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Abstract

Pseudomonas putid@OC21 assimilates a large variety of steroids, including bile acids, via a singles8cd @athway. Two
specific mutants knocked down stdH and $dJ were obtained by deletion (straifs putida DOC21DstdH and P. putida
DOC21Dstd). Analysis of these otants revealed that both had lost the ability to fully degrade bile acids and that thetdenes
and stdJ are involved in oxidation of the A and B rings of the polycyclic steroid structure. Moreover, wlitrgagida
DOC21DstdH and P. putida DOC21DstdJ were unable to degrade testosterone -@ndrostend,17-dione (AD), P. putida
DOC21DstdJ was also unable to assimilate andrestadiene3,17-dione (ADD). When cultured in medium containing
lithocholate and succinat®, putidaDOC21DstdHandP. putidaDOC21DstdJaccumulated AD and ADD, respectively. Genetic
and bioinformatics analyses revealed that: SiiiH encodes a -BetosteroidD'-dehydrogenase; (i) StdJ is the reductase
component of a-Betosteroid 8-hydroxylase; (iii) therans-expression o§tdHandstdJin the corresponding mutant restored the
lost catabolic function(s), and (iv) full steroid metabolisnPbyutidaDOC21DstdHwas restored by its expressionkstD2 but
notkstD1or kstD3 of Rhodococcus rubefhol4. Our results shed light on the systems used by bacteria to oxidize the A and B
rings of steroid compounds. In addition, as the mutants described herein were able to synthesize two pharmaceutically importa
synthons, AD and ADD, they may be of valin industrial applications.
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Introduction hydrogen atoms Claj and C2 k), is catalyzed by a
] ) ) ) ) 3-ketosteroidD™-dehydrogenase 8{10]. The removal of
Microbial degradation of cholesterol, bile acids, and Otherhydrogen atoms C4bj and C5 4) is mediated by 3

Zte_ml'df colntalnlng a hi/:roxylt.groupsgtljeh %3 pOBItﬁrln% ketosteroidD*-dehydrogenasel], 12]. Depending on the
in Fig. 1) requires the actions o -hydroxysterol structure of the initial steroid, the end products consist of

dehydrogenases or cholesterol oxidases. These ENZYMeRtterent ketedienecontaining molecules which are either

catalyze oxidation of the hydroxyl group, resulting in its androstal,4diene3,17 dione (ADD) or its C7 and/or C12

conversion toha keto groqu-E]. Trehregctlgdn IS I:ol.lowed by _fhydroxyl derivatives (Fig. 1)4, 13]. Further degradation of
progressive s ortenlng. o _t e alip atlc. side chain at C17 (i these compounds proceeds via ak 8t ost er oi d 90
present) and further oxidation of the A ring{].

hydroxylase that introduces a hydroxyl group at C9, leading
Two ketosteroid dehydrogenases play key roles in steroid 0 -h@dkdxy-1,4-androstadiend,17-dione (9OH-ADD) or
degadation. Desaturation of the bond between carbon atomgs C7 am/or C12 hydroxylated derivatives (Fig. 1). As the
1 and 2, with concomitantrans axial removal of the 9 Hhydroxy1,4-androstadiend,17-dione compounds are
chemically unstable, they are hydrolyzed spontaneously to
yield the phenol 3wydroxy9,10secoandrost,3,5(10)
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triene9,17-dione or the correspondinglerivatives with
hydroxylations of the specific carbons (Fig. 3)13-18].

strain, the threeR. ruber KstD enzymes differed in their
substrate profiles, with KstD1 showing a preference9far
hydroxy-4-androstene,17 dione  9-OH-AD) and
testosterone; KstD2 for progesterone, androstanpléiie

and testosterone; and KstD3 for saturated steroid substrates,
including androstanolong¥).

Both  ketosteroid dehydrogenases D'-( and D*
dehydrogenases) are flaviadenine dinucleotide (FADB)
containing flavoproteins featuring a singlemain
Rossmansrelated fold 9, 12, 19]. However, the percentage
identity between the amino acid sequencef the 3 C 9-Bydroxylation catalyzed by -Bet ostefroi d
ketosteroid D- and 3ketosteroidD*-dehydrogenases hydroxylase is a key step in the degradation of bacterial
belonging to different species does not usually exceed 35%steroids, since it mults in the opening of the polycyclic

Thus, researchers have sought to develop a model that allowsieroid structure 14, 15]. All bacterial 3k et ost er oi d

the identification of putative orthologues present in different hydroxylases described thus far are -weonponent Rieske
bacteridtaxonomic groupsZo, 21]. type norheme monooxygenases consisting of eaminal

) ) ) ] oxygenase and a ferredoxin reducteldg. [
Several species of bacteri@ontain 3ketosteroidD™

dehydrogenase. IBomamonas testosteror gramnegative ~ Pseudomonas putidaOC21 is an environmental isolate that
bacterium used as a model to study steroid catabolism, théé able to use certain bile acids, testosterone, and
enzyme is encoded by the gertesH [22], whereas androstanolone for growth. In this study, we analyzed the
Rhodococcus rube€hok4, R. erythropolisSQ1, and other  functionsof stdH andstdJfrom P. putidaDOC21 andthen
actinobacteria (species belonging to the eyarNocardia ~ the 9, 1@seco pathway used by this strain to cokfely
Mycobacterium Arthrobacte) express different isoforms of ~degrade steroids. Through specific deletions, we obtained two
the enzyme. The respective isozymes are responsible fofifferent mutants, one of them knockedt in stdH, resulting
introducing an unsaturated bond between C1 and C2 an#l the accumulation of AD when the mutant is cultured in
include KstD1, KstD2 and KstD3 @®. ruberChok4 [9-11, lithocholate or testosterone, and the othestdh] resulting in
23, 24]. In the experiments using cdtiee extracts from this ~ the secretion of ADD into the culture broth when the mutant
is cultured with either of these steroids. As both AD and
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Fig. 1: (A) General structures of bile acidB) The initial steps of the lithocholatatabolic pathway frorRseudomonas putidaOC21
showing the intermediatesahdrostene,17-dione (AD), androstd,4diene3,17d i on e ( /A@bDyy1,4addtbstadiend,17-
dione(9-OH-AD D) ;hydexy-4-androstend.17-dione (3OH-AD), and 3hydroxy-9,10-secoandrost,3,5 (10)triene9,17dione (3
HSA). (C) The location of the steroid catabolic gestgHandstdJin clustersstd2andstd3of P. putidaDOC21. StdH and KstD are 3
ketosteroidD-dehydrogenases, KshAB is &atosteroidda -hydroxylase, andtdJ is the reductase component ofke®steroidda-
hydroxylase in which the terminal oxygenase component is still unknown.
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ADD are important synthons widely usedn the concentrations were added to the
pharmaceutical industry, these mutants may be ofampicillin/ ml , 10 €g streptomycin/n
biotechnological relevancén addition, we tested the three ¢ hl or ampheni col / ml , 37.5 €g tetr
KstD isoforms present iR. ruberChol4 for their ability to gentamicin/ml. All the experiments were performed in
substitute for StdH in &@. putida DOC21DstdH deletion triplicate. E. coli strains were maintained on Luiertani
mutant. (LB) agar plates and cultured at 37°C overnigkihen solid
medium was required, 25 g of Difco agar was added.

Materials and Methods

) DNA manipulation and bioinformatics analyses
Materials DNA manipulations and sequence analyses were performed

Bile acids, testosterone, and succinic acid were purchasegs indicated elsewher8d, 33. Putative open reading frames
from SigmaAldrich (St. Louis, MO, USA). 4Androstene \yere identified by combining the prediction results of the

3,17-dione (AD, purity 94%) was kindly provided by Prof. F. Glimmer 3.02 B4, GeneMarkhmm 35, and BLAST
Bermejo  (Dept. Quimica Organica, Universidad = de pro5ams g6). Databases avaltée from NCBI were used for
Salgmanc()a,Spaln). And.rostd.,4—d|ene3,17-Q|one (ADD,  gene annotations. The sequences reported herein were
purity 98%) was supplied by Gadea Biopharma (Leon,yenosited in the GenBank database (accession numbers:

Spain). Molecular biology products were from Invitrogen ypgggn47 and KF548089). Multiple sequence alignments
(Carlsbad, CA, USA), Amersham Pharmacia Biotech Gmbhwere performed using MUSCLBT].

(Barcelona, Spain), Stratagene (San Diego, CA, USA),
Agilent Technologies (Santa Clara, CA, USA), and Promega® Putative threedimensional structure was determined for
(Madison, WI, USA). Other chemicals and reagents were ofStdH by homology modeling through the PHYRE2 server

analytical or HPLC grade. (http://www.sbg.bio.ic.ac.uk/~phyre23§], using the crystal
stucture of 3k et ost elrdehydbgenasp from
Bacterial strains, plasmids, genes, and vectors Rhodococcus erythropolBQ1 as templated].

Pseudomonas putidaDOC21 (Coleccion Espafiola de Phylogenetic analyses were conducted using MEG2] [
Cultivos Tipo, CECTB043) was isolated from a soil sample 4 the neighbajoining method #0], generating an optimal
(Leon, Spain) 26]. Escherichia coliDH10B [27] was used  yee drawn to scale. The branch lengths of the tree were in the
for plasmid propagation, ari. coli HB101 (pRK600) was  game ynits as the evolutionary distances used to infer the
used as the helper strain in triparentatefilmating g8]. hylogenetic tree. Both were computed using the Poisson
Genomic fragments were subcloned using the CommerCianrrection method41]. Other analyses were performed by
plasmids pGEMT Easy (Promega) and pTZ57R/T (Thermo o, 51ving he maximurdikelihood method based on the JTT
Scientific, Waltham, MA, USA). pJQ200K29] was used 10 1q4e| [42], which represents the scale tree with branch
induce specificgene deletions; and pBBRIMES(TC), @ |engths indicating the number of substitutions per sitee T
broadhostrange cloning and expression vectdOl[ was — gyateqy followed to select the sequences used for these

used to express the genes in strain DOQ2ik kstD genes analyses can be found in Supplementary Material.
from Rhodococcus rube€hol4 were supplied by Prof. J.

Pererg UCM, Madrid, Spain). In comparisons of multiple aligned proteins, sequence logos
showing the frequency of appearance of residues in the
Culture media and growth conditions consensus sequences were coegtdiusing WebLogo34f].

Strain DOC21 and its mutants were maintained on trypticase
soy agar (Difco, Detroit, MI, USA). Growth slants (12 h at Generation of gene deletion mutants
30°C) were used to inoculate chemically defined mediumSpecific gene deletions were accomplished according to a
(referred to herein as M) of different composition Previously described procedurgd 44] involving a double
depending on the experiment. Mutants blocked in therecombinant event and selection of the required mutant by
degradation of bile acids and testosterone were identified ireXpression of the lethalacB gene. In brief, the sequences
MM medium containing (gl%): KH,PO, (13.6), (NH,),SO, flanking the DNA to be deleted were P@rplified and
(2.0), MgSQ.7H,0 (0.25), and FeSYH,0 (0.0005)[31]. cloned together into pJQ200SRY, a conjugative plasmid
The carbon sources used for culture were succidateiy), containing both a gentamicin resistance gene asatBgene
bile acids (5 mM), testosterone, or either of its structural@nd unable to replicate iRseudomonasThis plasmid was
analogues (AD or ADD) (5 mM). Erlenmeyer flasks (500 ml) transferred toP. putidaDOC21 by triparental mating 28].
containing 100 mlof MM were inoculated with 2nl of a Under gentamicin seldon, surviving cells were those in
bacterial suspension (Abs = 0.5). These cultures were which homologous recombination of one of the cloned
incubated on a rotary shaker (250 rpm) at 30°C (or 37°C) foffrfagments had occurred. These recombinant strains were
the stated times. The following antibiotics in the indicated cultured in a medium containing sucrose which, in the
presence of plasmidncodedsacB was lethal to the cells.
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The clones that survived after homologous recombinationH,SQ, (30% by vol.) and then heating it at 2Q0for 10 min.
using the second cloned fragment were those that lost the

desired fragment from the genome. All mutants identified asResults and Discussion

goenewere analyzed by PCR to confirm deletion of the gene

of interest. Functional analysis of StdH

Pseudomonagputida DOC21, a natural seikolated strain
able to assimilate bile acids, testosterone, androstanolone, and
AD, was used as a model organism to study the catabolism of
these compoundi26]. Genetic studies based on insertional
mutagenesis with the transposon 5Tmesulted in the
identification of four different clusterstdl std4 containing
genes involved in steroid cataboligd]. One of the genes,
belonging toclusterstd3 stdH (Fig. 1C), encods aprotein
showing a 50.5%sequenceconservation of the residued
equivalent positions witiesHfrom C. testosteroni[22, 45]

PCR conditions
PCRs were carried out in a PerkinElmer DNA thermal cycler
2400 (Waltham, MA, USA). Each reaction (50 pl) contained
75 mM of TrisHCI buffer (pH 9), 50 mM of KCI, 20 mM of
(NH,),SO,, 100 ng of genomic DNA, 0.4 uM of each primer,
2 mM of MgCh, 0.4 mM d dNTPs, and a mixture of the
thermostable DNA polymerase (2 U) fronThermus
thermophilus(Biotools, Madrid, Spain) and thBfu DNA
polymerase (1 U) fronfPyrococcus furiosugPromega). The '
annealing temperature was 60°C and the extension time was (f'g' 2A).
min. The oligonucleotides used in the reaction are detailed inTo analyze the function of StdH, tisédH gene was deleted
Supplementary Table 1. Modified oligonucleotides containing from P. putidaDOC21 using a doubleecombination strategy
specific restriction sites were designed for use in the study. and plasmid pJQ200SK29]. The knockeebut mutant,P.

putida DOC21 DstdH (abbreviated as DOCP&tdH), was
Thin-layer chromatography unable to grow in chemically defined medium containing
AD, ADD, and the products accumulated by the m&tant ejther testosterone or AD (5 mM) as the sole carbon source
when cultured in MM31] containing succinic acid (10 mM)  and grew poorly when lithocholate, or other bile acid, was
as the carbon and energy source, and lithoclaglid (5mM)  supplied to the same mediunThe limited growth was
as the precursor of the intermediates were purified by thin presumably due to degraiibn of the C17 sidehain of bile
layer chromatography (TLC). Cells were eliminated from the acids but an inability to use the resulting steroid nucleus (Fig.
culture samples by centrifugation. After filtration of the 3) when grown in medium containing succinate (10 mM) as
culture broth (0.22 em por etheSdabsh ahd krerBy Solrece ahd supplemettbd Wwithe f i |
was direCtly SpOtted onto the TLC plate. The mobile phasqithocho|ate (5 mM), the mutant accumulatéd, which
was benzene:acetone (5:3, by vol.). The chromatographigupported the presence of a metabolic pathway involving
spots were revealed by spraying the plate with a solution ofjegradation of the lateral chain (Fig. 4) and the involvement

A B

Fig. 2: Amino acid sequence alignments @) StdH from P. putidaDOC21 @pDOC21) and TesH fron€omamonas testosteron
(Ctesto3, and(B) StdH fromP. putidaDOC21 and KstD2 fronRhodococcus rube€hol4 (Rrubed. StdH has 50.3% identity with
TesH and 37.59% identity with KstD2. Amirazids indicated in gray correspond to the FBiDding site and the conserved catalyt
residues.
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of StdH in the degradation of AD . putidaDOC21. only one of the recombinant strains (DOCRIdH
pMCkstD2) was able to efficiently grow in MM containing
AD or testosterone as the carbon source (Fig. 5).
Expression of the cloned genes was confirmed byPRR

Further support for this hypothesis was obtained by
transforming strain DOCZistdHwith plasmid pPBBR1IMCS

3 (refigsdsggzﬁ? dljs ,[:\)AI\éI:CtdcgnsTt_Luct@] contglnlrgt;ge (data not shown) which demonstratéi) that kstD2 from R.
genestdH ( PMCstdH). The expression ruber was correctly expressed IﬁM)utida DOC21 and (ii)

restored the mutantos abili Ehg shtar%d 8h§/5|ol\6vgicél r]‘uncl}/ilon of Rsrt]DtZ a(b'utn Reithér AD as

the sole carbop source (Figh3). Moreover, the ab§ence 9f KstD1 nor KstD3) and StdH despite their different amino
AD accumulation when the mutant was cultured in medium _ . . A ;
acid sequences (Fig. 2B). These observations were in

contalnlr\g I|thocholat_e dem_on_str_ated titae catabolic route agreemen with the results reported by Fernandez de las
responsible for steroid assimilation had been restored (datﬁeras and colleagues, who examined the involvement of

not shown). KstD2 in AD degradation iRR. ruber[10, 25]. The presence
The above results indicated thadBS has 3ketosteroiegd- of several isozymes in the same microbe, as has been
dehydrogenase activity. The catabolic behavior of described in model actinobacterig-11, 23, 24], showing
DOC21DstdH (Fig. 3A), together with the fact that a database preference for diffirent, but closely related substrates,
search did not lead to the identification of any other gene inéXplained the catabolic behaviors of the strains derived from
the genomic DNA ofP. putidaDOC21 (unpublished draft the DOC2DstdH mutant and expressing each of the paralog
genome) with significant similarity tstdH, suggested that D'-ketosteroid dehydrogenase genes fi@rmruber Thus in

this enzyme is the only protein involved in the elimination of Mycobacterium neoaururATCC25795, a microbe that also
the hydrogen atoms Ca)and C2 k) of the steroid ring Ain  contains three putativie'-ketosteroid dehydrogenases, KstD1
P. putidaDOC21. had a higher affinity for 9DH-AD while KstD3 preferred

) . AD. These results suggested that the configuration of steroid
When the three genes encoding th'ketosteroid rings A and B influences the substrates prefit by these

dehydrogenase isozymes iRhodococcus ruberChol4 . .
. ___isozymes[46]. Furthermore,D™-ketosteroid dehydrogenase
(KstD1, KstD2 and KstD3) were cloned independently into . y [46] ydrog

BBRIMCS3 and 4 in th want DO isozymes from other actinobacteridM.( smegmatis, M.
P and expressed In the mutan H tuberculosis andR. erythropolisSQ1)also showed different

Abs 540nm

Time (h)
Fig. 3: (A) Growth of P. putidaD OC 2 1 P( pitjdaDOC21 DstdH ( ¥ ), andP. putidaDOC21 DstdH pMCstdH ( Ir ) when
cultured in mini mal medi um ( MM) contai ni rpgr ).5B) Grdwthliof Pt utda |
DOC2 1 P(phtjdaDOC21Dstd]( Y ,), andP. putidaDOC21 DstdJ pMCstdJ ( Tr ) when cultured in MM containing 5 mM
l'ithochol ate (&, Y, Ip).r )olm both, simildr reswts weoesobt@med when tdstosterone was replaced
androstene,17-dione (AD), and when cholate or deoxytdte was used instead of lithocholate.
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substrate specificitie®B, 47]. Conversely, proteobacteria use The catalytic domain includes the conserved residues Y544
to have a single copy of thetdH gene (encoding @'- and G548 proposed to be involved itketo-enol
ketosteroid dehydrogenase) suggesting that this could be orf@utomerization of the substréte the R. erythropolismodel

of thereasos to explain the scarce ability to catabolize some [9]. Residues Y367 and Y124, together with the FAiBding
steroids (i.e. sterols) by these bacteria. domain (Fig. 2, 6), likely participate in the -catalytic

. . mechanism in which a proton and a hydride ion are abstracted
Threedimensional structural analyses based on homology[ﬂ

modeling using the Zeto-D'steroid dehydrogenase 2 from

R. erythropolis SQ1 (PDB 4C3Y; J]) as the template
revealed further details of the homologous nature of StdH and
KstD. Although only 39% of the amino acids of these
proteins are identical in equivalent positions, the crystal
structure of 3keto-D'-steroid dehydrognase 2 fromR.
erythropolisSQ1 was a suitable template. The model covered
561 amino acids (98% of the whole sequence) with an
estimated precision > 99%. These studies suggested that StdH
has two domains, FADinding domain, and a catalytic
domain, connded by a twest r anded asheeti p a
(Fig. 6). The FADBbinding domain is arranged according to a
Rossmann fold, as reported in other flavoproteins (FAD
containing enzymes)[48], and containsa consensus
dinucleotidebinding motif
(**VIVVGSGAGAMTSAVFLADHGLRVLIVE®, with
residues from the proposed conserved sequence indicated in
bold) as part of the fold4pg].

Fig. 5: Growth of P. putidaDOC21DstdH pBBR1IMCS3 (A),
P. putida DOC21 DstdH pMCstdH (B), andP. putidaDOC21
DstdH pMCkstD2 (C) when cultured in MM containing AD (5
mM) as the sole carbon source.

FAD-binding
domain

o
\ .
N-terminal -\3

Fig. 6: Putative threalimensional structure of StdH froi.

putida DOC21 as determined by homology modeling using |
PHYREZ2 server (http://www.sbg.bio.ic.ac.uk/~phyre2/) and,
template, the crystal structure of -k3et ost é-r
dehydrogenase fromRhodococcuserythropolis SQ1 at a
resolution of 2.30 A (Protein Data Bank accession num
4C3YB). Lateral chains of the proposed catalytic residt

of the intermediates. The mobile phase was benzene:ace (Y124, Y367, Y544 and G548) are depicted as sticks.
(5:3, by vol.). The chromatographic spots were reackeby ' '

spraying the plate with a solution o£$0, (30% by vol.) and
then heating it at 16Q for 10 min.

Fig. 4: Thin-layer chromatogram of AD (lane a), ADD (lane b
and the products accumulated by the mutBnfsutidaDOC21

DstdH (lane ¢) andP. putida DOC21 DstdJ (lane d) when
cultured in MM containing succinic acid (10 mM) as the carb
and energy source, and lithocholic acid (5mM) as the precu
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Functional analysis of Std Another clade included the reductases Tdukamurella,
Within the std2 cluster of P. putida DOC21 (GenBank Gordonig Rhodococcs, and Nocardia However, the
KF548089) we also identified the gerstd] transcriptionally ~ Tsukamurella subclade was clearly different from the
related to the other genes involved in steroid catabolism suclordoniaRhodococcudNocardia group. Moreover, in the

as stdA3 encodinlg4Ua (3ap7 apalattey Ithere was a close correspondence between the
methylhexahydrel ,5-indanedione CoA synthetase involved homology groups and the genera to which these bacteria
in the degradation of the C and Dhgs H]. The encoded belong.

protein displayed homology with flavoprotein reductases,

including a 56% identit ith the ferredoxin reductase . .
Including ° ! o X ! from gramnegative bacteria revealed that, althoughethveais

component of a twaomponent Rieskgpe class A . .
P S _p . &P . _less homology between the proteins, two different subclades
monooxygenase which is involved in testosterone catabolism

. . could nonetheless be distinguished. One consisted of the
in C. testosteron[49]. Similar monooxygenases have been roteins found in th€omamonadacea@and the other of the
reported in actinobacteria that use the 9s&6o pathway for P a

steroid degradations] 1517, 24, 4951]. These enzymes reductases identified iRseudomonaspecies, which showed

g moderate degree of variability between them. Thased
have been annotated as the reductase component of on the phylogenetic distribution of those sequences, 3
ketosteroid 9 Uhydroxylases which catalyze the C9 phylog a !

hydroxyl ation o f ApiDXy14 O ESZFLE\ oteasI tddnydrm) yldse re@ductase components may be a

. : xonomic tool to classify new steraidgradin
androstadien8,17-dione (an unstable compound that fy 9 9

L rains However, in strains th multipl i f th
spontaneously forms a 9,-5@cophenol derivativelB, 52]. strains Ho g © strains that possess utpecop e.s.o the
gene encoding the reductase compongd, the possibility

To analyze the role played by StdJ in the catabolism ofof horizontal transfer or duplication and subsequent
steroids, its genes(d) was deleted. The resulting mutaht, divergence via the accumulation of spontaneous mutation
putida D O C 2 1stdJ dabbreviated as DOCPs&td), was cannot be ruled out
unable to grow in a MM containing testosterone or AD (5

9 ) 9 ( Structural analyses also revealed that the reductase
mM) as carbon source; however, when these compounds . -

. ; . component of the -8 e st o s t-kydraxylade frenP.

were replaced by lithocholate or other bile acid (5 mM), the utida DOC21 contains the tvpical class 1A MONOOXYGENase
mutant grew, albeit poorly (Fig. 3B). Transformation of P P Y9

. . . reductase domains: a flavbinding domain
DOCZPSth W!th plasmid pMGtdJ restoreq the catgbollc (WLPRCYSLSSTP, correspoimly to residues 5%3), a
potential of this mutant. Thushe recombinant strainP.

, _ . . NADH-binding domain (LLLFGGGSGVTPVLSILRSAL,
putida DOC21DstdJpMCstdJ regained the ability to grow in residues 113133), and a @erminal plantype ironsulfur

medium containing testosterone or AD as the carbon SOUrce, oter [Fe2S2Cys4] domain

(Fig. 3B). When mutant DOC®ktdJ was cultured in MM GLNPPSACRVGGCASCMCTLESGEVELLHNDALDAG
containing 10 mM succinate (as carbon and energy sourc LAEGWILACQAYV, residues 280328) (Suppl. Fig. 1).
and5 mM lithocholate (as a source of catabolites), ADD (but Supplementar Fig. 3 depicts the consensus sequences
not AD) accumulated in the culture broths (Fig. 4). established according to the individual frequency of
Comparative analyses of StdJ with the putative reductas@Ppearance of specific residues from theke®9 U
subunit of a &k et 0 st enydmxyldse Sefuences from hydroxylase reductases from selected actinobacteria and
actinobacteria, b-proteobacteria and gproteobacteria ~ 9ramnegative bacteria.

included in the Protein Sequence Database (GenBank)

allowed us to establish the phylogenetic distribution of theseConclusion

proteins by using the neighbmining (Fig. 7) and
maximumlikelinood (Suppl. Fig. 2) methodsThe two

Phylogenetic analyses of these reductase subunit sequences

The above resultied to the following conclusions: (i) StdH

) . ; from Pseudomonas putiddOC21 is a etosteroidD™
metho.ds geneted trees_ \_N'th similar - topologies  and dehydrogenase, (ii) StdH and KstD2 (froRhodococcus
established a clear cladistic correspondence between thﬁjberChoM) are analogous enzymes, () putidaDOC21,
proteins and the taxonomic group to which they belonged'unlike R. ruberChol4 and other actinobacteriapntains a
Thus, the sequen<asdgprateobactesiad p gy hfinday tfoP stdloid degradation, and (iv) StdJ is the
proteins constituted a cluster that clgadiffered from reductase component of thek8to9 Uhydroxylase involved

clusters of actinobacterial origin. It is worth noting that within ;, o degradation of the ADD generated by StdH during
the distribution of actinobacterial sequences, there was &iaroid catabolism.

clade that included all the sequences present in
Mycobacteriumand which branched out to generate two
different sioclades (Fig. 7).
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Fig. 7: Consensus tree showing the phylogeny, according to the neifgtihiog method, of the reductase componet
from3ket ostaydrdx9Uases present i npr ditee alkea cimneohaderia.dte
scale bar indicates the ami acid substitutions per site. DOC21_St&®sdudomonas putid®0C21), Ps_Choll
(Pseudomonasp. Choll, WP_008568639), Ps_GM33séudomonasp. GM33, WP_007976914), Ps_NBRC1111:
(Pseudomonasp. NBRC 111124, WP_060511844), Ps_EB33Pseudomonasp. ES333, WP_045058525), Ps_GM5
(Pseudomonasp. GM55, WP_008021057), Psput_CBBB. (putida CBB5, KKX63417), PsknacR. knackmussii
WP_052355350), Psres_NBRC10655®. (resinovorans NBRC 106553, BANS50097), PsbaleP.( balearica
WP_061338414), PstaP (taetrolens WP_048380255), PsvraR.(vranovensisWP_028944916), Psjap®.(japonica
WP_042130308), Ctest TK10Zdmamonas testosterofiK102, AlJ45702), Ctest ATCC11996C( testosteroni
ATCC 11996, EHNG64411), Ctest S44.( testosteroniS44, EFI58782),Ctest_ CNB2 (C. testosteroniCNB-2,
ACY32105), Ctest_TA441(Q. testosteroniTA441, BAC81694), PoglacPplaromonas glacialis WP_029527755),
Sipsy Simplicispira psychrophilaWP_027996465), Tspau_DSM2016Psgkamurella paurometaboleSM 20162,
ADG80030), Bpse_JCM13375T( pseudospumadCM 13375, KX096246), Tstyr CCUG38499. (tyrosinosolvens
CCUG 38499, KX095517), Tspul_CCUG35732. (pulmonisCCUG 35732, KX089939), Tsspo_DSM44990. (
pulmonis DSM 44990, KXP11195), Mkyor Mycobacterium kyorinenseWP_04538450), Mint_ MOTT-02 (M.
intracellulare MOTT-02, AFC46862), Mpar_ATCCBAA14 (M. parascrofulaceumATCC BAA-614, EFG77601),
Mhae_DSM44634 NI. haemophilumDSM 44634, AKN15982), Mafr_MAL01008XM. africanum MAL010081,
KBG29755), Mbov_AF2122/97 M. bovis AF2122097, CDO0O44872), Mtub_H37Rv M. tuberculosis H37Rv,
CCP46394), Mory_112400015M( orygis 112400015, EMT34083), Mmar_MM. marinum M, ACC43470),
Mulc_Harvey M. ulceransstr. Harvey, EUA86886), Mneo_DSM44074M.( neoaurumDSM44074, CDQ47131),
Mneo_JGC12 M. neaurumJG12, AKH14758), Mphl_DSM43072M. phlei DSM 43072, KXW59844), Mgoo_X7B
(M. goodii X7B, AKS32245), Msme_MC2A55 M. smegmatistr. MC2 155, YP_890263), Msme_NCTC81949. (
smegmatiNCTC 8159, CKI43624), Mmag_DSM444781( mageritens®SM 44476, CD0O22511), Mwol_CDCOM(
wolinskyi CDC 01, KWX23349), Mset_DSM45070M( setenseDSM 45070, KHO17935), Mper_ACS819aM(
peregrinumACS 819, OBF42413)Mcon_ACS2738 N1. conceptionens&CS 2738, OBB15633), Mfor_E337M(
fortuitum, OBB02630), Mvul ACS3670 K. vulnerisACS 3670, OCB13127), Mvul_ACS409BI( vulnerisACS 4093,
0OCB61730), Mbri_JCM15654M. brisbanensedlCM15654, GAS89867), Mvac_9505W.(vaccaed5051, ANI38868),
Npauc ({ocardia paucivorans WP_040792682), Nfusc N( fusca WP_063131162), Nsien (. sienata
WP_063061495), Nser-R927 (. seriolae N-2927, GAM51280), Nsalm N. salmonicida WP_062987070),
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Nfar_NCTC11134 N. farcinica NCTC 11134, CRY82167), NbrasN( brasiliensis WP_029901615), NteneN(
tenerifensis WP_040739267), Rpyr_AK37Rhodococcus pyridinivoran8K37, EHK84157), Rrhod_DSM43269R(
rhodochrousDSM 43269, ADY18313), RdeflR. defluvij WP_031937712), Requ_103R8.(equil03S, CBH49621),
Rjost_RHA1 R. jostii RHAL, ABG97833), Ropac_PD63®R( opacusPD630, AHK29919), Ropac_R(R. opacusR7,
All04986), Rwra_NBRC100605R wratislaviensisNBRC 100605, GAF50895), Rrub_Ch#l (R. ruber Chot4,
KXF85152), Rgord R. gordoniag WP_064062549), Rpyr_K&6 (R. pyridinivoransKG-16, KSZ60670), Rtri_BKS15
14 (R. triatomae BKS 1514, EME2180), Rery_SQ1 R. erythropolis SQ1, AAL96830), Rqging_BKS2a0 R.
gingshengii BKS 2040, EME24363), Gneo_NRRI:B9395 (Gordonia neofelifaecisfNRRL B-59395, EGD53582),
Galk_CGMCC6845 G. alkanivoransCGMCC 6845, ETA07329), Gpol_NBRC1632@.( polyisoprenivoans NBRC
16320 = JCM 10675, GAB21313), Gsol_NBRC108243 6oli NBRC 108243, GAC67771), Gbro_DSM4324G. (
bronchialisDSM 43247, ACY22961), Gter_NBRC100016.(terraeNBRC 100016, GAB43721), Gami_NBRC1000%
(G. amicalisNBRC 100051 = JCM 11271, GAC5169@alk_NBRC16433G. alkanivoranf&NBRC 16433, GAA14199),
Grub_NBRC101908 G. rubripertincta NBRC 101908, GAB87016), Gpar_NBRC108238. (paraffinivoransNBRC

108238, GAC83106).
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