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(57) Abstraet: A genctically-modificd bacterium, for cxample of the class Actinobacteria, and the usc of such a bactcrium in the
bioconversion of a steroidal substrate into a steroidal product of interest. A method of converting a steroidal substrate into a steroidal
product of interest, wherein the method comprises: inoculating culture medium with genetically-modified bacteria according to any of
Claims 1 to 28 and growing thc bactcrial culturc until a targct ODgqp is rcached; adding a stcroidal substratc to the bacterial culturc
when the target ODggg is recached; culturing the bactcrial culturc so that the stcroidal substratc is converted to the steroidal product of
interest; and extracting and/or purifying the steroidal product of interest from the bacterial culture.
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GENETICALLY-MODIFIED BACTERIA AND USES THEREOF

The present invention relates to genetically-modified bacteria and the use of such bacteria
in the bioconversion of steroidal substrates into steroidal compounds of interest. The
genetically-modified bacteria may be from the genera Rhodococcus or Mycobacterium.

Steroids are a large and diverse class of organic compounds, with many essential
functions in eukaryotic organisms. For example, naturally occurring steroids are involved
in maintaining cell membrane fluidity, controlling functions of the male and female
reproductive systems and modulating inflammation.

As signalling through steroid controlled pathways is important in a wide variety of
processes, the ability to modulate these pathways using synthetically produced steroid
drugs means they are an important class of pharmaceuticals. For example, corticosteroids
are used as anti-inflammatories for the treatment of conditions such as asthma and
rheumatoid arthritis, synthetic steroid hormones are widely used as hormonal
contraceptives and anabolic steroids can be used to increase muscle mass and athletic
performance.

The synthesis of steroids for use as pharmaceuticals involves either semi-synthesis from
natural stero! precursors or total synthesis from simpler organic molecules. Semi-
synthesis from sterol precursors such as cholesterol often involves the use of
bacteria. The advantages of using bacteria to carry out these bioconversions are that the
synthesis involves less sleps and the reactions performed by the enzymes are
stereospecific, resulling in the production of the desired isomers without the need for
protection and deprotection used in traditional chemical synthesis. The products of
bacterial bioconversions can then be used as pharmaceuticals or as precursors for further
chemical modification to produce the compound of interest.

Steroids naturally occur in both plant, animal and fungal species, and are produced by
certain species of bacteria. Despite them only occurring naturally in only a few bacterial
species, several bacterial species are able 10 metabolise sterol compounds as growth
substrates. Examples of bacteria that can degrade sterol compounds include those from
the genera Rhodococcus and Mycobacterium.

The bacterial sterol metabolism pathway involves progressive oxidation of the sterol side-
chain, and breakdown of the polycyclic ring system. The pathway of sterol side-chain
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degradation in Rhodococcus has been previously investigated using mutant strains
(Wilbrink et al, 2011. Applied and Environmental Microbiology, 77(13):4455-4464) and an
overview of the cholesterol catabolic pathway is shown in Figure 1. It has now been found
that bacterial species may be used for steroid compound production by genetic
modification to block the degradation pathway prior to breakdown of the polycyclic ring
system and at various points in side-chain oxidation to allow accumulation of the steroidal
compounds of interest in order to improve the yields obtained.

In a first aspect, the invention provides a genetically-modified bacterium blocked in the
steroid metabolism pathway prior to degradation of the polycyclic steroid ring system,
wherein the bacterium is disrupted in the steroid side-chain degradation pathway, and
wherein the bacterium converts a steroidal substrate into a steroidal product of interest.

By “steroid” or “steroidal” compounds we include the meaning of a class of natural or
synthetic organic compounds derived from the steroid core structure represented below
(with ITUPAC-approved ring lettering and atom numbering):

Steroidal compounds generally comprise four fused rings (three six-member cyclohexane
rings (rings A, B and C above) and one five-member cyclopentane ring (ring D above)) but
vary by the functional groups attached to that four-ring core and by the oxidation state of
the rings. For example, sterols are a sub-group of steroidal compounds where one of the
defining features is the presence of a hydroxy group (OH) at position 3 or the structure
shown above., The structure formed by the atoms labelled 20 o 27 (including positions
24" and 24?) in the above diagram is referred to as the steroid side-chain. Non-limiting
examples of steroids include: sterols, 3-oxo-4-cholenic acid, 3-oxo-chola-4,22-dien-24-oic
acid, 3-oxo-7-hydroxy-4-cholenic acid, 3-oxo-9-hydroxy-4-cholenic acid, 3-oxo-7,9-
dihydroxy-4-cholenic acid, 3-oxo0-23,24-bisnor-4-cholene-22-oic acid (4-BNC), 3-oxo-
23,24-bisnor-1,4-choladiene-22-oic acid (1,4-BNC), 4-androstene-3,17-dione (AD), 1,4-
androstadiene-3,17-dione (ADD), sex steroids (e.g. progesterone, testosterone, estradiol),
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corticosteroids (e.g. cortisol), neurosteroids (e.g. DHEA and allopregnanolone), and
secosteroids (e.g. ergocalciferol, cholecalciferol, and calcitriol). Non-limiting examples of
steroidal compounds are also shown in Figure 4.

By “disrupted in the steroid side-chain degradation pathway” we include the meaning of a
bacterium in which the normal degradation of the steroid side-chain is impaired. Normally,
degradation of the steroid side-chain involves the initial cycle of side-chain activation
followed by three successive cycles of B-oxidation (i.e. first, second, and third cycles of -
oxidation). In an unimpaired side-chain degradation pathway, the final product of the side-
chain degradation steps is usually 4-androstene-3,17-dione (AD). Thus, a bacterium
disrupted in the steroid side-chain degradation pathway will accumulate steroidal products
that are upstream of the production of AD. The suggested side-chain degradation
pathways of the sterols cholesterol and B-sitosterol are shown in Figure 2 and Figure 3
respectively (Wilbrink, 2011. Microbial sterol side chain degradation in Actinobacteria.
Thesis).

By “polycyclic steroid ring system” we include the meaning of the ABCD system of rings
found in the core steroidal structure shown above in the definition of steroidal.

In some embodiments, the disruption in the steroid side-chain degradation pathway occurs
after the first cycle of B-oxidation.

By “first cycle of B-oxidation” we include the meaning of the first cycle of B-oxidation in the
steroid side-chain degradation pathway (Wipperman et al, 2014. Crit. Rev. Biochem. Mol.
Biol., 49(4):269-293). Specifically, the first cycle of B-oxidation is the process immediately
following the side-chain activation cycle step, resulting in the shortening of the side-chain
and the production of a Cz4 steroidal compound.

In some embodiments, the sieroidal substrate may be a sterol substrate. In certain
embodiments, the sterol substrate may comprise:
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7-oxo-cholesterol or 7-hydroxy-g-cholesterol;
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fucosterol;
15  7-oxo-phytosterol; or a combination thereof.

By “sterol” we include the meaning of molecules belonging fo a class of lipids which are a
sub-group of steroids with a hydroxyl group at the 3-position of the A-ring. Sterols have

the general sfructure:
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HO

Sterols may also be referred to as steroid alcohols, and occur naturally in plants
(phvtosterols), animals (zcosterols), and fungi, and can be also produced by some
bacteria. Non-limiting examples of sterols include: B-sitosterol, 7-oxo-B-sitosterol, 7-
hydroxy-B-sitosterol, cholesterol, 7-oxo-cholesterol, 7-hydroxy-B-cholesterol, campesterol,
stigmasterol, fucosterol, 7-oxo-phytosterol, adosterol, atheronals, avenasterol,
azacosterol, cerevisterol, colestolone, cycloartenol, 7-dehydrocholesterol, 5&-
dehydroepisterol, 7-dehydrositosterol, 20a,22R-dihydroxycholesterol, dinosterol,
epibrassicasterol, episterol, ergosterol, ergosterol peroxide, fecosterol, fucosterol,
fungisterol, ganoderiol, ganodermadiol, 7a-hydroxycholesterol, 22R-hydroxycholesterol,
27-hydroxycholesterol, inotodiol, lanosterol, lathosterol, lichesterol, lucidadiol, lumisterol,
oxycholesterol, oxysterol, parkeol, spinasterol, frametenolic acid, and zymosterol. Non-
limiting examples of sterols are also shown in Figure 5.

In some embodiments, the steroidal product of inferest comprises an intact polycyclic ring
system.

By “intact polycyclic ring system” we include the meaning of a steroidal molecule in which
the ABCD ring system of the core steroid structure is still present, i.e. the ABCD ring
system has not undergone degradation and/or oxidation such that any of the rings have
been opened or removed.

In some embodiments, the stercidal product of interest is a steroidal compound with a
side-chain having a backbone of five carbons.

By “backbone” we include the meaning of the longest consecutive chain of carbon atoms
in the steroid side-chain being five carbon atoms in length. Generally, the five carbons in
the backbone are those at positions 20, 21, 22, 23, and 24, as shown in the diagram of the
steroid core structure in the definition of the term “steroidal” above.

In certain embodiments, the steroidal product of interest may be:
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3-oxo-4-cholenic acid;

Chola 4,22-dien-24-cic acid, 3-oxo (CAS 59648-73-6, or CAS 82637-22-7 for pure E
isomer);

3-oxo-7-hydroxy-4-cholenic acid;
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3-oxo-1,4-choladienoic acid;
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5

3-ox0-23,24-bisnor-4-cholene-22-oic acid (4-BNC);
10

3-0x0-23,24-bisnor-1,4-choladiene-22-oic acid (1,4-BNC); or variants thereof.
15

In other preferred embodiments, the steroidal product of interest may be
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3-oxo-4-cholenic dcid;

Chola 4,22-dien-24-oic acid, 3-oxo (CAS 59648-73-6, or CAS 82637-22-7 for pure E
isomer);

3-oxa-7-hydroxy-4-cholenic acid;
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wherein R can be hydroxyl or oxo; or variants thereof.

In some embodiments, the genetically-modified bacterium may be of the Actinobacteria
class orthe Gammaproteobacteria class.

I certain embodiments, a genetically modified bacterium of the Actinobacteria class may
be a Rhodococcus species, a Mycobacterium species, a Nocardia species, a
Corynebacterium species, or an Arthrobacter species.

Where the bacterium is of a Rhodococcus species, the Rhodococcus species may be
Rhodococcus rhodochrous, Rhodococcus erythropolis, Rhodococcus jostii, Rhodococcus
ruber, preferably Rhodococcus rhodochrous.

Where the bacterium is of a Mycobacterium species, the Mycobacterium species may be
Mpycobacterium necaurum, Mycobacterium smegmatis, Mycobacterium tuberculosis, or
Mycobacterium fortuitum, preferably Mycobacterium neoaururn.

Where the bacterium is of a Nocardia species, the Nocardia species may be Nocardia
restrictus, Nocardia corallina, or Nocardia opaca.

Where the baclerium is of a Arthrobacter species, the Arthrobacter species may be
Arthrobacter simpflex.

in some embodiments, the genetically-modified bacterium comprises one or more genstic
modifications. In certain embodiments, the genetic modification of the genetically-modified
bacterium may comprise inactivation of the genes: kshA1 (SEQ 1D NO: 1), kshAZ2 (SEQ 1D
NO: 2), kshA3 (SEQ ID NO: 3), kshA4 (SEQ ID NO: 4), kshA5 (SEQ ID NO: 5), or homologs
thereof.
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By “genetic modification” we include the meaning of an artificial alteration or addition to
the genetic material present in an organism. For example, a genetic modification may be
a directed deletion of a gene or genomic region, a directed mutagenesis of a gene or
genomic region {e.g. a point mutation), the addition of a gene or genetic material to the
genome of the organism (e.g. an integration), or, in the case of bacteria, the transformation
of such cells with plasmid.

By “homolog” we include the meaning of a second gene or polypeptide that has a similar
biological function to a first gene or polypeptide and may also have a degree of sequence
similarity to the first gene or polypeptide. A homologous gene may encode a polypeptide
that exhibits a degree of sequence similarity to a polypeptide encoded by the
corresponding first gene. For example, 2 homolog may be a similar gene in a different
species derived from a common ancestral gene (ortholog), or a homolog may be a second
similar gene within the genome of a single species that is derived from a gene duplication
event (paralog). A homologous gene or polypeptide may have a nucleotide or amino acid
sequence that varies from the nucleotide or amino acid sequence of the first gene or
polypeptide, but still maintains functional characteristics associated with the first gene or
polypeptide (e.g. in the case where a homologous polypeptide is an enzyme, the
homologous polypeptide catalyses the same reaction as the first polypeptide). The
variations that can occur in a nucleotide or amino acid sequence of a homolog may be
demonstrated by nucleotlide or amino acid differences in the overall sequence or by
deletions, substitutions, insertions, inversions or additions of nucleolides or amino acids in
said sequence.

In some embodiments, the genetic modification further comprises re-infroduction of a wild
type copy of the kshAS gene comprising SEQ ID NO: 5, or a homolog thereof.

In other embodiments, the genelic modification comprises inactivation of the genes: kshA7
(SEQ ID NO: 1), kshA2 (SEQ ID NO: 2), kshA3 (SEQ ID NO: 3), and kshA4 (SEQ ID NO:
4y, or homologs thereof.

in some embodiments, the genetic modification of the genetically-modified bacterium
further comprises inactivation of the genes: kstD71(SEQ 1D NO: 6}, kstD2 (SEQ 1D NO: 7),
and kstD3 (SEQ 1D NO: 8), or homologs thereof.
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in some embodiments, the genetic modification comprises inactivation of one or more of
the genes: fadE34 (SEQ ID NO: 9; SEQ 1D NO: 12), fadE34#2 (SEQ 1D NO: 10), or
homologs thereof,

in other preferred embodiments, the genetic modification of the genetically-modified
bacterium further comprises inactivation of the gene: fadE26 (SEQ ID NG: 11), or
homologs thereof.

In some embodimenis, where the genetic modification comprises a gene inactivation, the
gene activation is by gene deletion.

By “gene deletion” we include the meaning of removal of all or substantially all of a gene
or genomic region from the genome of an organism, such that the functional polypeptide
produci({s) encoded by that gene or genomic region is no longer produced by the organism.

In certain embodiments, the homolog has a nucleotide sequence with at least 50%
seguence identity with the nucleotide sequence of a first gene. In other embodiments, the
homolog has a nuclectide sequence that has a sequence identity of at least 55%, atleast
60%, at least 65%, at least 70%, at least 756%, at least 80%, at least 85%, at least 90%, at
least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least
97%, at least 98%, or at least 99% with the nucleotide sequence of a first gene.

in some embodiments, the homolog encodes a polypeptide that has an amino acid
sequence with at least 50% sequence identily with the amino acid sequence of a first
polypeptide. The homolog encodes a polypeptide that has an amino acid sequence
identity of at least 55%, at least 60%, at least 65%, at least 70%, at least 75%, at least
80%, at least 85%, at least 80%, at least 91%, al least 92%, at least 93%, at least 94%, at
least 95%, at least 96%, at least 97%, at least 98%, or at least 99%.

By “sequence identity” we include the meaning of the extent to which two nucleotide or
amino acid sequences gre similar, measured in terms of a percentage identity. Optimal
alignment is determined by comparing two optimally aligned sequences over a comparison
window, where the fragment of the nucleotide or amino acid sequence in the comparison
window may comprise additions or deletions (e.g. gaps or overhangs) as compared to the
reference sequence (which does not comprise additions or deletions) for optimal alignment
of the two sequences. The percentage is calculated by determining the number of
positions at which the identical nucleotide base or amino acid residue occurs in both
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sequences 1o vield the number of maiched positions, dividing the number of maiched
positions by the total number of positions in the window of comparison and mulliplying the
result by 100 to vield the percentage of sequence identity. Optimal alignment of
sequences for comparison may be conducted by the local homology algorithm of Smith
and Waterman Add. APL. Math. 2:482 (1981), by the homology alignment algorithm of
Needleman and Wunsch J. Mol. Biol. 48:443 (1970), by the search for similarity method of
Pearson and Lipman Proc. Natl. Acad. Sci. (USA) 85: 2444 (1988), by computerized
implementations of these algorithms (GAP, BESTFIT, BLAST, PASTA, and TFASTA inthe
Wisconsin Genetics Software Package, Genetics Computer Group (GCG), 575 Science
Dr., Madison, W1), or by inspection. Given that two sequences have been identified for
comparison, GAP and BESTFIT are preferably employed to determine their optimal
aEignfnent. Typically, the default values of 5.00 for gap weight and 0.30 for gap weight
length are used.

in certain embodiments, the genetically-modified Rhodococcus rhodochrous bacterium
may be of strain: LM9 {Accession No. NCIMB 43058), LM19 (Accession No. NCIMB
43059), or LM33 (Accession No. NCIMB 43060).

in certain embodiments, the genetically-modified Mycobacterium necaurum bacterium
may be of strain: NRRL B-3805 Mneo-AfadE34 (Accession No. NCIMB 43057).

in a second aspect, the invention provides a genetically-modified baclerium according to
the first aspect for use in the conversion of a steroidal substrate into a steroidal compound
of interest.

In a third aspect, the invention provides a method of converting a steroidal substrate into
a steroidal product of interest, comprising the steps of:

(a) inoculating culture medium with genetically-modified bacteria according to
the first or second aspect and growing the bacterial culture until a target
ODgoo is reached;

(b) adding a stercidal substrate to the bacterial culture when the target ODsoo
is reached;

{c) culturing the bacterial culture so that the steroidal substrate is converted to
the steroidal product of interest; and,

(d) extracting and/or purifying the steroidal product of interest from the bacterial
culture.
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By “culture medium” we include the meaning of a solid, liquid, or semi-solid medium
designed to support the growth of microorganisms or cells.

in some embodiments, the culture medium may be Luria-Bertani (LB) medium (10g/L
tryptone; 5g/L yeast extract; 10g/L. NaCl) or minimal medium (4.65g/L. KeHPQO4; 1.5g/L
NaH:zPO4.H:0; 3g/L NH4Cl; 1g/l. MgS04.7H:0; 1ml/L Vishniac trace element solution).

In certain embodiments, in step {(a) of the method the bacterial cuiture may be grownto a
target ODeoo of at least 0.25, at least 0.5, at least 0.75, at least 1.0, at least 1.5, at least
2.0, at least 2.5, at least 3.0, at least 3.5, at least 4.0, at least 4.1, atleast 4.2, at least 4.3,
al least 4.4, at least 4.5, at least 4.6, at least 4.7, at least 4.8, at least 4.9, or at least 5.0.
Preferably, the target ODao may be at least 1.0, more preferably at least 4.0, yvet more
preferably at least 4.5, most preferably at least 5.0.

In some embodiments of the method, the steroidal substrate may be a sterol substrate. In
certain embodiments, the sterol substrate may comprise:
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7-oxo-B-sitosterol or 7-hydroxy-B-sitosterol;
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stigmasterol;
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fucosterol;
7-oxo-phytosterol; or a combination thereof.
In some embodiments of the method, the steroidal product of interest may comprise an

intact polycyclic ring system. In certain embodiments, the stercidal product of interest may
be a steroidal compound with a side-chain having a backbone of five carbons.
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3-oxo-4-cholenic acid:
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Chola 4,22-dien-24-oic acid, 3-oxo (CAS 59648-73-6, or CAS 82637-22-7 for pure E
isomery;

3-oxo-7T-hydroxy-4-cholenic acid;

3-ox0-9-hydroxy-4-cholenic acid;
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3-oxo-7,9-dihydroxy-4-cholenic acid;

3-oxo-1,4-choladienoic acid;

o)
10

3-0x0-11-hydroxy-4-cholenic acid;
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wherein R can be hydroxyl or oxo;
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n,, ~_~GOOH

sttt b

4-BNC

3-ox0-23,24-bisnor-4-cholene-22-oic acid (4-BNC),

7 “ny COOH

dTH

1,4-BNC

3-0x0-23,24-bisnor-1,4-choladiene-22-oic acid (1,4-BNC); or variants thereof.

10 In some preferred embodiments, the steroidal product of interest may be:

3-oxo-4-cholenic acid;
15
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Chola 4,22-dien-24-oic acid, 3-oxo (CAS 59648-73-6, or CAS 82637-22-7 for pure E
isomer);

3-oxo-I-hydroxy-4-cholenic acid;
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: or variants thereof.

In some embodiments, in step (b) of the method, the steroidal substrate may be added at
a concentration of at least 0.1mM, at least 0.2mM, at least 0.3mM, at least 0.4mM, at least
0.5mM, at least 0.6mM, at least 0.7mM, at least 0.8mM, at least 0.9mM, at least 1.0mM,
at least 1.1mM, at least 1.2mM, at least 1.3mM, at least 1.4mM, at least 1.5mM, at least
1.6mM, at least 1.7mM, at least 1.8mM, at least 1.9mM, or at least 2.0mM. Preferably,
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the steroidal substrate may be added at a concentration of at least 1mM, more preferably
at least 1.5mM, most preferably at least 2.0mM. k

In some embodiments, in step (b) of the method a cyclodextrin may be added to the culture
medium.

By “cyclodextrin® we inciude the meaning of a compound made up of sugar molecules
bound together in a ring, where the ring is composed of 5 or more a-D-glucopyranoside
units linked 1—4. Non-limiting examples of cyclodextrins include: a-cyclodextrin, B-
cyclodextrin, y-cyclodextrin, methyl-B-cyclodextrin, and 2-OH-propyl-B-cyclodextrin.

In certain embodiments, the cyclodextrin may be a B-cyclodextrin or a y-cyclodexirin.
Where the cyclodexirin is a B-cyclodextrin, it may be a methyl-B-cyclodextrin or a 2-OH-
propyl-B-cyclodextrin.

In some embodiments, the cyclodextrin is added at a concentration of 1TmM to 50mM, 2mM
to 46mM, 3mM to 40mM, 4mM to 35mM, 5mM to 30mM, 6mM to 29mM, 7mM to 28mM, -
8mM fo 27mM, 9mM fo 26mM, 10mM to 25mM, 11mM to 24mM, 12mM to 23mM, 13mM
to 22mM, 14mM to 21mM, 15mM to 21mM, 16mM to 20mM, 17mM to 19mM, 1TmM to
18mM. Preferably, the cyclodextrin may be added at a concentration of 1mM to 25mM,
more preferably 5mM to 25mM.

in other embodiments, the cyclodextrin is added at a concentration of at least TmM, at
least 2mM, at least 3mM, at least 4mM, at least 5mM, at least 6mM, at least 7mM, at least
8mM, at least 9mM, at least 10mM, at least 11mM, at least 12mM, at least 13mM, at least
14mM, at least 15mM, at least 16mM, at least 17mM, at least 18mM, at least 19mM, at
least 20mM, at least 21mM, at least 22mM, at least 23mM, at least 24mM, at least 25mM,
at least 30mM, at least 35mM, at least 40mM, at least 45mM, or at least 50mM. Preferably
the cyclodextrin is added at a concentration of at least 1mM, preferably at least 5BmM, more
preferably at least 12.5mM, most preferably at least 256mM.

In some embodiments, in step (b) of the method an organic solvent may be added to the
culture medium.

By “organic solvent” we include the meéning of a carbon-based solvent capable of
dissolving other substances. Non-limiting examples of organic solvents include: ethanol,
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dimethyiformamide (DMF), acstone, methanol, isopropanol, dimethyl sulfoxide (DMSQO),
and toluene.

In certain embodiments, the organic solvent may be ethanol, dimethylformamide (DMF),
or acetone. Preferably, the organic solvent may be ethanol.

In some embodiments, the organic solvent is added the cullure medium at a
volume/volume (v/v) concentration of 1% to 20%, 2% to 19%, 3%, to 18%, 4% to 17%, 5%
to 16%, 6% to 15%, 7% to 14%, 8%, to 13%, 9% to 12%, 10 % to 11%. Preferably, the
organic solvent may be added at a volume/volume (v/v) concentration of 5% to 20%, more
preferably 5% {o 15%.

In some embodiments, the organic solvent is added to the culture medium at a
volume/volume (v/v) concentration of at least 1%, at least 2%, at least 3%, at least 4%, at
least 5%, at least 6%, at least 7%, at least 8%, at least 9%, at least 10%, at least 11%, at
least 12%, at least 13%, at least 14%, at least 15%, at least 16%, at least 17%, at least
18%., al least 19%, or af least 20%. Preferably, the organic solvent may be added at a
volume/volume (v/v) concentration of at least 1%. More preferably, the organic solvent
may be added at a volume/volume (v/v) concentration of at least 5%.

In some embodiments, in step {(b) of the method a cyclodextrin and an organic solvent are
added to the culture medium.

in certain embodiments, where a cyclodextrin and an organic solvent are added to the
culture medium, the cyclodextrin is added at a concentration of 1mM to 25mM, 2mM 1o
24mM, 3mM to 23mM, 4mM to 22mM, S5mMto 21mM, 8mM to 20mM, 7mM to 19mM, 8mM
to 18mM, 9mM to 17mM, 10mM to 16mM, 11mM to 15mM, 12mM to 14mM, 1mM to
13mM, and the organic solvent is added at a volume/volume (v/v) concentration of 1% to
20%, 2% to 19%, 3%, to 18%, 4% to 17%, 5% to 16%, 6% to 15%, 7% to 14%, 8%, to
13%, 9% to 12%, 10 % to 11%. Preferably, the cyclodexirin may be added at concentration
of TmM to 25mM and the organic solvent may be added at a volume/volume (viv)
concentration of 1% to 10%. More preferably, the cyclodexirin may be added at
concentration of 1mM to 10mM and the organic solvent may be added at a volume/volume
(viv) concentration of 1% to 10%. Yet more preferably, the cyclodextrin may be added at
concentration of TmM to 5mM and the organic solvent may be added at a volume/volume
(v/v) concentration of 1% to 5%. Most preferably, the cyclodextrin may be added at
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concentration of 5mM and the organic solvent may be added at a volume/volume {(v/v)
concentration of 5%.

In other embodiments, where a cyclodexirin and an organic solvent are added 1o the
culture medium, the cyclodextrin is added at a concentration of at least 1TmM, atleast 2mM,
at least 3mM, at least 4mM, at least 5mM, at least 6mM, at least 7m, at least 8mM, at
least 8mM, at least 10mM, at least 11mM, at least 12mM, at least 13mM, at least 14mM,
at least 15mM, at least 16mM, at least 17mM, at least 18mM, at least 19mM, at least
20mM, at least 21mM, at least 22mM, at least 23mM, at least 24mM, at least 25mM, and
the organic solvent is added at a volume/volume (v/v) concentration of at least 1%, at least
2%, at least 3%, at least 4%, at least 5%, at least 6%, at least 7%, at least 8%, at least
9%, at least 10%, at least 11%, at least 12%, at least 13%, at least 14%, at least 15%, at
least 16%, at least 17%, at least 18%, at least 19%, or at least 20%. Preferably, the
cyclodextrin may be added at concentration of at least 1mM and the organic solvent may
be added at a volume/volume (v/v) concentration of at least 1%. More preferably, the
cyclodextrin may be added at concentration of at least 5mM and the organic solvent may
be added at a volume/volume (v/v) concentration of 5%.

In a fourth aspect, the invention provides a stercidal product of interest produced by the
method of the third aspect.

In a fifth aspect, the invention provides a kit for converiing a steroidal substrate into a
steroidal product of interest, wherein the kit comprises:

(a) a genetically-modified bacterium according to the first aspect; and,
(b) instructions for using the kit.

The kit may further comprise a steroidal substrate.

In. some embodiments, the steroidal substrate may be a sterol substrate. In certain
embodiments, the sterol substrate comprises:
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7-oxo-cholesterol or 7-hydroxy-B-cholesterol;

HO

5 campesterol;

HO

stigmasterol,
10

fucosterol;
15  7-oxo-phytosterol; or a combination thereof.

In some embodiments, the kit may further comprise a cyclodextrin such as a B-cyclodexirin
or a y-cyclodextrin. Preferably, the cyclodextrin is a B-cyclodextrin, more preferably a

methvi-B-cyclodextrin or a 2-OH-propyl-B-cyclodextrin.
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In some embodiments, the kit may further comprise an organic solvent. In certain
embodiments, the organic solvent is ethancl, dimethylformamide (DMF), or acetone,
preferably ethanol.

The listing or discussion of an apparently prior-published document in this specification
should not necessarily be taken as an acknowledgement that the document is part of the
state of the art or is common general knowledge.

The deposits referred to in this disclosure (Accession Nos. NCIMB 43057, NCIMB 43058,
NCIMB 43059, and NCIMB 43060) were deposited at the National Collection of Industrial,
Food and Marine Bacteria, Ferguson Building, Craibstone Estate, Bucksburn, Aberdeen,

AB2Z21 9YA, UK by Cambrex Karlskoga AB on 28 May 2018.

The present invention will now be described in more detail with reference fo the following
non-limiting figures and examples.

DESCRIPTION OF THE FIGURES

FIGURE 1. Overview of cholesterol catabolic pathway.

FIGURE 2. Overview of cholesterol side-chain degradation pathway.

FIGURE 3. Overview of B-sitosterol side-chain degradation pathway.

FIGURE 4. Examples of steroidal compounds

FIGURE 5. Examples of steroidal substrates.

FIGURE 6. Total ion chromatogram obtained by LC-MS for LM3 cultured when
cholesterol is the starting substrate. Peaks at 7.67 minutes and 8.25 minutes indicate
accumulation of 4-androstene-3,17-dione (AD) and 3-ox0-23,24-bisnor-4-cholene-22-oic
acid (4-BNC) respectively. NL: Normalisation Level = base peak intensity.

FIGURE 7. Product ion mass spectra obtained by LC-MS for LM9 when cholesterol

is the starting substrate. (A) Peak at Peak at m/z of 345.24 (positive mode) corresponds
to 4-BNC being accumulated when cholesterol is the starting substrate, (B) Peak at m/z
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of 373.27 {positive mode) corresponds to 3-oxo-4-cholenic acid being accumulated when
cholesterol is the starting substrate. NL: Normalisation Level = base peak intensity.

FIGURE 8. Product ion mass spectra obtained by LC-MS for LMS when cholesterol,
B-sitosterol, or 7-oxo-sterol is the starting substrate. (A, top) Peak at m/z of 380.27
(positive mode) corresponds to production of 3-oxo-7-hydroxy-4-cholenic acid when 7-
oxo-slerol is the starting substrate. (B, middle) Peak at m/z of 373.27 (positive mode)
corresponds to production of 3-oxo-4-cholenic acid when B-sitosterol is the starting
substrate. (C, bottom) Peak at m/z of 373.27 (positive mode) corresponds to production
of 3-oxo-4-cholenic acid when cholesterol is the starting substrate. NL: Normalisation
Level = base peak intensity.

FIGURE 9. Extracted ion chromatograms obtained by LC-MS for LM19 and LM9
when cholesterol or B-sitosterol is the starting substrate. (A) Strain = LM9; Substrate
= Cholesterol. Peak at 9.70 minuies corresponds to production of 3-oxo-4-cholenic acid
by LM9. (B) Strain = LM19; Substrate = Cholesterol. Peak at 8.07 minutes corresponds
o production of 3-ox0-9-OH-4-cholenic acid by LM19. (C) Strain = LM9; Substrate = B-
sitosterol. Peak at 9.68 minutes corresponds to production of 3-oxo-4-cholenic acid by
LM9. (D) Strain = LM19; Substrate = B-sitosterol. Peak at 8.09 minutes corresponds to
production of 3-ox0-9-0OH-4-chalenic acid by LM19. NL: Normalisation Level = base peak
intensity.

FIGURE 10. Product ion mass spectra obtained by LC-MS confirming identity of
peaks produced by LM9 and LM19 when cholesterol or B-sitosterol is the starting
substrate. (A) Strain = LM19; Substrate = Cholesterol or B-sitosterol. Peak at m/z of
approximately 389.27 (positive mode) corresponds to production of 3-0x0-9-OH-4-
cholenic acid by LM19. (B) Strain = LM9; Substrate = Cholesterol or B-sitosterol. Peak at
m/z of 373.27 (positive mode) corresponds to production of 3-oxo-4-cholenic acid by LMS.
NL: Normalisation Level = base peak intensity.

FIGURE 11. Product ion mass spectra obtained by LC-MS for LM19 when 7-oxo-
sterol is the starting substrate. Peak at m/z of 405.26 (positive mode) corresponds to
production of 3-oxo-7,9-dihydroxy-4-cholenic acid by LM19. NL: Normalisation Level =
base peak intensity.

FIGURE 12. HPLC analysis comparing the steroidal products produced by LM9 and
LM33 when @-sitosterol is the starting substrate and the culture medium is
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supplemented with methyl-B-cycliodextrins. The upper line on the graph represents
the HPLC trace for the steroidal compounds produced by LMS and the lower line
represents the HPLC trace for the steroidal compounds produced by LM33.

FIGURE 13. HPLC analysis comparing the activity of LM9 and LM33 towards 3-oxo-
4-cholenic acid as the starting substrate and the culture medium is supplemented
with methyl-B-cvclodextrins. The upper line on the graph represents the HPLC trace for
the steroidal compounds produced by LM9 (T= 72h) and the lower line represents the
HPLC trace for the steroidal compounds produced by LM33 {T =72h).

FIGURE 14. Product ion mass spectrum obtained by LC-MS for LMS when 8-
sitosterol is the starting substrate and the culture medium is supplemented with 2«
OH-propyl-B-cyclodextrins. Peak at m/z of 373.27 (positive mode) corresponds to
production of 3-oxo-4-cholenic acid by LM9. NL: Normalization Level = base peak
intensity.

FIGURE 15. HPLC analysis of steroidal compounds produced by LMY B-sitosterol
is the starting substrate and the culture medium is supplemented with 2-OH-propyi-
B-cyclodextrins. (A) LM products at T = 24h; (B) LMY products at T = 48h; (C) LM9
products at T = 72h; (D) 3-oxo-4-cholenic acid standard (0.025mg/mL).

FIGURE 16. Extracted ion chromatograms obtained by LC-MS for LMS when 7-
oxosterols is the starting substrate and the culture medium is supplemented with 2-
OH-propyl-B-cyclodextrins. (A) LMY products in the presence of 2-OH-propyl-B-
cyclodexirins (T = 48h). Peak at 7.74 minutes corresponds to production of 3-oxo-7-
hydroxy-4-cholenic acid. (B) LMS products in the absence of 2-OH-propyl-B-cyclodextrins
(T = 48h). Peak at 7.76 minutes corresponds to production of 3-oxo-7-hydroxy-4-cholenic
acid. (C) LM9 products in the presence of 2-OH-propyl-B-cyclodextrins but no substrate
{T = 48h). NL: Normalization Level = base peak intensity.

FIGURE 17. HPLC analysis of stercidal compounds produced by Mycobacterium
necaurun NRRL B-3805 (parent sirain) and MneoAfadE34 when cholesterol is the
starting substrate. The upper line on the graph represents the HPLC trace for the
steroidal compounds produced by the parent strain (T =72h) and the lower line represents
the HPLC trace for the steroidal compounds produced by MneodfadE34.
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FIGURE 18. HPLC analysis of steroidal compounds produced by Mycobacterium
necaurum NRRL B-3805 (parent strain) and MneodAfadE34 when B-sitosterol is the
starting substrate. The upper line on the graph represents the HPLC trace for the
steroidal compounds produced by MneoAfadE34 (T =72h) and the lower line represents
the HPLC trace for the steroidal compounds produced by the parent strain

FIGURE 19. HPLC analysis of steroidal compounds produced by Mycobacterium
necaurum NRRL B-3805 (parent strain) and MneoAfadE34 when 7-oxo-sterols are
the starting substrate. The upper line on the graph represents the HPLC frace for the
steroidal compounds produced by MneoAfadE34 (T =72h) and the lower line represents
the HPLC trace for the steroidal compounds produced by the parent strain.

FIGURE 20. HPLC analysis of steroidal compounds produced by MneoAfadE34
when phytosterol mix (Aturex 90) is the starting substrate and the culture medium
is supplemented with methyl-B-cyclodextrins. From boltom to top the traces shown
correspond to the steroidal compounds produced by MnecAfadE34 at T = Oh, 24h, 48h,
72h, 96h, and 168h respectively.

FIGURE 21. HPLC analysis of stercidal compounds produced by MneodAfadE34
when 3-oxo-4-cholenic acid is the starting substrate and the culture medium is
supplemented with methyl-B-cyclodextrins. From bottom to top the traces shown
correspond to the steroidal compounds produced by MnecAfadE34 at T = Oh, 24h, 48h,
72h, 96h, and 168h respectively.

FIGURE 22. NMR analysis of steroidal compounds produced by LM33 after
fermentation with phyvtosterol compounds in the presence of hydroxypropyl-B-
cyclodextrin. (A) The 'H-spectrum obtained from the product of the fermentation; (B)
Magnified view of the spectrum of Figure 22A showing peaks in the region 0.65 to 2.55
ppm only; (C) The "C-spectrum obtained from the product of the fermentation; (D)
Magnified view of the spectrum of Figure 22C showing peaks in the region 11 to 58 ppm
only. Both the 'H-spectrum and the *C-spectrum indicate the presence of 3-oxo-4-
cholenic acid in the culture; (E) Data parameters used to obtain the "H-spectrum shown in
Figures 22A and 22B; (F) Data parameters used to obtain the '*C-spectrum shown in
Figures 22C and 22D.

Examples
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Example 1 - Construction of strains

Materfals and methods
Construction of RG41 strain

RG41 was originally constructed from the parent strain RG32 which was made by
unmarked gene deletion of five homologs of 3-ketosteroid-Sa-hydroxylase (kshA1-5) as
reported by (Wilbrink et al, 2011. App! Environ Microbiol., 77(13). 4455-4464).

RG32 was used as parent strain for the construction of R. rhodochrous strain RG41 by
deletion of 3 homologs of 3-ketosteroid-A1-dehydrogenase (kstDs) as detailed below.

The construction of a mutagenic plasmid for kstD3 unmarked deletion was performed as
follows. A genomic library of R. rhodochrous DSM43269 was obtained as explained in
(Petrusma et al, 2009. Appl Environ Microbiol.,75(16): 5300-5307), which was used for
isolation of a clone (pKSH800; Wilbrink et at., 2011) carrying kshA3 and also kstD3. A 4
kb EcoRlI fragment of pKSHB800 was ligated into EcoRl-digested pZEr0O-2.1, which was
subsequently digested with Bgi/ll/EcoRl. Next, a 2.7 kb Bg/ll/EcoRlI fragment was ligated
into BamHl/EcoRi-digested pK18mobsacB, which was then digested with EcoRVINrul and
finally self-ligated, rendering the plasmid pKSH841 for kstD3 gene deletion in R.
rhodochrous RG32 strain => RG32AkstD3 = strain RG35 (Appendix C).

The construction of a mutagenic plasmid for kstD7 unmarked deletion was performed as
follows. Specific kstD1 primers {(kstD1-F and kstD1-R, Appendix D} were used for the
amplification of a 2.4 kb PCR product that was ligated into EcoRV-digesied pBluescript,
which was then digested with Stul/Siyl, blunt-ended by Klenow and self-ligated. Then, the
construct was digested with BamH/Hindlll and, finally, a 1.3 kb BamHVHindlll fragment
was ligated into BamHl/Hindlll-digested pK18mobsacB, rendering the plasmid pKSH852
for kstD 71 gene deletion in RG35 => RG32AkstD1AkstD3 = strain RG36 (Table Appendix
C).

The construction of a mulagenic plasmid for ksitD2 unmarked deletion was performed as
follows. Chromosomal DNA of R. rhodochrous RG36 was isolated using a genomic DNA
isolation kit (Sigma-Aldrich), digested by Xhol, and ligated into Xhol-digested pZErO-2.1.
Transformation of E. coli DH5a with the ligation mixture generated a genomic library of
approximately 12,000 transformants. A clone carrying the kstD2 gene (pKSD321) was
identified by means of PCR using specific kstD2 primers (kstD2-F and kstD2-R, Appendix
D) and isolated from the genomic library of strain RG36. Then, pKSD321 was digested
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with Xmnl, self-ligated and subsequently digested with Smal/Xhol. Finally, a 2.2 kb
Smal/Xhol was ligated into Smal/Sal-digested pK18mobsacB, rendering the plasmid
pKSD326 for the kstD2 gene deletion in RG36 => RG32AKsSIDTAksStD2AkstD3 = strain
RG41 (Appendix C).

Mutagenic plasmids were transferred to Escherichia coli $17-1 by transformation and
subsequently mobilized to the corresponding R. rhodochrous strain by conjugation as
described previously (van der Geize et al, 2001. FEMS Microbiol. Lett., 205(2): 197-202).
All mutants were verified by PCR using specific primers {(Appendix D) fo confirm deletion
of the target gene(s).

Therefore, strain RG41 is a kshA null + AkstD1AkstD2AkstD3 mutant (8-fold mutant),
which was then used as parent strain for the construction of deletion mutants in genes
involved in side-chain degradation of steroids.

Construction of deletion mutation strains

The single mutant strains LM3 (AfadE34#1), LM15 (AfadE34#2) were constructed by
deletion of fadE34#1 or fadE34#2 from the parent strain RG41 (kshA null + AksiD1 +
DAkstD2+ AkstD3).

Unmarked in frame gene deletion mutants were constructed using the sacB counter-
selection marker (van der Geize ef al, 2001). PCR amplification of the upstream and
downstream flanking regions of the target genes was performed from wild-type R.
rhodochrous DSM43269 template using the primers listed in Appendix D. The obtained
1.5 kb PCR products {called UP and DOWN) were cloned together into pK18mobsacB
vector, vielding pk18_fadE34-UP+DOWN and pk18_fadE34#2-UP+DOWN constructs.
pDEL-fadAS, previously constructed by Wilbrink et al., 2011, was used for the deletion of
fadA6. Mutagenic plasmids were transferred to Escherichia coli S17-1 by transformation
and subsequently mobilized to the corresponding R. rhodochrous strain by conjugation as
described previously (van der Geize ef al, 2001). All mutants were verified by PCR using
specific primers {Appendix D} to confirm deletion of the target gene(s). LM3 and LM15
single mutant strains were constructed by deletion of fadE34 or fadE34#2, respectively,
using RG41 as parent strain.

Example 2 - Bioconversions using strains LM3 (AfadE34#1) and LM15 (AfadE34#2)

Materials and methods
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Mutant strains were inoculated in 100mi Luria-Bertani (LB) medium and incubated at 30°C
and 200rpm for 48 hours. When the ODgoonm=5, the LB preculture was divided into 10ml
cultures and the starting sterol substrate added at 2mM (dissolved in acetone 1o 4% final
concentration).

The time of addition of the starting sterol substrate was treated as T=0 hours. Cultures
were incubated at 30°C and 200rpm for several days. 250yl aliquots were taken from the
culture at O hours, 24 hours, 48 hours, and 72 hours, and frozen at -20°C until needed.

Samples were prepared for HPLC and/or LC-MS analysis by thawing at room temperature
and adding 1mi MeOH before briefly vortexing and cenirifuging at 4°C and 12,000rpm for
10-15 minutes. The supernatants were then filtered (0.2um filter size) and analysed by
HPLC and/or LC-MS.

HPL.C was performed using a Kinetex C18 column (250x4.6mm, particle size 5 um). A
mobile phase of 80% MeOH and 0.1% formic acid was used at a flow rate of 1ml/min and
a column femperature of 35°C. 20ul of sample was injected. A 30-minute detection time
was used, and stercidal compounds were detected at 254nm. Quantification of the
steroidal products produced was achieved by construction of a calibration line of peak
areas measured from a known standard. This was used to calculate the amount of product
produced in g/l, followed by back caiculation of the percentage yield.

LC-MS analysis was carried out using an Accella1250™ HPLC system coupled with the
benchtop ESI-MS Orbitrap Exactive™ (Thermo Fisher Scientific, San Jose, CA). A sample
of 5 ul was injected into a Reversed Phase C18 column (Shim Pack Shimadzu XR-ODS
3x75 mm) operating at 40°C and flow rate 0.6 mi/min. Analysis was performed using a
gradient from 2% to 95% of acetonitrile:water (adding 0.1% formic acid) as follows: 2 min
2% acetroniirile, 8 minutes gradient from 2% to 95% acetonitrile, 4 min 95% acetonitrile.
The column fluent was. directed to the ESI-MS Orbitrap operating at the scan range {m/z
80 — 1800 Da) switching positive / negative modes. Voltage parameters for positive mode
were: 4.2 kV spray, 57.5 V capillary and 95 V tube iens. Voltage parameters for negative
mode were: 3kV spray, -25V capillary and -75V tube lens. Capillary temperature 325°C,
sheath gas flow 70, auxiliary gas off. Thermo XCalibur™ processing software was used
for the data analysis. All the products reported in this work were detected in the positive
mode (M+H*).

Results



10

15

20

25

30

35

WO 2020/030799 40 PCT/EP2019/071468

The total ion chromatogram obtained by LC-MS for the LM3 strain shows an accumulation
of AD and 4-BNC from the starting cholesterol substrate (Figure 6), indicating there is no
blockage of side-chain degradation in the LM3 single mutant strain. The same result was
obtained for the LM15 single mutant strain (data not shown).

Example 3 -~ Bioconversions using LM9 (AfadE34#71/IAfadE34#2)

Materials and methods
The same culture conditions, sample preparation technigques and HPLC/AL.C-MS protocol
were used as outlined in Example 2 above.

Results

The total ion chromatogram obtained by LC-MS for the LM strain (Figure 7, product ion
mass spectra shown) using cholesterol as the starting substrate, shows an accumulation
of both 4-BNC (peak at m/z of 345.24, positive mode) (Figure 7A, top) and 3-oxo-4-
cholenic acid (peak at m/z of 373.27, positive mode) (Figure 7B, bottom). Extracted ion
chromatograms, produced by extracting data for the mass to charge ratio (m/z) of the
compound of interest, show that 3-oxo-4-cholenic acid is produced by LMY when
cholesterol (Figure 8C, bottom frace, peak at m/z of 373.27) or B-sitosterol (Figure 8B,
middie trace, peak at m/fz of 373.27) is the starting substrate, and that 3-oxo0-7-hydroxy-4-
cholenic acid is produced when 7-oxo-sterol is the starting substrate (Figure 8A, top trace,
peak at m/z of 389.27). These resulls indicate that there is some blockage of side-chain
degradation in the LM9 strain.

Example 4 -~ Bioconversions using strain LM19 (AfadE34#1IAfadE34#2
complemented with kshAS5)

Materials and methods
Construction of LM19 strain

A wild-type copy of the kshAS5 gene and its flanking regions was amplified by PCR using
the primers kshA5-complem-F and kshA5-complem-R (Appendix D). The obtained PCR
product of 2.2 kb was cleaned-up, restricted with BamH|/Hindlll and subsequently ligated
into pk18mobsacB, vielding the construct pki18+kshAS-complementation. This construct
was transformed into E. coli S17-1 and transferred to strain LM9 by conjugation. The
resulting complemented mutant LM18, In which the deleted copy of kshAS was replaced
by the wild-type one, was obtained following the same conjugation protocol used for the
construction of the mutant strains, as described in van der Geize et al, 2001.
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Bioconversions with LM19

As described above, kshAS and its flanking regions was reintroduced into strain LM9 {o
produce strain LM19, in which hydroxylase activity is restored to produce variant
compounds with a 8-hydroxyi group. The expected compounds accumulated were 3-oxo-
9-OH-4-cholenic acid (from B-sitosterol and cholesterol) and 3-oxo-7,9-dihydroxy-4-
cholenic acid (from 7-oxo-sterols).

The same culture conditions, sample preparation techniques and HPLC/LC-MS protocol
were used as outlined in Example 2 above.

Results

Comparison of the extracted ion chromatograms produced for LM9 and LM19 strains
shows that 3-0x0-9-OH-4-cholenic acid (peak at 8.07-8.09 minutes) is produced by LM19
only when the starting sterol is chiclestero! or B-sitosterol (Figure 9A and 9C respectively)
and 3-oxo-4-cholenic acid (peak at 9.68-9.70 minutes) is produced by LMS only when the
starting sterol is cholesterol or B-sitosterol (Figure 9B and 9D respectively). Those peaks
were confirmed as 3-oxo-9-0OH-4-cholenic acid (peak at m/z of approximately 389.27,
positive mode) is produced by LM19 when the starting sterol is cholesterol or B-sitosterol
(Figure 10A) and 3-oxo-4-cholenic acid (peak at m/z of 373.27, positive mode) is produced
by LM when the starting sterol is cholesterol or B-sitosterol (Figure 10B).

When the starting sterol is 7-oxo-sterol the expected product is 3-oxo-7,9-dihydroxy-4-
cholenic acid. The extracted ion chromatogram for LM19 in Figure 11 has a peak
corresponding to 3-ox0-7,9-dihydroxy-4-cholenic acid (peak at m/z of 405.26, positive
mode). However, this peak is of lower intensity than those produced for LM19 in Figure
10. In overview, these results indicate the successful use of LM19 in the production of
variant steroidal compounds with a S-hydroxy group.

Example 5 — Bioconversions using strain LM33 (AfadE34#1/AfadE34#2IAFadEZE)

Materials and methods

An additional mutant strain AfadE34#1/AfadE34#2/AfadE26 (LM33) was produced by
deletion of fadk26 from the LMY strain. FadEZ26 is involved in the first cycle of B-oxidation
(Figures 2 and 3) and may aiso use 3-oxo-4-cholenic acid as a substrate (Yang ef al, 2015.
ACS Infect. Dis., 1(2):110-125), thereby limiting its accumulation. Thus, it was thought
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that deletion of fadE26 might lead to a reduction in unwanted oxidation of 3-oxo-4-cholenic
acid.

The same culture conditions, sample preparation techniques and HPLC/LC-MS protocol
were used as outlined in Example 2 above.

Results

A comparison of the bioconversion of B-sitosterol by the LM9 and LM33 strains in the
presence of 25mM methyl-B-cyclodexirins (MCDs) (see Example 7 below), shows that the
major peak in the HPLC trace for the LM33 sample is 3-oxo-4-cholenic acid and the peaks
corresponding to AD and 4-BNC are much smaller, while the converse is observed in the
HPLC trace for LM9 (Figure 12). This indicates that the additional deletion of fadE26 in
LM33 enables the further accumulation of 3-oxo-4-cholenic acid, suggesting that
unwanted oxidation of 3-oxo-4-cholenic acid is reduced.

Furthermore, a comparison of the activily of the LMY and LM33 strains towards 3-oxo-4-
cholenic acid as the starting substrate in the presence of 25mM methyl-B-cyclodextring
(MCDs) shows that the major peak in the HPLC trace for the LM33 sample remains as 3-
oxo-4-cholenic acid and peaks corresponding to AD and 4-BNC are very small. In
contrast, in the HPLC trace for LMS (Figure 13) the peak for 3-oxo-4-cholenic acid is
decreased and the peaks for AD and 4-BNC are much more prominent. This indicates
that in LM@ the concentration of 3-oxo-4-cholenic acid decreases with time as AD and 4-
BNC are formed but in LM33, where fadE26 is also deleted, the conversion of 3-oxo-4-
cholenic acid to AD and 4-BNC is significantly reduced. Those resulis therefore suggest
that unwanted oxidation of 3-oxo-4-cholenic acid is reduced in LM33.

Example 6 — Bioconversions using LM9 in a culture medium supplemented with 2-
OH-propyl-B-cyclodextrins

Materials and methods
The addition of 2-OH-propyl-B-cyclodexiring to the culture medium was attempted to
improve the solubility of the hydrophobic sterol starting compounds.

The LM9 strain was cultured as described in Example 2 until the ODswnm=5 after
approximately 48 hours. The culture was centrifuged at room temperature and 4,500rpm
for 15-20 minutes. The cells were resuspended in the same volume of minimal medium
(K2HPO4 (4.65g/1), NaHPO4 H20 (1.5g/1), NH4Cl (3g/1), MgSQOa4-7H:0 (1g/l), and Vishniac
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trace element solution (1mi/)). This was divided into 10mi cultures and 25mM 2-OH-
propyl-B-cyclodextrins, 256mM NaHCO3 and 2mM sterols were added in powder form.

The same sample preparation techniques and HPLC/LC-MS protocol were used as
outlined in Example 2 above.

Results

The extracted ion chromatogram obtained by LC-MS of the LM9 strain using B-sitosterol
as the starting substrate shows that 3-oxo-4~cholenic acid {peak at m/z of 373.27, positive
mode) is produced by LM9 in the presence of 2-OH-propyl-B-cyclodextrins (Figure 14). In
order to quantify the amount of 3-oxo-4-cholenic acid produced HPLC analysis was
performed (Figure 15), with a yield of 11.64% observed in the sample taken at the 72-hour
time point (Table 1 below).

Time point (hours) Percentage yield (%) of
3-oxo-4-cholenic acid

24 6.53
48 9.78
72 11.64

Table 1. Percentage vields of 3~-oxo-d-cholenic-acid in LM9 cultures in the presence of 2-
OH-propyl-B-cyclodextrins at T = 24h/48h/72h.

Similar experiments were performed using 7-oxo-sterols as the starling substrate, and the
extracted ion chromatograms show the production of 3-oxo-7-hydroxy-4-cholenic acid at
T = 48h (Figure 16). Comparison of the LC-MS spectra in the presence and absence of
2-OH-propyl-B-cyclodextring (Figure 16A and 16B) reveals a more intense base peak
(evidenced by the NL values on the traces in Figure 16) in the presence of 2-OH-propyl-
B-cyclodextrins, indicating a higher yield of 3-oxo-7-hydroxy-4-cholenic acid in those
cultures. However, due to the lack of an available standard for HPLC quantification, there
is no available data on obtainable percentage vields.

Equivalent experiments were carried out in which the culture was not supplemented with
NaHCOs (data not shown). In those experiments there was no significant difference from
the resuits shown in Figures 14, 15, and 16 and presented in Table 1, thereby indicating
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that the presence of NaHCOs; is not required to produce a positive effect on yield in cultures
supplemented with 2-OMH-propyl-B-cyclodexirins.

Example 7 - Bioconversions using LM9 and LM33 in a culture medium
supplemented with methyl-B-cyclodextrins

Materials and methods
The addition of methyl-B-cyclodextrins to the culture medium was attempted to further
improve the solubility of the hydrophobic sterol starting compounds.

The LM9 strain was cultured zs described In Example 2 until the ODsoonm=5 after
approximately 48 hours. The culture was centrifuged, and the cells resuspended in the
same volume of minimal medium, as described in Example 6. This was divided into 10mli
cultures and 25mM methyl-B-cyclodextrins and 2mM sterols were added in powder form.

In an attempt to further maximise the vield of 3-oxo-4-cholenic acid, methyl-B-cyclodextrins
were added o the LM33 strain {see Figure 12). The LM33 strain was cultured in LB
medium as described in Example 2 until the ODeoonm=5 after approximately 48 hours.
Then, the preculture was divided into 10ml cultures and 25mM methyl-B-cyclodextrins and
2mM sterols were added in powder form. Alternatively, the culture was centrifuged, and
the cells resuspended in the same volume of minimal medium. This was divided into 10ml
cultures and 25mM methyl-B-cyclodexirins and 2mM sterols were added in powder form.

The same sample preparation techniques and HPLC/LC-MS protocol were used as
outlined in Example 2 above.

Results

Table 2 below summarises the maximum percentage yields of 3-oxo-4-cholenic acid
obtained by HPLC analysis for LM9 in the presence of methyl-B-cyclodextring using B-
sitosterol as the starting substrate and compares those yields to the yields obtained in the
presence of 2-OH-propyl-B-cyclodexirins (see Example 6 above). The overall result
indicates that yields are higher in the presence of methyl-B-cyclodextrins.

Culture conditions Percentage vield of
3-oxo-d-cholenic acid (%)
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2-OH-propyl-cyclodextrin (25mM), 72h 11.64

Methyl-B-cyclodextring (256mM]), 72h 23.08

Table 2. Percentage yields of 3-oxo-4-cholenic acid in LM% cultures suppiemented with
cyclodexirins at T = 72h.

Quantification of the amount of product produced by LM9 in the presence of methyl-B-
cyclodexirins (256mM) was carried out using HPLC analysis. B-sitosterol was the starting
substrate and the analysed sample was collected at the 72-hour timepoint. The
percentage vields were calculated as outlined in Example 2 above and are presented in
Table 3 below.

Steroidal compound Percentage yield (%) of
steroidal compound

3-oxo-4-cholenic acid 23.08
4-BNC 14.80
AD 19.00

Table 3. Percentage vields of stercoidal compounds in LM9 cultures suppliemented with
methyi-B-cyclodextrins (28mM)at T = 72h.

Similarly, Table 4 below compares biocconversions in LMS in the presence of methyl-B-
cyclodextrins using 7-oxo-sterols as the starting substrate. Due to the lack of available
standard for 3-oxo-7-hydroxy-4-cholenic acid, peak areas obtained by HPLC are
compared rather than expressed as a percentage yield. However, the resuits still
demonstrate that larger peak areas are achieved in the presence of methyl-B-cyclodextrins
compared with 2-OH-propyi-B-cyclodextrins.

Culture conditions Peak area
2-OH-propyl-cyclodextrin (25mM), 72h 21.21
Methyl-B-cyclodexirins (25mM), 72h 44,22

Table 4. Peak area measurements for 3-oxo-7-hydroxy-4-cholenic acid in LMS cultures
supplemented with cyclodextrins (25mM) at T = 72h.

Tabie 5 below summarises the percentage vields of 3-oxo-4-cholenic acid obtained by
HPLC analysis for LM33 using both cholesterol and B-sitosterol as starting substrates and
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culturing in both LB and minimal medium in the presence of methyl-B-cyclodextrins.
Comparing the data in Table 3 above and Table 5 below shows that culturing LM33 in the
presence of methyl-B-cyclodextrins resulls in the highest percentage yield of 3-oxo-4-
cholenic acid when B-sitosterol is the starting substrate.

Culture conditions Percentage yield of
3-oxo-d-cholenic acid (%)
B-sitosterol, LB medium, 72h 37.31
B-sitosterol, minimal medium, 72h 39.74
Cholesterol, LB medium, 72h 50.51
Cholesterol, minimal medium, 72h 66.82

Table 5. Percentage yields of 3-oxo-4-cholenic acid in LM33 cultures supplemented with
methyl-B-cyclodextrins at T = 72h.

Example 8 — Bioconversions using LM33 in culture medium supplemented with
organic solvents and cyclodextrins

Materials and methods .

The LM33 strain was cultured as described in Example 1 until the ODgoonn=5 after
approximately 48 hours. The culture was centrifuged at 4,500rpm at room temperature for
15-20mins. The celis were resuspended in the same volume of minimal medium and the
culture divided into 10ml cultures. 2mM B-sitosterol was added dissolved in ethanol (5%
or 10% final volume/volume concentration) and different amounts of methyl-B-
cyclodextrins (5mM, 12.5mM, or 25mM) were added in powder form.

The same sample preparation technigues and HPLC/LC-MS protocol were used as
outiined in Example 2 above.

Results

HPLC data for all concentrations of ethanol and methyl-B-cyclodextring was processed as
described in Example 2 o obtain the percentage vields of 3-oxo-4-cholenic acid displayed
in Table 6 below. Overall, the use of 5% ethanol and 5mM methyl-B-cyclodextrins in
combination resulls in the highest percentage vield.
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Sample conditions Percentage yield of
3-oxo-4-cholenic acid (%)
OmM MCDs, 5% ethanol, 72h 6.97
5mM MCDs, 5% ethanol, 72h 71.30
12.5mM MCDs, 5% ethanol, 72h 65.11
25mM MCDs, 5% ethanol, 72h 62.16
5mM MCDs, 10% ethanol, 72h 13.05
12.5mM MCDs, 10% sthanol, 72h 34.01
25mM MCDs, 10% ethanol, 72h 32.24

Table 6. Percentage vields of 3-oxo-4-cholenic acid in LM33 cultures supplemented with
methyl-B-cyclodextrins and ethanol at T =72h.

Example 9 - Bioconversions using Mycobacterium necaurum NRRL B-3805
AfadE34 (MneoAfadE34)

Materials and methods

The Mycobacterium neoaurum NRRL B-3805 Afadk34 strain was produced by introducing
a deletion of fadE34 into the parent strain NRRL B-3805 (Marsheck et al, 1972, Applied
Microbiology, 3(1):72-77)}, with the aim of preventing the oxidation of 3-oxo-4-cholenic acid.
This followed the same strategy described in Example 1, using the parent strain NRRL B-
3805 template and the primers listed in Appendix D, pk18 fadE34. Mneo-UP+DOWN
plasmid was constructed. This mutagenic plasmid was transferred to NRRL B-3805 strain
by electroporation (2.5kV, 25uF, 600Q). The mutant strain was verified by PCR using
specific primers (Appendix D) to confirm deletion of fadE34.

MneoAfadE34 precultures were grown to an ODgoonm=5 (~72h at 37°C). The culture was
centrifuged, and the cells suspended in the same volume of minimal medium. 2mM of the
starting steroid substrate was added in powder form.

The same sample preparation technigues and HPLC/LC-MS protocol were used as
outlined in Example 2 above.
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Results

The HPLC traces of Figure 17, Figure 18 and Figure 19 compare the compounds produced
by the Mneo-parent strain and MneolAfadE34 strain when cholesterol, B-sitosterol and 7-
oxosterols are the respective starting substrates. In the case of cholesterol (Figure 17)
and B-sitostercl (Figure 18), the MneolfadE34 strain accumulates higher levels of 3-oxo-
4-cholenic acid and lower levels of AD and ADD than the Mneo-parent strain. These
results indicate that the MneolAfadE34 strain is blocked in side-chain oxidation at the 3-
oxo-4-cholenic acid step. The Mneo parent strain NRRL B-3805 was described as lacking
KSH and KstD, however, it was cbserved that there is also a peak that corresponds 1o
production of 3-oxo-1,4-choladienocic acid, indicating that MneolAfadE34 (and therefore the
parent strain NRRL B-3805) may have residual KstD activity.

When 7-oxosterols are the starting substrate (Figure 19), the traces obtained for the Mneo
parent strain NRRL B-3805 and MneolAfadE34 are very similar, indicating that 7-OH
compounds are not able to be accumulated.

Example 10 — Bioconversions using Mycobacterium necaurum NRRL B-3805
AfadE34 (MneolfadE34) in culture medium supplemented with methyl-B-
cyclodextrins

Materials and methods

The same strains and culture conditions were Used as outlined in Example 9 above, and
25mM methyi-B-cyclodexirins was added in powder form. 2mM phytosterol mix (Aturex
90) or 3-oxo-4-cholenic acid were added as the starting compounds. The same sample
preparation techniques and HPLC/LC-MS protocol were used as outlined in Example 2
above.

Resuits

Mneo-AfadE34 accumulates a possible peak of 3-oxo-1,4-choladiencic acid when those
cells are cultured in minimal medium in the presence of methyl-B-cyclodextrins and
phytosterol mix is the starting substrate (Figure 20).

When 3-oxo-4-cholenic acid is the starling substrate, there is no accumulation of 3-oxo-
1,4~cholenic acid (Figure 21), indicating it is likely that its production is not activated by the
presence of 3-oxo-4-cholenic acid.
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Example 11 ~ Bioconversions using LM33 in culture medium supplemented with
hydroxy-propyl-&-Cyclodextrin

Materials and methods
The bioconversion was carried out with growing cells i.e. with bioconversion reagents
added to the reactor at the beginning of the fermentation. A pre-culture was prepared as
follows:

1) 50 mL LB medium was added to 100 mL conical flask;

2) 200 ul. R. rhodochrous LM33 was inoculated from glycerol stock;

3) The culture was incubated at 400 RPM on an orbital shaker for 48 hours at
30°C;
4) 1% (5 mL) of OD 5 culture was inoculated into the bioreactor,

The bioreactor was loaded with {final concentrations in brackets): Tryptone (10 g/L); Yeast
Extract (10 g/L); NaCL (0.5 g/l), Antifoam DR204 (0.015 g/L); Hydroxy-propyl-i3-
Cyclodextrin (23.3 g/L); a premade mixture of Phytosterols AS-7 (70 g/L) and Tween-80
(17.5 g/L); and water. The mixture was autoclaved in the reactor at 121°C for 3 minutes.
The bioconversion was run at 30°C, pH 7.0 with aeration fmni surface at 200 mbL/min and
dO; set point at 40%.

The initial growth lasted for less than 12 hours as judged from oxygen consumption and a
slight COz production. After 48 hours from the start of the experiment there was no CQO»
production and the bioconversion was reinoculated from a fresh pre-culture, at an
inoculation rate of 10% (50 mL). After the second inoculation, there was also an initial
oxygen consumption phase, which lasted for 6 hours, again followed by a reduction in
oxygen consumption. However, after that reduction the culture recovered and started
consuming oxygen and producing CO; again.

Formation of 3-oxo-4-cholenic acid was detected at the 112th hour. The experiment was
concluded after 160 hours, at which point the product concentration had reached 6.09 mM.

The biomass and unreacted phytosterols were separated by first increasing the pH of the
culture solution to pH 10 by the addition of 2M NaOH, followed by centrifugation at 4700 ¢

for 10 minutes at 4 °C, affording a clear solution (453 g) containing the product. From this

solution, 360g (pH=7.2) was exiracted with 4x100 mi MTBE, then adjusted to pH=2.1 with
diluted HCI and exiracted again with 2x100 ml toluene. The majority of 3-oxo-4-cholenic
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acid was detected in MTBE extracts and a minority in toluene exiracts. The extracts were
evaporated to dryness and pooled by dissolving in MTBE. The solution was washed with
diluted HCI and concentrated on rotavap. From the obtained residue, 3-oxo-4-cholenic
acid was precipitated by overnight stirring. The identity of 3-oxo-4-cholenic acid was
confirmed by NMR (Figure 22).

Results
The spectra of Figure 22 confirm the identity of the isolated product as 3-oxo-4-cholenic
acid. Figure 22(A) and (B) depict the 'H-spectrum and Figure 22(C) and (D) depict the
13C-spectrum obtained from the producﬁts* The labelling of the peaks corresponds to the
functional groups depicted in the formula of 3-oxo-4-cholenic acid shown in Figure 22(A)
and (C).
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Name and SEQ 1D NO.

GENBANK
Accession No.

Nucleotide sequence

kshA1 Rhodococcus
rhodochrous (SEQ 1D NG: 1}

HQ425873.1

GTGAGCCTCGGCACTTCCGRACARTCCGAAATCCGTGA
GATCETCECCGEETCGECTCCCELCCECTTCGCCCGOG
GUTGGECACTGCCTCEECCTGECGAAGGATTTCAAGGAC
GGCAAGCCGCATTCCETGCACGECTTCGGTACCRAACT
CGTGETGTGEECCEACAGCARCGACGAGATCAGGATCC
TCGACGCETACTGCCGECACATGEGECEGECGATCTCAGC
CAGGGCACCGTCAAGGGCGACGAGATCGCGTGCCCETT
CCACGACTGGUGLTEGEEECEECARACGGLCGCTGCARGA
ACATCCCGTACGCACGTICGTGTTCCCCCEATCGCGAAG
ACCCGCGCGETEECACARCECTCEAT CAGGACGGGCTGLT
GTTCEITCTGECACGACCCCCAGGECARTCCGECCELCEE
CCGACGTGACGATCCCGCECATCGCGUGTGLGACGAGT
GACGAGTGGACCGACTGGETCTGETACACCACCGAGET
CGACACCARCTGCCGCGAGATCATCGACAACATCGTCG
ACATGGCGCACTTCTTCTACGTGCACTACTCCTTCCCG
GTGTACTTCAAGAACGTCTTCGAAGEACACGTCECCAG
CCRAGTTCATGCGLEETCAGGCCCETGAGCGACACCCETC
CGCACGCGAACGGTCAACCCGAAGATGATCCGGARGCCGA
TCCGATGCAACGCTATTTCGGCCCGTCCTTCATGATCGA
CGATCICGTCTACCAGTACCAGGGATACCGACGTCGAGT
CGETCCTICATCAACTGCCACTACCCEGTCTCCCAGGEAC
AAGTTCGTCCTGATGTACGGCATCGATCCTCAAGAACTC
CGACCOTCTCGAGGCCGAGARAGGCGTTGCAGARCCGLGL
AGCACGTTCGGCAACTTCATCGCGAAGGGTTTCGAGCAG
GACATCCGAGATCTGGCGCAACAAGACCCGCATCGACAA
CCCGCTCCTGETGCCAGGAGEACGGCLCCCETCTACCAGL
TGCGTCGCTGETACGAGCAGT TCTACCTCCGACGTCGAG
GACGTCGCGCCCGAGATGACCGACCGCTTCGAGTTCGA
GATGGACACCACCCGTCCCGTCGCEECETCGATGAAGG
AGGTCCAGGCGARCATCGCCCGCARAGGCCGECCETCGAL
ACGGARACTCGTITCTGCACCAGAGCAGTCCACCACCGC
GGGCTAG

kshA2 Rhodococcus
rhodochrous (SEQ 1D NO: 2)

HQ425874.1

GTGEETTCCACAGACRCCGAAGATCAGGTCCGCACCAT
CGATGTGEGECACGCCEUCGEAGCECTACGCGCGAGGAT
GGCACTGCCTGEGECTCGTACGCGATTTCGCCEGACGEL
AAGCCCCACCAGGTCGACGCETTCGEGACCTCECTCGET
GETGTTCGUCGETGAGCGACGGARAAGCTCRACGTTCTGE
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ACGCCTACTGCAGGCACATGGEGTGGAARTCTGGCCCAG
GGATCCGETGAAGGGCAACACCATCECCTGTICCGTTCCA
CGACTGGLGLTGECGCEETCACGGGRAGTGTGCCGAGA
TTCCCTATGCGCGCCGTETTCCACCGCTCGCCCETACC
CGGACGTGECECCEETGECEEAGETGAGCEETCAGCTCTT
CGTGTGECACGACCCGCAGGGCAGCAAGCCGCCGECEE
AGCTCGCCEGTTCCGGAGGTTCCCACCTACGGCGATCCC
GGETGGACCCACTGGETGTCERACTCGATCCAGETEAC
CGGATCCCACTGTCGCCGAGATCETGCGACARCGTCGTCE
ACATGGCGCACTTTTTCTACCTCCACTACGGGATGCCG
ACCTACTTCCGAAACGTGTTCCARGGETCATACGCGCCACT
CCAGGTCATGCGGTCCCTECCCCEEGCEEACGCEGTAG
GCGTCAGCCAGGCCACCAATTACAGTGCCCAGAGCAGA
TCCGATGCRAACGTATTACGGTCCCTCGTACATGATCGA
CAAGCTGTGGAGCGCCGGLCETGATCCCGAGTCGACGC
CGAACATCTATCTGATCAACTGCCACTACCCCATCTCT
CCGACCTCCTTCCGCCTGCAGTACGGCGTGATGGTGGA
AAGGCCCGAGGGAGTGCCCCCEGAGCAGGCGGARCAGA
TCECCCAGGCCETCGCCCAGGGCGTCGCGATCGGATTC
GAGCAGGACGTCGAGATCTGCAAGAACAAGTCGCGGAT
CGACAACCCCOCTGECTGTGCGAGBAGGACGETCCCETICT
ACCAACTGCGGCEETGETACGAACAGTTCTACGTCGAC
GTCGAAGACATCCGACCCGAGATGETCAACCGETTCGA
GTACGAGATCGACACCACGLCGCGCCCTGACGAGLTGEC
AGGCCGAAGTCGACGAGRACGTCGCEECCGGACGTAGT
GCCTTCGCCCCEARACCTCACCCEGGCTCETGAAGCAGC
CTCCGCCGAATCGGGATCCTGA

kshA3 Rhodococcus
rhodochrous (SEQ 1D NO: 3)

HQ425875.1

ATGGCACAGATTCGCGAGATCGACGTCGGAGAGGETCCG
GACGCGTTTCGCGCGAGGCTGGCACTGCCTCGGECTCA
GTCGCACGTTCAAGGACGGCAAGCCCCRACGCCGTCGAG
GCCTTCGGCACGARACTCGTIGGETGTGGGCCGACAGCAR
CGGECGAACCGARAGGTGCTCGACGCETACTGCCGTCACA
TGGGCEGCEACCTGTCACAGGCCGAGATCARGGETGAT
TCGETTGCETGCCCETTCCACGACTGECGECTGEEELEE
CAACGGCARGTGCACGGACATCCCETATGCCAGGLGCE
TTCCCCCGCTLGCLCGUACCCETTCETGGATARACGATG
GAGAAGCACGGCCAGCTGTTCGTGTGEARCGACCCCGA
GGGCAACACCCCGCCCCCEEAGGTCACGATCCCCGAGA
TCCGAGCAGTACGGCTCGGACGAGTGGACGRACTGEGACC
TGGRACCAGATCCGGATCGAAGGTTCCAACTGTCGCGA
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GATCATCGACAACGTCGTCGACATGGCGCACTTCTTCT
ACATCCACTACGCCTTCCCCACGTTCTTCAAGRACETC
TTCGAAGGGCACATCGCCGAGCAGTACCTCAACACCCE
GGGCUGGCCEGACAAGGGCATCECGACGCAGTACGGCC
TGGAGTCCGACCCTCGAGTCOTACGCGGCCTACTACGGC
CCCTCCTACATGATCAATCCGCTCAAGAACARCTACGE
CGGETACCAGACCGAATCCGTACTGATCAACTGCCATT
ACCCGATCACGCACGATTCGTICATGCTGCAGTACGGC
ATCATCGTCARGAAGCCGUAGGGCATGTCACCCGAGCA
GTCCGACGTGCTGEGEECECCAAGCTCACCGAGGEETGETCGE
GTGRAGGCTTCCTECAGGACGTCGAGATCTGGAAGAAL
AAGACCAAGATCGAGAATCCGCTGCTETECGAGGAGGA
TGETCCGETCTACCAGCTCCGTCECTGETACGAGCAGT
TCTACGTCCACGTCCGCCGACGTGACCGGAGRAGATGACG
GGCCGCTTCCGAGTTCGAGGTCGACACCGCCAAGGCCAA
CGACGCCTCCGAGAAGCGAGGTCCCCCGAGARATCTCGAGC
GCAAGARAGCGCGCACCAAGCAACAGGGCARAGCAGGAAGCG
GAGGTGTGA

kshA4 Rhodococous
rhodochrous (SEQ 1D NO: 4}

HQ425876.1

ATGACCGTCCCTCAGCAGCGGATCGAGATCCGCAACAT
CGATCCCGGTACCAATCCCACCCELTTCGCGCGLGGAT
GGCACTGCATCGGCCTCGCCAAGGATTTCCGCGACGEA
BAGCCECACCAGGTCAARGGTETTCGGCACCGACCTAGT
GGTCTTCGCCGACACGGCCGGAAAGTTGCACGTGCTCG
ACGCCTTCTGCCGECACATGGECGECAACCTCGECTCGC
GGCGAGATCAAGGGCGACACCATCGCGTGCCCGTTCCA
CGACTGGCGCTGGAACGECCAGGGCCETTGCGAAGCGE
TGCCETACGCGCECCGCACGUCGAAGCTCGGLCETACC
AAGGCGTGGACGACGATGGAGCGCAACGECGTTCTGTT
CGTCTGGCACTGCCCGCAGGGTAGTCAGCCCACTLCCE
AGCTCGCGATCCCCGAGATCGAGGGCTACGAGGACGGE
CRAGTGGAGCGACTGGRCGTGGACGACTATCCACGTCGA
AGGATCGCACTGCCGCGAGATCEGTCGACARCGTCGTCG
ACATGGCGCACTTCTTCTACGTGCACTTCCAGATECCC
GAGTACTTCAAGAACGTCTTCGACGGGCACATCGELCEE
CCAGCACATGCGCTCCTACGGGCGCGACGACATCAAGA
CCGETCTIGCAGATGGACCTTCCGGAGGCGCAGACCATC
TCGGATGCCTTCTACTACGGTCCEGTCCTTCATGCTCGA
CACCATCTACACGGTCTCCGAAGGCACGACCATCGAGT
CGARGCTGATCAACTGCCACTACCCGGTUCACGAACAAC
TCCTTCGTGCTGCAGTTCGGCACCATCGTCAAGAAGAT
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CGAGGGCATGTCCGAGCGAGCAGGCCGCEGAGATGECGA
CGATGTTCACCGACGGTCTCGAGGAGCAGTTCGECCCAG
GACATCGAGATCTGGAAGCACAAGTCCCGCATCGAGAA
TCCGCTCCTCACCGAGGAGGACGGECCCEETCTACCAGC
TGCETCECTGETACAACCAGTTCTACGTCGACCTCGAG
GACGTCACACCGGACATGACCCAGCEGTTICGAGTTCGA
GGTGEACACCTCLCETGCGCTCGAGTCETGGCACARAGG
AGGTCGAGGAARACCTCGUCGETACGGCGGAGTGA

kshAS Rhodococeus
rhodochrous (SEQ 1D NO: 5)

H4256877.1

ATGTCCATCGACACCGCACGETCCGEGTTCGGACGACGA
COTCGAGATCCGCCAGATCCAGECTECGGCCGCTCCCA
CCCGCTTCGCACGEGGCTGGCACTGCCTCEECCTGATC
CGAGACTTCCAGGACGGCAAGCCGCACTCCATCGAGGC
CTTCGEARACCAAGCTGGTCETGTTCGCCGACAGCARAGE
GGCAGCTCAACGTCCTCGATGCCTACTGCCGGCACATG
GOTGEGCCACCTGAGCCGCGECCAGGTCAAGGGCGACTC
GATCGCGTGCCCETTCCACGACTGECGCTGGAACGGCA
AGGGCAAGTGCACCGACATCCCCTACGCLCCEECGECETC
CCGCCGATCGCGAAGACCLCECGCCTGGACGACCCTCGA
ACCCAACGGCCAGCTGTACGTCTGCGAACGACCCGCAGG
GCAATCCGCCCGCCEGAGGATGTCACCATCCCGGAGATC
GCCGETTACGGCACCGACGAGTGGACGGACTGGAGCTG
GARGAGCCTGCGCATCAAGGGCTCCCACTGCCGTGAGA
TCETCGACAACGTCGTCGACATGGCGCACTTCTTCTAC
ATCCACTACTCGTTCCCGCGCTACTTCAAGAARCGTCTT
CGAGGGCCACACCGCCACGCAGTACATGCACTCGALCCE
GTCGTGAGGACGTCATCTCCGGCACCAACTACGACGAL
CCCAACGCCGARCTGCETTCCCGAGGCAACCTATTICGG
TCCETCGTACATGATCGACTGECTCGAATCCGATGCCA
ACGGCCAGACCATCGAGACCATCCTCATCAACTGCCAC
TACCCGGTGAGCAACARCGAGTTCETGCTGCAGTACGE
CGCGATCETCAAGAAGCTCCCGEEGETGTCGGACGAGA
TCGCCGCCGEGATEGECOGAGCAGTTCCCCEGAGEGECETG
CAGCTCGGTTTCGAGCAGGACGTCCGAGATCTGGAAGAR
CAAGGCACCCATCGACARATCCGLTGCTGTCCGAGGAGE
ACGGCCCEETCTACCAGCTGCETCGCTGGTACCAGCAG
TTCTACGTCGATGTCGAGGACATCACCGAGGACATGAC
CAAGCGCTTCGAGTTCGAGATCGACACCACCCEGECGE
TCGCGAGCTGGCAGAAGGAGETCGCGGAGAACCTCGCG
AAGCAGGCCGARGGCTCCACCGCGACCCCCTAG




WO 2020/030799

55 PCT/EP2019/071468

kstD¥1 Rhodococeus
rhodochrous {(SEQ 1D NO: 6)

N/A

ATGGCGEGAGTGEGCEGAAGAATGTGACETCCTCGTGET
GGGGETCCEEGAGCCGGAGGETGCTGCEETGCETACACCG
CTGCGCGCGARGEGECTETCEETGATCCTCETCGAGELG
TCCGAGTACTTCGECGGCACCACGGCETACTCCGGGEE
CGECEELCETCTGETTCCCCACCARCGLGETCCTGCAGT
GCGCCEETGACGATGACACCATCGAGGATGLGCTGACC
TACTACCACGCGGTCGTCGECEACCGCACCCCGCACGA
GCTGCAGCAGGCCTACGTTCGUGECEGLECCCCGCTGA
TCGACTACCTCGAGTCCGACGACGACCTCGAATTCATG
GTGTACCCETGGCCCGACTACTTCGGCAAGGCGCCTUAA
GGELCCETGCCCAGGGACGGCACATCGTCCCGTCGLLEC
TGCCCATCGCCGGCGATCCCGAGCTCARCGAGTCGATC
CECEECCCECTCEECCETCAACGCATCGECGAACCCCT
GCCCGACATGCTCATCGGCCETCGTOCOLCTCETCGGAL
GATTCCTCATCGCCCTGCGCAAGTACCCGAACGTGGAC
CTGTACCGCGAACACCCCGCTCCAGGAACTCATCGTCGA
GGACGGECETGOGTCOETCGECGCEETCETCCLEAACGALCGE
GTGAGCGACCTCCGATCCGCGCEGCGCAAGGGCGTCETC
CTGGCCGCCOGCEETTTICCATCAGAACGACGAGATGCG
CGGCAAGTACGGGETACCGGETGCCECCCGGCACTLGA
TGCGACCGTGGTCCAACCTCGGCAAGGCCCACGAGGCG
GGCATCCCCGTCGECECCEACETGEATCTGATGGATCA
GGCCTGETGETCACCGGGACTGACCCATCCGGACGGAL
GCTCEECETTCGCGCTETGCTTCACGGECGGCATCTTE
GTCGACCAGGACGGETGCECEETTCACCAACGAGTACGL
ACCCTACGACCGETCTGGGECCECGACGTCATCGECCGCA
TCGAGCGCGEUGAGATGACGTTGCCETTCTGGATGATC
TACGACGACCGGARACGGETGAGGCCCCLGCCEETICEEEEC
GACGAACGTGCCGCTCGTCGAGACCGAGARAGTACGTCG
ACGCGGGACTGTGCARAGACCGCCGACACCCTCGAGGAG
CTCECLGGGCAGATCGETETGCCCGUCGAATCCCTGAA
GGCBACCGTCGECEUGETECARCGAGCTGGCCGCGRAGE
GAGTCGACGAAGACTTCGGTCGCGGEGACGAARCCCTAL
GATCTCGCCTTCACCEGECGETGEETCCECECTGETCCTC
GATCGAGCAGGGCCCCTTCCACGCGGCECAGTTCGECA
TCTCCGATCTCGGCACCARGGGCGETCTGCGGACCGAC
ACCGTCEEGCGCETGCTCGACAGCGAGGGTBCTCCEAT
CCCCGGTCTETACGCGEUGGECAACACGAT GGCAGCAC
CGAGCGGCACCGTCTACCLCCEGGUGETGGCAACCCEATC
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GGCECGAGCGCECTETTCGCECACCTGTCCETCGATGGA
CGCTGCGEEGACGCTGA

kstD2 Rhodococcus
rhodochrous (S8EQ ID NO» 7)

N/A

ATGGCCAAGACCCCTGTACCGOCCETGACCACAGCCCE
CCGATACGACCGTGEACCTGCTCETGATCGEETCCGETA
CCGGCATGELCGCTGCECTCACCECEGCACGAGGELEGEE
CTGTCCECTCTCATCGTGCAGAAGTCGGCCTACGETCGG
CGGATCGACCGCCCETTCCEGCGETECATTCTGEGTGC
CGGCCAATCCEGTACTCACCGLEGCEEGAAGCEECEAC
ACCATCGAGCGCGGCCACACCTACGTGCGGACGETCET
CGACGLGCACGGCGCCEETCCAGCEEEECEAGECCTTCG
TCGACARCGGTGTCCCCACCATCCGAGATGCTCCAGCGL
ACCACCCCCATGAAGCTGTTCTGGGCCGAGGGCTACTC
CCGACTATCACCCCGRAACTGGLGEETGETICGGCGETCG
GCCGCAGCTGCGAGTGCCTGCCCCTCGACCTGTCGGETC
CTCGETGAGGAGCGCEETCEGACTGCGETCCGGECCTCAT
GGAGGCGAGCCTGCCGATGCCCACCACCGETGCCGALCT
ACAAGTGGATGAACCTCATGCTGCGCETGCCGCACAAG
GGITTTTCCGCGCATCTTCARAGCGECTCGCCCAGEGTGT
CGCCEETCTCECCETCAAGCGTCGAATATGTCGCEGETE
GACAGGCGBATCGCCGCCEETCTGTTCGCGEETETGECTE
ARGGCCGEETETCCCGATETGGACCGAGARCETCELTGET
GCETCTECTCACCGACGGEEACCETGTCACCGETGCCE
TCGTCGAGCAGAACGGACGTGAGGTGACGGTGACCGCG
CETCOLEEEETGETECTCCCCGCCGELEGTTTCGACCA
CGACATGGAGATGCGGCBCAAGTTCCAGTCCGAGCGTC
TGCTCGACCACGAGAGCCTGEGAGCGEGAGACCAACACT
GGCGACGCGATCAAGGCGEGCCCAGGAGGTCGETGCAGA
TCTCGCCCTCATGEACCAGGCCTEETGETTCCCTECEG
TCGCGCCEACCCGCACGGEARAGCCECCGATGETCATG
CTEGCCGAGCGETCGCTGCCGEETTCETTCATCGTCGA
CCAGACGGGCCGCCGETTCACCARCGAGTCGTCGGALT
ACATGTCETTCEGACAGTTGETGCTCGARCETGAGCET
GCCGGCGATCCGATCGAGTCGATGTGGATCGTCTTCGA
CCAGAAGTACCGECARCRAGUTACGTCTTCGEGGCCGGEE
TETTCCCGCGTCARCCGCTCCCGGAAGCCTGETACGRAG
GCGGGCATCGCCCACCETGECACCACCGCTGCGGEARCT
CGCGGECETCCATGGEECETGUCGETEEACACTTTCGECCE
CEACGETTCEGACAGCTTCAACGAGGACGLEGCEEUEGEA
ACGGATTCCGAGTTCGGACGCGGCGLLAGTGCCTACGA
CCGCTACTACGGTGATCCCACCGTCCAGCCGAACCCGA
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ACCTGCGGCCCCTCACGCACGGCCCGCTCTACGCGGT G
AAGATGACGCTGAGCGATCTICGGCACGTGCGETEGCET
GCUGCGCCEACGAGCGEGECGCGEETCCTCCECGAGGACE
GCAGCCCCATCGCCGETCTCTACGCTATCGGCAACALCC
GCGGCCARCGCGTTCGEUCACCGCTATCCCGGETGCLCEE
CGCCACGATCGGCCAGGGCLTGETCTTCGGETACATCG
CGGCACGCGACGCAGCATCETCGGACGCACCGGICELT
TGA

kstD3 Rhodococcus
rhodochrous {SEQ D' NO: 8)

HQ425875.1

ATGACGAAGCAGGAGTACGACATCGTITGTCGTCGGLAG
CGGETGCCGGCGEAATGACCGCCGCCATCACCGCAGCLC
GCAAGGGCGCCGACGTGETCCTGATCCAGRARAGGELGCCA
CGCTACGGCGGGETCGAGCCGCCCEATCGGGCEGLEETET
GCTGGATCCCCAACAACCAGGCCCTGAAGELLGCCGEEE
TGCACGACACACCCCGAGCAGGCCCGGARATACCTCCAC
AGCATCATCGGCGACGACGTACCCGCCCAGAAGATCGA
CACCTACATCGATCGCGGACCGGAGATGCTCTCCTTICG
TCCTGAAGARCAGCGCACTCGRACTGCAGTGGETEECE
GGCTATTCCGACTACTACCCCCGAGGCGCCGEGCGGACG
TCCCGETGECCETTCGETGGAACCGACACCCTTCGALG
GTCGCCOTCTCEGCEAGGATCTCCCTCTCCTICGAALCC
GACTACGCCCGCGCTCCCAAGAACTTCGTCATCACCCA
GGCCGACTACARGTGGCTGARCCTGCTCATGCGGAACC
CGCECGGACCGATTCGCGCCATGCEEETCEGLELECEE
TTCGTCTGGGCGAACATCACCAAGAAGCACCTGCTCET
CCGAGGCCAGGCACTCATGGCCGGTCTGCGGATCGGTC
TGCGTCACGCCGEETGTGCCCCTGECTEGCTGGAGACGECE
CTCACCGACCTCOGTICGTCCAGEGECEELECLGETGCELEE
CGTCAAGGTGGETCOUGAACGGCBAGACGCGLETCATCC
GTGCCCGCAAGGGCGTGATCATCGCGAGCGGEEGETTTC
GAGCACAACGCCGAGATGCGGECGCAATACCAGCGTICA
GCCGATCGEGCACCCAGTGEGACCETEEEEECEAAGGUGA
ACACCGGCGACGGAATCCGCGCCGGACAGRAGCTEGEEE
GCCGCAGTCGATTTCATGGACGACGCCTGEETGEEGALT
GTCCTTCACCCTCACCGECGGCCCETGETTCGCACTET
CGGAACGCAGCCTCCCCEEETGCCTCATGETCARCGCC
GCGGGCARGCETTITCGETCARCGAGTCGGECECCCTACET
CGAAGCGACGCATGCGATGTACGGUGGCAAGCALGGAC
GCGGECGAGGGACCGGGUGAGARCATCCCCAGCTGGELETG
ATCCTCGATCAGCGCTACCGCGACCGCTACACCTTCGT
CGGCATCACCCCCCECACTCCCTTCCCCCECCEETEET
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TCGAGGCCGGGETGECTCEGTCAAGGCCGETTCCETCGCC
GAACTCGCCGAGAAGATCGEEEETACCGEUCGACGCCCT
CACCGAGACGGTGCAGCEGTTCARCGECTTCECCCEEE
CCGGCAAGGACGAGGACTTCGGCUGLGECEAATCCCAL
TATGACCACTACTACGGEGATCCEUGCAACARGCCGAA
TCCGAGCCTCGGCGTGCTCEGATAAGGCCCCETTCTALG
CGTTCAAGGTGGETCCCCGGCGATCTCGECACCAAGGGC
GGGCTCGTCACCGRCEGTCCACGGCCEEETGETCECGCEA
GGACGGCAGCGTGATCGACGGCCTGTACGCGACCGGTA
ACGCCAGCTCCCCGETCATGGETCACACCTACGCCGGE
CCCEETGCCACCATCGGACCEECGATGACCTTCGGCTA
TCTCECCECCCTCGACATCCTCGATCECACGGGTGACG
AACGCACCGAGGAACTGCGAGAATCCGCCGACACCETG
TGA

fadE34 Rhodococcus
rhodochrous (SEQ 1D NO: 9)

N/A

GTGAGTATCGCCACGACCGAGGAGCAGCGEGCCETCCA
GGCETCTETCCAGGUCTGETCACGTGCCGETAGACCCCA
TETCGACGATACGTCGCGCAGGTGATGCGACGTGGCGC
GACGGCTGGTCCTCCCTCGCAGARCTCGGAATCTTCGG
TCTTGCCGTCCCGGAGGAGGLGELELGECCTCGGECGCGA
CCEGCCETEGATCTGGLCETCATGCTCGAGCAGGCCGEC
CACGAACTCGCGCCGGGETCCEETCCTGACCACCECCET
GGCOGCCCTCETGTTCEECCETGCCGETGAGACCETEG
CCARAGACGGCGGAGCGACTCGCCGAGGGETGAGETCCCC
ACCGCACTCGCTCTCGACTCCGECETGACCETGGAGCT
CECEEETCGACGGAGTCCTGCTGCGCEETEGAGGCCGEELC
CEGCCETGEETECCGARGCCEEEETCGCCETGCTCETC
CGTGETCGCEEGEEAAGGTGATCCGGCCETCGAGAGCTG
GGCECTCGTCGAGGLGGACGATCCGEETCTGCACATCG
ARCCGCTCGAGACCATCGACGCCTCCCGUGCGETGGECC
CGCGTCCGCCTCGACGGCGUGACGGETCCCEEGCCGALCE
GGTCGCGACCGTCCCGGLCGELTTCGTGOGCGACCTCA
CCGCCEETCTCGCCGCCEUGEAGCTEELCGETCTCGCE
GETTGEECECTGACCACCGCCETCGAGTACGCGAAGAT
CCGCGAGCAGTTCGGRAARARCCGATCGETTCGTITCCAGG
CCGTCAAGCACATCTGTGCCGAAATGCTCTGCCGCACT
GAGAAGATCCGGGCCATGGCCTGGEATGCTGCGETCAL
CGTCGACGUGCAGCCCEACGARCTGUCGATCGCCGLGE
CTGCCGECCETGECEGETCGCACTCGATGCCGLCEETGCAG
ACCGUCCAAGGATGCGATCCAGGTGCTCGECEGCATCGE
CTTCACGTGEGGAACACGACGCECACTTCTATCTTCGCC
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GTGCGETCECCACCCGLCAGGTGCTCGETGETTCGACC
GTGTGGECETTCGCEGCTCGACGACCCTGETCCGCGECAGE
CGCACGTCGTCACCTCGETATCGACCTGTCCGATCALG
AGGAGGAGCGCECACGEATCCETGCGEARGTCGAGAAG
ATCGECCGCCELCACCGEAATCCEBAGCGLCECEGTCECCCT
CECCEAGTCEGEETCTECTCGCGCCECACTGLCCGCAGT
CGTACGGTCGLGGAGCCEGTECCGCCEARCAGCTCETC
GTCCAGGAGBAGCTCGCCGCCELCEETATCGARLGTCC
CGATCTCGETGATCGECTEGETGEGECEETTCCGACTATCC
TCGAACACGGAACACCCGAGCAGATCGAGCGTTTCETG
ATGCCCACCCTGCGCEGCGATGTGETETEGETGCCAGCT
CTTCTCCGAGCCCEECECCEGECTCEEACCTCGCEERGC
TCGCGCACGAGCGCCCAGAAGCCCGACGGCGGATGGRTG
CTGCGCGEECAGAAGGTGTGGACCTCCCTCLCGCAGCA
GGCGCACTGCGGCGATCTGCCTCECCCGCACCGACCGRG
ACGTCCCCAAGCACAAGEGCATCACCTATTTCCTCGTC
GACATGAAGTCGGCGGGCATCACCATCTCGCCGETLLG
CGAGATCACCGGCGACGCGTTGITCAACGAGETCTTCC
TCGATTCGGTICTTCGTGCCGGACGACTGCETGGTCGEC
AATCTCGGTGACGGCTGEAAGCTGGCCCGCACGACTCT
CGCCAACGAGCGTGTCGCGATGEGCEECAAGTCETCGE
TGGGGCAGAGCATCGAGGARCTGCTCGAACTGTCGACC
CCCGGTGATCCCETCGCAGAGGACCGCATCECGACGCA
GATCGGUGAGGCGACCETCGETTCGCTCCTGEATCTIGC
GGGCEACCCTCGCGCAGCTCCGARGGTCAGGATCCGEGL
GCCGCETCCAGCETLCGCAAGUTCATCGGTGTGCEGCA
GCGGCAGGACACCGCCGAGCTCGCCATGGATCTCGCGE
GCOAGGBUCEGLTGCETGGARAGGTCCECTCACCCGGEAG
TTCCTCAACACCCGGTGCCTGACGATCGCCGGCEEEAT
CGAGCAGATCCTGCTCACCGTGECEECCEAGCEELTEC
TGGEGCCTGCCECEEEETTGA

fadE34#2 Rhodococcus
rhodochrous {SEQ 1D NO:
10}

N/A

ATGACTCTGGGATTGAGCGACGAGGACCGCGARCTCOG
CGACTCCETGCGCEECTEGECEGECACGACACGCCACAC
CCGRCGTGATCCECACGECCGTCEAAGCGARGACGGAA
GCCCECCCEACGTACTGGAGCTCGTTCGCCGARCTCGE
CATGCTGGGATTGCACCTGUCCGAAGAGETCGEAGGCG
CCGETTTCEETCTGCTCGARACGGCGATCGTCCCAGAG
GAACTCGGACGGGCCATGGTGCCCEGLCCGTTCCTTCC
GRCCETGATCCTGETCCEGCEETCCTCGACGAGGCCEECC
GTCGCAGCGAACTCGACGGLLTCECLEACGETTCELTG
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TTCGETGCEETCGCCCTGCAGCCEEEGGACCTELELRET
GGAGCGCGACGGCCATTCCGTCACGCTCTCGGGAACCT
CCGETGETCECTCTCCGGCECCCAGETCGCEEATETCTITC
CTGCTCGCGGCCGACGACGETGETCGAGCGGETATTCGT
CGTCGTGACCCGTGACCGGGETCCGAGCGTCACGARALCTGC
CCAGCTACGACGTGATCCGCCGCAACGCCGAGATCALC
GTGAGTGCCETGCCECTETICCLACGEEEACETGCTGEA
GTCGGATCCGECATCGGATCETCGATATCGCCGCGACCT
TGTTCECCECCEGAAGCCECCGETCTCGCEGACTGGGECC
ACCACCACCGUCGCGEACTATGCECEGETCCECARGCA
GTTCGGCCECETCATCGCACAGTTCCAGGETGICRAGC
ACACCGTCGCCCGGATGCTCTGCCTCACCGARCAGELE
CEEETCETEECCTEEGACGCCGCECEAGCELEELELEGA
GGACGTGCCGCACGACCAGGCETCECTGGCLETGECGEE
TCGCCECETCCATCGCCCCCGAGGCCGCCTTCCAGGTC
ACCARAGAACTGCATCCAGGTGCTCGECGETATCGGCTA
CACCTGGGAGCACGACGCCCACCTGTACATGLELCGCG
CCCAGTCGCTCCGARTCCTGCTCGECTCCACGECETCC
TEECEGCECCEEETCECCCACCTCACGCTCGECEETEC
CCGCCGCHETECTGAGCETCGAT CTCGCCECCCEAGELEE
AACGGATCCGCGCCGACGTCCETGCCGAACTCEAGLCG
GCGAAGTCGCTGGAGAACGCAGCGUGGAAGGCGTATCT
GGCGGAGRAAGGGTTACACCGCTCCCCATCTGCCCGARC
CETGEGGCAAGGCCGCCGACGCCETCACGCAALTCGETIC
GTCGCCEAGGARCTGCECGCCGUCHGARCTCGAACCGEA
CGACATGATCATCGGCARCTGEEETGETGCCGACCCTCA
TCECGCACGGCAGTACCGAGCAGATCGAGCGATTCGTC
CCGCAGTCGUTGCGCEEEEATCTCETGTGGTGTCAGCT
CTTCTCCGAACCCGECGECCGGATCCGACCTCGLGEGGECT
TGTCCACCAAGGCCETCAAGCETGGACGGCGCGATGGAGG
CTCGACGGCCAGARAGGETEGTCGACGTCGATGGECACGEET
CGUGGATTGGGGLATCTGCCTCGCCUGCACCGALGLGE
ARGCGCCCARACACAARGGCCTGTCCTACTTCCTGATC
GACATCAGGAACACCGAGGGTCTCGACATCCGECCGCET
GUGAGAGATCACCGGCGAAGCCCTGTTCAACGAGHTET
TCCTCGACGGCGTETTUGTGCCCGACGAGTGCCTCLTIC
GGCGAGCCCGEGGACGEATGEAAGCTCGCCCETACCAC
CCTCGCGARCGARCGCGTCTCCCTCTCGCACGATTCGA
CTTTCGGTGCCGGCTGCGAGACTCTCATAGCECTCCECG
AACCGETATGCCCGETGCACCGECACGACCAARCAACTCAC
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COCTCCTCGECRAGGTTCTCGGLCGATGCCGCETCCGETG
GCCTCATGGGTCTGCETACCGCTCTACGGTCCCTGECC
GGCGCACAGCCGGGTGCCGAGTCCTCCETCGCCAAGCT
CCTCGECCTCGAGCACCTCCAGCAGGETCTGGGAGACCE
CGATGGACTGGECCEETACTGCGTCETTGCTCGACGAC
CAGGACCGAACTTCGGCGACCCACATGTTCCTCAACGT
GCAGTGCATGTCCATCGCCEGTGGGACGACCAACGTCC
AGCTGAACATCATCGETGAGCGGCTTCTCGEGELCTGLCC
CGCGATCCCGAACCCGGAAAGTGA

fadE26 Rhodococcus
rhodochrous (SEQ 1D NO:
11)

HM588720.1

GTGGACATCTCCTACACCCCCEGGCAACARGCCCTCCG
CGAGGAATTGCGGGCCTATTTCGCACAGATCATGACCC
CCGRGCGCCECGAGGCGCTCGCGELCACGACCGEGEGAG
TACGGCTCCGGCAACGTGTACCGUGAGGTCGTECAGCA
GATGGGCRAGGACGGUTGGCTCACCCTCEEGTGECCOG
AGGAATACGGUGGCCAGAACCETTCCGCGATGGACCAA
TTGATCTTCACCCACGAGGCGGCCATCECCGECECGCT
CETCCCETTCCTCACCATCGACTCGETCGCGCCEACGA
TCATGCACTACGGUACGGACGAGCAGRAGGAGTTCTTC
CTCCCCCGCATCTCCGCELEEAGARCTGCACTTCTCGAT
CGGCTATTCCGAACCCGGECECCGGUACCGALCCTCGCCT
CGUTGCGECACCACCGLLCGTGCCCGACGELGACGAGTGG
GTCATCAACGGGECAGAAGATGTGGACGAGCCTGATCGC
CTACGCCGACTACGTCTGGCTCGCCELGCGCACCAACT
COGATGTCAAGAAGCACAAGGGGATCAGCGTCTTCATC
GTGCCGACCGACGCTCCCGECTTCTCGTACACCCCLGT
GCACACCATGGECCGECCCCEACACGAGCGCCALCCTACT
ACCAGGRACGTGCGLETCCCGELETCCGCECTCETCGET
GAGGTCGACGGCCGCTGEECECTCATCACCARCCAGCT
CAATCACGAGCGGCTCGCACTCACCTCCGCCGGETCCLG
TGCGCACCGCGCTCACCGAGGTCCEECECTGEGGCGLAL
GAGACGCACCTGCCCGACGGACGACGEGTGATCGACCA
GCEAATGGETCCAGATCAACCTCEGCACGUGTCCATGCCA
AGGCCGAATACCTGCAGCTGATGAACTEGGACATCECC
TCCAGCGCCGGCACGACCCCLCTCGETCCGGAGGLCET
CTCGGCCAACARGETGTTCGGCACCCAATTCGCGACCE
AGGCCTACCGGETTGCTCATGGAGGTCCTCGGACCCGLG
GCGACGGTACGGCAGAACTCGGCCGECGCACTGCTCCG
CGGCCGCATCGAACGCATGCACCGCAGTTCCCTCATCE
TCACCTTCGETGGCGGCACCAACCAGETCCAGCGCGALC
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ATCATCGCGATGACCGUTCTCGGCCAGCCGCCCGECAA
GCGTTAG

fadE34 Mycobacterium
nepaurtrn (SEQ 1D NO: 12)

N/A — full
Mycobacterium
neoaurum
genome
(CPO11022.1)

GTGTCTGTGCTGTCCGTCCCGACCGATACATCGGATGA
GGCCELGLCCCETGARACTGETCAGAGACTGGETTCCGA
GCTCTGGGETCGATCACCEGCGATCCEGCAMCGTCEAACTC
GGCGATCCGCAGGCCTGGECGCACGCCETTTGCCGECTT
CGCCGARCTAGGGGTATTCGGCETCGCGETEGCCCGAGG
AGTACGGCGGEEGCCEGCAGCACGETGGCGGATCTGCTC
GCGATGATCGACGAGGCGGCCGECGELCTGATCCCGEE
ACCCETCGCGEEEACCGCACTTGCCACCCTCETCGCCE
ATGATCCGGCCGETCCTGRAGGUGTTGGUCACCEGGEAG
CGCAGCECCGGEATCCCCATGACGTCCGACATCACGET
CGATTCCGETACCGCCACCGGCACCGCECCCCREGTRC
TEGETGCCEGATCCCEECEEEETCCTCATCCTGCCTGLC
GGGCAGCATTGGATCCTGCTGGACGUGAGTTCCGACGE
GGTGACCATCGACCCECTGGAGGCCACCGRCTTCTCCC
GACCGCTGECCCGEETEACGCTGACATCGGCACCGELG
CAgCAGCTGAATGCCTC@GQGCAGCGGGTCACCGACCT
GATGGCGACTGTGCTGECEGCCCAGLTGECCEGETTET
CGCGCTGECTGCTCAACACCGCCAACGAGTACGCCAAL
GTGCGCGARCAGTTCGGCARGCCGATCGGCAGCTTCCA
GGUCCGTCARACACATGTCGCCGCGGAGATECTECTGCETA
GCCAGCAGGTCACCETCECCGECCGCCGACGLCGATCECE
GCCECTGCCGETGACGACGCCEGACCAGCTETCCETCEL
CECCEECLEETEELEECEECCATCGETATCGACGCCGCGA
ACGCTGAACGCGCGUCGACTGCATCCAGGTGCTCEECEEE
ATCGGCATCACCTGCGAGCACGATGCGCACCTETACCT
GCETCGEGCATATGCCGAACGCGCAGTTCCTCGETGGCC
GGTCGCETIGOTIGCGICGCOTCCTCCAACTGACCCET
GCCEGCETGCCCCGCGAACTGCACGTCCGACACCGCTGA
TCCCGATGCCATCCGTCCCGAGATCGCCGCGECCGLCE
CCCGCATCGCCGCGCTGECCEAGGACCAACGAGGELEE
GCACTCGCCGRATCCGEGECTGCTGGCCCCGCATTGELC
GACGCCGTACGGGECEEGACGCGACCCCGGCCGAACALT
TGCTGATCGACGAGGAACTGGCEGCTGCCGAGGTEECE
CGCCCCEATATCTCGATCGGCTGETGGECCEGCTCCGAC
GATCCTTGCCGCCGETACGCCCGRACAGATCGATCGET
TCATCCCCGGCACCCTCAACGGCGACATCTITCTGETEC
CAGCTGETTCTCCEGAGCCCEGECELGEEETCGGATCTEGC
GGCGTTGECGCACCRAGGCCETTCCTGTGGAGAAGGATG
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GCCECACTGGCTGETCTCTGACCGGACAGAAGETGTGG
ACCTCCAACGCGCACCGCECCAACTGGGECATCTECCT
GGCCCGGACCAACCCGGACGCTCCGARACACAAGGGCA
TCTICCTATTTCCTGETCCGATATGAGCTCACCGGETATC
GATATCCGGCCGUTGCGCGAGATCACCGGTGAGGCCCT
GTTCRAACGAGGTCTTCTTCGATGACCTGTTCGTTCCCG
ACGACTGCGTEGETCCGTGAGETGGACGETEECTGECCG
CTGGCCCETACCACGCTEGCCARCGAGCGCETCGCCAT
CGCCACCOGCGEEECACTGCGACAAGGGCATGGAGCATC
TGCTTGCCETGATCGGETGACCGEGAGCTCGACGECGLC
GAGGCCGATCGGCTCGETECCCTGATCACCCTGGECCCA
GGTCGGETTCGCTGCTGGATCAGCTCATCECGCGGATGE
CETTGGGCGGCARTGATCCTGETGCTCCEGTCGAGUGTG
CGCRAGCTGATCGGCETGCGTTATCGACAGEGETTGEGC
CGAGGCGGECGATGEAGTTCCAGGACGGTGELGECATCG
TCGACTCGCCCGATETCCGGTACTTCCTCAARCACCCGL
TGCTTGAGCATCGCCGGEGEECACCGAGCAGATCCTGCT
CACCCTCGCCGETEAGCGECTGCTGEEGETTECCGLECT
AG
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MName and SEQ ID NO.

GENBANK
Accession No.

Amino acid sequence

kshA1 Rhodococeus

13)

rhodochrous (BEQ 1D NO:;

ADY18310.1

VSLGTSEQSEIREIVAGSAPARFARGWHCLGLAKDEKD
GKPHSVHAFGTKLVVWADSNDEIRILDAYCRHMGGDLS
QGTVKGDEIACPFHDWRWGGNGRCKNIPYARRVEPIAK
TRAWHTLDQDGLLEFVWHDPOGNPPPADVTIPRIAGATS
DEWTDWVWYTTEVDITNCRETIDNIVDMAHFEFYVHYSEFP
VYFEKNVFEGHVASQOFMRGOQAREDTRPHANGOPEMIGER
SDASYFGPSEMIDDLVYEYEGYDVESVLINCHYPVSQD
KFVLMYGMIVKKSDRLEGEKALQTAQQFGNFIAKGFEQ
DIETWRNKTRIDNPLLCEEDGPVYQLRRWYEQFYVDVE
DVAPEMTDRFEFEMDTTRPVAAWMKEVEANTARKAALD
TETRSAPEQSTTAG

kshAZ2 Rhodococcus

14}

rhodochrous (SEQ ID NO:

ADY18316.1

VGSTDTEDQVRTIDVGTPPERYARGWHCLGLVRDEFADG
KPHOVDAFGTSLVVEAGEDGELNVLDAYCRHMGGNLAQ
GSVKGNTIACPFHDWRWRGDGKCAEIPYARRVPPLART
RTWPVAEVSGQLEVWHDPQGEKPPAELAVPEVPTYGDP
GWTDWVWNSIEVIGSHCREIVDNVVDMAHFEFYVHYGMP
TYFRNVFEGHTATQVMRSLPRADAVEVESQATNYSAESR
SDATYYGPSYMIDKLWSAGRDPESTPNIYLINCHYPIS
PTSFRLOYGVMVERPEGVPPEQAREQTAQAVAQGVAIGE
EQDVEIWKNKSRIDNPLLCEEDGPVYQLRRWYEQEYVD
VEDIRPEMVNEFEYEIDTTRALTSWOAEVDENVAAGRS
AFAPNLTRAREAASAESGS

kshA3 Rhodococcus

15)

rhodochrous (SEQ 1D NO:

ADY18318.1

MAQIREIDVGEVRTRFARGWHCLGLSERTFEDGKPHAVE
AFGTRLVVWADSNGEPRVLDAYCRHMGGDLESQGEIRGD
SVACPFHDWRWGGNGKCTDIPYARRVPPLARTREWITM
EXKHGOLEFVWNDPEGNTPPPEVIIPETEQYGSDEWTDWT
WNOTRIEGSNCREITDNVVDMAHFFYIHYAFPTEFKNY
FEGHIAEQYLNTRGRPDKGMATQYGLESTLESYRAAYYG
PSYMINPLENNYGGYQTESVLINCHYPITHDSFMLOYG
ITVEKKPQGMEPEQSDVLAAKLTEGVGEGFLODVEIWKN
KTKIENPLLCEEDGPVYQLRRWYEQFYVDVADVTERMT
GRFEFEVDTARANEAWERKEVAENLERKEREEEQGKQEA
EV

kshA4 Rhodococcus

16)

rhodochrous (SEQ 1D NO:

ADY18323.1

MTVPQERIETIRNIDPGINPTRFARGWHCIGLAKDEFRDG
KPHQVKVFGTDLVVEADTAGKLHVLDAFCRHMGGNLAR
GEIKGDTIACPFHDWRWNGQGRCEAVEYARRTPKLGRT
KAWTTMERNGVLEVWHCPOGSEPTPELAIPEIEGYEDG
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QWSDWTWITIHVEGSHCREIVDNVVDMARFEYVHEQMP
EYFRENVEDGHIAGQHMRSYGRDDIKTGVOMDLPEAQTT
SDAFYYGPEFMLDTIYTVSEGTTIESKLINCHYPVTNN
SEVLOFGTIVEKIEGMSEEQAAEMATMETDGLEEQFAD
DIEIWKHKSRIENPLLTEEDGPVYQLRRWYNQEYVDLE
DVIPDMTORFEFEVDTSRALESWHREVEENLAGTAE

kshAS Rhodococeus

17)

rhodachrous (SEQ 1D NO:

ADY18328.1

MSIDTARSGSDDDVEIREIQAAAAPTRFARGWHCLGLL
RDFQDGKPHSTIEAFGTRLVVFADSKGQLNVLDAYCRHEM
GGDLERGEVKGDSIACPFHDWRWNGKGKCTDIPYARRV
PPIAKTRAWTTLERNGOLYVWNDPOGNPPPEDVTIPEL
AGYGTDEWTDWSWKSLRIKGSHCREIVDNVVDMAHFFY
IHYSFPRYFRNVFEGHTATQYMHSTGREDVISGTNYDD
PNAELRSEATYFGPSYMIDWLESDANGOQTIETILINCH
YPVENNEFVLOYGAIVKKLPGVSDEIAAGMAEQFAEGY
QLGFEQDVEIWKNKAPIDNPLLEEEDGPVYQLRRWYQQ
FYVDVEDITEDMTKRFEFEIDTTRAVASWOKEVAENLA
KOAEGSTATP

kstD1 Rhodococous

18)

rhodochrous (SEQ 1D NO:

N/A

MAEWAEECDVLVVGSGAGGCCGAYTAAREGLSVILVEA
SEYFGGTTAYSGGEGVWEFPTNAVLORAGDDDT IEDALT
YYHAVVGDRTPHELOEAYVRGGAPLIDYLESDDDLEFM
VYPWPDYFGKAPKARAQGRHIVPSPLPIAGDPELNEST
RGPLGRERIGEPLPDMLIGGRALVGRFLIALRKYPNVD
LYRNTPLEELIVEDGVVVGAVVGNDGERRAIRARKGVV
LAAGGFDONDEMRGKYGVPGAARDSMGPWSNLGKAHEA
GIAVGADVDLMDOAWWSPGLTHPDGRSAFALCFTGGLE
VDQDGARFTNEYAPYDRLGRDVIARMERGEMTLPFWMI
YDDRNGEAPPVGATNVPLVETERYVDAGLWKTADTLEE
LAGQIGVPAESLKATVARWNELAAKGVDEDFGRGDERY
DLAFTGGGSALVPIEQGPFHAAQFGISDLGTKGGLRTD
TVGRVLDSEGAPIPGLYAAGNTMAAPSGTVYPGGGNRPT
GASALFAHLSVMDAAGR

kstD2 Rhodococcus

19)

rhodochrous (SEQ 1D NO:

N/A

MAKTPVPAVTTARDTTIVDLLVIGSGTGMAAALTAHEAG
LSALIVEKSAYVGGSTARSGGAFWVPANPVLTAAGSGD
TIERGHTYVRIVVDGTAFVERGEAFVDNGVATIEMLOR
TTPMELEWAEGYSDYHPELAGGSAVGRSCECLPLDLSY
LGEERGRLRPGLMEASLPMPTTGADYKWMNLMLRVEHK
GEPRIFERLAQGVAGLAVKREYVAGGQAIAAGLEFAGVL
KAGVPVWTETSLVRLLTDGDRVTGAVVEQNGREVTVTA
RRGVVLAAGGFDHDMEMRREKFQSERLLDHESLGAETNT
GDATKARQEVGADLALMDOAWWEPAVAPTRTCKPPMVM
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LAERSLPGSFIVDQTGRRFTNESSDYMSFGQLVLERER
AGDPIESMWIVEDOKYRNSYVFAAGVEPROPLPEAWYE
AGIAHRGTTAAELAASMGVPVDTFAATEDRFNEDAAAG
TDSEFGRGGSAYDRYYGDPTVOPNPNLRPLTHGPLYAV
KMTLSDLGTCGGVRADERARVLREDGSPIAGLYAIGNT
AANAFGHRYPGAGATIGOQGLVEGYIAARDAASSDAPVA

kstD3 Rhodococcus
rhodochrous {(SEQ 1D NO:
20)

ADY18320.1

MTKQEYDIVVVGSGAGGMTAATITAARKGADVVLIERKAP
RYGGSSARSGEEVWIPNNEALKAAGVDDTPEEARKYLH
STIGDDVPAERKIDTYIDRGPEMLSFVLENSALELOQWVE
GYSDYYPEAPGGRPGGRSVEPTPFDGRRLGEDLALLEP
DYARAPRNFVITQADYKWLNLLMRNPRGPIRAMRVGAR
FVAANITKKHLLVRGOALMAGLRIGLRDAGVPLLLETA
LTDLVVEGGAVRGVRKVVANGETRVIRARKGVIIASGGE
EHNAEMRAQYQROPIGTEWTVGAKANTGDGIRAGQKLG
ARAVDEFMDDAWWGPSETLTGGPWFALSERSLPGCLMVNA
AGKREVNESAPYVEATHAMYGGKHGRGEGPGENIPSWL
ILDORYRDRYTFAGITPRTPFPRRWLEAGVLVKAGEVA
ELAEKIGVPADALTETVORFNGFARAGKDEDEFGRGESH
YDHYYGDPRNKPNPELGVVDKAPEYAFKVVPGDLGTKG
GLVTDVHGREVVREDGSVIDGLYATGNASSPVMGHTYAG
PGATIGPAMTFGYLAALDILDRTGDERTEELRESADTV

fadE34 Rhodococcus
rhodochrous (SEQ 1D NO:
21

NIA

VSIATTEEQRAVOASVOAWSRAVDPMSTIRRAGDATWR
DGWSSLAELGIFGVAVPEEAGCGLGATAVDLAVMLEQAA
HELAPGPVLTTAVAALVFGRAGETVAKTAERLAEGEVP
TALALDSGVIVEPAGDGVLLRGEAGPAVGAEAGVAVLY
RVAGEGDPAVESWALVEADDPGLHIEPLETIDASRAVA
RVRLDGATVPADRVATVPAGCFVRDLTAGLARAELAGLA
GUWALTTAVEYARKIREQFCKPIGSFOAVKHICAEMLCRT
EXKIRAMAWDAAVIVDAQPDELPIAKAAAVAVALDAAVY
TAKDAIQVLGGIGFTWEHDAHFYLRRAVATROVLGGST
VWRSRLTTLVRAGARRHLGIDLEDHEEERARIRAEVEK
IAAAPESERRVALAESGLLAPHWPOQPYGRGAGAREQLY
VOEELARAGIERPDLVIGWWAVPTILEHGTPEQIEREY
MPTLRGDVVWCQOLEFSEPGAGSDLAALRTSAERKADGGWY
LRGORKVWISLAQOADWATCLARTDRDVPRHKGITYFLY
DMESAGITISPLREITGDALFNEVFLDSVEVPDDCVVG
NLGDGWKLARTTLANERVAMGGKSSLGOSTEELLELST
PGDPVAEDRIATQIGEATVGESLLDLRATLAQLEGQDPG
AASBVRELIGVRQRODTAELAMDLAGEAGWVEGPLTRE
FLNTRCLTIAGGTEQILLTVAAERLLGLPRG
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fadE344#2 Rhodococous
rhodochrous (SEQ 1D NO:
22)

N/A

MTLGLSDEDRELRDSVRGWAARHATPDVIRTAVEARTE
ARPTYWSSFAELGMLGLHLPEEVGGAGFGLLETAIVAE
ELGRAMVPGPFLPTVIVSAVLDEAGRRIELDGLADGSL:
FGAVALQPGDLRVERDGDSVTLSGTSGVALGGOVADVE
LLAADDGGERVEVVVIRDRVEVINLPSYDVIRRNAEILT
VSAVPLSDGDVLESDPHRIVDIAATLFAAEAAGLADWA
TTTAADYARVRKQFGRVIGOFQGVEHTVARMLCLTEQA
RVVAWDAARARREDVPDDEASLAVAVAASTAPEAAFQV
TENCIQVLGGIGYTWEHDAHLYMRRAQSLRILLGSTAS
WRRRVAHLTLGGARRVLSVDLPPEAERIRADVRAELEPY
AKSLENAARKAYLAEKGYTAPHLPEPWGKAADAVTQLV
VAEELRAAELEPHDMITIGNWVVPTLIAHGSTEQIEREV
POSLRGDLVWCQLFSEPGAGSDLAGLSTRAVEVDGGWR
LDGORVWTSMARVADWGICLARTDAEAPKHKGLSYFLT
DIRNTEGLDIRPLREITGEALFNEVEFLDGVFVPDECLY
GEPGDGWKLARTTLANERVSLSHDSTFGAGCETLIALA
NGMPGGPDDEQLTVLGKVLGDAASGELMGLRTALRSLA
GAQPGAESSVARLLGVEHLOOQVWETAMDWAGTASLLDD
QDRTSATHMEFLNVOCMSTAGGTTNVQLNIIGERLLGLP
RDPEPGK

fadE26 Rhodococeus
rhodochrous (SEQ 1D NO:
23)

ADP09632.1

MDISYTPGQOALREELRAYFAQIMTPERREALAATTGE
YGSGNVYREVVOQOMGKDGWLTLGWPEEYGGONRSAMDO
LIFTDEAATAGAPVPELTIDSVAPTIMHYGTDEQKEFRF
LPRISAGELHESIGYSEPGAGTDLASLRTTAVRDGDEW
VINGORMWTSLIAYADYVWLAARTNPDVEKHKGISVEL
VPTDAPGESYTPVHTMAGPDTSATYYQDVRVPASALVE
EVDGGWALITNQLNHERVALTSAGPVRTALTEVRRWAQ
ETHLPDGRRVIDQEWVQINLARVHAKAEYLOLMNWDIA
SEAGTTPLGPEAASANKVECTEFATEAYRLLMEVLGPA
ATVRONSAGALLRGRIERMHRSSLILTFGGGTNEVORD
ITAMTALGQPPAKR

fadE34 Mycobacterium
neoaururn (SEQ 1D NO: 24)

NIA

VESVLSVPTDISDEAAARELVRDWVPSSGSITAIRNVEL
GDPOAWRTPFAGFAELGVIGVAVPEEYGGAGSTVADLL
AMIDEARAGLIPGPVAGTALATILVADDPAVLEALATGE
ROAGIAMTSDITVDSGTATGTAPHVLGADPGGVLILPA
GOHWILVDASSDGVIIDFLEATDFSRPLARVILTSAPA
QOLNASAQRVIDLMATVLAAELAGLSRWLLNTANEYAK
VREQFGKPIGSFOAVKHMCAEMLLRSQOVTVAAADATA
ARAGDDADQLSVARRVAAATGIDAAKLNARDCIQVLGG
IGITWEHDAHLYLRRAYANAQFLGGRSRWLRRVVELTR
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AGVRRELHVDTADADAIRPEIAAAAARIAALPEDQRGR
ALAESGLLAPHWPTPYGRDATPAEQLVIDEELAAAEVA
RPDISIGWWAAPTILAAGTPECIDRFIPGTLNGDIFWC
QLFSEPGAGSDLAALRTKAVRVEKDGRTGWSLTGOKVW
TSNAHRANWGICLARTNPDAPKHKGISYFLVDMSSPGT
DIRPLREITGEALFNEVEFDDLEVEPDDCVVGEVDGGWE
LARTTLANERVATATGGALDEKGMEHLLAVIGDRELDGA
EADRLGALITLAQVGSLLDOLIARMALGGNDPGAPISV
REKLIGVRYRQGLAEAAMEFQDGGGIVDSPDVRYEFLNTR
CLSIAGGTEQILLTLAGERLLGLPR
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APPENDIX C — Strains and plasmids referred to in the Examples

Strain .
Full name Strain description Reference
code
Bethesda
DH5a E. coli DH5q General host for cloning Research
Laboratories
Host strain for conjugal mobilization of DSMZ
§517+1 E. coli 8171 pK18mobsacB-derived mutagenic .
collection
plasmids to Rhodococcus strains
Rhodococcus rhodochrous . DSMZ
WT Wild-type strain
D8M43269 collection
WTAkshA1AkshAZ2hkshA3LkshA Wilbrink et a/
RG32 5-fold kshA null mutant in WT
4/kshAS 2011
RG35 RG32AkstD3 Deletion of kstD3 in RG32 This work
RG36 RG320kstD1AkstD3 Deletion of kstD17 in RG35 This work
Delstion of kstD2 in RG36. kshA null + i
RG41 RG32AkstD1AkstD20kstD3 This work
kstD1, 2 and 3 mutant
LM3 RG414fadE34 Deletion of fadE34 in RG41 This work
LM15 RG41AfadE34%#2 Deletion of fadE34#2 in RG41 This work
LM8 RG410fadE34AfadE34#2 Delation of fadE34#2 in LM3 This work
RG41AfadE34MfadE34#20fadE2 | Deletion of fadEZ26 in double mutant
LM33 This work
6 LM8
RG41AfadE340fadE34#2 + . . . .
LM19 Complementation with kshA5 in LMY This work
kshAb-complem
Mycobacterium necaurum NRRL . Marsheck et
Mneo Parent strain
B-3805 al, 1872
Mneo- M. necaurum NRRL B-3805- . . .
Deletion of fadE34 in Mneo This work
AfadE34 | NMadE34
Plasmid Description Referance
pBluescript{lhKE General cloning vector Stratagene
pZEr0O-2.1 General cloning vector invitrogene
Conjugative plasmid for gene
- Gene (1994)
pk18mobsacB mutagenesis’in Rhodococeus; aphil 145: 69
sacB oriT (RP4)lacZ ’
Clone isolated from genomic library of Wilbrink et al,
pKSHB00 . .
WT strain carrying kshA3 and kstD3 2011
pK18mobsacB-derived mutagenic .
PKSHB41 ) This work
plasmid for deletion of kst23 in RG32
pK18mobsacB-derived mutagenic .
pKSHB52 . . ] This work
plasmid for deletion of kstD7 in RG35
clong isolated from genomic library of
pPKSD321 ) This work
RG36 strain carrying ksiD2
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pK18mobsacB-derived mutagenic

plasmid for deletion of fadE34 in Mneo

pKSD326 . . ) This work

plasmid for deletion of kstD2 in RG36

pK18mobsacB-derived mutagenic .
pK18+fadE34-UP+DOWN . . This work

plasmid for deletion of fadE34 in RG41

pK18mobsacB-derived mutagenic
pK18+fadE34#2-UP+DOWN plasmid for deletion of fadE34#2 in This work

RG41 and LM3

pK18mobsacB-derived mutagenic Wilbrink ef &,
pDEL-fadE26

plasmid for deletion of fadE26 in LMS 2011

pK18mobsacB-derived mutagenic
pK18+kshAS-complementation plasmid for complementation with This work

' kshASin LM9

pK18mobsacB-derived mutagenic .

pK18+fadE34_Mneo -UP+DOWN This work
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Target
6 PCR amplicon Size Primer name Primer sequence {5'-3'}
ene
CSHDA-F TGGCAGCAGARCTCGCCGGE
3 . st -
Construction and WT: 2.4kb / (SEQ ID NO: 25)
kstD1 checking deletion AkstDT:
CCGGARCGACRCCGATGCGCLGE
kstD1 1.3kb kstD1-R
(SEQ ID NO:26)
R CTACAGCGACTACCACCCCGATTT
i « sth2-
Construction and WT: 0.8kb / (SEQ ID NO:27)
kstD2 checking deletion AkstD2: no
. CTGTTGCGGTACTTICTGGTCGAA
kstD2 amplif kstD2-R
(SEQ ID NO:2Z8)
CEARCCTGTCACAGGGCGAGAT
kstD3-F
kstD3 Checking deletion WT: 2.9kb/ (SEQ ID NO:29)
5
kstD3 AkstD3: 2kb GGACCACCTTGAACGCGETAGAAC
kstD3-R
(8EQ ID NO:30)
GCGATAAGATCTTIGETGGCGGATG
FadE34-UP_F
Upstream region for 1 Bkb ACGTCGAG (SEQ ID NO:31)
deletion fadE34 ' GUGATATCTAGAGGCCCGCTECTC
FadE34-UP_R T
CTCGGTC (SEQ ID NO:32)
fadE34
GUGATATCTAGARTCGLCEGELGEE
FadkE34-DOWN_F
Downstream region 1.5Kkb ACCGAG (SEQ ID NO:33)
for deletion fadE34 ’ FadEa4- GCGATARAGCTTGCAGGAACTTCC
DOWN_R GCTTCT (SEQ ID NO:34)
GCGATRAGATCTICCTTCTGCTGET
FadE34#2-UP _F
Upstream region for 1.5Kb CGATCTG (SEQ ID NO:35)
deletion fadE34#2 ) CGCTATTCTAGAGAGTTCGGCGAR
FadE34#2-UP_R
CGAGCTCC (SEQ ID NO:363
fadE34
GUGATATCTAGATTGCTCGACGAC
#2 FadE34#2- CAGGACCGAARCTTC (8EQ ID
Downstream for DOWN_F
deletion region 1.5kb NC:37)
fadE34#2 FadE34#2- CGCTATRAGCTTAGCTETGCGGTG
DOWN_R GUGCCGCTG (SEQ ID NO:38)
Flanking_fadE34- GRAACGEGAGCGCGGLCGATGACCTC
WT: 5.4kb/
Checking deletion F T (SEQ 1D NO:39)
fadkE34 AfadE34:
fadE34 3.4kb Flanking_fadE34- | GGTCCAGCTGAAGCCGGEGATCCTT
' R G (SEQ ID NO:40)
Flanking_fadE34# | GAGGTCGCCGAACTCGCCGGETGTC
WT: 8.7kb/
fadE34 | Checking deletion 2 F GCCATC (SEQ ID NO:41)
AfadE34#2:
#e fadE34#2 3.8kb Flanking,_fadE34# | GCGTGCACCTGTTCGCGGTTUGGTG
] 2 R ACATCC (SEQ ID NO:42)
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Construction and AkshAS: GCGATAGGATCCGGCCCGGATTGT
kshAS-complem-F
chacking 1.2Kkb / CGCTGATG (SEQ ID NO:43)
kshAS&
complementation complement CGCTATAAGCTTGATCACGTGCAG
kshAS-complem-R
kshAS ed: 2.2kb P CATGC (SEQ ID NO:44)
FadE34_Mneo- GCGATAGGATCCGACACCGACTTC
Upstream region for UP-F CTGCTGTTG (SEQ ID NO:45)
deletion 1.3kb CGCTATTCTAGACCGATETCCEET
fadE34_Mneo FadE34_Mneo- s
fadk34 UP-R ACTTCCTC (8BEQ ID NO:46)
_Mneo FadE34_Mneo- GCGATATCTAGAGATCGCCGAGTT
Downstream region DOWN-F CGACGTTG (SEQ ID NO:47)
for deletion 1:0kb CGCTATAAGCTTGTGACGATCACC
fadE34_Mneo FadE34_Mneo- AAGCTT
DOWN-R GCGARACTC (S8EQ ID NO:48)
e AGATTCGGTGCAGACCGATTG
arent: 2.5k | FadE34_Mneo-F
fatt£34 | Checking deletion P (SEQ ID NO:49)
| AfadE34:
_Mneo | fadE34 _NMneo AAGCTGCATGCGGATCCALC (SEQ
0.5kb FadE34 Mneo-R
ID NO:50)
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CLAIMS

1. A genetically-modified bacterium blocked in the steroid metabolism pathway prior
to degradation of the polycyclic steroid ring system, wherein the bacterium is disrupted in

5 the steroid side-chain degradation pathway, and wherein the bacterium converts a
steroidal substrate into a steroidal product of interest.

2. The genetically-modified bacterium of Claim 1, wherein the disruption in the steroid
side-chain degradation pathway occurs after the first cycle of B-oxidation.

10
3. The genetically-modified bacterium of Claim 1 or Claim 2, wherein the steroidal

substrate is a sterol substrate.

4. The genetically-modified bacterium of Claim 3, wherein the sterol substrate
15 comprises:
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B-sitosterol;
20

7-oxo-f-sitosterol or 7-hydroxy-B-sitosterol;
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cholesterol;

7-oxo-cholesterol or 7-hydroxy-p-cholesterol;

HO
10

campesterol;
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stigmasterol;
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5  fucosterol;

7-oxo-phytosterol; or a combination thereof.

5. The genetically-modified bacterium of any of Claims 1 to 4, wherein the steroidal
10 product of interest comprises an intact polycyclic ring system.

6. The genetically-modified bacterium of any of Claims 1 to 5, wherein the steroidal
product of interest is a steroidal compound with a side-chain having a backbone of five
carbons.
15
7. The genetically-modified bacterium of Claim 5, wherein the steroidal product of
interest is:
e
g:} e
20

3-oxo-4-cholenic acid;
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Chola 4,22-dien-24-oic acid, 3-oxo (CAS 59648-73-6, or CAS 82637-22-7 for pure E
isomer);

3-oxo-7-hydroxy-d-cholenic acid;

3-oxo-9-hydroxy-4-cholenic acid;



10
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3-ox0-1,4-choladienoic acid;

Q

3-ox0-11-hydroxy-4-cholenic acid,;

77
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wherein R can be hydroxyl or oxo;
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COOH

//I,f, »

ittt H

4-BNC

3-0x0-23,24-bisnor-4-cholene-22-oic acid (4-BNC);

5
if,!/[, cooH
Qtlis!
O
1,4-BNC
3-0x0-23,24-bisnor-1,4-choladiene-22-oic acid (1,4-BNC); or variants thereof.
10 8. The genetically-modified bacterium of Claim 5 or Claim 6, wherein the steroidal

product of interest is:

15 3-oxo-4-cholenic acid;



10
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Chola 4,22-dien-24-oic acid, 3-oxo (CAS 59648-73-8, or CAS 82637-22-7 for pure E
isomer);

3~oxo-7-hydroxy-4-cholenic acid;

o

3-oxo-9-hydroxy-4-cholenic acid;
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3-0x0-7,9-dihydroxy-4-cholenic acid;

3-ox0-1,4-choladienoic acid;

10

3-oxo-11-hydroxy-4-cholenic acid;

PCT/EP2019/071468
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wherein R can be hydroxyl or oxo; or variants thereof.

9. The genetically-modified bacterium of any of Claims 1 to 8, wherein the bacterium
is of the Actinobacteria class or the Gammaproleobacteria class.
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10. The genetically-modified bacterium of Claim 9, wherein the bacterium of the
Actinobacteria class is a Rhodococcus species, a Mycobacterium species, a Nocardia
species, a Corynebacterium species, or an Arthrobacter species.

11. The genetically-modified bacterium of Claim 10, wherein the Rhodococcus species
is Rhodococcus rhodochrous, Rhodococcus erythropolis, Rhodococcus jostii,
Rhodococcus ruber, preferably Rhodococcus rhodochrous.

12. The genetically-modified bacterium of Claim 10, wherein the Mycobacterium
species is Mycobacterium neocaurum, Mycobacterium smegmatis, Mycobacterium
tuberculosis, or Mycobacteriurn fortuitum, preferably Mycobacterium necaurum.

13. The genetically-modified bacterium of Claim 10, wherein the Nocardia species is
Nocardia restrictus, Nocardia corallina, or Nocardia opaca.

14. The genetically-modified bacterium of Claim 10, wherein the Arthrobacter species
is Arthrobacter simplex.

15. The genetically-modified bacterium of any of Claims 1 to 14, wherein the genetic
modification comprises inactivation of the genes: kshA7 (SEQ ID NO: 1), kshA2 (SEQ ID
NO: 2), kshA3 (SEQ ID NO: 3), kshA4 (SEQ ID NO: 4), and kshA5 (SEQ ID NQO: 5), or
homologs thereof.

16. The genetically-modified bacterium of any of Claim 15, wherein the genetic
modification further comprises re-introduction of a wild type copy of the kshA5 gene
comprising SEQ 1D NO: 5, or a homolog thereof.,

17. The genetically-modified bacterium of any of Claims 1 to 14, wherein the genestic
modifications comprise inactivation of the genes: kshA1 (SEQ ID NO: 1), kshA2 (SEQ ID
NO: 2), kshA3 (SEQ ID NO: 3), and kshA4 (SEQ 1D NO: 4), or homologs thereof.

18. The genetically-modified bacterium of any of Claims 15 to 17, wherein the genetic
modification further comprises inactivation of the genes: kstD71 (SEQ ID NO: 6), kstD2
(SEQ ID NO: 7), and kstD3 (SEQ 1D NO: 8), or homologs thereof.
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19. The genetically-modified bacterium of any of Claims 1 to 18, wherein the genetic
modification comprises inactivation of one or more of the genes: fadE34 (SEQ ID NO: 9;
SEQ 1D NO: 12), fadE34#2 (SEQ 1D NO: 10), or homologs thereof.

20. The genetically-modified bacterium of Claim 19, wherein the genetic modification
further comprises inactivation of the gene: fadE26 (SEQ ID NO: 11), or homologs thereof.

21. The genetically-modified bacterium of any of Claims 15 to 20, wherein the gene
inactivation is by gene deletion.

22, The genetically-modified bacterium of any of Claims 15 to 21, wherein the homolog
has a nucleotide sequence with at least 50% sequence identity with the nucleotide
sequence of a gene defined in those claims.

23. The genetically-modified bacterium of Claim 22, wherein the homolog has a
nucleotide sequence that has a sequence identity of at least 55%, at least 60%, at least
65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 81%, at
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least
98%, or at least 99%.

24, The genetically-modified bacterium of any of Claims 15 to 21, wherein the homolog
encodes a polypeptide that has an amino acid sequence with at least 50% sequence
identity with the amino acid sequence of a polypeplide encoded by a gene defined in those
claims.

25. The genetically-madified bacterium of Claim 24, wherein the homolog encodes a
polypeptide that has an amino acid sequence identity of at least 55%, at least 60%, at least
65%, at least 70%, at least 756%, at least 80%, at least 85%, at least 90%, at least 91%, at
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least
98%, or at least 99%.

26. A genetically-modified Rhodococcus rhodochrous bacterium of strain: LM9
(Accession No. NCIMB 43058), LM19 (Accession No. NCIMB 43059), or LM33 (Accession
No. NCIMB 43060)

27. A genetically-modified Mycobacterium neocaurum bacterium of strain: NRRL B-
3805 Mneo-AfadE34 (Accession No. NCIMB 43057).



10

186

20

25

30

WO 2020/030799 85 PCT/EP2019/071468

28. A genetically-modified bacterium according to any of Claims 1 to 27 for use in the
conversion of a steroidal substrate into a steroidal compound of interest.

29. A method of converting a steroidal substrate into a steroidal product of interest,
comprising the steps of:

(a) inoculating culture medium with genetically-modified bacteria according to
any of Claims 1 to 27 and growing the bacterial culture until a target ODeco
is reached;

(b adding a steroidal substrate to the bacterial culture when the target ODsoo
is reached;

() culturing the bacterial culture so that the steroidal substrate is converted to
the steroidal product of interest; and,

(d) extracting and/or purifying the steroidal product of interest from the bacterial
culture.

30. The method according to Claim 29, wherein the culture medium is LB medium or
minimal medium.

31. The method according to Claim 29 or Claim 30, wherein in step (a) the bacterial
culture is grown to a target ODsao of at least 1.0, preferably at least 4.0, more preferably at
least 4.5, most preferably at least 5.0.

32. The method according to any of Claims 29 to 31, wherein the steroidal substrate is
a sterol substrate.

33. The method according to Claim 32, wherein the sterol substrale comprises:
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B-sitosterol;

5  7-oxo-B-sitosterol or 7-hydroxy-B-sitosterol;

Fag,, T,,«f‘”""mww e

iy 2] T

cholesterol,
10

7-oxo-cholesterol or 7-hydroxy-B-cholesterol;
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HO

campesterol;

pe

stigmasterol;

fucosterol;
7-oxo-phytosterol; or a combination thereof.

34, The method according to of any of Claims 28 to 33, wherein the steroidal product

of interest comprisas an intact polycyclic ring system.

35. The method according to of any of Claims 29 to 34, wherein the steroidal product
of interest is a steroidal compound with a side-chain having a backbone of five carbons.
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36. The method according to Claim 34, wherein the steroidal product of interest is:

DH

3-oxo-4-cholenic acid;

Chola 4,22-dien-24-oic acid, 3-oxo (CAS 59648-73-6, or CAS 82637-22-7 for pure E

isomer);

3-ox0-7-hydroxy-4-cholenic acid;
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3-ox0-1,4-choladienocic acid;

89
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3-0x0-23,24-bisnor-4-cholene-22-oic acid (4-BNC);

3-ox0-23,24-bisnor-1,4-choladiene-22-oic acid (1,4-BNC); or variants thereof.

37. The method according to Claim 34 or Claim 35, wherein the steroidal product of
interest is:
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3-oxo-4-cholenic acid;

Chola 4,22-dien-24-oic acid, 3-oxo (CAS 59648-73-6, or CAS 82637-22-7 for pure E

isomer);

3-oxo-7-hydroxy-4-cholenic acid;
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3-ox0-1,4-choladienoic acid;
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wherein R can be hydroxyl or oxo; or variants thereof.

38. The method of any of Claims 29 to 37, wherein in step (b) the steroidal substrate
is added at a concentration of at least 0.1mM, at least 0.2mM, at least 0.3mM, at least
0.4mM, at least 0.5mM, at least 0.6mM, at least 0.7mM, at least 0.8mM, at least 0.9mM,
at least 1.0mM, at least 1.1mM, at least 1.2mM, at least 1.3mM, at least 1.4mM, at least
1.5mM, at least 1.6mM, at least 1.7mM, at least 1.8mM, at least 1.9mM, or at least 2.0mM.

39. The method of Claim 38, wherein the steroidal substrate is added at a
concentration of at least 1mM, preferably at least 1.5mM, more preferably at least 2.0mM.

40. The method according to any of Claims 29 to 39, wherein in step (b) a cyclodextrin
is added to the culture medium, preferably a B-cyclodextrin or a y-cyclodextrin.

41. The method according to Claim 40, wherein the cyclodextrin is a B-cyclodextrin,
preferably a methyl-B-cyclodextrin or a 2-OH-propyl-B-cyclodextrin.

42, The method according to Claim 40 or Claim 41, wherein the cyclodextrin is added
at a concentration of 1mM to 25mM, preferably 5mM to 25mM.

43. The method according to Claim 40 or 41, wherein the cyclodexirin is added at a
concentration of at least 1TmM, preferably at least 5mM, more preferably at least 12.5mM,
most preferably at least 25mM.

44, The method according to any of Claims 29 to 43, wherein in step (b) an organic
solvent is added to the culture medium.

45, The method according to Claim 44, wherein the organic solvent is ethanol,
dimethylformamide (DMF), or acetone, preferably ethanol.
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46. The method according to Claim 44 or Claim 45, wherein the organic solvent is
added at a volume/volume (v/v) concentration of 1% to 20%, 2% to 19%, 3%, to 18%, 4%
to 17%, 5% to 16%, 6% to 15%, 7% to 14%, 8%, to 13%, 9% to 12%, 10 % to 11%,
preferably 5% to 20%, more preferably 5% to 15%.

47. The method according to any of Claims 29 to 46, wherein in step (b) a cyclodextrin
and an organic solvent are added to the culture medium.

48, The method according to Claim 47, wherein the cyclodextrin is added at
concentration of 1mM to 25mM and the organic solvent is added at a volume/volume (v/v)
concentration of 1% to 10%, more preferably the cyclodextrin is added at concentration of
1mM to 10mM and the organic solvent is added at a volume/volume (v/v) concentration of
1% to 10%, yet more preferably the cyclodextrin is added at concentration of 1mM to 5mM
and the organic solvent is added at a volume/volume (v/v) concentration of 1% to 5%, most
preferably the cyclodextrin is added at concentration of 5mM and the organic solvent is
added at a volume/volume (v/v) concentration of 5%.

49. The method according to Claim 47, wherein the cyclodextrin is added at a
concentration of at least 1mM and the organic solvent may be added at a volume/volume
(v/v) concentration of at least 1%, preferably the cyclodextrin is added at concentration of
at least 5mM and the organic solvent may be added at a volume/volume (v/v)
concentration of 5%.

50. A steroidal product of interest produced by the method of any of Claims 29 to 49.

51. A kit for converting a steroidal substrate into a steroidal product of interest, wherein
the kit comprises:

(a) a genetically-modified bacterium according to any of Claims 1 to 27, and,
(b) instructions for using the kit.

52. The kit according to Claim 51, wherein the kit further comprises a steroidal
substrate.

53. The kit according to Claim 52, wherein the steroidal substrate is a sterol substrate.
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54. The kit according o Claim 53, wherein the sterol substrate comprises:
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cholesterol;
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7-oxo-cholesterol or 7-hydroxy-B-cholesterol;

HO?
10
stigmasterol;
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fucosterol;
7-oxo-phytosterol; or a combination thereof.

55. The kit according to any of Claims 51 to 54, wherein the kit further comprises a
cyclodextrin, preferably a B-cyclodexirin or a y-cyclodexirin.

56. The kit according to Claim 55, wherein the cyclodexirin is a B-cyclodextrin,
preferably a methyl-B-cyclodexirin or a 2-OH-propyl-B-cyclodextrin.

57. The kit according to any of Claims 51 to 56, wherein the kit further comprises an
organic solvent.

58. The kit according io Claim 57, wherein the organic solvent is ethanol,
dimethylformamide (DMF), or acetone, preferably ethanol.
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