens, androgens, or bile acids. Steroid
microbial degradation plays a significant ecological role, being a key
process for biomass decomposition, as well as removal/detoxifica-

tion of steroid pollutants.

Most steroid transforming bacteria were isolated from soil, but
recent metagenomic studies showed global distribution of micro-
bial steroid degraders with the prevalence of Actinobacteria and
Proteobacteria also in eukaryote hosts, aquatic environments and

other habitats'”.

Most effective phytosterol degraders have been found from mycolic

acid rich actinobacteria of Corynebacterineae suborder such as
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representatives of Mycobacterium, Rhodococcus and Gordonia.
It was assumed that the mycolic acid rich cell wall of these Actino-
bacteria may contribute to the effective transportation of lipophilic

substances such as steroids.

Actinobacteria are known to catabolise phytosterol via the 9(10)-
secosteroid pathway'*. Along with degradation of the aliphatic side
chain, different modifications of the steroid core occur during
sterol bioconversion, such as 3B-hydroxy-5-ene to 3-keto-4-ene
moiety transformation, Al-dehydrogenation, 9o-hydroxylation.
Metabolic engineering allows overproduction of the valued
steroids by exploiting the cascade reactions that are the part of

the degradative pathway'*.

We have developed microbial technologies based on phytosterol
biotransformation by whole-cell actinobacteria, and especially, by
the selected strains of Mycobacterium neoaurum VKM Ac-1815D,
1816D and Mycobacterium sp. VKM Ac-1817D, which provide
effective production of AD (II), ADD (III) and 9-OH-AD (IV),
respectively. These androstane steroids are the key intermediates
in the synthesis of various steroid drugs. The microbial technolo-
gies developed enable full phytosterol conversion at the loadings
over 12 g/L to yield 60-72% (of theor.) for 96-140 h fermentations.
Effective down-stream procedures provide high purity (over 96%)
crystalline products and the overall yield of the target steroids is
over 30% (wW/w).

Based on the results of the full genome sequencing and genome-
wide transcriptomic profiling the specific genes and gene clusters,
which are essential for steroid modifications have been
revealed"®'. The data were used for the generation of engineered
strains with improved biocatalytic capabilities for production of
AD (II), 20-hydroxymethyl pregn-4-ene-3-one (VII) and other
value-added steroids (Figure 1). The recombinant strains capable
of single-step converting of phytosterol to testosterone (XIII),
1-dehydrotestosterone (XIV), progesterone (VIII) have been
generated using heterologous expression of eukaryotic steroido-

. . . 15,16
genic systems in mycobacterial hosts™ ™"

. Effective production of
dehydroepiandrosterone (DHEA, IX) from phytosterol (I) has
been provided by the combination of the chemical protection-
deprotection of the oxygen functionality at C3 with selective side
chain degradation of the 3-substituted sterols using M. neoaurum

VKM Ac-1815D (Figure 1).

Unlike diverse bacteria, most fungi are not capable of full degra-
dation of the steroid skeleton, but detoxify steroids as fungitoxic
molecules by oxyfunctionalisation of the steroid core, or other
reactions. These features are very important for biotechnological
application since they provide effective production of clinically
important hydroxylated steroids. One-pot two-stage microbial
conversion of phytosterol using M. neoaurum VKM Ac-1815D and
Aspergillus ochraceus VKM F-830 enable effective production of

11a-hydroxy-AD (V), which is a key precursor in the syntheses of
halogenated corticoids®”. Regio- and stereospecific hydroxylations
of DHEA at positions 7a, 7B as well as 70,150-dihydroxylation
using selected fungal strains enabled effective production of
the valued 3B-ol-5-ene derivatives'® (X, XII), thus allowing further
effective schemes to drospirenone and its derivatives (Figure 1).
Combination of chemical derivatisation with steroid hydroxylation
by selective fungal strains allows production of the A>”-steroids '
(XII), which can be used in the syntheses of vitamin D3 derivatives.
Effective procedures for the isolation and purification have been
developed which provide high (>96%) purity of the final crystalline
products. The number of valued products that can be produced
from phytosterol using our biotechnologies and active pharma-
ceutical ingredients (APIs) that can be synthesised from these

steroidal products are presented in Figure 1.

Thus, selection of the suitable strains, metabolic engineering of
the mycobacterial phytosterol catabolic pathway in combination
with chemical derivatisation, fungal oxyfunctionalisation of ster-
oids and effective down-stream procedures enable creation of
improved bioprocesses and effective production schemes for

obtaining of a vast number of the high-value steroids.
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The problem of biological damage of mineral building
materials and structures based on them is multifaceted and
covers all types of industry. The most destructive biocorro-
sion impacts are on building materials in cities with a large

water area. Various types of microorganisms, including

pathogens, and especially the filamentous fungi of the
generaAspergillus, Penicillium, Trichoderma, etc., occupy
the surfaces of mineral building materials, cause their
destruction, disturb the ecological balance of cities and
endanger the human health. The term ‘sick building

MICROBIOLOGY AUSTRALIA « SEPTEMBER 2018

10.1071/MA18040 129


dx.doi.org/10.1016/j.steroids.2014.01.006
dx.doi.org/10.1016/j.jsbmb.2012.01.002
dx.doi.org/10.1128/mBio.02345-17
dx.doi.org/10.1111/j.1758-2229.2011.00314.x
dx.doi.org/10.1016/j.jsbmb.2013.02.016
dx.doi.org/10.1007/s00253-017-8288-3
dx.doi.org/10.1016/j.nbt.2014.05.1766
dx.doi.org/10.1134/S0003683809060076
dx.doi.org/10.1016/j.steroids.2008.10.019
mailto:Ilinskaya_kfu@mail.ru

