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Abstract

Steroid degradation by Comamonas testosteroni and Nocardia restrictus have been
intensively studied for the purpose of obtaining materials for steroid drug synthesis. C.
testosteroni degrades side chains and converts single/double bonds of certain steroid
compounds to produce androsta-1,4-diene 3,17-dione or the derivative. Following
9a-hydroxylation leads to aromatization of the A-ring accompanied by cleavage of the
B-ring, and aromatized A-ring is hydroxylated at C-4 position, cleaved at A4 by
meta-cleavage, and divided into 2-hydroxyhexa-2,4-dienoic acid (A-ring) and
9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid (B,C,D-ring) by hydrolysis.
Reactions and the genes involved in the cleavage and the following degradation of the
A-ring are similar to those for bacterial biphenyl degradation, and
9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid degradation is suggested to be
mainly B-oxidation. Genes involved in A-ring aromatization and degradation form a
gene cluster, and the genes involved in -oxidation of
9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid also comprise a large cluster of
more than 10 genes. The DNA region between these two main steroid degradation gene
clusters contain 3a-hydroxysteroid dehydrogenase gene, AS5,3-ketosteroid isomerase
gene, genes for inversion of an a-oriented-hydroxyl group to a -oriented-hydroxyl
group at C-12 position of cholic acid, and genes possibly involved in the degradation of
a side chain at C-17 position of cholic acid, indicating this DNA region of more than

100kb to be a steroid degradation gene hot spot of C. testosteroni.



1. Brief overview of steroid degradation by Comamonas testosteroni

1-1. Introduction

Steroid compounds are known for the wide variety and have long been used as
medicinal chemicals for their hormonal effects and various other functions on animals.
Several species of bacteria degrade certain steroid compounds to utilize as the sole
carbon and energy sources, and the intermediate compounds of steroid degradation by
these bacteria have been intensively studied for the purpose of obtaining materials for
steroid drug synthesis. For these studies, testosterone was often used as representative
steroid compound and Gram-negative Comamonas (formerly Pseudomonas) testosteroni
and Gram-positive Rhodococcus (formerly Nocardia) restrictus were used as
representative steroid degrading bacteria. Among C. testosteroni, strain ATCC 1196 has
been traditionally used and some other steroid-degrading C. testosteroni strains such as
ATCC 17410 and TA441 were reported a few decades later when genetic engineering

showed explosive progress.

1-2. Degradation pathway of steroid compound in C. testosteroni

In 1958, it was already revealed that testosterone degradation by C. testosteroni
starts with conversion of a hydroxyl group at C-17 position to a ketone group and
introduction of a double bond at C-1 position of the A-ring, being followed by
hydroxylation at C-9 position of the B-ring which leads to aromatization of the A-ring
(Figure 1.) [1, 2]. Then an intermediate compound with the aromatized A-ring,
3-hydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17-dione (3-HSA), and an intermediate

compound with the C,D-rings with cleaved B-ring,



9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid, were identified in 1965 [3]. Then
aromatized A-ring of 3-HSA is cleaved and the compound is divided into two
compounds, A-ring and B,C,D-rings, by hydrolysis. [1, 2, 4-12]. The degradation
pathway was confirmed with detail using gene-disrupted mutants in early 2000s, with
further studies revealing that A-ring is degraded with the pathway similar to a common
bacterial aromatic compound degradation pathway and B,C,D-rings is degraded mainly
by B-oxidation [13-18]. Investigation of the detail of degradation pathway of B,C,D-ring

and other side chains of steroid compounds are still in progress.

1-3. Steroid degradation enzymes in C. testosteroni.

Although testosterone has been used as the representative steroid compound to
reveal steroid degradation in C. testosteroni, C. testosteroni also degrades several other
steroids (e.c. cholic acid and its derivatives, testosterone, progesterone, epiandrosterone,
dehydroepiandrosterone) and converts them to androsta-1,4-diene 3,17-dione (ADD) or
the derivative corresponding to the initial steroid compound before breaking down
steroidal four rings. This suggests C. testosteroni has all the enzymes required for
degradation of these compounds to ADD or the derivative, and among the predicted
enzymes, AS,3-ketosteroid isomerase, 3a-dehydrogenase, and 33-dehydrogenase have
long been studied since 1950s [19-21]. These three enzymes are indispensable for
degradation of steroid compounds with a double bond at A5 (e.c.
dehydroepiandrosterone), with an a-oriente-hydroxyl group at C-3 position (e.c. cholic
acid, androsterone), and with a -oriente-hydroxyl group at C-3 position (e.c.

epiandrosterone), respectively. Crystal structure analysis and genetic analysis started



after around 1990.

1-4. Steroid degradation genes and the gene clusters in C. testosteroni

Investigation of steroid degradation genes of in C. testosteroni launched fully in 1990s
when 33-dehydrogenase gene, 3a-dehydrogenase gene, and AS,3-ketosteroid isomerase
gene were isolated consistently, then degradation genes for basic steroidal structure were
revealed with detailed degradation pathway in the next decade (Figure 1., table 1) [13-18,
22-28]. The aromatized A-ring is cleaved and completely degraded by meta-cleavage
pathway, a common bacterial degradation pathway for aromatic compounds, and the
genes involved in the A-ring degradation show significant homology to the
corresponding genes in bacterial aromatic compound degradation. Degradation pathway
of intermediate compound of B,C,D-rings,
9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid, is still under investigation, but
the main part of the degradation is suggested to be B-oxidation. The degradation is like
an aggregation that irrelevant reactions just gathered up, but the genes for the reactions
are exclusively induced only when C. testosteroni is incubated with steroid compounds.

Genes of C. testosteroni for degradation of basic steroidal structure constitute two main

steroid degradation gene clusters; one mainly consists of genes involved in
aromatization and cleavage of the A-ring (named tesG-ORF18 in strain TA441) and the
other consists of genes involved in B-oxidation of the B,C,D-rings (named steA to tesR
in strain TA441) (Table 1). Recent study indicated these two steroid degradation gene
clusters are on the same DNA strand several dozens of kilo bases apart and the

3a-dehydrogenase gene and the adjacent A5,3-ketosteroid isomerase gene are located in



the DNA region between these clusters (Table 1, identified steroid degradation genes of
C. testosteroni strains are shown with putative genes of C. testosteroni CNB-2, whose
whole genome determination was completed in 2009 [29]). Quite a few possible steroid
degradation genes are found in this DNA region, suggesting that this DNA region of

more than 100kb to be the steroid degradation gene hot spot of C. testosteroni.



2. Detail of each reaction of steroid degradation by Comamonas testosteroni

2-1. 3p-,17B-Dehydrogenation

In mammals, 3B-hydroxy-AS5-steroid dehydrogenase catalyzes both dehydrogenation
from 3B-hydroxyl group to ketone group as well as transposition of a double bond at A5
to A4, but in bacterial steroid degradation, the hydroxyl group at C-3 position must be
converted to a ketone group before introduction of a double bond into A-ring.

3B,17B-Dehydrogenase (3B,17p-hsd) of C. testosteroni was purified in 1970s from
strain ATCC11996. The enzyme was initially isolated as 33-hsd and the cloned enzyme
was revealed to act on both 33-hydroxyl group and 173-hydroxyl group of steroid
compounds (Figure 2.) [22, 30-32]. In 2002, crystallographic analysis at 1.2 A resolution
revealed the enzyme to have nearly identical subunits that form a tetramer with the
active site containing a Ser-Tyr-Lys triad, typical for short-chain
dehydrogenases/reductases (SDR) [33].

The gene is not in the putative steroid degradation gene hot spot of C. testosteroni, but
putative genes in the surrounding DNA region, stdC and sip48, were induced when
strain ATCC11996 was incubated with steroid compounds degradable for the strain
(Figure 3.) [22, 34-36]. The deduced amino acid sequence of stdC showed the maximum
identity (ca. 80%) to PhaR, polyhydroxyalkonate synthesis repressor and Sip48 showed
significant homology to DUF1329 family proteins. DUF1329 family proteins are
hypothetical proteins, but can be found in wide genera of Gram-negative bacteria,
especially in Pseudomonas sp.

Genes encoding Sip48 and 3f3,17p-hsd were also isolated from strain TA441 with

several kb DNA region downstream of 33,173-hsd gene. A possible terminator was



found just downstream of the putative 33,17B-hsd gene and the homology search
indicated that a protein encoded by a putative ORF in the downstream DNA region
(ORF63, Figure 3.) to be a secretion lowering protein 1, suggesting that the DNA region
downstream of the 33,17B-hsd are not involved in steroid degradation [37].

A gene-disrupted mutant of 33,17p-hsd of strain TA441 did not show significant
growth on epiandrosterone, which has a 3p3-hydroxyl group and 17-ketone group, while
the gene-disrupted mutant did degrade testosterone, which has a 17B-hydroxyl group and
3-ketone group, though the growth was noticeably slower than that of the strain TA441
control [accepted, Horinouchi 2010]. These results suggested that the main role of the
3B,17B-hsd in TA441 cells is 33-dehydrogenation and that there is at least one more
dehydrogenase which acts on the 17B-hydroxyl group. Dehydrogenation/hydrogenation
at the C-17 position is thought to be a reversible reaction because the major intermediate
compounds isolated so far from TA441 have a ketone group at the C-17 position and are
accompanied by a small amount of a compound of the same structure with the exception
of a hydroxyl group at the C-17 position. C. testosteroni may have more than one
enzyme with 178-dehydrogenating/hydrogenating activity to deal with intermediate

compounds having considerable structural differences.

2-2. 3a-Dehydrogenation and negative regulation of 3a-dehydrogenation

Cholic acid and the derivatives, the main integrants of bile acid, and steroidal
antibiotic fusidic acid are known for their anti-bacterial effect, but some steroid
degrading bacteria including C. testosteroni are resistant with the ability of utilizing

these compounds [38]. In contrast to testosterone, they have a a-oriented-hydroxyl



group at C-3 position. In steroid degradation by C. testosteroni, a-oriente-hydroxyl
group at C-3 position also has to be converted to a ketone group before introduction of
double bonds in the A-ring (Figure 4.).

3a-Dehydrogenase (3a-hsd) was purified in 1965 [39]. Then cloning of 3a-hsd gene
using an antibody for 3a-hsd was reported in 1995 [40], but the deduced amino acid
sequence at the N-terminal end showed c.a. 35% identity to ribosomal protein L10/P0
and the deduced amino acid sequence of the rest of the putative gene showed c.a. 50%
identity to ribosomal protein L7/L12.

Another gene encoding 158 aa-putative 3a-hsd was cloned from strain ATCC11996 in
1998 [23, 41]. The deduced amino acid sequence of this 3a-hsd showed considerably
high homology to many short-chain dehydrogenase/reductase (SDR) and the motives of
3a-hsd are conserved. The sequence of N-terminal of this 3a-hsd exactly matches to that
of the enzyme purified directly from the C. testosteroni cells and
3-ketosteroid-A4(5)-isomerase (ksi) gene was found in the just downstream DNA region,
both being included in steroid degradation hot spot of C. testosteroni.

3a-Hsd is induced by LuxR family positive regulator of C. testosteroni while genes
encoding repressor of 3o-hsd, named RepA and RepB in ATCC11996, are found on the
complementary strand of 3a-hsd and ksi (Figure 5.) [42]. In the absence of inducing
steroids, RepA blocks transcription of 3a-hsd (named hsdA in ATCC11996) by
preventing RNA polymerase to bind the promoter region of 3a-hsd gene. RepB blocks
translation of the 3a-hsd/CR mRNA. In the presence of appropriate steroid compounds,
the compounds both bind to RepA and RepB and release these proteins from the RNA

polymelase and of the 3a-hsd/CR mRNA, respectively [43]. RepB of ATCC11996 is



reported as a protein consists from GNAT family acetyltransferase. Homology search
using deduced amino acid sequence of the putative RepB of strain TA441 and CNB-2
indicated that they are fusion proteins consisting both with GNAT family
acetyltransferase and an elongation factor, but whether fusion protein or not will not

affect much to the function.

2-3. A5,3-Ketosteroid isomeration

In mammals, transfer of a double bond at AS to A4 is catalyzed by
3B-hydroxy-A5-steroid dehydrogenase at the same time as the dehydroxylation of
3B-hydroxyl group to ketone group, while in C. testosteroni, A5,3-ketosteroid isomerase
(ksi) just transfers a double bond at A5 of 3-ketosteroid to A4 (Figure 6). Ksi of C.
testosteroni has been under intensive studies since 1950s because of its interesting
mechanism and extraordinarily high catalytic efficiency [44]. Partial crystallization of C.
testosteroni ksi was performed in 1955 [19] and then complete crystallization and
analysis was reported in 1960s [45-47]. The amino acid sequence was determined in
1971 and the gene encoding ksi was cloned in 1987 [24, 25]. Complete crystal structure
was revealed in 1999 [48], and recent study indicated Tyr14, Asp38 and Asp99 or the
regions around them are key active site residues in ksi and Tyr14 is also significant as
the backbone of ksi [49].

A A5,3-ketosteroid isomerase-disrupted mutant of strain TA441 can grow on
dehydroepiandrosterone, which has a double bond at AS, but cannot grow on
epiandrosterone, which lacks a double bond at A5, indicating that C. testosteroni ksi is

responsible for transfer of the double bond from A5 to A4 and transfer of the double



bond by hydrogenation at A5 and following dehydrogenation at A4 is not possible [37].

2-4. Degradation of the side chain at C-17 position of cholic acid

C. testosteroni is unable to degrade majority of the steroid compounds with a large
side chain at C-17 position such as cholesterols and plant sterols [37], but effectively
degrades cholic acid and the derivatives. Cholic acid and the derivatives are not only
known for physiological activities on animals and anti-bacterial activity as the main
integrants of bile acid [50-59] but also other various functions that are expected to be
applied to medicals and their materials. Furthermore, they are reported to induce
defensive effects in plants [60, 61].

Analysis of degradation pathway of the side chain at C-17 position of cholid acid in C.
teststeroni is still in progress, but intermediate compounds identified so far from C.
teststeroni incubated with cholic acid suggested that the degradation pathway is similar
to those of Pseutomonas sp. NCIB 10590 and ATCC 31752 [62, 63] (manuscript on C.
teststeroni is in preparation). Degradation of the side chain at C-17 position starts with
removal of carbons at C-24 and C-23 position by -oxidation followed by oxidative
removal of three carbons at C20, C21, and C22 position as a 2-oxo-propionic acid or the
derivative, resulting in production of a ketone group at C-17 position (Figure 7.)

Although degradation genes for the side chain at C-17 position of cholic acid in C.
testosteroni are yet to be isolated, a putative gene whose deduced amino acid sequence
shows around 70% identity to acyl-CoA-dehydrogenase CaiA of Pseudomonas sp. strain
Choll [64] was found in the hot spot of steroid degradation genes (indicated with bold

letters in Table 1). CaiA is an acyl CoA-dehydrogenase for 7a,12a



-dihydroxy-3-oxo-pregna-1,4-diene-20-carboxylate CoA-ester, a CoA-ester intermediate
compound in colic acid degradation with two carbons at C-23 and C-24 position
eliminated from cholic acid probably by B-oxidation. Moreover, a number of putative
B-oxidation genes were found in the neighboring DNA region of the putative CaiA gene,
suggesting that genes involved in degradation of the side chain at C-17 position locate in

surrounding DNA region.

2-5. Inversion of an a-oriente-hydroxyl group to a B-oriente-hydroxyl group at
C-12 position of cholic acid

Cholic acid has a-oriented-hydroxyl groups at C-7 position and C-12 position. After
the degradation of the side chain at C-17 position to a ketone group, inversion of the
a-oriented-hydroxyl group at C-12 position to the -oriented-hydroxyl group is
indispensable for aromatization of A-ring [28, 65]. The detailed mechanism is not clear
yet, but C-9a position may be sterically-hindered from binding of the 9a-hydroxylase
by a-oriented-hydroxyl group at C-12 position. The side chain at C-17 position of cholic
acid is degraded to a ketone group to produce an intermediate compound
7a,12a-dihydroxyandrosta-1,4-diene-3,17-dione, which is converted to
7a-hydroxyandrosta-1,4-diene-3,12,17-trione by a dehydrogenase SteA, followed by
converted to 7a,12f3-dihydroxyandrosta-1,4-diene-3,17-dione by a hydrogenase SteB
(Figure 8.). SteA is able to convert 7a-hydroxyandrosta-1,4-diene-3,12,17-trione to
7a,12B3-dihydroxyandrosta-1,4-diene-3,17-dione a little, but the transformation of
7a,12a. -dihydroxyandrosta-1,4-diene-3,17-dione to

7a.,12B-dihydroxyandrosta-1,4-diene-3,17-dione is carried out far more effectively when



both SteA and SteB are involved together.

SteA and SteB are encoded in the DNA region upstream of a meta-cleavage enzyme
gene tesB for cleavage of the aromatized A-ring (Figure 9.). These genes form a steroid
degradation cluster, steA,B, ORF6,7, tesB, and the following ORFs, most of which are
involved in B,C,D-ring degradation. Function of ORF6 and 7 is not clear, but they are
though to be involved in steroid degradation.

Most of the a-oriented-hydroxyl group at C-7 still remains after the hydrolysis [28].

2-6. Aromatization of the A-ring accompanied by the cleavage of the B-ring, and
the following degradation of the aromatized A-ring (steroid degradation gene
cluster I)

In bacterial steroid degradation via aromatization of the A-ring, a ketone group at C-3
position and double bonds at Al and A4 are indispensable for the aromatization of the
A-ring (Figure 10). A1-Dehydrogenase (A1-DH) gene was cloned from C. testosteroni
strain ATCC17410 in 1991 [26], and A4-dehydrogenase (A4-DH) gene was cloned from
the same strain in 1996 [27]. Similar A1-DH (TesH) and A4-DH (Tesl) genes were
identified in strain TA441 with genes involved in A-ring degradation to reveal that
A1-DH and A4-DH are adjacent each other and are contained in the same steroid
degradation gene cluster, ORF18, ORF17, and tesSIHA2A1DEFG. Most of the genes in
this cluster are involved in aromatization and following degradation of the A-ring in
steroid degradation [14] (Figure 11).

Testosterone degradation is initiated by dehydrogenation of the 17p3-hydroxyl group to

ketone group to produce 4-androstene-3, 17-dione (4-AD), which then undergoes



Al-dehydrogenation to 1,4-androstadiene-3, 17-dione (ADD). Following
9a-hydroxylation results in automatic cleavage of the B-ring and aromatization of the
A-ring to produce 3-hydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17-dione (3-HSA).
ORF17 (Figure 11), which locates just downstream DNA region, is considered to encode
the reductase component of 9a-hydroxylase, because an ORF17-disrupted mutant
accumulates ADD when incubated with testosterone and deduced amino acid sequence
of OR17 shows more than 90% identity to flavodoxin reductase family 1 proteins though
the gene encoding oxygenase component was not found in this cluster.

C-4 of 3-HSA is hydroxylated by TesA1A2 to yield
3,4-dihydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17-dione (3,4-HSA), which is
followed by cleavage between C-4 and C-5 by meta-cleavage enzyme (TesB in strain
TA441). Only the meta-cleavage gene is in another main steroid degradation gene cluster
(section 2-7). TesAl shows the maximum over 90% amino acid sequence identity to
hydroxylases and TesA2 shows significant amino acid sequence identity to many
acyl-CoA dehydrogenase type 2-like proteins. Considered from the homology search
results, hydroxylation at C-4 position could be possible only with TesAl, but
gene-disruption experiments showed that both TesAl and TesA2 are responsible for
hydroxylation at C-4 position [16].

3,4-HSA is converted to
4,5-9,10-diseco-3-hydroxy-5,9,17-trioxoandorosta-1(10),2-dien-4-oic acid (4,9-DSHA)
by the meta-cleavage enzyme, followed by hydrolysis to produce
2-hydroxyhexa-2,4-dienoic acid (A-ring) and

9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid (B,C,D-ring) by the hydrolase



TesD. 2-Hydroxyhexa-2,4-dienoic acid is degraded by TesEGF with a process similar to
bacterial degradation of aromatic compounds such as biphenyl (Figure. 10). TesB,D,EFG,
involved in the aromatized A-ring degradation, also shows 40-80% amino acid identity
to corresponding enzymes in bacterial aromatic compound degradation, but the
induction experiments showed that these enzymes are exclusively for steroid
degradation.

Another product of hydrolysis of 4,9-DSHA,
9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid (B,C,D-ring), is accumulated by
ORF18-disrupted mutant incubated with testosterone and the homology search indicated
ORF18-encoded enzyme to be CoA-transferase, suggesting that the degradation of
9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid is initiated by addition of CoA by
ORF18-encoded CoA-transferase [28].

ORF18,17,tesIHA2A1DEFG and the downstream DNA region of tesG are in more
than 100kb steroid degradation hot spot (table 1), while putative genes in the
downstream DNA region of ORF18 are not considered to be involved in steroid
degradation because of the homology and little influence of the gene-disruption on

steroid degradation [28].

2-7. B-oxidation of B,C,D-rings and positive regulator of steroid degradation
genes (steroid degradation gene cluster II)

Degradation of 9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid starts with
addition of CoA by ORF18-encoded enzyme. The detail of further degradation is not

revealed yet, but the analysis of intermediate compounds accumulated by gene-disrupted



mutants of strain TA441 suggested it to be mainly -oxidation involving ORF1-33 on
another main steroid degradation gene cluster SteA to tesR (Figure 9 and table 1;
steA,B,ORF7,6, tesB, ORF1-5, 21-23, 27, 28, 30-33, and tesR; tesR in strain TA441 and
teiR in strain ATCC11996) (manuscript in preparation). Ongoing studies imply that
degradation of C,D-rings of 9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid in C.
testosteroni has significant difference to the proposed degradation pathway in N.
restrictus [66], while degradation of testosterone to
9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid are almost identical both in C.
testosteroni and N. restrictus. Most of the ORFs1 to 33 are considered to be involved in
9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid degradation because the
gene-disrupted mutant accumulate putative intermediate compounds. ORF25 and
ORF26 are not considered to be involved in the degradation due to the high homology of
the deduced amino acid sequences to 6-aminohexanoate-cyclic-dimer hydrolases and the
negligible influence of the gene-disruption on steroid degradation.

The gene which locates at the very end of this steroid degradation gene cluster, tesR in
strain TA441 and teiR in strain ATCC11996, encodes transcriptional regulator
indispensable for induction of most of the identified steroid degradation genes in C.
testosteroni [17, 67-69]. This transcriptional regulator is a LuxR family protein and
possesses helix-turn-helix motif at the C-terminal to bind DNA. It is an activator which
induces 3f3,17p-hsd, 3a-hsd, ksi, TesA2 to ORF18-encoded enzyme, TesAl to TesG,
SteA to ORF6-encoded enzyme, the meta-cleavage enzyme and the ORFs in the
downstream DNA region [17, 67] when C. testosteroni strains are incubated with

degradable steroids. Detail of induction mechanism and the induction substrate is not



clear, but at least steroidal four rings are suggested to be indispensable for induction of
these steroid degradation genes because steroid degradation genes are not induced with
3-hydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17-dione, an intermediate compound
with cleaved B-ring (unpublished data).

Homology search for putative steroid degradation genes in the genomic sequence data
on the web using deduced amino acid sequences of tesB to ORF33 revealed the presence
of putative steroid degradation gene clusters similar to tesB to ORF33 in bacteria of
different genera. Among a number of candidate bacteria, ten strains of seven genera
were selected for comparison (C. testosteroni CNB-1 [29], C. testosteroni KF1 (draft
sequence, accession: NZ_AAUJ02000001) [70, 71], Cupriavidu necator (formally R.
eutropha) JIMP134 (accession: NC _007347) [72, 73], Ralstonia eutropha H16
(accession: NC _008314) [74], Burkholderia cenocepacia J2315 (accession:

NC _011001) [75], Burkholderia sp. 383 (accession: NC _007511) [76], Cu. taiwanensis
LMG 19424 (accession: NC_010530) [77], Shewanella pealeana ATCC700345
(accession: NC _009901), S. halifaxensis HAW-EB4 (accession: NC_010334) [78, 79].),
and Pseudoalteromonas haloplanktis TAC125 (accession: NC_007481) [80, 81]), whose
deduced amino acid sequence of putative steroid degradation genes correspond to tesB to
ORF33 are showing higher homology than others (Figure 12.). All the selected strains
are Gram-negative bacteria. Putative meta-cleavage enzyme gene and putative ORFs
correspond to ORF1 to ORF33 except for ORF25 and ORF26 of strain TA441 are found
in all the candidate steroid-degradation gene clusters of these bacteria, while genes not
necessary for degradation of basic steroidal four rings, putative

6-aminohexanoate-cyclic-dimer hydrolase gene (ORF25 and ORF26), the regulator gene



(tesR/teiR), and the genes correspond to steA-ORF6, are found only in C. testosteroni
strains but are often missing in bacteria of other genera. In seven strains out of ten, the
gene order of genes correspond to tesB to ORF33 are quite similar to those of TA441,
while those in S. pealeana ATCC700345, S. halifaxensis HAW-EB4, and P. haloplanktis
TAC125 are very different, implying the considerable variety of bacterial steroid
degradation genes even among Gram-negative bacteria. Between steroid-degrading
Gram-positive bacteria and Gram-negative bacteria, corresponding steroid degradation
enzymes share homology on some level, but gene localization is completely different
[82-86].

Steroid degradation pathway and the genes in C. testosteroni are thought to be a
common type of steroid degradation in Gram-negative bacteria. Further studies are

expected for more information on bacterial steroid degradation.
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4. Figure legend

Figure 1. Proposed steroid degradation pathway of Comamonas testosteroni TA441.
Compound names are presented (R1=H, R2=H) unless others indicated:
3-0x0-5B-cholan-24-oic acid, (I); androsta-1,4-diene-3,17-dione or the derivative
(R1=0-OH or H, R2=a-OH or H), (II); androst-4-ene-3,12,17-trione, (III);
androsta-1,4-diene-3,17-dione or the derivative (R1=B-OH or H, R2=a-OH or H), (IV);
androsta-3,17-dione, (V); androst-5-ene-3,17-dione, (VI); androsta-1,4-diene-3,17-dione
or the derivative (R1=B-OH or H, R2=a-OH or H), (VII);
9-hydroxyandrosta-1,4-diene-3,17-dione, (VIII);
3-hydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17-dione (3-HSA), (IX);
3,4-dihydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17-dione, (X);
4,5-9,10-diseco-3-hydroxy-5,9,17-trioxoandrosta-1(10),2-diene-4-oic acid, (XI);
2-hydroxyhexa-2,4-dienoic acid, (XII);
9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid, (XIII);
9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid CoA ester, (XIII). Enzyme names
are: 3p3,17B-hydroxysteroid dehydrogenase; 3f3,173-hsd, 3a-hydroxysteroid
dehydrogenase; 3a-hsd, A5,3-ketosteroid isomerase; A5-ksi, 12a-hydroxysteroid
dehydrogenase;12a-hsd, 123, hydrogenase;12(3-ksh, Al1-dehydrogenase; A1-DH,
A4-dehydrogenase; A4-DH. Bold numbers indicate the section numbers in the text where

the detail is provided.



Figure 1.

holl id | COOH
epiandrosterone testosterona o Cholic acid analogs
fo) 18 Ri1=a—-OH, R2=a-OH, cholic acid
P S oty g ao
(s 50 —
3[?) ”hﬁ hSd R1=H, HE:H, |III’IOC|’|D|ICyaCId
(1 o 0
HO 2-6. 2.2.
M-DH 4 ¥ 17B-hsd 2-5. 2-5. 3a-hsd
o 12p-ksh 12a-hsd COOH
dehydrospiandrosterone | o o) R2 W B o
2-1. (V) 2-3. (V) A H1:0c—OH(”) C-17 51de chain
3pB, 17[:’) hsd AS5,3-ksi degradation
> - TR <<«
O R2 0] R2
HO Mh Roaon C . 2-6.
R1=p-OH, R2=H
m:EL R2=H ' Al-DH
R 0
(VII)
(’ 2-6.
progesterone (xIn A-ring
= ﬁ degradation
Hoo< o1 BB
' (901 hydroxygenase)
(IX) m o o 2-6.Xl) r1 o o
meta-cleavage 2-6.
C4- hydroxylase enzyme hydrolysis
8 O A
HO Ro HoOC Ao Rt o (XII)
OH
(spontaneous cleavage)
o]
HOOQC,
R2
2-6.
addition of CoA
1 O
(X1
0]
R2
("3 3-CoA
o]
2-7.

p-oxidation



Figure 2. Reaction of 34,17 f-hydroxysteroid-dehydrogenase (3(3,173-hsd)

HO"s

Figure 3. 3/,17/-hydroxysteroid dehydrogenase (33,173-hsd) and surrounding genes
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Figure 4. Reaction of 3 a-hydroxysteroid-dehydrogenase (3o-hsd)

HO"s o3

Figure 5. 3o-hydroxysteroid dehydrogenase gene (3a-hsd),

A5,3-ketosteroid-isomerase gene (ksi), and repressor genes of 3a-hsd (repA, repB)
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Figure 6. Reaction of A5,3-ketosteroid-isomerase (ksi)
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Figure 7. Predicted degradation pathway of the side chain at C-17 position of cholic

acid

p-oxidation pathway



Figure 8. Chyral transformation of an a-oriented hydroxyl group to a f-oriented

hydroxyl group at C-12 position of cholic acid
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Figure 9.

Steroid degradation gene cluster consists of the genes mainly for aromatization, cleavage, and degradation of the A-ring
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Figure 10. Aromatization, cleavage, and degradation of the A-ring in steroid

degradation pathway
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Figure 11. Steroid degradation gene cluster consists of the genes mainly for
degradation of B,C,D-rings
ATCC17410 |AL-DH _4(5)-DH > kb
—t

<€SF/

TA441 <r osG

NesE

v
NesD)

<e sAl

IeSA2>




Figure 12. Steroid degradation genes of Comamonas testosteroni TA441 (accession:
BAB15810) [17] with possible steroid degradation genes on the database which were
suggested by homology search using steroid degradation genes of TA441. The selected
bacteria are; C. testosteroni CNB-1 [29], C. testosteroni ATCC19966 (accession:
AAM77214, ACI39936, FJ215323, AAV40815) [67, 87], C. testosteroni KF1 (draft
sequence, accession: NZ_AAUJ02000001) [70, 71], Cupriavidus necator (formally
Ralstonia eutropha) JMP134 (accession: NC_007347) [72, 73], R. eutropha H16
(accession: NC _008314) [74], Burkholderia cenocepacia J2315 (accession:

NC _011001) [75], Burkholderia sp. 383 (accession: NC _007511) [76], Cu. taiwanensis
LMG 19424 (accession: NC_010530) [77], Shewanella pealeana ATCC700345
(accession: NC _009901), S. halifaxensis HAW-EB4 (accession: NC _010334) [78, 79],
and Pseudoalteromonas haloplanktis TAC125 (accession: NC_007481) [80, 81]. Arrows
indicate genes or ORFs, and striped arrows indicate that the genes or ORFs are probably
not involved in steroid degradation. Numbers (%) below the arrows indicate putative
amino acid sequences identity to the corresponding ORFs of TA441. Corresponding
genes and ORFs are connected with broken lines. Putative function is given below the

ORFs when we thought it helpful.
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Table 1. steroid degradation genes in steroid degradation gene hot spot in Comamomas testosteroni strains

ATCC11996 ATCC17410 TA441 CNB-2
Gene or Gene Gene or  Enzyme/ Putative product Gene ID  DNAposition
accession No. ORF CtCNBI1  (complementary)
- - transcriptional regulator, GntR family 1268 (1432546-1433037)
- - methylcitrate synthase/citrate synthase 11 1269 (1433047-1434144)
- - transcriptional regulator, XRE family 1270 1434429-1435901
- - SteA dehydrogenase[lfor[Ja-oriented hydroxyl group at 1271 1436135-1436866
C-12
- - SteB hydrogenase for ketone group at C-12 to B-oriented 1272 1436879-1437646
hydroxyl group
- - ORF 7 hypothetical protein 1273 1437675-1438310
- - ORF 6 NADH:flavin oxidoreductase 1274 1438320-1439%402
AAM77244 [83] - TesB meta-cleavage enzyme for aromatized A-ring 1275 1439744-1440598
- - ORF1 CoA-transferase alpha subunit 1276 1440615-1441493
- - ORF2 CoA-transferase beta subunit 1277 1441506-1442276
- - ORF3 enoyl-CoA hydratase/isomerase family 1278 1442278-1443180
- - ORF4 enoyl-ACP reductase 1279 1443177-1444265
- - ORF5 enoyl-CoA hydratase/isomerase family 1280 1444288-1445046
- - ORF21 acyl-CoA dehydrogenase 1281 1445075-1446229
- - ORF22 acyl-CoA dehydrogenase 1282 1446247-1447386
- - ORF23  thiolase 1283 1447383-1448537
- - ORF25 6-aminohexanoate-cyclic-dimer hydrolase 1284 1448638-1450203
- - ORF26  6-aminohexanoate-cyclic-dimer hydrolase 1285 1450204-1451793
- - ORF27  short-chain dehydrogenase/reductase family 1286 1451853-1452728
- - ORF28 acyl-CoA dehydrogenase 1287 1452749-1453936
- - ORF30 acyl-CoA dehydrogenase 1288 1453933-1455111
ACI39936** - ORF31 short-chain dehydrogenase/reductase family 1289 1455327-1456112
AAV40816** - ORF32  MaoC domain protein 1290 1456115-1456600
AAV40815%* - ORF33 acyl-CoA thiolase, acetyl-CoA acetyltransferase 1291 1456668-1457939
teiR [63] - TesR LuxR-type transcription factor 1292 1457981-1459228
- - diguanylate cyclase 1293 1459749-1461293
- - - carnitine dehydratase/bile acid-inducible protein 1294 (1461503-1462636)
- - - (short-chain dehydrogenase/reductase SDR) 1295 1462821-1463564
- - - (acetyl-CoA acetyltransferase) 1296 1463926-1465059
- - - (3-hydroxyacyl-CoA dehydrogenase) 1297 1465077-1467236
- - (glucose-methanol-choline oxidoreductase) 1298 1467325-1469031
- - acyl-CoA dehydrogenase domain protein 1299 1469060-1471471
- - major facilitator superfamily MFS 1 1300 1471575-1472933
- - AMP dependent acyl-CoA synthetase and ligase 1301 1473197-1474822
- - (ND) (hypothetical protein) 1302 (1474924-1475322)
- - amidohydrolase 3 1303 (1475610-1477325)
- - major facilitator superfamily MFS 1 1304 1477575-1478918
- - hypothetical protein 1305 1478915-1479643
- - rieske (2Fe-2S) domain 1306 (1479819-1480928)
- - short chain dehydrogenase/reductase SDR 1307 (1481087-1481923)
- - major facilitator superfamily MFS 1 1308 (1481945-1483279)
- - coniferyl aldehyde dehydrogenase 1309 1483404-1484828
- - short chain dehydrogenase/reductase SDR 1310 1485097-1485867
- - transcriptional regulator, LysR family 1311 (1486107-1487042)
- - DSBA oxidoreductase 1312 1487110-1487760
- - (ND) (twin-arginine translocation pathway signal) 1313 1487811-1488710
- - ketosteroid isomerase like protein 1314 1488719-1489120
- - hypothetical protein 1315 1489139-1489399
- - streptomycin-3-kinase 1316 (148%452-1490153)
- - conserved hypothetical protein 1317 (1490567-1491058)
- - GCNS5-related N-acetyltransferase 1318 (1491306-1491782)
- - protein of unknown function DUF925 1319 (1491906-1492490)
- - NADH:flavin oxidoreductase/NADH oxidase 1320 (1492713-14%4839)
- 2,4-dienoyl-CoA reductase 1321 (1494856-1496871)
ﬁoghsd [38, 84] - 3a-hsd 3-hydroxysteroid 3o-dehydrogenase 1322 1497027-1497800
sdA [85]
ksi [24, 25] ksi 3-ketosteroid A4(5)-isomerase 1323 1497971-1498330
repA [86] repA repressor of 3-hydroxysteroid 3a-dehydrogenase (1496985-1497803)
repB [86] - ORF64  GreA/GreB family elongation factor 1324 (1498493-149%410)
- - (ND) (GCNS5-related N-acetyltransferase) 1325 (1499815-1500255)
- - transcriptional regulator, LysR family 1326 (1500300-1501211)




- - short-chain dehydrogenase/reductase SDR 1327 1501320-1502087
- - N-acyl-D-amino-acid deacylase
- - glutathione-dependent formaldehyde-activating 1328 1502236-1502637
- - enoyl-CoA hydratase/isomerase 1329 (1502710-1503522)
- - short-chain dehydrogenase/reductase SDR 1330 1503622-1504422
- - protein of unknown function DUF925 1331 1504441-1505385
- - CaiA, acyl-CoA dehydrogenase-like protein 1332 1505401-1506504
- - MaoC-like dehydratase 1333 1506517-1506933
- - lipid-transfer protein 1334 1506957-1508138
- - CaiA, acyl-CoA dehydrogenase-like protein 1335 1508156-1509337
- - acyl-CoA synthetase 1336 1509380-1511191
- - beta-lactamase domain protein 1337 1511184-1512251
- - acyl-CoA dehydrogenase-like protein 1338 1512264-1513460
- - acyl-CoA dehydrogenase-like protein 1339 1513593-1514720
- - long-chain-fatty-acid-CoA ligase 1340 1514722-1516428
- - putative sigma E regulatory protein, 1341 1516711-1518090
MucB ,DUF1329
- - protein of unknown function DUF1302 1342 1518126-1519637
- - dienelactone hydrolase 1343 1519751-1520812
- - RND efflux transporter 1344 (1520980-1521438)
- - (ND) 1345 (1521438-1523921)
- - BNR repeat containing glycosyl hydrolase 1346 (1523918-1524925)
- - nonspecific lipid-transfer protein 1347 1525136-1526350
- - - acyl dehydrogenase 1348 1526523-1527299
protein of unknown function DUF35
- - (ferric malleobactin transporter) 1349 1527577-1527855
- - TonB-dependent siderophore receptor, transporter 1350 1528207-1530306
- - TesG 4-hydroxy-2-oxo-hexanoate aldolase 1351 (1530465-1531505)
- - TesF propionaldehyde dehydrogenase 1352 (1531520-1532443)
- - TesE 2-hydroxyhexa-2,4-dienoic acid hydratase 1353 (1532440-1533255)
- - TesD hydratase for aromatized A-ring of steroids 1354 (1533260-1534099)
- - TesAl hydroxylase at C-4 of aromatized A-ring 1355 1534179-1535156)
- - TesA2 hydroxylase at C-4 of aromatized A-ring 1356 1535436-1536632
- Al1-DH [26] TesH 3-ketosteroid Al-dehydrogenase 1357 1536737-1538467
- A4-DH [27] Tesl 3-ketosteroid A4-dehydrogenase 1358 1538483-1540219
- - ORF17 reductase component of C-9 hydroxylase 1359 1540303-1541370
ORF18  CoA-transferase at C-5 of cleaved B-ring 1360 1541374-154299

(ND) :not detected in TA441
- mnot sequenced or sequence incomplete



