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Eigenlijk had ik iedereen in twee woorden willen bedanken. Maar na vele jaren werk op het lab van
de microbiële fysiologie realiseer ik me nu, dat ik toch een flink aantal mensen in het bijzonder zou
moeten bedanken. Een promotie-onderzoek doe je tenslotte nooit alleen.
Lubbert, ik weet nog goed dat je me thuis opbelde, enkele dagen nadat ik een sollicitatiegesprek met
je had gehad. Jij bood mij de mogelijkheid aan om als AIO te starten in je groep. Je zei er wel bij
dat het niet het project zou zijn waarop ik had gesolliciteerd. Die was reeds vergeven. Wel kon ik
kiezen uit twee andere projecten. Ik heb nooit spijt gehad van mijn keuze, want ik heb het
”Rhodococcus werk”, zoals jij het steeds noemde, altijd met erg veel plezier gedaan. Ik wil je
bedanken voor je inzet voor het Rhodococcus werk en voor al de mogelijkheden die je me in de
afgelopen jaren hebt geboden.
In het begin van het onderzoek werkte ik samen met een post-doc. Wim, je hebt me in het eerste,
toch wel moeizame jaar goed op weg geholpen. Jij vertrok echter al gauw naar Zürich en je plaats
werd ingenomen door een analiste. Gerda, hoe kan ik jouw ooit bedanken? Jij hebt zoveel werk
verzet. Op menig moment boekten we mede door jouw niet aflatende inzet en doorzettingsvermogen
grote voortuitgang. Mijn dank is groot. En dan Harm. Tja.. Harm, bedankt dat jij altijd beschikbaar
was, voor discussies over experimenten, voor grapjes, voor reistassen, maar ook voor meer
persoonlijke zaken. Gerda en Harm, ik hoop dat jullie ook vinden dat we in al die jaren van goede
samenwerking veel plezier hebben gehad.
Dan de mensen van Diosynth in Oss. Peter, Rick, Janneke, Roel, Chris, Cees en Frans, bedankt voor
jullie bijdrage, inzet en jullie geloof in het feit dat het aantal genen betrokken bij een route toch wel
ergens grenzen zou moeten hebben. Na elke, altijd interessante, werkbespreking waren jullie, maar
ook Lubbert en ik, altijd weer vol nieuwe ideeen. Het heeft nog niet het gewenste eindresultaat
opgeleverd, maar wel héél veel (soms interessante) mutanten.
Olav, Alex, Arend en Ronan, mijn doctoraal studenten, ook jullie bedankt voor al het werk dat jullie
hebben verzet. En dan natuurlijk alle mensen van het lab microbiële fysiologie en Bioexplore. Ieder
van jullie zorgde altijd voor een goede sfeer en was altijd bereid platen uit de stoof te halen, even
aan te enten, een probe toe te voegen, of te helpen met “ingewikkelde” apparatuur.
In de afgelopen jaren heb ik veel mensen op het lab zien komen en/of gaan. De oude garde AIO’s
bijvoorbeeld, die toendertijd bijna klaar waren en, op een enkeling na, spoedig na mijn komst het
lab hebben verlaten. Maar ook post-doc’s, analisten, UD-ers, veel studenten uit alle delen van de
wereld, en secretaresses kwamen en gingen. Ik wil ieder van hen bedanken voor hun bijdrage aan
de leuke tijd die ik met hen op het lab heb gehad. En, tenslotte, het huidige secretariaat en Jos ten
Klooster, waar ik altijd terecht kon als er dingen geregeld moesten worden.

Zo, het is iets langer geworden dan de twee woorden waar ik deze pagina mee had willen vullen,
namelijk:

Bedankt allemaal!

Robert     Oktober 2002
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Knowledge of the genetics and physiology of steroid-degrading microorganisms unfortunately is
quite limited, hampering bioengineering approaches to construct microbial catalysts capable of
steroid accumulation. The primary aim of the research presented in this thesis was to construct
molecularly defined mutant Rhodococcus strains capable of steroid accumulation, due to selectively
blocked enzyme activities involved in opening of the steroid poly-cyclic ring structure. To achieve
this, molecular tools were developed for Rhodococcus erythropolis strain SQ1, and a molecular and
physiological characterization of its steroid catabolic pathway was undertaken. Four genes, encoding
two 3-ketosteroid ∆1-dehydrogenase (KSTD) isoenzymes (kstD, kstD2) and one two-component 3-
ketosteroid 9α-hydroxylase (KSH) (kshA, kshB) were identified and were shown to be involved in
the first steps of steroid degradation in R. erythropolis strain SQ1. Single, double and triple gene
inactivated mutants of R. erythropolis strain SQ1 were constructed, using the unmarked gene
deletion technology developed by us for this bacterium.

Chapter 1 provides a general introduction on microbial steroid degradation, Rhodococcus genetics
and the bioengineering of mutant strains accumulating steroids.
In Chapter 2, R. erythropolis strain SQ1 was chosen in a comparative study of several Rhodococcus
strains as a suitable (i.e. genetically accessible and sterol degrading) parent strain for this research.
The cloning, characterization and targeted gene disruption of the kstD gene, encoding KSTD1 in
parent strain SQ1 is also described and provided evidence for the presence of a second isoenzyme
(KSTD2).
Chapter 3 reports the development of a method for the introduction of unmarked gene deletions in
R. erythropolis strain SQ1, based on sacB counter-selection, using kstD gene deletion as an
example. Furthermore, a UV mutagenesis protocol is described which was used to inactivate the
kstD2 isogene in a kstD gene deletion mutant. A UV-induced mutant (strain RG1-UV29) was found,
completely blocked in 3-ketosteroid ∆1-dehydrogenation, and capable of selectively performing 3-
ketosteroid 9α-hydroxylation.
Chapter 4 provides more insight into 3-ketosteroid ∆1-dehydrogenation by R. erythropolis strain
SQ1, covering the cloning of kstD2 by functional complementation of UV-induced mutant strain
RG1-UV29, and the inactivation of this gene in parent strain SQ1 and kstD gene deletion mutant
strain RG1. Bioconversion experiments with these mutant strains showed that AD degradation may
proceed differently, depending on which KSTD enzyme is present.
Chapter 5 describes a molecular characterization of 3-ketosteroid 9α-hydroxylase of R. erythropolis
strain SQ1 and shows that this enzyme system is a two-component class IA monooxygenase, made
up of two iron-sulfur [2Fe-2S] containing components, designated KshA and KshB. A convenient
Rhodococcus-Escherichia coli shuttle vector pRESQ was developed and used for the construction
of a genomic library of R. erythropolis and for functional complementation experiments.
Chapter 6 summarizes the results and presents some concluding remarks.
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Engineering approaches of steroid biotransformation and drug synthesis have been hampered by a
lack of knowledge on the genetics and physiology of industrially interesting microorganisms able
to degrade steroids. Although numerous mutant strains affected in steroid utilization have been
isolated by classical mutagenesis, few efforts were made to characterize the enzymes and genes
involved in microbial steroid catabolism. New insights on the catabolic pathways of steroids and
sterols and the development of molecular tools for interesting industrial biocatalysts, such as
Rhodococcus, now allow genetic engineering approaches for the construction of molecularly defined
mutant strains with desired properties.

Actinomycetes, including Rhodococcus, Mycobacterium, Arthrobacter and Nocardia
species, have become widely recognized as bacteria able to rapidly degrade sterols, producing
steroid pathway intermediates that find application as precursors in drug synthesis. Molecular
toolboxes for some members of the family of Actinomycetales have increased substantially in recent
years. This is in particular the case for Rhodococcus species, for which several useful
cloning/expression vectors have become available and powerful mutagenesis systems for gene
inactivation have been reported (e.g. unmarked gene deletion, gene replacement, random
mutagenesis).

  

Figure 1. Engineering approaches of microbial steroid biotransformation pathways.

Essential in the synthesis of steroids from sterols is the availability of mutant strains
completely blocked in steroid catabolism (Fig. 1). Otherwise, a substantial, if not complete loss of
substrate, and/or the desired product will occur. A strain thus is needed that is blocked in enzyme
steps involved in opening of the poly-cyclic ring structure of the steroid molecule, e.g. in 3-
ketosteroid ∆1-dehydrogenase (KSTD) and 3-ketosteroid 9α-hydroxylase (KSH) activities.
Chemical agents are known that will block steroid ring degradation. These, however, are not
reaction specific and may inhibit other important enzymatic reactions, having negative effects on
overall bioconversion efficiency. A biocatalyst blocked in poly-cyclic steroid ring degradation
should be devoid of either, or both, KSTD and KSH activities. Detailed information about these two
critically important activities thus is needed to generate molecularly defined mutants with blocked
steroid degradation. Genetically accessible strains blocked in steroid poly-cyclic ring degradation
are ideal biocatalysts for steroid transformations. Using vector systems, genes encoding steroid
modifying enzymes can be introduced and (over)expressed to perform either one specific
biotransformation reaction, or several reactions to achieve build up of new pathways. Many vector
systems for Rhodococcus species are now available to (over)express interesting genes (Table 1).
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When needed, the properties of the enzymes encoded by these genes can subsequently be improved
by protein engineering using site-directed mutagenesis, or random mutagenesis, ideally in
combination with a high-throughput screening set-up (Fig. 1).

For many years, the main bottle-neck in performing steroid biotransformations was the
availability of genetically accessible, non-pathogenic bacterial strains completely blocked in steroid
poly-cyclic ring degradation. It is now clear that many Rhodococcus strains are non-pathogenic
bacteria, able to degrade sterol/steroid compounds, and amenable to bioengineering. The
development of targeted gene inactivation methods and present detailed knowledge on steroid
catabolism at the molecular level, have allowed the construction of defined Rhodococcus mutants
completely blocked in steroid poly-cyclic ring degradation. The availability of this set of mutants
in recent years (this thesis) will greatly stimulate the bioengineering of interesting Rhodococcus
biocatalysts for industrial steroid transformations.

The genus Rhodococcus

Taxonomy
The genus Rhodococcus (Zopf, 1891) belongs to the family of actinomycetes. Actinomycetes

are Gram positive bacteria with a high G+C content of their DNA (60 to 70 mol%) belonging to the
order Actinomycetales. A characteristic of many actinomycetes is that they form branching
filaments, giving them a fungal appearance. Actinomycetes can be separated into different genera
on the basis of morphological, chemical, molecular systematic, and microbiological criteria
(Goodfellow et al., 1998; Embley et al., 1994; Goodfellow, 1989). Members of the genus
Rhodococcus are aerobic, non-sporulating bacteria exhibiting nocardioform morphology. The
Rhodococcus cell wall is composed of a type IV peptidoglycan, possessing tuberculostearic acid
in addition to normal saturated and unsaturated fatty acids, and mycolic acids with typical chain
lengths of between 34 and 64 carbon atoms. The term ‘nocardioform’ is morphologically descriptive
and refers to mycelial growth with fragmentation into rod-shaped or coccoid elements (Lechevalier,
1989). The phylogenetic position of Rhodococcus has been re-examined (Rainey et al., 1995), and
as a result classification has changed dramatically in recent years, with several species reclassified
and new species described. Currently, there are 12 established Rhodococcus species (Goodfellow
et al., 1998; Bell et al., 1998): R. coprophilus, R. equi, R. erythropolis, R. fascians, R. globerulus,
R. marinonascens, R. opacus, R. percolatus, R. rhodnii, R. rhodochrous, R. ruber and R. zopfii.
Many of these species display impressive metabolic capabilities, degrading a range of environmental
pollutants and transforming or synthesizing compounds with possible useful applications (Warhurst
and Fewson, 1994; Bell et al., 1998). Several Rhodococcus species degrade natural phytosterols and
thus potentially are good candidates for industrial exploitation of their steroid biotransformation
capabilities.

Vector systems for Rhodococcus

Many of the Rhodococcus-E. coli shuttle vectors known to date consist of constructs lacking
selection markers for positive screening of insert DNA during cloning (Table 1). Moreover, they
contain only few unique restriction-enzyme recognition sites. Vectors containing markers for
positive selection are extremely useful, especially for the construction of genomic libraries.
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Table 1. Reported Rhodococcus-E.coli shuttle vectors

Construct Size
(kb)

Origin of replication Marker Reference

pMVS301 10.1 pMVS300 Rhodococcus sp.
H13-A

amp tsr Vogt-Singer and
Finnerty (1988)

pRF37 10.8 pRF2 R. fascians NCPPB
1675

amp ble Desomer et al. (1990)

pDA71 8.8 pDA20 R. erythropolis
ATCC 12674

amp
cmrA
ecoRI

Dabbs et al. (1990,
1995); Quan and Dabbs
(1993)

pBS305 7.9 pMVS300 Rhodococcus sp.
H13-A

amp tsr Shao et al. (1995)

pSP33 11.2 pBL33 Brevibacterium
linens

aphI Bigey et al. (1995)

pSCP1 6.3 pRC1 R. rhodochrous
ATCC 4276

aphI Bigey et al. (1995)

pK4 5.3 pRC4 R. rhodochrous
IFO3338

aphII Komeda et al.
(1996a,b,1997)

pFAJ2574 10.4 pFAJ2600 R. erythropolis
NI86/21

amp
cmrA

De Mot et al. (1997)

pFAJ2575 10.4 pFAJ2600 R. erythropolis
NI86/21

amp
cmrA

De Mot et al. (1997)

pRE1/7 ? pOTS R. equi amp Zengh et al. (1998)
����� 13.5 pSOX Rhodococcus sp.

X309
amp

cmrA
Denis-Larose et al.
(1998)

pRhodoCOS ? Broad-host-range plasmid
pEP2

aphII Treadway et al. (1999)

pRHK1 5.3 pRC4 R. rhodochrous IFO
3338

aphII
lacZ

Matsui et al. (2001)

pRESQ 6.5 pMVS300 Rhodococcus sp.
H13-A

aphII
ccdB

van der Geize et al.
(2002a)

Quan and Dabbs (1993) were the first to report a series of useful shuttle vectors, harboring the ecoRI
endonuclease gene as positive selection marker. The pDA71 shuttle-vector contains several unique
cloning sites within the ecoRI gene. The pBR322 based vector was combined with genes derived
from the actinophage Q4 for autonomous replication in Rhodococcus spp. Although the pDA71
vector has been proven very useful by several groups, its wider use is limited by the narrow host-
range of this vector (van der Geize et al., 2000; Chapter 2). Matsui and coworkers (2001) recently
reported a small and convenient Rhodococcus-E. coli shuttle vector pRHK1 (5.3 kb), containing the
common lacZ selection marker for positive screening. The latest addition to the growing list of
vectors is pRESQ, specially designed for the easy construction of genomic libraries and functional
complementation experiments (van der Geize et al., 2002a,b; Chapters 4 and 5). The pRESQ
shuttle-vector combines the use of the ccdB positive selection marker of E. coli cloning vector
pZErO-2.1 with the replication genes from pMVS300 which allows autonomous replication in
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several Rhodococcus species (Vogt-Singer and Finnerty 1988; Shao et al., 1995; van der Geize et
al., 2000).

With the increasing number of vectors available, the number of resistance markers applicable
in Rhodococcus species have also steadily increased (Table 1). These are ble (bleomycin), tsr
(thiostrepton: Powell and Archer, 1998; Kitagawa et al., 2001), aphI (neomycin), aphII
(kanamycin), aacC4 (apramycin) and cmrA (chloramphenicol).

Gene inactivation in Rhodococcus species

Progress in the field of molecular biology of Rhodococcus species has been slow, initially
hampering studies on the broad diversity of metabolic pathways in Rhodococcus. Advances in the
genetics of rhodococci has been reviewed by Finnerty (1992) and Larkin et al. (1998). Molecular
tools for Rhodococcus species have increased substantially in the past decade and mutagenesis
systems for both random and targeted gene inactivation have been reported (Desomer et al., 1991;
Wang et al., 1995; Masai et al., 1995; Nagy et al., 1997; Irvine et al., 2000; van der Geize et al.,
2000, 2001; Fernandes et al., 2001; Kitagawa et al., 2001; Navas et al., 2001; Mangan and Meijer,
2001). Targeted gene inactivation is a powerful tool to analyse gene function (Fig. 2). However,
random integration of non-replicative constructs used for targeted gene inactivation frequently
occurs in Rhodococcus species. This random illegitimate integration via non-homologous
recombination of constructs was first reported for Rhodococcus by Desomer et al. (1991), who
exploited the phenomenon as an efficient insertional mutagenesis system in Rhodococcus fascians.
Later, Barnes et al. (1997) encountered this phenomenon in Rhodococcus globerulus in an
unsuccessful effort to obtain gene disruption mutants of the hpp operon encoding enzymes of the
3-(3-hydroxyphenyl)propionic acid catabolic pathway. Disruption of the benA and benK genes,
involved in benzoate catabolism in Rhodococcus sp. strain RHA1, was successful only when the
thiostrepton resistance gene (tsr) of Streptomyces azureus was used as selection marker. The use
of the Tn903 kanamycin resistance marker gave rise to many transformants with insertions at
unexpected loci other than the benA or benK locus, suggesting that this marker may contain
sequences promoting illegitimate recombination (Kitagawa et al., 2001). For targeted gene
inactivation of kstD encoding 3-ketosteroid ∆1-dehydrogenase in R. erythropolis SQ1, a plasmid
containing the Tn5 derived kanamycin resistance marker (aphII) was used (van der Geize et al.,
2000). Non-homologous recombination in this case was also observed, but the frequency of random
integration was limited (30% non-homologous integration). However, in our experience, the
frequency of random integration via non-homologous recombination in gene disruption experiments
in R. erythropolis SQ1 varies considerably per target (unpublished). In contrast, the frequency of
illegitimate recombination in the pathogen Rhodococcus equi was negligible (Navas et al., 2001).
This may suggest that illegitimate recombination does not occur in all Rhodococcus species, but it
may also be a positive effect from the use of the aacC4 marker, encoding apramycin resistance.
Nucleotide sequence analysis of the junctions between illegitimately integrated plasmid and the
genome of R. fascians recombinants revealed that recombination always occurred within a
GGCGCC palindrome (NarI restriction site) on the plasmid used. Target sites for the plasmid,
however, appeared to be randomly distributed over the R. fascians chromosome (Desomer et al.,
1991). Extensive illegitimate recombination has also been reported for Mycobacterium species
(McFadden, 1996) and thus may be a more widespread phenomenon in the family of actinomycetes.
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Figure 2. Targeted gene disruption via the single recombination strategy: insertion of a non-replicative
plasmid at the targeted locus by homologous recombination between the gene of interest and the homologous
gene fragment counterpart on the plasmid. A resistance marker is used to select for recombinants. Specific
integration by homologous recombination can be checked by (colony) PCR using primers (indicated by
arrows) to screen for loss of wild type PCR product (primers 1 and 2), or the appearance of specific PCR
products using gene specific primers in combination with plasmid specific primers (i.e. 1 and 3 and/or 2 and
4).

The occurrence of random integration makes the inactivation of interesting actinomycetal genes a
tedious task, especially when replica plate screening or plate-assaying can not be used to isolate the
desired mutant. In such cases, successful recombinants are best screened for via colony PCR, either
by screening for loss of wild type PCR product or for appearence of vector-targeted gene specific
PCR products (Fig. 2). Intergeneric conjugation between Escherichia coli S17-1 and Rhodococcus
species reduces illegitimate recombination to the minimum, for reasons unknown (Powell and
Archer, 1998; van der Geize et al., 2001). Since intergeneric conjugation between E. coli to various
representatives of the family of actinomycetes is possible (Jäger et al., 1995; Voeykova et al., 1994,
1998), conjugation may prove the method of choice for gene inactivation in microorganisms
belonging to this family.

Multiple unmarked gene deletions

Bioengineering of a particular catabolic pathway may require the sequential inactivation of multiple
genes in one Rhodococcus strain. In this case, multiple resistance markers are needed to select for
the different gene inactivated mutants produced by the single recombination strategy (gene
disruption). Moreover, the nucleotide sequences of an integrated plasmid (obtained after first gene
disruption) may function as target sequences in subsequent gene disruption experiments, when
constructs are used derived from this plasmid.
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Figure 3.  Unmarked gene deletion mutagenesis by the double recombination strategy using a counter-
selectable marker (e.g. sacB or rpsL: see text). A resistance marker is used to select for the first homologous
recombination event which may occur at either side of the targeted gene (i.e. via A or B). The resulting
recombinant is subsequently  grown overnight, under non-selective pressure, to allow the rare second
homologous recombination event (either via A or B) to occur, resulting in wild type or the gene deletion
mutant phenotype. Subsequent plating on counter-selective medium (i.e. with sucrose (sacB), or streptomycin
(rpsL)) will allow growth of mostly double crossover recombinants, although some recombinants may arise
from an inactivated counter-selection marker. Colony PCR using primers 1 and 2 can easily be performed to
select for the unmarked gene deletion mutant.
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Since the number of useful resistance markers in Rhodococcus species is also limited, a system for
unmarked gene deletion (Fig. 3) is required to overcome these problems. Mutants generated by
unmarked gene deletion can be used for multiple rounds of gene inactivation by the same system,
allowing metabolic engineering of complex pathways. A method for gene replacement in R. equi,
using the aacC4 apramycin resistance gene from Salmonella, has been described (Navas et al.,
2001). Mutants isolated via this method, however, retain the aacC4 marker in their genome,
excluding future use of this marker, either in subsequent gene replacement experiments or as marker
on a shuttle-vector. This makes the method less suitable for bioengineering purposes. Counter-
selectable marker genes become lethal to the bacterial cell only under certain growth conditions and
thus can be used in positive selection. The extensive screening for double crossover recombinants,
originating from loss of integrated plasmid via the rare second homologous recombination event,
is greatly facilitated by the presence of a counter-selectable marker. The resulting double crossover
recombinants have lost the complete, marker tagged, integrated plasmid sequences, and are thus left
unmarked (Fig. 3). Both sacB and rpsL have been successfully used as counter-selectable marker
genes. The sacB gene of Bacillus subtilis encodes a levansucrase, catalyzing the transfer of fructosyl
residues from sucrose to different acceptors such as water, alcohols, sugars or levans (Dedonder,
1966; Chambert and Gonzy-Tréboul, 1976). Expression of the sacB gene in the presence of sucrose
is lethal to many bacteria, including many actinomycetes (Jäger et al., 1992; Schäfer et al., 1994;
Jäger et al., 1995; Pelicic et al., 1996; van der Geize et al., 2001), although not to Streptomyces
(Jäger et al., 1992). The mechanism of sacB toxicity still has not been completely elucidated. The
rpsL gene encodes ribosomal protein S12 and confers dominant streptomycin sensitivity in a
streptomycin resistant background (Lederberg, 1951). Streptomycin thus is lethal to streptomycin
resistant strains (either by nature, or by mutation) when wild type rpsL is expressed. Positive
selection with the rpsL system, however, necessitates the availabillity of a streptomycin resistant
parent strain. The system has been proven useful for counter-selection in the actinomycetes
Mycobacterium smegmatis (Sander et al., 1995) and Streptomyces roseosporus (Hosted and Baltz,
1997). The use of rpsL in Rhodococcus has not been reported, but sacB provides a potent positive
selection marker in this genus (Jäger et al., 1995; Denis-Larose et al., 1998). An unmarked gene
deletion method using sacB has been developed for R. erythropolis strain SQ1 (van der Geize et al.
2001; Chapter 3) and R. rhodochrous species (van der Geize et al., unpublished), enabling the
isolation of Rhodococcus mutants with multiple unmarked gene deletions (van der Geize et al.,
2002a, 2002b; Chapters 4 and 5).

Microbial steroid transformation

Steroids
Steroids constitute a large class of organic compounds with different bioactive properties and
biological functions. Steroids have a major pharmaceutical value for mankind, for example as anti-
inflammatory, diuretic, anabolic, contraceptive, anti-androgen, or antibiotic drug. The poly-cyclic
steroid ring structure, the perhydrocyclopentanophenanthrene ring system, forms the common
structural feature of the steroid molecule (Fig. 4). The molecule appears as a wrinkled plate with
methyl groups at C-10 and C-13 and a side chain at C-17 projecting upwards. The lower plane of
the ring system is designated α; α-substituents are indicated by dotted lines (not shown in Fig. 4).
The upper plane is designated β, and substituents on that side of the molecule are represented by
solid lines.
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Figure 4. Schematical representation of the steroid perhydrocyclopentaophenanthrene molecule with
conventional numbering and lettering (left), and the wrinkled plate structure of 4-androstene-3,17-dione (AD),
which is a steroid pathway intermediate in microbial steroid catabolism (right).

Steroid intermediary compounds in drug synthesis are still mainly being produced via
chemical modifications of the sterol diosgenin, which is obtained from the Mexican yam root
(Dioscorea composita) or the South African plant Testudinaria sylvatica. The pharmaceutical
industry has been looking for novel ways to produce steroid derived drugs, since the growing
demand for steroid precursors one day is expected to cause shortage of diosgenin, and related
compounds, for chemical synthesis or bioconversion. Naturally occurring low-cost sterols of plant
����� ������������	 �� ������ ������ ����� ������������ �����������	 ��� ��������� ��������� ��

waste of the soybean industry, the paper manufacture, or from slaughter houses, and have long been
recognized as potential substitutes for diosgenin. In this respect, actinomycetes, including
Rhodococcus, Mycobacterium, Arthrobacter and Nocardia species, have been widely acknowledged
as microorganisms able to rapidly degrade these sterols, producing steroid pathway intermediates
utilizable as precursors in drug synthesis.

Microbial steroid catabolic pathway
Biotransformation of sterols, including of 5-cholestene 3β-ol (cholesterol) and the phytosterols 5-
cholestene-24β-ethyl-3β-ol (β-sitosterol), 5,22-cholestadiene-24β-ethyl-3β-ol (stigmasterol) and
5-cholestene-24α-methyl-3β-ol (campesterol), is generally performed via two major processes: i.e.
the selective removal of the sterol side chain (side chain cleavage) and opening of the steroid poly-
cyclic ring structure. These two processes proceed independently, either simultaneously or
consecutively (Martin, 1977).
The first step in sterol degradation is the oxidation of the 3β-hydroxyl moiety of sterols with the
simultaneous isomerization of ∆5 to ∆4 by a cholesterol oxidase (Fig. 5B). The resulting 3-keto ∆4

(4-ene-3-one) structure of the steroid molecule generally is a prerequisite for sterol side chain
cleavage and opening of the poly-cyclic steroid ring.

Cholesterol oxidase
Cholesterol oxidase enzymes are produced by several actinomycetes, including members of the
genera Rhodococcus (Watanabe et al., 1986; Navas et al., 2001), Streptomyces (Murooka et al.,
1986; Izhizaki et al., 1989) and Brevibacterium (Uwajima et al., 1973; Ohta et al., 1992). The
enzyme acts on a broad range of steroid substrates and may also catalyze hydroxylation of
cholesterol to 6-hydroxy-4-cholestene-3-one (Molnár et al., 1993; Biellmann, 2001). An NAD(P)-
dependent cholesterol dehydrogenase has been identified in Nocardia sp. (Horinouchi et al., 1991).
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Figure 5. Proposed general pathway for microbial side chain cleavage of cholesterol and β-sitosterol,
proceeding via a process similar to β-oxidation (see text for explanation). A) Sterol side-chain cleavage. B)
Steroid moiety (=R1-R4).
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Sterol side chain cleavage
Studies on the intermediates formed during removal of the C-17 side chain of sterols in Nocardia
sp. M29 (Martin and Wagner, 1976), Mycobacterium fortuitum ATCC 6842 (Wovcha et al., 1978),
Nocardia corallina IFO3338 (Arima et al., 1978), Pseudomonas sp. NCIB 10590 (Owen et al.,
1985), R. equi (Muroshi and Iida, 1993a,b), and Mycobacterium sp. BCS 396 (Ambrus et al., 1995)
have suggested that sterol side chain cleavage proceeds via a process similar to β-oxidation, as
proposed in the late 1960s by Sih and coworkers (Sih et al., 1967). The exact mechanism of side
chain degradation is still unknown, and biochemical information on the enzymes involved is very
limited. The still largely hypothetical pathway includes shortening of the sterol side chain via C-26,
C-24 and C-22 carboxylic acid sterol intermediates into a 17-keto C19-steroid (reviewed by Martin,
1977) (Fig. 5).

Microbial removal of the sterol side chain is initiated by hydroxylation at C-26, irrespective
of the nature of the sterol (e.g. cholesterol, β-sitosterol, campesterol, stigmasterol), and oxidized to
the corresponding carboxylic acid (Murohisa and Iida, 1993, Ambrus et al., 1995). The side chain
of β-sitosterol subsequently is additionally carboxylated at C-28 prior to fission of the C-24-C-25
bond (Fujimoto et al., 1982a, b). Propionic acid is separated from the β-sitosterol side chain through
the action of a reverse aldol lyase, and the resulting C-27 side chain of the C-26 carboxylic acid
intermediate is shortened to the C-22 carboxylic acid intermediate by β-oxidation with concomitant
release of propionic acid and acetic acid, respectively. The conversion of the C-22 steroid to a C-19
ketosteroid proceeds via a different mechanism. A C-17(20) dehydrogenation and a C-17 hydration
followed by aldolytic fission are thought to be responsible for the formation of the C-19 steroid (e.g.
AD, ADD, or 9OHAD) and propionic acid (Martin 1977). During the process of side chain
degradation, the poly-cyclic steroid ring structure may be attacked as well, since degradation
intermediates with either 3-keto-∆4, 3-keto-∆1,4 or 9α-hydroxy-3-keto-∆4 structures have been
observed (Fig. 5).

The bacterial mechanism of sterol side chain cleavage differs fundamentally from the
mechanism in mammalian systems. In the latter system, a cytochrome P450 dependent enzyme
system (P450scc) is involved in fission of the C-20-C-22 bond in cholesterol, producing isocaproic
acid and 5-pregnene-3,20-dione (pregnenolone) (Martin, 1977).

Degradation of the poly-cyclic steroid ring structure
The steroid pathway intermediate 4-androstene-3,17-dione (AD), theoretically formed after selective
sterol side chain degradation, is further degraded by opening of the steroid B-ring. Spontaneous
opening of the B-ring occurs after formation of chemically unstable 9α-hydroxy-1,4-androstadiene-
3,17-dione (9OHADD) from AD (Fig. 6). Two key enzymatic activities are involved in this
degradation process, i.e. 3-ketosteroid 9α-hydroxylase (KSH) and 3-ketosteroid ∆1-dehydrogenase
(KSTD), responsible for initiating steroid ring degradation by the formation of [9OHADD].

Mutagenized mycobacteria have been isolated with metabolic blocks at the level of ∆1-
dehydrogenation and/or 9α-hydroxylation. UV mutants NRRL B-3683 and NRRL B-3805 of a
Mycobacterium sp. soil isolate, classified as Mycobacterium vaccae by Imada and Takahashi
(1978), accumulate AD(D) and AD, respectively, from sterols (Marsheck et al., 1972). Mutants of
M. fortuitum ATCC 6842, described as a potent β-sitosterol degrader, accumulated 9OHAD (strain
NRRL B-8119) and an AD/ADD mixture (0.2:5) (strain NRRL B-8153) from β-sitosterol (Wovcha
et al., 1978). Genetic instability and potential pathogenicity of these mutant strains, in addition to
unsatisfactory conversion efficiencies and the formation of AD/ADD mixtures, limit the industrial
performance of these strains.
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Figure 6. Degradation of the poly-cyclic ring structure of 4-androstene-3,17-dione (AD) by Rhodococcus
erythropolis SQ1. Two 3-ketosteroid ∆1-dehydrogenase isoenzymes (KSTD1 and KSTD2) and a two-
component 3-ketosteroid 9α-hydroxylase (KSH) comprised of KshA (terminal oxygenase) and KshB
(oxygenase reductase) are involved. See figure 4 for steroid nomenclature.

3-ketosteroid ∆1-dehydrogenase

��� ������ 	
��������� �
1-dehydrogenase  (KSTD) [4-ene-3-oxosteroid:(acceptor)-1-ene-

oxidoreductase, EC 1.3.99.4] is a flavoprotein catalyzing the trans-axial elimination of  the C1(α)
and C2(β) hydrogen atoms of the A-ring from the poly-cyclic ring structure of 3-ketosteroids
(Itagaki et al., 1990b) (Fig. 7).

Figure 7. Bacterial �����������	
 �1-dehydrogenase  (KSTD) catalyzes the elimination of  the C1(α) and C2(β)
hydrogen atoms of AD and 9OHAD.
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In bacteria, KSTD plays an important role in the degradation of the poly-cyclic ring structure
of steroids, performing the oxidation of 4-androstene-3,17-dione (AD) to 1,4-androstadiene-3,17-
dione (ADD) and of 9α-hydroxy-4-androstene-3,17-dione (9OHAD) to 9α-hydroxy-1,4-
androstadiene-3,17-dione ([9OHADD]). The enzyme has been studied in terms of molecular,
catalytic and spectrophotometric properties in several bacteria: Arthrobacter simplex (Penasse and
Peyre, 1968; Molnár et al., 1995), Comamonas (formerly Pseudomonas) (Levy and Talalay,
1959a,b), Nocardia restrictus (Sih and Bennert, 1962), Nocardia corallina (Itagaki et al., 1990a,b),
Nocardia opaca (Drobnic et al., 1993), Mycobacterium fortuitum (Wovcha et al., 1979),
Rhodococcus rhodochrous (Morii et al., 1998) and Rhodococcus erythropolis (Kaufmann et al.,
1992; van der Geize et al., 2000, 2001, 2002b). KSTD amino acid sequence alignment shows
several conserved regions, including the putative FAD-binding domain and a region similar to the
active center motif of fumarate reductase flavocytochrome c of Shewanella putrefaciens (Molnár
et al., 1995) (Fig. 8).

Levy and Talalay (1959) were the first to discover KSTD activity in cell free extracts of
Comamonas testosteroni. KSTD enzyme, purified from N. restrictus (Sih and Bennet, 1962), was
found to have similar properties as the C. testosteroni enzyme. The N. restrictus KSTD, however,
was able to dehydrogenate industrially important 11-oxygenated steroids, whereas KSTD from C.
testosteroni could not. The substrate specificity of KSTD from N. corallina includes a wide variety
of 3-ketosteroids, but not 3α-hydroxysteroids (Itagaki et al., 1990a). Also 11-ketosteroids (i.e.
cortisone) are excellent substrates of the N. corallina KSTD, whereas 11α−− or 11β−−hydroxylated
3-ketosteroids are oxidized at low rates. 19-Hydroxy-4-androstene-17β-ol-3-one (19-
hydroxytestosterone), 19-hydroxy-4-androstene-3,17-dione and 4-androstene-17β-ol-3,19-dione
(19-oxotestosterone) were also converted to the respective phenolic steroids. Two apparently
distinct KSTD activities have been observed in steroid induced M. fortuitum (Wovcha et al., 1979).
AD induced cultures of M. fortuitum exhibited KSTD activity that was 4-5 times as active on AD
as on 9OHAD. In contrast, cultures induced with 9α-hydroxyprogesterone were found to contain
soluble KSTD enzyme, which was twice as active on 9OHAD as on AD. Whether these activities
represent separate KSTD enzymes was not elucidated. Two KSTD isoenzymes have been identified
in R. erythropolis SQ1 that in vivo may have different functional roles in (9OH)AD degradation
(Fig. 6; van der Geize et al., 2000, 2002b). The KSTD1 isoenzyme showed similar kinetics for both
AD and 9OHAD, whereas the KSTD2 isoenzyme had a much higher substrate preference for AD
than for 9OHAD. The presence of two such KSTD isoenzymes possibly prevents accumulation of
relatively high cellular concentrations of ADD in R. erythropolis SQ1, which impair growth of this
microorganism. Chemical mutagenesis of tyrosine residues in KSTD of R. rhodochrous using
tetranitromethane (TNM) demonstrated that changing Y104, Y116 and Y121 into smaller amino
acid residues (F, S or A) significantly changed the KSTD catalytic activity. Kinetic analysis
indicated that Y121, which is conserved in nearly all KSTD known to date, plays an important role
in the catalytic function, whereas Y116 and Y104 may be involved in binding of the steroid
substrate (Fig. 8) (Fujii et al., 1999). S325 and T503 in KSTD2 of R. erythropolis SQ1 were shown
to be important residues in KSTD activity as well (van der Geize et al., 2002b). S325 is positioned
in a poorly conserved region of KSTD enzymes. The low similarity, however, is mostly due to the
aberrant amino acid sequence from the non-actinomycetal KSTDs of C. testosteroni and P.
aeruginosa in this region (Fig. 8). Inducible monomeric KSTD of N. corallina contains 1 mole of
FAD per mole of protein (Itagaki et al., 1990a,b). The protein has a typical flavoprotein spectrum
with maxima of 458, 362 and 268 nm. Free FAD or FMN does not stimulate activity and NAD+,
NADP+, K3Fe(CN)6 and cytochrome c did not act as electron acceptor. Menadione can act as an
effective electron mediator for reduction of cytochrome c with KSTD (Itagaki et al., 1990a,b).
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                                                      FAD-binding domain
R.ery1 ---------MQDWTSECDVLVVGSGGGALTGAYTAAAQGLTTIVLEKTDRFGGTSAYSG-  58
R.ery2 MAKNQAPPATQAKDIVVDLLVIGSG-TGMAAALTANELGLSTLIVEKTQYVGGSTARSG-  50
R.rho  ---------MAEWAEECDVLVVGSGAGGCCGAYTPAREGLSVILVEASEYFGGTTAYSGG  51
A.sim  ----------MDWAEEYDVLVAGSGAGGMAGTYTAAREGLSVCLVEAGDKFGGTTAYSGG  50
ORF3   -----------MSDTTVDLLVIGSG-TGLAAALSAREQGLHVLVVEKTEYVGGSTARS--  46
M.tub  -----------MTVQEFDVVVVGSGAAGMVAALVAAHRGLSTVVVEKAPHYGGSTARSG-  48
P.aer  ----MTSAAVETTPLTCDVLVVGSGAAGLAAAVTAAWHGRRVVLVEKDPVFGGASAWSG-  55
C.tes  -----------MAEQEYDLIVVGSGAGACWAPIRAQEQGLKTLVVEKTELFGGTSALSG-  48
                        *::* ***  .  ..  .   *  . ::*     **::* * 

                                                           &
R.ery1 ASIWLPGTQVQERAGLPDSTENARTYLRALLGD-AESERQDAYVETAPAVVALLEQNPNI 109
R.ery2 GAFWMPANPILAKAGAGDTVERAKTYVRSVVGDTAPAQRGEAFVDNGAATVDMLYRTTPM 118
R.rho  GGVWFPTNAVLQRAGDDDTIEDALTYYPRVVGDRTPHELQEAYVRGGAPLIDYLESDDDL 111
A.sim  GGAWFPANPVLLRAGTDDTIEDALEYYRAVVGDRTPADLQETYVRGGAGLVAYLEEDDHF 110
ORF3   AAFWMRPTRRSPRPGSRDTLERGETYLEAVVGDDAPKARWQAFLRHGPETIRMLRRTTSL 106
M.tub  GGVWIPNNEVLKRRGVRDTPEAARTYLHGIVGEIVEPERIDAYLDRGPEMLSFVLKHTPL 108
P.aer  GWAWLPRNPLARRAGIEEDIEQPRTYLRHELGERYDAARIDAFLEACPHMVAFFERHTHL 115
C.tes  GGIWIPLNYDQKTAGIKDDLETAFGYMKRCVRGMATDDRVLAYVETASKMAEYL-RQIGI 107
       .  *:  .      *  :  *    *    :          :::   .     .     :

            &    &
R.ery1 EFEF-RAFPDYY-KAEGRMDTG-RSINPLDLDPADI-GDLAGKVRP-------ELDQDR- 157
R.ery2 KFFWAKEYSDYHPELPGGSAAG-RTCECLPFDASVL-GAERGRLRPGL-MEA-GLPMPV- 173
R.rho  EFMV-YPWPDYFGKAPKARAQG-RHIVPSPLPIAGD-PELNESIRG-------PLGRER- 160
A.sim  SFES-YPWPDYFGDAPKARRDGQRHIIPTPLPVPSA-PELREVVRG-------PLDNDR- 160
ORF3   QLMWARGYSDYHPELPGGDAAG-RSIESKPFDASVL-GESRALLRPGV-VEA-PVPMPV- 161
M.tub  KMCWVPGYSDYYPEAPGGRPGG-RSIEPKPFNARKL-GADMAGLEPAY-GKV-PLNVVV- 173
P.aer  RFVDGNGIPDMHGDTPGAAEGG-HQLVAAPYDARQL-GPLLPRLRKTL-RETSFMGMPIM 172
C.tes  PYRAMAKYADYYPHIEGSRPGG-RTMDPVDFNAARLRVTALETMRPGPPGNQLFGRMSIS 167
               .* . .       * :                   :.              

R.ery1 TGQDHAP--------------------------------GPMIGGRALIGRLLAAVQSTG 185
R.ery2 TGADYKWMNLMVKKPSKAFPRIIRRLAQGVYGKYVLKR-EYIAGGQALAAGLFAGVVQAG 232
R.rho  IGEPLP---------------------------------DMLIGGRALVGRFLIALRKYP 187
A.sim  LGTPQPD--------------------------------DLFIGGRALVARFLTALATYP 188
ORF3   TGADYKWMNLVARKPGKGLPRVLRRAAQGIGG-MVIGR-DYLAGGQALAAGLFDGALRAG 219
M.tub  MQQDYVRLNQLKRHP-RGVLRSMKVGARTMWA-KATGK-NLVGMGRALIGPLRIGLQRAG 220
P.aer  AGADLAAFLDLTR-SLPAFLHVARRFSSHLWHLLRYGRAMHLVNGVALVARLAKSAEALG 231
C.tes  AFEAHSMLSRELKSRFTILGIMLKYFLDYPWR-NKTRRDRRMTGGQALVAGLLTAANKAR 225
                                                .  * ** . :  .    

                                                  #              #
R.ery1 KAELRTESVLTSLIVE-DGRVVGAEVESGGETQR------IKANRGVLMAAGGIEGNAEM 238
R.ery2 -IPVWTETSLVRLITE-DGRVTGAVVVQDGREVT------VTARRGVVLAAGGFDHNMEW 284
R.rho  NVDLYRNTPLEELIVE-DGVVVGAVVGNEVERRA------IRARKGVVLAAGGFDQNDEM 240
A.sim  HATLVRETALAELVVE-DGVVVGAIVETDGVRRA------IRARRGVLLAAGGFEANDEL 241
ORF3   -IPIWRETTLVELVTE-GDRVVGAVLERDGGRVT------VTARRGVVLAAGGFDHDMDM 271
M.tub  -VPVELNTAFTDLFVE-NGVVSG-VYVRDSHEAESAEPQLIRARRGVILACGGFEHNEQM 277
P.aer  -VRLIESAPARELLLR-DGKVVGALVESAEGLLR------IEAG-AVVLACGGFPHDPQR 282
C.tes  -VEMWCNSPLKELVQDASGRVTGVIVERNGQRQQ------INARRGVLLGAGGFERNQEM 278
          :  .:    *.   .. * *                 : *  .*::..**:  : :
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       #                                           &
R.ery1 REQAGTPGK-AIWSMGPFG-ANTGDAISAGIAVGGAT--ALLDQAWFCPGVEQPD--GSA 293
R.ery2 RHKYQSESLGEHESLGAE--GNTGEAIEAAQELGAGI--GSMDQSWWFPAVASIKG-RPP 339
R.rho  RGKYGVPGA-ARDSMGPW--SNLGKAHEAGIAVGADV--DLMDQAWWSPGLTHPD--GRS 293
A.sim  RQKYGVPGV-ARDTMGPP--TNVGAAHQAAIAVGADT--DLMGEAWWSPGLTHPD--GRS 294
ORF3   RHRYQAEFL-DNWSLGNE--GNTGDAIKLAAEVGARV--TLMDQTWWFPAVAPLPR-GTP 325
M.tub  RIKYQRAPITTEWTVGAS--ANTGDGILAAEKLGAAL--DLMDDAWWGPTVPLV---GKP 330
P.aer  RAEL-APTLDTLLPLPPP--GCNGDGLRLGESAGGRVADDLRSPIAWAPVSRVPHGDGET 339
C.tes  RDQYLNKPT--RLVDGNPCGRQYGDAHRAGQAWAHTG-ADGLVLGRAHHGCSQGA--GLS 333
       * .                    * .   .   .                         .

R.ery1 --AFMVGVR---GGLVVDSAGERYLNESLPYDQFGRAMDAHDDNGSAVP-----SFMIFD 342
R.ery2 --MVMLAERALPGSFIVDQTGRRFVNEATDYMSFGQRVLEREKAGDPAES----MWFVFD 393
R.rho  --AFALCFT---GGIFVDQDGARFTNEYAPYDRLGRDVIARMERGEMTLP----FWMIYD 344
A.sim  --AFALWFT---GGIFVDGAGRRFVNESAPYDRLGRAVIDHLTEGGVTPR----YWMVYD 345
ORF3   --QVLLAERSLPGSIMVDGHGRRFINESTDYMTFGQTVLGRDRAGDPVGS----MWLVFD 379
M.tub  --WFALSERNSPGSIIVNMSGKRFMNESMPYVEACHHMYGGEHGQGPGPGENIPAWLVFD 388
P.aer  GHFPHIIERGKPGLIGVLANGRRFVNEAHGYHDYVAALLEATPPGQPAR-----SWLVCD 394
C.tes  ---RHFRGTLAAGVHGGQRQGAALPQRVRPVSGIPAAMLAENAKGNGGVP----AWIVFD 386
            .      *       *    :.          :                 ::: *

R.ery1 SREGGGLP------AICIPNTAPAK-HLEAGTWVGADTLEELAAKTGLPADALRSTVEKF 395
R.ery2 QEYRNSYVFA----GGIFPRQPLPQAFFESGIAHQASSPAELARKVGLPEDAFAESFQKF 449
R.rho  DRNGEAPPVG----ATNVPLVETEK-YVDAGLWKTADTLEELAGQIGVPAESLKATVARW 399
A.sim  HKEGSIPPVR----ATNVSMVDEEQ-YVAAGLWHTADTLPELAALIGVPADALVATVARF 400
ORF3   RSYRNSYVLA----GSLFPRMALPQEWYDAGIAHPARHRAELARAAGLPEDAFTATLRRF 435
M.tub  QRYRDRYIFA----G-LQPGQRIPSRWLDSGVIVQADTLAELAGKAGLPADELTATVQRF 443
P.aer  RRFLRRYG-L----GYVRPAPLPIAAHLRSGYLKRGTSLDQLARSCGIDPSGLAATVAEY 449
C.tes  ASFRAQNPMGPLMPGSAVPDSKVRKSWLNNVYWKGRRWKIWRADRRGR--AGLQVSARRM 444
                     .   .                       *   *     :  :  .
                                                             &
R.ery1 NDAAKLGVDEEFHRGEDPYDAFFCPPNG-GANAALTAIENGPFYAARIVLSDLGTKGGLV 454
R.ery2 NEAAAAGSDAEFGRGGSAYDRYYGDPTV-SPNPNLRQLDKSALYAVKMTLSDLGTCGGVQ 508
R.rho  NELAAKGVDEDFGRGDEPYDLAFT-----GGGSALVPIEQGPFHAAQFGISDLGTKGGLR 454
A.sim  NELVADGYDADFGRGGEAYDRFFS-----GGEPPLVSIDEGPFHAAAFGISDLGTKGGLR 455
ORF3   NTMAAPGIDDDFHRGNSAYDRYYGDPTV-TPNPNLRPLDRGDLYAVKVVLSDLGTCGGLS 494
M.tub  NAFARSGVDEDYHRGESAYDRYYGDPSN-KPNPNLGEVGHPPYYGAKMVPGDLGTKGGIR 502
P.aer  NRHAREGRDPEFGRGGTAFNRKQGDPAYPGPNPCVAPIERGPYYAVQVEPGCFGTFAGLK 509
C.tes  TEYARAGKDLDFDRGGNVFDRYYGDPR--LKNPNLGPIEKGPFYAMRLWPGEIGTKGGLL 502
       .  .  * * :: **   ::            . :  : .   :.  .  . :** .*:

R.ery1 TDVNGRVLRADGSAIDGLYAAGNTSASLSGRFYPGPGVPLGTAMVFSYRAAQDMAK---- 510
R.ery2 ADENARVLREDGSVIDGLYAIGNTAANAFGHTYPGAGATIGQGLVYGYIAAHHAAEK--- 565
R.rho  TDTVGRVLDSEGAPIPGLYAAGNTMAAPSGTVYPGGGNPIGASALFAHLSVMDAAGR--- 511
A.sim  TDTSARVLTADGTPIGGLYAAGNTMAAPSGTTYPGGGNPIGTSMLFSHLAVRHMGTEDAR 515
ORF3   ADELGRPLRADGSPIEGLYAIGNTAGNVFGRSYPGAGATIGQGLVFGHIVATHAATA--- 551
M.tub  TDVNGRALRDDGSIIDGLYAAGNVSAPVMGHTYPGPGGTIGPAMTFGYLAALHIADQAGK 562
P.aer  TDAQARVLDGGGQPIPGLYAAGADMASLFAGHYPSGGINLGPALTFGYIAGRHIAGALGY 569
C.tes  TDREGRVLDTQGRIIEGLYCVGNNSASVMAPAYAGAGSTLGPAMTFAFRAVADMVGKPLP 562
       :*  .* *   *  * ***. *   .   .  *.. *  :* .  :..    .      
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R.ery1 ----------- 510
R.ery2 ----------- 565
R.rho  ----------- 511
A.sim  ----------- 515
ORF3   ----------- 551
M.tub  R---------- 563
P.aer  EQEQAQRG--- 577
C.tes  LENPHLLGKTV 573

Figure 8. Alignment of known (AAF19054, AAL82579, AB007847, BAA07186, Q06401) and putative
(CAB05041, Z93338) KSTD amino acid sequences (DDBJ/EMBL/GenBank accession no. are between
brackets); R.ery1: KSTD1 R. erythropolis SQ1 (AAF19054), R.ery2: KSTD2 R. erythropolis SQ1
(AAL82579), R.rho: KsdD Rhodococcus rhodochrous (AB007847), A.sim: KsdD Arthrobacter simplex
(BAA07186), ORF3: ORF3 Arthrobacter simplex (Z93338: sequence edited), M.tub: Rv3537 Mycobacterium
tuberculosis (CAB05041), C.tes: ∆1-DH Comamonas testosteroni (Q06401). The alignment was generated
using the CLUSTALW 1.74 program. (*) identical residues. (:) and (.) high and low similarity, respectively.
The putative FAD-binding domain is shown in bold (consensus sequence GSG(G/A)(G/A)(G/A)X17E), (&)
residues involved in substrate binding or catalysis, (#) active center residues of Shewanella putrefaciens
fumarate reductase (see text).

The corresponding ∆1-dehydrogenase gene from C. testosteroni was the first to be cloned
and sequenced (Plesiat et al., 1991). Expression of this gene in E. coli and subsequent determination
of the cellular location of the KSTD enzyme revealed its association with the inner surface of the
cytoplasmic membrane in E. coli (Plesiat et al., 1991). In C. testosteroni, the ∆1-dehydrogenase
gene is thought to be co-transcribed with the gene encoding ∆4(5α)-dehydrogenase activity (Florin
et al., 1996). The ksdD gene of A. simplex is preceded by a putative regulatory gene, ksdR, and is
succeeded by ksdI, encoding 3-ketosteroid ∆5-isomerase, catalyzing the conversion of 3-keto-5-ene-
steroids into 3-keto-4-ene-steroids. Characterization of the downstream region of this ksdDI operon
revealed the presence of ORF3, encoding a putative steroid modifying enzyme showing similarity
to known KSTD enzymes (Dziadek et al., 1998). In steroid induced cultures of Streptomyces
lividans TK64, containing the A. simplex ksdD gene, KSTD activities were found both
intracellularly and extracellularly, depending on the cultivation medium and growth phase (Molnár
et al., 1995; Choi et al., 1995a, 1995b). A plasmid cured strain of Arthrobacter oxydans 317
provided evidence that a 86 kb plasmid may be involved in ∆1-dehydrogenation of AD, as well as
9α-hydroxylation of AD(D), and the conversion of 3-oxo-4-cholestene-24-oic acid into AD (Dutta
et al., 1992). The ksdD gene from R. rhodochrous was cloned by reverse genetics and
overexpressed intracellularly in E. coli (Morii et al., 1998). Spectral properties of native KSTD
protein as well as KSTD overexpressed in E. coli confirmed the presence of FAD. No genes
involved in the metabolism of steroids were found upstream and downstream of the ksdD gene in
R. rhodochrous. Two isogenes, designated kstD and kstD2, have been identified in R. erythropolis
SQ1 and overexpressed in E. coli (van der Geize et al., 2000, 2002b; Chapters 2 and 4). The kstD2
isogene shows high similarity at the amino acid level to ORF3 of A. simplex (63% identity), strongly
suggesting that A. simplex also contains two KSTD isoenzymes. Upstream of kstD, a divergently
transcribed regulatory gene was identified (kstR) encoding a putative repressor of kstD expression.
The kstR gene, however, shows no similarity to ksdR of A. simplex. No regulatory genes have been
identified near kstD2. Deduced amino acid sequences of the isogenes revealed a relatively low
similarity of KSTD1 to KSTD2 (33% identity). Construction of single gene deletion mutants
showed that the presence of either kstD or kstD2 was sufficient to allow growth on steroids.
Incubation of AD with the single kstD2 gene deletion mutant resulted in rapid accumulation of
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9OHAD that was slowly degraded after prolonged incubation. Deletion of both kstD and kstD2
genes completely inhibited growth on (9OH)AD; AD bioconversion by this double mutant resulted
in sustained 9OHAD accumulation in high yields (van der Geize et al., 2002b).

The complete nucleotide sequences of several actinomycetal genomes recently have become
available. However, no Rhodococcus genome sequences are publically available to date. Genome
database searches (http//:www.ncbi.nlm.nih.gov) for the presence of KSTD amino acid sequences
revealed that putative proteins from Mycobacterium tuberculosis (Rv3537) and Corynebacterium
glutamicum (Cgl2581) have significant similarity with KSTD amino acid sequences. No KSTD
orthologues were found in the Mycobacterium leprae and Streptomyces coelicolor genomes.
BLAST searches for KSTD sequences in preliminary genome sequence data from Mycobacterium
smegmatis and Mycobacterium avium available at TIGR (http//:www.tigr.org) show that also these
bacteria contain proteins very similar to KSTD.

3-ketosteroid 9α-hydroxylase

�����������	
 ����
�������� ����� ��������� �� ���α) monohydroxylation of the steroid poly-
cyclic ring structure using molecular oxygen and NAD(P)H as co-substrates (Chang and Sih, 1964;
Strijewski, 1982) (Fig. 9). KSH activity has been found in many actinomycetales (Rhodococcus
(Datcheva et al., 1989; van der Geize et al., 2002a); Nocardia (Chang and Sih, 1964; Strijewski,
1982); Arthrobacter (Dutta et al., 1992); Mycobacterium (Wovcha et al., 1978)), but biochemical
and molecular data on the KSH enzyme is extremely limited. A three-component KSH enzyme
system from Nocardia sp. M117 was partially purified, constituting an electron-transport chain
consisting of an NADH-dependent flavoprotein reductase and two ferredoxin proteins (Strijewski,
1982). This 9α-hydroxylase system was shown to lack cytochrome P450. KSH activity in N.
restrictus is AD inducible and the substrate range of this enzyme includes various 3-ketosteroids
(Chang and Sih, 1964). Among them are AD, 4-pregnene-3,20-dione (progesterone), and 21-
hydroxyprogesterone, but not 4-cholestene-3-one, indicating that a shortened side chain may be
required for 9α-hydroxylation. 9α-Hydroxylase activity is inhibited by Fe2+ chelating agents,
sulphydryl agents, Fe2+ replacing metal ions and redox dyes (Chang and Sih, 1964; Strijewski,
1982). Chelating agents like 2,2’-dipyridyl and o-phenanthroline have been extensively used to
inhibit KSH activity, aiming to block microbial steroid degradation (Martin, 1977). These chelating
agents, however, generally have the undesired property of inhibiting degradation of the sterol side
chain in addition to KSH activity (Martin and Wagner, 1976). Mutant strains Mycobacterium sp.
NRRL B-3805 and NRRL B-3683, generated by UV irradiation of a Mycobacterium sp. soil isolate
(classified as M. vaccae (Imada and Takahashi, 1978), were both blocked in steroid 9α-
hydroxylation and produced AD and ADD, respectively, from sterols (Marsheck et al., 1972). M.
fortuitum ATCC 6842 rapidly degrades sterols and UV mutants of this isolate are able to produce
AD and ADD from sterols, due to minimal KSH activity (Wovcha et al., 1978). Mutant strains
Mycobacterium sp. NRRL B-3805 and NRRL B-3683, generated by UV irradiation of a
Mycobacterium sp. soil isolate (classified as M. vaccae (Imada and Takahashi, 1978), were both
blocked in steroid 9α-hydroxylation and produced AD and ADD, respectively, from sterols
(Marsheck et al., 1972).
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Figure 9. Bacterial 3-ketosteroid 9α-hydroxylase (KSH) catalyzes the C9(α) monohydroxylation of AD and
ADD.

M. fortuitum ATCC 6842 rapidly degrades sterols and UV mutants of this isolate are able to
produce AD and ADD from sterols, due to minimal KSH activity (Wovcha et al., 1978).
Mycobacteria thus seem to have a single steroid 9α-hydroxylation system easily inactivated by
mutagenesis. However, M. vaccae and M. fortuitum species are potentially pathogenic to man
(Runyon et al., 1975) and thus less suitable strains for steroid production.

In Arthrobacter oxydans ���� ����	
��	������ �� ��� ������
 ���	��	���� ���� ���������

appears plasmid-borne, but nucleotide sequences of the gene(s) involved were not reported (Sarmah
et al., 1989; Dutta et al., 1992). To date, only the genes encoding KSH activity in R. erythropolis
SQ1 have been identified and characterized (van der Geize et al., 2002a; Chapter 5). These genes,
designated kshA and kshB, were cloned by functional complementation of UV mutant strains
������
 �� ����� ����	
��	������ ����	��� �� 
�
���
 �!��� ���
 ��"������ �� ��� kshA and
kshB genes showed that the KSH enzyme system in R. erythropolis strain SQ1 is an iron-sulfur
containing, two-component class IA monooxygenase with KshA as the terminal oxygenase
component and KshB as the oxygenase ferredoxin reductase component. A Rieske type [2Fe-2S]R

domain (C-X-H-X16-C-X2-H) and a non-haem Fe(II) binding motif (D/E-X3-D-X2-H-X4-H) were
identified in KshA, classifying KshA as a member of the class IA terminal oxygenases (Nakatsu et
al., 1995; Jiang et al., 1996). KshB is a member of the class IA oxygenase ferredoxin reductases
based on the three conserved domains found in the amino acid sequence of this component: a flavin
mononucleotide (FMN) isoalloxazine binding domain (RxYSL), an NAD-ribose-binding domain
(GGIGITP) and a plant-type [2Fe-2S]Fd binding domain (Cx4Cx2Cx29C) situated at the C-terminus
of KshB (Batie et al., 1991; Correll et al., 1992; Mason and Cammack, 1992; Nakatsu et al., 1995).
By definition, class IA oxygenases are two-component enzyme systems (Batie et al., 1991). Rv3526
and Rv3571 in M. tuberculosis may be orthologues of kshA and kshB, respectively (Cole et al.,
1998; van der Geize et al., 2002a).

Gene deletion of either kshA or kshB in R. erythropolis SQ1 completely inhibited growth on
the steroid substrates AD(D), whilst growth on 9OHAD was not blocked (van der Geize et al.,
2002a). Accumulation of ADD (30-50% yield) was observed in AD bioconversion experiments with
kshA and kshB mutant strains. kshA was shown to encode both AD and ADD 9α-hydroxylase
activity (Fig. 6). A kshA kstD kstD2 triple gene deletion mutant strain was completely blocked in
AD(D) conversion, whereas a kstD kstD2 mutant converted AD(D) efficiently into 9OHAD(D). In
conclusion, R. erythropolis strain SQ1 thus employs two KSTD isoenzymes for growth on
(9OH)AD, but only a single KshA/KshB system for growth on AD(D) (van der Geize et al., 2002a).
A dual role for KshB in both sterol and steroid degradation was suggested, since kshB inactivation
also impaired sterol side chain degradation. KshB may for example be involved in sterol 26-
hydroxylase enzyme activity, which is generally thought to initiate sterol side-chain degradation
(Murohisa and Iida, 1993; Ambrus et al., 1995).
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Abstract

Microbial phytosterol degradation is accompanied by the formation of steroid pathway
intermediates, which are potential precursors in the synthesis of bioactive steroids. Degradation of
����� ������	 �
�����	����� �� �
������	 � �

1-dehydrogenation of the steroid ring structure.
Characterization of a 2.9 kb DNA fragment of Rhodococcus erythropolis SQ1 revealed an open
reading frame (kstD� �����
� ���������� ���� �
��
 ������������	 �

1-dehydrogenase genes.
Heterologous expression of kstD ����	�	 ������������	 �1-dehydrogenase (KSTD) activity under
control of the lac promoter in Escherichia coli. Targeted disruption of the kstD gene in R.
erythropolis SQ1 was achieved, resulting in loss of more than 99% of the KSTD activity. However,
������ �
 ��� ������	 ��������� ���
	�����
�������	��
� �� �����	��������
	�����
�������	��
�

was not abolished by the kstD gene disruption. Bioconversion of phytosterols was also not blocked
�� ��� ����� �� �1-dehydrogenation in the kstD mutant strain, since no accumulation of steroid
pathway intermediates was observed. Inactivation of kstD thus is not sufficient for inactivation of
��� �1-dehydrogenase activity. Native PAGE of cell extracts stained for KSTD activity showed that
R.erythropolis SQ1 in fact harbors two activity bands, one of which is absent in the kstD mutant
strain.

Introduction

Rhodococcus species are well-known for their catabolic potential (Bell et al., 1998; Warhurst and
Fewson, 1994). Several Rhodococcus species degrade natural phytosterols. Microbial phytosterol
degradation proceeds via the formation of steroids as pathway intermediates (Martin, 1977;
Kieslich, 1985; Mahato and Garai, 1997), i.e. 4-androstene-3,17-dione, 1,4-androstadiene-3,17-
	��
� �
	 �����	��������
	�����
�������	��
� � ��!��! "���� ������	 #������ �
�����	����� ���

be used as precursors for the production of bioactive steroids (Kieslich, 1985). Degradation of the
������	 ��
� �������
 �� �
������	 � �

1-dehydrogenation, inactivation of which is generally
considered necessary to achieve accumulation of steroid pathway intermediates from phytosterols
(Martin, 1977; Kieslich, 1985). Rhodococcus and Mycobacterium strains treated with mutagens
and/or incubated with enzyme inhibitors have been reported to convert sterols into 4-androstene-
3,17-dione and 1,4-androstadiene-3,17-dione (intermediates (Martin, 1977; Mahato and Garai,
1997). The industrial performance of these strains is generally inadequate, however, due to strain
instability and low conversion efficiencies.

Steroid accumulation by strains constructed via genetic engineering has not been reported
thus far, probably due to a limited knowledge of the sterol catabolic pathway and the genetics of
these microorganisms. Aims of our work are to develop genetic tools for Rhodococcus species, to
apply these for a detailed molecular characterization of the sterol degradation pathway, and to
disrupt selected target genes to achieve accumulation of  steroid pathway intermediates from
phytosterols.
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��� ������ 	
��������� �1-dehydrogenase  (KSTD) [4-ene-3-oxosteroid:(acceptor)-1-
���
������������� �� ��	������ ������� ��� �1-dehydrogenation of the steroid polycyclic ring
��������� ��� ������!���� ���� ��� "��� � ������"���� � ��
������
�
���������
	��#
����

from steroid compounds (Fig.1). The enzyme has been characterized from several bacteria:
Arthrobacter simplex (Penasse and Peyre, 1968), Pseudomonas (Levy and Talalay, 1959a, 1959b),
Nocardia restrictus (Sih and Bennet, 1962), Nocardia corallina (Itagaki et al., 1990), Nocardia
opaca $%�&��' et al., 1993), Mycobacterium fortuitum (Wovcha et al., 1979) and Rhodococcus
erythropolis IMET7030 (Kaufmann et al., 1992). Two seemingly distinct KSTD activities have
been reported in M. fortuitum (Wovcha et al., 1979). Whether these activities actually represent
separate enzymes was not elucidated. KSTD of N. opaca has been characterized as a flavoprotein
(Lestrovaja et al., 1978). Only the KSTD-encoding genes of A. simplex, Comamonas testosteroni
and Rhodococcus rhodochrous have been fully characterized (Plesiat et al., 1991; Molnar et al.,
1995; Morii et al., 1998). Although cloning of the gene encoding KSTD and expression of inactive
KSTD protein of R. erythropolis IMET7030 in Escherichia coli have been described (Atrat et al.,

Figure 1. Proposed pathway for microbial
����������	 ���� �����������	� ����������

(Martin, 1977; Kieslich, 1985). AD: 4-
androstene-3,17-dione; ADD: 1,4-
����������	�	
���
����	� ������ ��


hydroxy-4-androstene-3,17-dione;
������� ��
�������
��
����������	�	


���
����	� ����� �
�	����	���� �
1-

�	������	���	� ���� ��	���� ��


hydroxylase.
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1991; Wagner et al., 1992a, 1992b), and a nucleotide sequence of the KSTD encoding gene of N.
opaca �������	 et al., 1993) (synonym R. erythropolis IMET7030 (Kaufmann et al., 1992)) is
available (DDBJ/EMBL/GenBank U59422), no further characterization of this gene has been
reported. Moreover, targeted disruption has not been carried out with either of the known KSTD
encoding genes.

Several methods for transformation of Rhodococcus cells have been developed (Larkin et
al., 1998). Homologous recombination events required for gene disruption are usually rare,
necessitating higher transformation frequencies. Here we report an optimized electrotransformation
protocol for Rhodococcus erythropolis SQ1 (Quan and Dabbs, 1993),  a detailed characterization
of its kstD gene encoding KSTD, and the effects of a targeted kstD disruption on steroid degradation
ability.

Materials and Methods

Bacterial strains, plasmids and growth conditions
Plasmids and bacterial strains used are listed in Table 1. Rhodococcus strains were cultivated at
300C and 250 rpm in liquid medium (LBP) containing 1% (w/v) bacto-pepton (Difco, Detroit,
USA), 0.5% (w/v) yeast extract (BBL Benton and Dickinson and Company, Cockeysville, USA)
and 1% (w/v) NaCl. For growth on solid medium LBP was supplemented with 1.5% (w/v) Bacto-
agar  (Difco). For steroid bioconversion experiments strains were grown in YG15 medium (15 g⋅l-1

yeast extract, 15 g⋅l-1 glucose pH 7.0) at 28 0C (200 rpm). E. coli strains (Table 1)  were grown in
Luria-Bertani (LB) broth at 37 0C. BBL agar (1.5% (w/v)) was added for growth on solid medium.

General cloning techniques
Recombinant DNA techniques were done according to standard protocols (Sambrook et al., 1989).
DNA isolation procedures for Rhodococcus plasmid DNA were performed as described by Vogt-
Singer and Finnerty (1988). DNA modifying enzymes were purchased from Boehringer (Mannheim,
Germany), New England Biolabs (Beverly, USA) or Amersham Pharmacia Biotech AB (Uppsala,
Sweden) and were used as described by the manufacturer. Transformation of E. coli was performed
as described by Chung et al. (1989).

Electrotransformation of Rhodococcus
LBP broth (300 ml) supplemented with 3% (w/v) glycine was inoculated with 5 ml of a 24 h
Rhodococcus LBP culture and incubated until late exponential phase (OD600 2-3). Addition of 3%
(w/v) glycine to the growth medium increased transformation frequencies 2.2-fold, and growth of
R. erythropolis SQ1 was slightly inhibited. The cells were harvested by centrifugation for 10 min
at 4,000 g  (40C) and washed twice with cold distilled water. The pellet was resuspended in 2-3 ml
cold 30 % (v/v) polyethyleneglycol 1450  (PEG1450). Higher molecular weight PEG compounds
were also tested but resulted in lower transformation frequencies. Competent cells were divided in

�� �� ������� ��� ������ �� ���0C until use. Prior to transformation experiments, cells were thawed
�� ���� ������� ��� �
 ��� ��� ����� ��� ����� ����  �� �� ��� ��� 
 ���� !��������������������

was performed on a  BTX600 electroporation apparatus (Biotechnology & Experimental Research
Inc, San Diego, USA)  in 2 mm gapped cuvettes with a single pulse. Both field strength and
resistance influenced transformation efficiency showing optima of 8.75 kV⋅cm-1 and 186 ohm (50
�"�# �������$��%� &'��� �������� ��������% ���(���� �� �� �����$�� �������������' �� )�*  +⋅cm-1 and
time-pulse constants of approximately 8 ms. LBP medium (1 ml) was added immediately after the



Targeted gene disruption of kstD

38

electropulse. The cell suspension was incubated for 4.5 h with shaking. Appropriate dilutions were
������ �	 
�� ��� ��������	��� ���� ������ �� �⋅ml-1 ����������	���� ������� �� �� �⋅ml-1

thiostrepton (pMVS301). Transformants appeared after 3 days. Highest transformation frequencies
were obtained for R. erythropolis SQ1 with pMVS301 (1⋅106 transformants⋅�-1 DNA). The same
protocol was used in the gene disruption experiment with pSDH420 (Fig.2), using the antibiotic
��	�����	 �� � ��	��	������	 � !�� �⋅ml-1.

Colony PCR
A Rhodococcus ����	� ��� �������	��� �	 !"�� #$ %�  �� �#&'( �� �)* $�#� � �)� �	� ������

for 10 min in boiling water. A kstD PCR product (1551 bp) was obtained with kstD forward primer
[5' gcgcatatgcaggactggaccagcgagtgc] and reverse primer [5' gcgggatccgcgttacttcgccatgtcctg],
annealing to the 5'-end (including start codon) and 3'-end (including stop codon) of the kstD gene,
respectively. Primers were originally designed to include NdeI and BamHI restriction sites for
KSTD expression in the T7 RNA polymerase pET3 expression system (Novagen, Madison, WI,
USA). PCR was performed using 5 cycles of 1 min 950C, 1.5 min 600C, 1.5 min 720C, followed by
25 cycles of 1 min 950C,  1.5 min 550C, 1.5 min 720C.

Southern hybridization
Rhodococcus total DNA was isolated according to Verhasselt et al. (1989) as modified by Nagy et
al. (1995). Digested chromosomal DNA from R. erythropolis SQ1 was separated on an 1 % (w/v)
 agarose gel and blotted onto a high-bond nylon membrane supplied by Qiagen (Basel, Switzerland),
via an alkaline transfer method (Sambrook et al., 1989). Southern hybridizations were done at 680C
with a degenerate  kstD oligo-nucleotide [5' ttcgg(c/g)gg(c/g)ac(c/g)tc(c/g)gc(c/g)tac
tc(c/g)gg(c/g)gc(c/g)tc(c/g)atctgg] labeled with the DIG oligonucleotide tailing kit from Boehringer.
The kstD oligo-nucleotide was based on an amino acid sequence alignment of known KSTD
proteins. The membrane was subsequently washed at 68 0C with 2xSSC (1xSSC is 0.15M NaCl and
0.015M sodium citrate) containing 0.1% (w/v) sodium dodecyl sulphate (SDS) for 15 min and twice
with 0.1xSSC containing 0.1% (w/v) SDS for 10 min. Labeling of the complete kstD gene obtained
by PCR was done using the random primed labeling kit from Boehringer.Hybridization was
performed at 600C. Stringent washing (600C) was done in 2xSSC containing 0.1% (w/v) SDS (2x5
min) and 0.1xSSC with 0.1% (w/v) SDS (2x5 min).

Steroid bioconversion and steroid analysis
Steroid bioconversions were done with Rhodococcus cultures grown in 75 ml YG15 medium at 28
0C (200 rpm). After growth overnight till late exponential phase (OD600 of 5 to 9), Generol (5 g⋅l-1)
or 4-androstene-3,17-dione (5 g⋅l-1 in 0.1% [vol/vol] Tween80) was added and bioconversion was
followed for several days. Steroids were extracted from the medium by methylenechloride extraction
(for analysis by gas chromatography [GC]) or methylenechloride/methanol (9:1) extraction (for
analysis by thin-layer chromatography [TLC]). For HPLC analysis, samples were diluted 5 times
���� �����	��+����� ���,-�� �	�  ������� ��.�" ���. (������� ���� �	���/�� %� ������ 0�
1 �����

a 250- by 3-mm reversed phase Lichrosorb 10RP18 column [Varian Chrompack International,
Middelburg, The Netherlands], UV detection at 254 nm, and a liquid phase of methanol-water
[60:40] at 35 0C), GC (with a J&W DB-5MS column measuring 30 m by 0.25 mm [inner diameter]
���� �.!"2��  ��� 3�������* ���� ����* 4(�5* � ���2�����	 �������	 ! � %� �.!" �� 3�		��

diameter], [InterSciences, Markham, Canada], and FID-40 detection at 300 0C) or TLC (with a
Kieselgel 60 F254 10- by 20-cm sheet [Merck, Darmstadt, Germany] in toluene-ethyl acetate [7:3]).
#�� ��%������� ����* �2�	������	�2-*��2���	�* 6������������	
�����
���������
� ����
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����������	�	
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����	 ��� �	�	��� ���	��� ����	��� ������ ���������� �
������	��� ��������

stigmasterol [16.3%], campesterol [22.4%]; Henkel, Düsseldorf, Germany), were supplied by
Diosynth bv. (Oss, The Netherlands).

Preparation of cell extracts of Rhodococcus and KSTD activity staining on native PAGE
Overnight cultures (250 ml) grown in YG15 medium were induced with 4-androstene-3,17-dione
(0.25 g in 5 ml dimethylsulfoxide) for an additional 5 h. Cell pellets (30 min;  7,300g; 4 0C) were
washed with 200 ml phosphate buffer (KH2PO4 2.72 g⋅l-1; K2HPO4 3.48 g⋅l-1; MgSO4⋅7H2O 2.46
g⋅l; pH7.2). Pellets were suspended in phosphate buffer in an 1:2 (w/w) ratio and  sonicated 7 times
for 10 sec with 2 min cooling intervals. Cell extracts were centrifuged for 1 min at 14,000 rpm in
an Eppendorf 5415C centrifuge to remove cell debris. The resulting supernatants (10-15 mg
protein⋅ml-1) were used for analysis on native PAGE (12.5% acrylamide) or for KSTD activity
assays, or stored at -200C. KSTD activity was visualized by incubating native PAGE gels in 100 ml
66.7 mM TRIS buffer containing 3.1 mg phenazine methosulphate, 2.9 mg steroid (4-androstene-
���
����	 �� �������������	
�����
���������
 �������� �
 ��� �� ��	
��� 	
� �� �� 
�������

tetrazolium (NBT) dissolved in 70% dimethylformamide. Staining was allowed to proceed for
several hours until clear activity bands were visible. The reaction was stopped by replacing the
staining solution with 10% acetic acid. No KSTD activity staining was found in controls with 1,4-
androstadiene-3,17-dione. 4-Androstene-3,17-dione and 9-hydroxy-4-androstene-3,17-dione were
equally good steroid substrates for visualizing activity bands.

Heterologous expression of kstD in E. coli cells
Recombinant E. coli cells were grown overnight and diluted 100-fold in LB broth (250 ml)
������
�� ���� 	��������
  ��� ��⋅ml-1�! "�������� ��#������	�	������	
����  "$%&� �	� 	���

after 3.5 h at a final concentration of 1 mM. After a 4 h induction period, cells were collected by
centrifugation and E. coli cell extracts were prepared by sonic treatment as described above for
Rhodococcus cell extracts. The resulting supernatants (10-15 mg protein⋅ml-1) were used for KSTD
activity staining.

KSTD enzyme activity assay
Enzyme activities were measured spectrophotometrically at 25 0C using phenazine methosulphate
(PMS) and nitroblue tetrazolium (NBT). The reaction mixture (1 ml) consisted of  TRIS pH 9 (0.86
'�� $'(  ��� �'�� )*%  ��� �'�� ��� ���	�� 	
� ��	
�����
���������
  +�� �'� �


methanol (2%). Activities are expressed as mU⋅mg-1 of protein; 1 mU is defined as the formation
of 1 nmol⋅min-1 ��,���	-	
  �570nm = 13 cm2⋅����-1) from NBT. No activity was observed in
reaction mixtures minus 4-androstene-3,17-dione.

DNA sequencing
Nucleotide sequencing was done using dye-primers in the cycle sequencing method (Murray, 1989)
with the thermosequenase kit RPN 2538 from Amersham Pharmacia Biotech AB. The samples were
run on the A.L.F-Express sequencing robot. Analysis of nucleotide sequence was done using
CloneManager version 4.01.
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Table 1. Strains and plasmids used in this study.

Strain or
plasmid

Relevant characteristic(s) Reference/origin

R.erythropolis
SQ1

Mutant of ATCC4277-1 with increased 
transformability

Quan and Dabbs,
1993

R.erythropolis
SDH420

kstD mutant of R.erythropolis SQ1 This study

R.erythropolis
141.93

UV-mutant of ATCC4277 Diosynth
collection

R.erythropolis
ATCC11048

wild type able to degrade sterols Diosynth
collection

R.erythropolis
ATCC25544

wild type able to degrade sterols Diosynth
collection

R.rhodochrous
142.32

UV-mutant of ATCC12674 Diosynth
collection

E.coli ���� supE44�lacU169 ���� �����M15) hsdR17 recA1
endA1 gyrA96 thi-1 relA1

Bethesda Res.
Laboratories

E.coli JM110 dam dcm supE44 hsdR17 thi leu rpsL lacY galK
galT ara tonA thr tsx��lac-proAB) F’[traD36
proAB+lacIqlacZ�����

Bethesda Res.
Laboratories

pBlueScript(II)
KS

bla lacZ Stratagene

pDA71 Rhodococcus-E.coli shuttle vector; cat ecoRI bla Dabbs et al.,
1995

pMVS301 Rhodococcus-E.coli shuttle vector; tsr bla Vogt-Singer and
Finnerty, 1988

pWJ5 aphII sacB Jäger et al., 1992
pBsKm2 aphII of pWJ5 in pBlueScript (II) KS This study
pSDH100 6 kb BglII DNA fragment containing kstD ligated in

BglII digested
This study

pSDH101 ClaI/BamHI fragment of pSDH205 (Fig.2) in
pDA71digested with SfuI; complements the kstD
mutant

This study

pSDH200 6 kb BglII fragment of pSDH100 in the BamHI site
of pBlueScript (II)KS

This study

pSDH205 2.9 kb EcoRV fragment of pSDH200 with kstD
gene in the EcoRV site of pBlueScript (II)KS

This study

pSDH305 Expression of kstD by lac promotor; 1,756 bp
BamHI fragment of pSDH205 (Fig.2) ligated  in
ClaI/BamHI site of pBlueScript(II) KS

This study

pSDH309 kstD in opposite direction of lac promoter;
 EcoRV/ClaI (Klenow fill-in) fragment of pSDH205
(Fig.2) ligated in EcoRV site pBlueScript(II)KS

This study

pSDH420 kstD disruption vector containing aphII and 741bp
 Asp718/SalI kstD internal fragment

This study
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Table 2. Bioconversion rates and electrotransformation frequenciesa of some phytosterol (Generol)
degrading Rhodococcus strains.

Strain Generol
degradationb

     Transformation frequency
       (CFU⋅�� �� ���-1)

pDA71 pMVS301

R.erythropolis
SQ1

++ 2.1⋅104 1⋅106

R.erythropolis
141.93

+ 0 1.7⋅104

R.erythropolis
ATCC11048

+++ 0 2.3⋅102

R.erythropolis
ATCC25544

+++ 0 1.6⋅104

R.rhodochrous
142.32

++ NAc 7.9⋅103

a �	
��������������� ����������� ���� ������ ��� ���� � �!�
b +, <100 mg/l-1⋅h-1; ++, 100-200 mg/l-1⋅h-1; +++, >200 mg/l-1⋅h-1

c NA, not applicable; this strain is chloramphenicol resistant.

DDBJ/EMBL/Genbank database accession number
Nucleotide sequence data have been submitted to the DDBJ/EMBL/Genbank database under
accession number AF096929.

Results

Rhodococcus strain selection
R. erythropolis SQ1 (Table 1) was selected for these studies because it exhibits highest
transformation frequencies, maximizing the probability for successful targeted gene disruption, and
is able to degrade phytosterols at a relatively high rate (Table 2). Electrotransformation of R.
erythropolis SQ1 with pMVS301 DNA under optimized conditions generally resulted in 1⋅106

CFU⋅��-1. Lower frequencies were found for pDA71 (Table 2). Evidently, pDA71 has a narrow host
range, whereas pMVS301 is able to maintain itself in all Rhodococcus strains tested (Table 2).
Vector pDA71, carrying several unique cloning sites within the ecoRI positive selection marker, was
used in further work.

Cloning and characterization of the kstD gene
Alignment of the N-terminal parts of known KSTD protein sequences of A. simplex (Molnár et al.,
1995), C. testosteroni (Plesiat et al., 1991) and N. opaca "��#��$ et al., 1993) allowed
development of a  kstD oligo-nucleotide probe (see Methods). The known gene sequence of kstD
of N. opaca was used as primary template.

Southern analysis with the kstD oligo-nucleotide probe was performed on chromosomal
DNA of strain SQ1 digested with several restriction enzymes. Following sucrose gradient
centrifugation, a 6 kb BglII DNA fragment, hybridizing with the kstD oligo-nucleotide, was selected
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for cloning. This DNA fragment was cloned in the BglII site of pDA71 (pSDH100) and 
subsequently subcloned into BamHI digested pBluescript II KS (pSDH200) (Fig.2). Restriction
mapping analysis and Southern hybridization showed that an approximately 2.9 kb EcoRV fragment
of pSDH200 contained sequences homologous to the kstD oligo-nucleotide. Subcloning (pSDH205)
and subsequent nucleotide sequencing of this fragment revealed two ORFs of 1,533 nt (kstD) and
627 nt (ORF2) encoding putative proteins of 510 aa and 208 aa, respectively. An overall GC content
of 63.9% was found which is relatively high but somewhat lower than previously reported for
Rhodococcus (67-73%) (Finnerty, 1992).

kstD (GC content, 64.5%) is preceded by a potential Shine-Dalgarno (S-D) nucleotide
sequence (AGGACG-N5-ATG) showing high similarity to the consensus S-D nucleotide sequence
(a/gGGAGG) preceding genes found in the closely related genus Streptomyces (Strohl, 1992). The
deduced amino acid sequence with a calculated molecular weight of 53,054 showed similarity to
known KSTD protein sequences of A. simplex, C. testosteroni and R. rhodochrous. Also a protein
encoded by  rv3537, a hypothetical gene present in Mycobacterium tuberculosis (Cole et al., 1998)
displayed clear similarity with the KSTD encoding genes. The first 147 amino acids of strain SQ1
KSTD showed 100 % identity to the KSTD N-terminal sequences of N. opaca �������	 et al.,
1993). The complete protein sequence of KSTD from N. opaca is available in databases (Q04616)
but contains several discrepancies compared to the strain SQ1 KSTD sequence. This appeared to
be due to a large number of frame-shifts in the nucleotide sequence of the former one. KSTD from
N. opaca therefore was not included in the KSTD alignment.

Alignment of the 5 KSTD amino acid sequences revealed an overall sequence identity
(similarity) of 14% (35%). The R. erythropolis SQ1 KSTD protein showed a higher identity with
the homologs of Gram-positive bacteria (41-46%) than with KSTD of the Gram-negative bacterium
C. testosteroni (34%). Strikingly, the degree of identity for KSTD is much higher between R.
rhodochrous and A. simplex than between the two different Rhodococcus species themselves: 68%
(88%) versus 45% (75%), respectively.

The active center motif of fumarate reductase flavocytochrome C of Shewanella
putrefaciens (Pealing et al., 1992) can be aligned to a conserved region in KSTD of R. erythropolis
SQ1, as was previously shown by Molnár et al. (1995) for KSTD of A. simplex. Other rather
conserved regions can be distinguished in both the N-terminal part (aa 1-100) and C-terminal part
(aa 400-510) of the KSTD proteins. These regions most likely are of structural significance in FAD
binding and binding of the substrate. In KSTD of R. erythropolis SQ1 and KSTD of C. testosteroni
the third glycine of the putative FAD-binding motifs (GxGxxG) near the N-termini of these enzymes
was substituted for an alanine. Furthermore, a conserved glutamic acid residue was found at position
37. A glutamic acid or aspartic acid residu at this position relative to the FAD-binding motif is
thought to be involved in FAD binding as well (Nishiya and Imanaka, 1996). In summary, a
consensus sequence for the putative FAD-binding pocket in KSTD enzymes can be deduced: G-S-
G-(G/A)-(G/A)-(G/A)-X17-E.

Southern analysis showed that no additional hybridizing sequences of kstD were present
in the R. erythropolis SQ1 genome. Also a reduced hybridization stringency did not reveal
additional hybridization signals (data not shown).
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Figure 2. Cloning strategy for the construction of pSDH205, and the non-replicative vector pSDH420 used
for kstD targeted gene disruption. ‘kstD’ in pSDH420 indicates the internal 741 bp Asp718/SalI fragment of
the kstD gene used for targeted gene disruption of kstD in R. erythropolis SQ1. A 1,756 bp ClaI/BamHI
fragment of pSDH205 (sites marked with *) was used for the construction of pSDH101 (Table 1;
complementation of kstD mutant phenotype) and pSDH305 (Table 1; heterologous kstD expression),
respectively. Open reading frames are indicated with arrows. Closed curved rectangles indicate R. erythropolis
SQ1 DNA. Open curved rectangles indicate regions of the Rhodococcus-E. coli shuttle vector pDA71,
encoding replication in Rhodococcus (rep) and chloramphenicol resistance (cat), respectively.
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Figure 3. Schematic overview of targeted gene disruption of kstD by integration of pSDH420 into the R.
erythropolis SQ1 chromosome. Single homologous recombination between wild type kstD gene on the R.
erythropolis SQ1 chromosome and a 741 bp Asp718/SalI internal kstD fragment located on pSDH420 divides
wild type ClaI DNA fragment (2095 bp) into two ClaI DNA fragments of 1.06 kb and 6.05 kb, respectively.
ORF2, encoding a TetR type of repressor protein, was identified upstream of kstD. Forward and reverse kstD
primers, used for screening of potential kstD gene disruption mutants with colony PCR, are indicated as two
inverted arrows.

Targeted disruption of the kstD gene
Construct pSDH420 (Table 1; Fig.2), a non-replicative vector in Rhodococcus, containing the aphII
marker of Tn5 (Beck et al., 1982) and a 741 bp Asp718/SalI internal DNA fragment of the kstD
gene, was made for targeted gene disruption of kstD. After electrotransformation, a preliminary
screening for  integration of the vector at the kstD locus of R. erythropolis SQ1 was performed by
colony PCR. Individual transformants were checked for loss of wild type kstD PCR fragment (1551
bp) using forward and reverse kstD primers (Fig.3). In 9 out of 13 transformants no wild type kstD
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PCR fragment was obtained, suggesting targeted disruption of kstD. Three of these 9 transformants
were used for further analysis. Confirmation of genuine targeted kstD gene disruption was obtained
from Southern analysis (Fig.4). Genomic DNA of wild type strain and three individual transformants
was digested with ClaI and hybridized with the complete kstD gene (Fig.4). A 2095 bp DNA
fragment of wild type genomic DNA hybridizing with the kstD probe (Fig.4, lane 4) was replaced
by two DNA fragments of 1.06 kb and 6.06 kb, respectively, in all three transformants (Fig.4, lane
1-3). This corresponds with what would be expected from integration of pSDH420 into the kstD
gene by a single recombination event (Fig.3). The kstD gene disruption mutant strain was denoted
R.erythropolis SDH420.         

Wild type kstD PCR fragment was found in 4 out of 13 transformants, illustrating 
integration of the pSDH420 vector at locations other than the kstD locus. Integration of non-
replicative vector DNA due to illegitimate recombination has been described previously for
Rhodococcus fascians (Desomer et al., 1991) and for Rhodococcus globerulus (Barnes et al., 1997).

Characterization of R. erythropolis strain SDH420
Wild type KSTD activity obtained after induction with 4-androstene-3,17-dione (855 ± 104 mU⋅mg-

1) had become reduced significantly in the kstD mutant (2.7 ± 0.8  mU⋅mg-1). Targeted gene
disruption of kstD thus does not result in complete loss of KSTD activity in R. erythropolis
SDH420. Growth of the kstD mutant on mineral agar plates supplemented with either 4-androstene-
��������	
 �� �������������	�����
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bioconversion of phytosterols by R. erythropolis SDH420 remained virtually unaffected and no
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��
��
� ��
���� ������� �	�
��
����
� ���	�����
	
���������	
 �� ��

hydroxy- 4-androstene-3,17-dione from phytosterols (Fig.1) was observed.
Re-introduction of kstD (pSDH101, Table 1) in the kstD mutant strain SDH420 restored

KSTD activity to 476 ± 90 mU⋅mg-1, excluding the possibility that the KSTD negative phenotype
was due to some polar effect caused by genomic integration of the pSDH420 vector.

Heterologous expression of the kstD gene
Exponential phase cells of E. coli  !"� �������	# �$ !�%" &'���
 �( 
���
��
� ��
 kstD gene
(1383 ± 140 mU⋅mg-1) under control of the lac promoter (Fig.5). No KSTD activity could be
detected when the kstD gene was cloned in the opposite direction of the lac promoter (pSDH309,
Table 1), indicating that the kstD promoter is not functional in E. coli.

Figure 4. Southern analysis of genomic DNA digested with ClaI of 3
individual kstD mutants (lanes 1-3) and wild type R. erythropolis SQ1
(lane 4). The complete kstD gene, obtained with PCR using forward and
reverse kstD primers, was used as a dig-labeled probe.

  1     2     3     4
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KSTD activity staining
The possible presence of additional KSTD enzymatic activities in R. erythropolis SQ1 was
subsequently investigated. Staining for KSTD activity on native PAGE gels loaded with extracts
of non-induced cells revealed two weak activity bands (Fig.5; lane 1). The band with the highest
electrophoretic mobility was expressed in E. coli ����������	� 
���� ������ ���� ��� ����� ��

strain SQ1 induced with 4-androstene-3,17-dione showed induction of both activity bands (Fig.5,
lane 2). Targeted disruption of kstD abolished only the activity band with the highest electrophoretic
mobility (KSTD), while the second activity band remained intact (Fig.5, lane 3), indicating the
presence of an additional KSTD enzymatic activity.

Discussion

The ability to degrade phytosterols is widespread in nocardioform actinomycetes and requires a set
of enzymes degrading the phytosterol aliphatic side chain and the steroid polycyclic ring structure
(Fig.1). Accumulation of steroids from phytosterols can only be achieved when the steroid skeleton
is not enzymatically attacked. Steroid degradation may be blocked in mutants with inactivated
���� ������ ������� �� !"���#"���� ��$"%�� �������� �����&��� '( ����������� �� �����%��� &��!

)!�%�)�� %*������� +��������,��"� ���)���) )!������� ������ %�" -� *��� �� ��!�-�� ������� �� 

hydroxylase activity. Both these approaches, however, have some drawbacks. Chelating compounds
are known to be inhibitory to sterol side chain cleavage as well (Martin, 1977) and mutagenized
strains generally suffer from genetic instability during bioconversion processes. In our view, a
molecular approach, in which stable and well-defined mutations are introduced by targeted
disruption of selected genes involved in steroid ring degradation, will allow construction of
Rhodococcus strains accumulating steroid pathway intermediates in efficient phytosterol
bioconversion processes.

To our knowledge this is the first report on targeted disruption of an actinomycete kstD
����� ��)����� � ������� )���-���) ��$"%�� � .���������� �1-dehydrogenase, and one of the first
examples of targeted gene disruption in the genus Rhodococcus (Larkin et al., 1998; Powell and

Figure 5.  KSTD activity staining using 4-androstene-
3,17-dione as substrate, on native PAGE gels loaded with
���� �������	 
������ �� �� �������� �� ����������� ����

type R. erythropolis SQ1 (lane 1), 4-androstene-3,17-
dione induced wild type R. erythropolis SQ1 (lane 2), 4-
androstene-3,17-dione induced kstD mutant SDH420
(lane 3), E. coli ����������������
��� �� 
����  � ���

 E. coli ����������!� 
���� �� "� ����#��$ %���	

could be visualized in controls using 1,4-androstadiene-
3,17-dione as substrate for staining.

   1        2         3         4        5
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Archer, 1998). Disruption of the R. erythropolis SQ1 kstD gene resulted in a strong reduction but
not in complete loss of KSTD activity. Native PAGE of cell extracts stained for KSTD activity
revealed that the remaining activity was not due to incomplete inactivation of the kstD encoded 
KSTD activity. Instead, these studies provided evidence for the presence of two enzyme activities,
one of which is responsible for the remaining activity observed in the kstD mutant strain (Fig.5).
This remaining activity appears to be more pronounced on native PAGE than in a direct KSTD
assay. We believe this is due to the fact that native PAGE gel slabs are stained for several hours to
visualize both activity bands. Activity staining does not proceed linearly during this period of time:
as staining of KSTD is maximal, further staining of the other activity band still occurs. In addition,
the remaining activity may be enhanced by electrophoresis, separating enzyme from inhibitory
factors. Disruption of kstD ����� ��	
 �
 ��
	������� ��� ������� ����������� �� ������
������ �1-
dehydrogenase activity in R. erythropolis strain SQ1 and explains why accumulation of steroid
pathway intermediates from bioconversion of phytosterols did not occur in the kstD mutant strain.
The absence of steroid accumulation in the kstD mutant, however, seems contradictory with the loss
of more than 99% of KSTD activity and the low KSTD activity (2.7 mU⋅mg-1) detected in this
�	����� ���
 ��� ����� ���� �1-dehydrogenation is not the rate limiting step in phytosterol
degradation, although alternative pathways of sterol/steroid degradation may very well exist. The
observed growth of the kstD mutant, on agar plates supplemented with the steroid substrates 4-
�����
��������������� �� ������������������
���������������� �� ��
� �� ��������� �� ���

presence of a second KSTD activity. These two KSTD enzymes in vivo could be responsible for the
�

1�������� ������� �� ������ �������
��������������� �� ������������������
����������������

KSTD activity staining of native PAGE gels showed, however, that 4-androstene-3,17-dione and
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���������
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���	��� 	�������� �
�� ����
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suggests that these enzymes function as isoenzymes in vivo.
Upstream of the kstD gene a second, divergently transcribed putative regulatory gene

(ORF2) was found that carries the consensus sequence of repressor proteins of the TetR family
(Amaraki et al., 1995). Members of this family are generally transcribed divergently from the genes
under their control, which suggests that the ORF2 encoded protein acts as a repressor of kstD
expression. The ORF2 encoded protein shows no similarity with the putative DNA-binding
regulator protein encoded by ksdR of A. simplex preceding ksdD (Molnár et al., 1995). No
regulatory gene has been found  near ksdD in R. rhodochrous (Morii et al., 1998). No co-
transcribed sequences were found downstream of kstD in R. erythropolis SQ1, as is the case in R.
rhodochrous (Morii et al., 1998). Clustering of a few genes involved in steroid degradation has been
reported for both A. simplex and C. testosteroni. The ksdD gene of A. simplex is thought to be
translationally coupled to ksdI� ���� ���	
�� � ������� �����	����	�
��5-isomerase (KS5IS). In C.
testosteroni ��� ���� ���	
��� �����	����	�
 �

1-dehydrogenase (�1dh) is cotranscribed with the gene
���	
��� �����	����	�
 �

4
������
���
�	������ ��4������) (Florin et al., 1996). The molecular

organization of steroid catabolic genes in R. erythropolis SQ1 thus differs from that in other
microorganisms studied.

�� ���� ���	�� �� ���� ��	�� ���� ����������	� 	� �����	����	�
 �
1-dehydrogenase activity,

attempting to block steroid degradation with the aim to accumulate valuable steroid pathway
intermediates, can not be achieved by the inactivation of a single gene encoding this activity.
Evidence is presented that a KSTD isoenzyme is present that prevents accumulation of steroid
pathway intermediates from microbial phytosterol bioconversion. A more detailed understanding
of the biological significance of the presence of KSTD isoenzymes in sterol degrading bacteria
clearly is of both scientific and applied interest. The effects of inactivation of both these enzymes
will be investigated in more detail in further work.
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Abstract

This paper reports the first method for the construction of unmarked gene deletion mutants in the
genus Rhodococcus. Unmarked deletion of the kstD ����� �����	�� 
��������	� �1-dehydrogenase
(KSTD1) in Rhodococcus erythropolis SQ1, was achieved using the sacB counter-selection system.
Conjugative mobilization of the mutagenic plasmid from E. coli S17-1 to R. erythropolis strain SQ1
was used to avoid its random genomic integration. The kstD gene deletion mutant, designated strain
RG1, still possessed about 10% of the KSTD enzyme activity of wild type and was not affected in
	� ��	�	� � ���� �� �� ����	� �������� ������������
�����	��� ���� ��� �������������

androstene-3,17-dione (9OHAD). Biochemical evidence subsequently was obtained for the presence
of a second KSTD enzyme (KSTD2) in R. erythropolis SQ1. UV mutants of strain RG1 unable to
grow on AD were isolated. One of these mutants, strain RG1-UV29, had lost all KSTD enzyme
activity and also was unable to grow on 9OHAD. It stoichiometrically converted AD into 9OHAD
in concentrations as high as 20 g⋅l-1. The two KSTD enzymes apparently both function in AD and
9OHAD catabolism. These isoenzymes have been inactivated in strain RG1 (KSTD1 negative) and
strain RG1-UV29 (KSTD1 and KSTD2 negative), respectively.

Introduction

The genus Rhodococcus is attracting strong interest in medical and biotechnological fields of
research (Warhurst and Fewson, 1994; Bell et al., 1998). Various rhodococci, exhibiting a diverse
range of metabolic capabilities, are applied in bioremediation and biotransformation processes. Only
a limited set of molecular tools for genetic engineering of Rhodococcus strains is currently available
(Larkin et al., 1998). Suitable strategies for the introduction of unmarked gene deletions have not
been reported for Rhodococcus strains. Navas et al. (2001) recently described the first method for
gene replacement in Rhodococcus equi, using the aacC4 apramycin resistance gene from
Salmonella. Mutants isolated via this method, however, retain the aacC4 marker in their genome,
excluding future use of this marker in such mutants. The unmarked gene deletion method described
here for R. erythropolis overcomes this problem, since the technology can be used sequentially in
constructed gene deletion mutants using the same vector and selection markers. Gene deletion or
gene replacement methods have been described for other members of the Actinomycetales, namely
Streptomyces (Hillemann et al., 1991; Hosted and Baltz, 1997), Corynebacterium (Jäger et al.,
1992; Schäfer et al., 1994) and Mycobacterium (Marklund et al., 1995; Norman et al., 1995; Sander
et al., 1995; Pelicic et al., 1996; Knipfer et al., 1997). Some of these methods make use of counter-
selectable markers to screen for the rare second recombination event resulting in the actual gene
deletion or gene replacement. In this respect, both sacB and rpsL proved to be useful reporter genes.
The use of rpsL as a marker in Rhodococcus has not been reported, but sacB (encoding the Bacillus
subtilis levansucrase) provides a potent positive selection marker in this genus (Jäger et al., 1995;
Denis-Larose et al., 1998).

Insertional inactivation of the kstD ����� �����	�� 
��������	� �1-dehydrogenase (KSTD1)
in R. erythropolis SQ1, did not result in inactivation of steroid skeleton degradation (van der Geize
et al., 2000). Biochemical evidence for the presence of two KSTD isoenzymes in R. erythropolis
SQ1 subsequently was obtained (van der Geize et al., 2000). Inactivation of the genes encoding both
these KSTD activities thus appeared necessary to obtain a strain completely blocked in steroid
skeleton degradation (Fig. 1).
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Figure 1.  Steroid catabolism in R. erythropolis strain SQ1 showing chemical structures of 4-androstene-3,17-
����� ��	
� ����������������������������� �����	
� ������������������������� ��		
 ��� ��

hydroxy-1,4-androstadiene-3,17-dione (9OHADD) and the positions of KSTD1 and the identified isoenzyme
KSTD2. Dotted line represents a metabolic block introduced by kstD gene deletion and KSTD2 inactivation.
���	� ������������ �1������� �����! ���� ������� ���������"���#

Mutant Rhodococcus strains devoid of KSTD activity are expected to accumulate steroid pathway
intermediates, which are potential precursors in the synthesis of bioactive steroids (Kieslich, 1985;
Mahato and Garai, 1997). The development of methods for the introduction of unmarked gene
deletions for the step-wise inactivation of multiple KSTD genes, without being dependent on
different vector/marker systems, became a high priority in our work. Moreover, the resulting strains
would be genetically stable and  free of heterologous DNA, which is advantageous for their
industrial application.

Here we report methods for the introduction of unmarked gene deletions in R. erythropolis SQ1
involving conjugative transfer of a mutagenic plasmid carrying the sacB gene as counter-selectable
marker. A kstD gene deletion strain was constructed, designated R. erythropolis strain RG1, lacking
KSTD1 activity. The KSTD2 isoenzyme was subsequently inactivated by classical UV mutagenesis.

Materials and methods

Bacterial strains, plasmids and growth conditions
Rhodococcus erythropolis SQ1 (Quan and Dabbs, 1993) and derived mutant strains were cultivated
at 300C and 200 rpm in liquid medium (LBP) containing 1% (w/v) bacto-pepton (Difco, Detroit,
Mich.), 0.5% (w/v) yeast extract (BBL, Becton Dickinson and Company, Cockeysville , Md.) and
1% (w/v) NaCl. Mineral medium consisted of  K2HPO4 4.65 g⋅l-1, NaH2PO4⋅H2O 1.5 g⋅l-1, NH4Cl
3 g⋅l-1, MgSO4⋅7H2O 1 g⋅l-1, supplemented with Vishniac trace elements (pH 7.2). Steroids were
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dissolved in dimethylsulfoxide (50 mg⋅ml-1) and added to autoclaved medium. For growth on solid
medium 1.5% (w/v) Bacto-agar  (Difco) was added.  E. coli strains were grown in Luria-Bertani
(LB) broth at 37 0C. BBL agar (1.5% (w/v)) was added in case of growth on solid medium. Sucrose
(suc) sensitivity of Rhodococcus strains was tested on LBP agar supplemented with 10% (w/v)
sucrose (LBPS).
��������	
�
���������
 ����� �������������������	
�
���������
 ������� ��� ���

androstadiene-3,17-dione (ADD) were supplied by Diosynth bv (Oss, The Netherlands).

General cloning techniques
DNA modifying enzymes were purchased from Boehringer (Mannheim, Germany), New England
Biolabs (Beverly, Mass.) or Amersham Pharmacia Biotech AB (Uppsala, Sweden) and were used
as described by the manufacturer. Isolation of DNA restriction fragments from agarose gels was
done using the Qiagen (Basel, Switzerland) gel extraction kit according to protocol. All DNA
manipulations were done according to standard protocols (Sambrook et al., 1989).

Conjugative plasmid transfer from E. coli S17-1 to R. erythropolis SQ1
Cells of the R. erythropolis SQ1 recipient strain were spread on LBP agar supplemented with 30
��⋅ml-1 nalidixic acid and grown for 5 days. The mutagenic plasmid pSDH422 was first introduced
in E. coli S17-1 (Simon et al., 1983) by transformation. Transformants (approx. 1000 per plate),
��	���
� ��	
� ����	� ��
�����	 �� �
 
!	��
 "
��� �#���"�!�� $% ��⋅ml-1), were incubated at room
temperature for another 24 h to acquire additional cell material. Colonies of both Rhodococcus and
E. coli strains were harvested from plate, and separately resuspended, each in a final volume of 1.5
" �� &'() � �*+�	� �� �%, � �� ��	� �	����� �
�
 "��
� 	��
	�
� ��� �
�	 � -
  
	
� ��

centrifugation. The pellet was suspended in 1 ml LBP and cells were spread on non-selective LBP
���� �� $,,�$%, � � �*+�	�) ��	
� ����	� ��
�����	 �	 �,0C, the confluently grown material was
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"
�	
� ��	� #���"�!�� �$,, ��⋅ml-1� ��� �� �����! �!�� ��, ��⋅ml-1). R. erythropolis SQ1
transconjugants appeared after 3 days.

Southern hybridization
Rhodococcus total DNA was isolated as previously described (van der Geize et al., 2000). Digested
chromosomal DNA from R. erythropolis SQ1 was separated on an 1 % (w/v) agarose gel and
blotted onto a high-bond nylon membrane supplied by Boehringer, via an alkaline transfer method
(Sambrook et al., 1989). Southern hybridizations were done at 60 0C using the complete kstD gene
as a probe. Labeling of kstD, obtained by PCR using kstD primers as described previously (van der
Geize et al., 2000), was done using the random primed DIG-labeling kit from Boehringer.  The
membrane was washed at 60 0C with 2xSSC (1xSSC is 0.15M NaCl and 0.015M sodium citrate),
containing 0.1% (w/v) sodium dodecyl sulphate (SDS) for 5 min and twice with 0.1xSSC with 0.1%
(w/v) SDS for 5 min.

UV mutagenesis of R. erythropolis RG1
R. erythropolis RG1 cells were grown in 10 mM glucose mineral medium (2⋅108 CFUs⋅ml-1) and
harvested in the late exponential growth phase. Sonic treatment of washed cells for a short period
of time was performed to obtain single cells. Similar treatments were previously shown effective
for the related actinomycete Amycolatopsis methanolica (Euverink et al., 1996; Hektor and
Dijkhuizen, 1996). Diluted (104) samples were spread on glucose mineral agar medium and
irradiated for 15-20 sec with a UV lamp (Philips TAW 15W) at a distance of 27 cm, on average
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resulting in 95% killing of cells. After 4 days of incubation, colonies that had appeared were replica
plated on AD (0.5 g⋅l-1) mineral agar medium. AD growth deficient mutants scored after 3-4 days
were further characterized for growth on ADD (0.5 g⋅l-1) and 9OHAD (0.5 g⋅l-1) mineral agar
medium.

Preparation of cell extracts of Rhodococcus
Cells were grown in glucose (20 mM) mineral medium (250 ml) for 3 days and subsequently
induced with 0.25 g⋅l-1 AD for 5 hours. Cell pellets (30 min;  7,300g; 4 0C) were washed with 200
ml phosphate buffer (KH2PO4 2.72 g⋅l-1; K2HPO4 3.48 g⋅l-1; MgSO4⋅7H2O 2.46 g⋅l; pH7.2). Washed
cell suspensions (5 ml) were disrupted by passage through a French pressure cell (140 Mpa) twice.
Cell extracts were centrifuged for 20 min at 25,000 g to remove cell debris. The resulting
supernatant (5-10 mg protein⋅ml-1) was used for KSTD enzyme activity assays or stored at -200C.

KSTD enzyme activity assay
Enzyme activities were measured spectrophotometrically at 30 0C using phenazine methosulphate
(PMS) and 2,6-dichlorophenolindophenol (DCPIP). The reaction mixture (1 ml) consisted of 50
�� ���� �	 
� �� �� ���� �� �� ������ ��������� ������� ��� ��  !�� ��" #� ���$��%�

(2%). Activities are expressed as mU⋅mg-1 of protein; 1 mU is defined as the reduction of 1
nmol⋅min-1 �����  �600nm = 18.7⋅103 cm-1⋅M-1).

In vitro conversion of AD by cell-free extracts
� �����#%� �#��&��  � ��" �%�'#'�#�( %� ���� �	 
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������' *��� �#�&��� � �#��' +) ���#�#%� %� � �� ���$��%�.*����  
�/-�" ��� �#������  ��� ��"

Steroid content was analyzed by high-performance liquid chromatography (column: reversed phase
Lichrosorb 10RP18, SS 250x3 mm (Varian Chrompack International, Middelburg, The
Netherlands), UV 254 nm detection, liquid phase: methanol: water 60:40, 35 0C) (van der Geize et al.,
2000).

Bioconversion of AD by whole cells of strain RG1-UV29
Strains SQ1, RG1 and RG1-UV29 were grown in medium containing yeast extract (25 g⋅l-1),
glucose (10 g⋅l-1) and polypropyleneglycol (0.1 ml⋅l-1 ) at pH 7.5 in a 5 liter batch fermenter (280C,
650-850 rpm, airflow 0.1 v⋅v-1⋅min-1, 4 liter working volume). AD (20 g⋅l-1) suspended in Tween80
(0.1 % (v/v)) was added at OD660 = 6 and bioconversion was followed for 48 h. Steroid content was
analyzed as previously described (van der Geize et al., 2000).
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Figure 2.  Schematic representation of the construction of mutagenic plasmid pSDH422, containing the
counter-selectable marker sacB, used for the introduction of a 1,062 bp unmarked kstD gene deletion in R.
erythropolis strain SQ1.

Results and discussion

Unmarked kstD gene deletion in R. erythropolis strain SQ1
Plasmid pK18mobsacB (Schäfer et al., 1994), containing oriT of plasmid RP4 for conjugative
mobilization, was used for the construction of a mutagenic plasmid, pSDH422 (Fig. 2), for the
introduction of a kstD deletion in the R. erythropolis SQ1 chromosome. A 1,062 bp BsmI fragment
of pSDH200 (van der Geize et al., 2000), encoding a large internal part of kstD, was deleted to
��������� 	
�����BsmI. This plasmid was subsequently used for construction of pSDH422 by
cloning a 2,724 bp SmaI/Eco�� �������� �� 	
�����BsmI, harboring the remaining 468 bp of
kstD and its flanking regions, into the SmaI/EcoRI site of pK18mobsacB. The plasmid pSDH422
was introduced into E. coli S17-1 and mobilized to R. erythropolis SQ1 by conjugation. Conjugative
plasmid transfer from E. coli strain S17-1 to Rhodococcus sp. has been shown to minimize random
integration (Powell and Archer, 1998), a phenomenon commonly encountered in gene disruption
experiments with Rhodococcus species (Desomer et al., 1991; Barnes et al., 1997; van der Geize
et al., 2000).
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Figure 3. Schematic overview of the molecular organization of the region encoding kstD in (A) wild type R.
erythropolis strain SQ1, (B) after integration of pSDH422 by a single homologous recombination event at the
targeted locus downstream (strain SDH422-3) and upstream (strain SDH422-4) of the kstD gene deletion, and
(C) after sacB counter-selection for the second homologous recombination within the genetic organization of
strain SDH422-3 (top scheme Fig.3B), resulting in kstD deletion mutant strain RG1. The result of the second
homologous recombination within the genetic organization of SDH422-4 (lower scheme Fig.3B) is not shown,
but would equally result in kstD gene deletion.
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All resulting kanamycin resistant (Kanr) Rhodococcus transconjugants were sucrose sensitive (Sucs),
����� �� �	�
�� ���		�� ����	 	������ ������� �� ���� ���	 ����������� 
��� ��� ��⋅ml-1

kanamycin. Transconjugants were subsequently checked by Southern analysis. Fig. 3 schematically
shows the theoretically expected molecular organization resulting from genomic integration of
pSDH422 via homologous recombination into the R. erythropolis SQ1 chromosome. Integration
by homologous recombination may occur at either side of the kstD deletion present on pSDH422,
resulting in two types of transconjugants (Fig. 3). Southern analysis of chromosomal DNA digested
with BamHI (Fig. 4) of wild type (lane 1: single band of approx. 4.5 kb) and two transconjugants,
SDH422-3 (lane 2: two bands of 2.9 kb and 10 kb) and SDH422-4 (lane 3: two bands of 4 kb and
8.9 kb) revealed that both types of transconjugants had been obtained and confirmed integration of
one copy of pSDH422 at the targeted locus by a single homologous recombination event. Gene
deletion of kstD was achieved by overnight growth of R. erythropolis strain SDH422-3 under non-
selective conditions and subsequent plating on selective medium, i.e. LBPS agar. The Sucr colonies
�������� 
��� ������ ����� �� �������� ����� ������ ����������� 
��� ��� ��⋅ml-1 kanamycin,
which revealed that 10% of all Sucr colonies were Sucr/Kanr. A Sucr/Kanr phenotype indicates that
an integrated copy of pSDH422 is still present in the chromosome. This phenotype therefore is
presumably due to inactivation of the sacB gene by either a mutation, or an IS element as previously
described for Rhodococcus (Jäger et al., 1995). The remaining 90% of all Sucr colonies had lost
kanamycin resistance (Sucr/Kans). Colony PCR with kstD primers (van der Geize et al., 2000) on
9 Sucr/Kans colonies resulted in 6 PCR products with fragment sizes of 468 bp, comprising the
remaining part of the kstD gene, and 3 PCR products with fragment sizes of wild type kstD,
representing 60% and 30% of the total Sucr population,  respectively. Gene deletion was confirmed
by Southern analysis performed on two potential kstD deletion mutants. A 4.5 kb kstD DNA
fragment of wild type (Fig. 4, lane 1) obtained after BamHI digestion of chromosomal DNA was
reduced to 3.4 kb in the gene deletion mutants (Fig. 4, lanes 4 and 5), indicating deletion of the
expected 1,062 bp kstD DNA fragment. The resulting strain, denoted R. erythropolis RG1, had
regained wild type kanamycin sensitivity and sucrose resistance, confirming that an unmarked gene
deletion in R. erythropolis SQ1 had been achieved.

Characterization of kstD deletion mutant R. erythropolis strain RG1
A substantial decrease in KSTD activity in cell-free extracts of strain RG1 (40 mU⋅mg-1) was
observed compared to cell-free extracts of wild type strain SQ1 (450 mU⋅mg-1). Residual KSTD
activity, however, was still detectable in the kstD gene deletion mutant strain RG1. Growth of strain
RG1 on the steroid substrates AD or 9OHAD as sole carbon and energy sources was also not
affected. These data indicate the presence of two KSTD activities in R. erythropolis SQ1 and would
explain why inactivation of kstD alone does not have an effect on growth on steroid mineral
medium. Conceivably, inactivation of the gene encoding the second KSTD enzyme in a kstD
deletion mutant strain will generate a Rhodococcus strain completely devoid of KSTD activity.

Figure 4. Southern analysis of R. erythropolis chromosomal
DNA digested with BamHI of wild type (lane 1), strain
SDH422-3 (lane 2), SDH422-4 (lane 3) and two individual
kstD deletion mutants obtained from strain SDH422-3 after
sacB counter-selection (lanes 4 and 5). The complete kstD
gene, obtained by PCR, was used as a dig-labeled probe.
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������������ �
 ������ �1-dehydrogenation by UV mutagenesis of R. erythropolis RG1
To isolate mutants of R. erythropolis ��� ����	
� � �1-dehydrogenation we used UV mutagenesis
and screened for AD growth deficient mutants able to grow on ADD mineral medium. Sonic
treatment of Rhodococcus cells prior to the UV mutagenesis treatment was shown to be effective
to segregate cell clumps and in obtaining single cells. Replica plate screening of >104 CFU's of R.
erythropolis RG1 after UV mutagenic treatment yielded 49 mutants unable to grow on AD mineral
medium. UV mutant 29 (strain RG1-UV29) and three additional UV mutants were clearly impaired
� ��
 ��
���� �1-dehydrogenation reaction: no growth occurred with either AD or 9OHAD as sole
carbon and energy source, whilst growth on ADD mineral medium was normal. KSTD activities in
cell-free extracts of strain RG1-UV29 were reduced to below detection levels.

Bioconversion of AD by cell-free extracts and whole cells of R. erythropolis strains
��
����� �������� �� �
�����

 
������� ��� �� ����
�� �� ��
 kstD mutant strain RG1 with AD
��  �!� �
����
� � ��
 
���" ��#��
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�������� ��
 ��
�
�
 �� � �
��� )�	
����
���� �1-dehydrogenation activity in R. erythropolis,
a  KSTD isoenzyme (KSTD2). No ADD formation was detected during AD bioconversion by cell-
free extracts of strain RG1-UV29, demonstrating the absence of KSTD2 isoenzymatic activity in
this mutant.

Whole cells of R. erythropolis ����*+�,( ��#��
�
�" �#����
� � ��
���� �1-dehydrogenation,
are expected to accumulate 9OHAD from AD as substrate. This mutant strain indeed carried out a
stoichiometrical bioconversion of 20 g⋅l-1 of AD into 9OHAD within 24 h with a 93% yield (Fig.

Figure 5. Bioconversion of 20 g⋅l-1 4-androstene-
��������	
 �� ������
��� ���
� �� ��� �� �	�� ���

hydroxy-4-androstene-3,17-dione (9OHAD
(triangles)) by R. erythropolis RG1-UV29. Graph is
the mean of two independent (open and closed
symbols, respectively) bioconversion experiments.
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5). No accumulation of 9OHAD from AD was observed with either strain SQ1 or strain RG1. In
comparison, Datcheva et al. (1989) reported the isolation of a Rhodococcus sp. converting AD in
9OHAD with a 70% yield at substrate concentrations of 1-3 g⋅l-1. With this strain, however, yields
decreased significantly to 40% at higher concentrations of 5 g⋅l-1 AD.

Conclusion
We succeeded in constructing an unmarked gene deletion in Rhodococcus and used the technique
in combination with classical mutagenesis to gain more insights in the rather complex metabolic
pathways of steroid degradation in R. erythropolis strain SQ1. This complexity at least partly
explains the moderate success in earlier random mutagenesis attempts to obtain stable and
completely blocked mutant strains accumulating steroids. Only a rational approach, involving
cloning of genes involved in steroid catabolism, and the step-wise unmarked deletion of these genes,
may ultimately yield stable and genetically defined mutant Rhodococcus strains accumulating
valuable steroid intermediates.
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Abstract

Previously, we characterized Rhodococcus erythropolis SQ1 kstD, encoding steroid ∆1-
dehydrogenase (KSTD1). Surprisingly, a kstD gene deletion mutant (strain RG1) grew normally on
steroids. UV mutagenesis of strain RG1 allowed isolation of strains (e.g. strain RG1-UV29) unable
to perform the ∆1-dehydrogenation of 4-androstene-3,17-dione (AD) and 9α-hydroxy-4-androstene-
3,17-dione (9OHAD). Functional complementation of strain RG1-UV29 with total genomic DNA
of strain RG1 resulted in identification of a 1,698 nt ORF (kstD2) showing clear similarity (35 %
identity at amino acid sequence level) with KSTD1. Expression of kstD2 in Escherichia coli
resulted in high KSTD2 activity levels. Single gene deletion mutants of either kstD (strain RG1) or
kstD2 (strain RG7) appear unaffected in growth on the steroid substrates AD, 1,4-androstadiene-
3,17-dione (ADD) and 9OHAD. Strain RG7, but not strain RG1, shows temporary accumulation
of 9OHAD during AD conversion. A kstD kstD2 double deletion mutant (strain RG8) was
constructed. Strain RG8 was unable to grow on steroid substrates, had undetectable steroid ∆1-
dehydrogenation activity and efficiently converted AD into 9OHAD. Strain SQ1 thus employs two
KSTD isoenzymes in steroid catabolism. Analysis of two null mutants in KSTD2 showed that the
semi-conserved S325 and the highly conserved T503 play a role in KSTD enzyme activity.

Introduction

3-Ketosteroid ∆1-dehydrogenase (KSTD) [4-ene-3-oxosteroid:(acceptor)-1-ene-oxidoreductase, EC
1.3.99.4] activity plays an important role in the microbial degradation of the poly-cyclic ring
structure of steroids. KSTD and 3-ketosteroid 9α-hydroxylase (KSH) together initiate opening of
the steroid skeleton B-ring (Fig. 1). Limited information is available about the bacterial enzymes
involved in steroid degradation. The industrial potential of KSTD enzymes in steroid biocatalysis
has stimulated research on KSTD proteins and their corresponding genes from different genera and
species (Choi et al., 1995; Drobnic et al., 1993; Fujii et al., 1999; Itagaki et al., 1990; Kaufmann
et al., 1992; Molnár et al., 1995;  Morii et al., 1998; Plesiat et al., 1991; Sih and Bennet, 1962;
Wagner et al., 1992; Wovcha et al., 1979). Functional studies of the steroid ∆1-dehydrogenation
system in the microorganism itself and analysis of the metabolic effects of their inactivation,
however, are limited (van der Geize et al., 2000, 2001), probably due to the paucity of genetic tools
for actinomycetes able to perform the KSTD reaction (e.g. Rhodococcus, Arthrobacter, Nocardia,
Mycobacterium). Inactivation of kstD, encoding KSTD1 activity in Rhodococcus erythropolis SQ1,
was shown to be ineffective to obtain mutants blocked in 3-ketosteroid ∆1-dehydrogenation (van der
Geize et al., 2000, 2001): growth on 4-androstene-3,17-dione (AD), 1,4-androstadiene-3,17-dione
(ADD) or 9α-hydroxy-4-androstene-3,17-dione (9OHAD) was not affected. Biochemical data
indicated the presence of a KSTD isoenzyme, named KSTD2. This KSTD2 enzyme has been
inactivated in R. erythropolis RG1-UV29, obtained via UV mutagenesis of a kstD mutant R.
erythropolis strain RG1 (van der Geize et al., 2001).
Here we report the molecular characterization of kstD2, encoding KSTD2 in R. erythropolis SQ1,
including the construction of kstD2 gene deletion mutants from parent strain SQ1 and kstD mutant
strain RG1. Two apparently distinct KSTD enzyme activities have been reported in Mycobacterium
fortuitum (Wovcha et al., 1979), but nucleotide sequences encoding these two activities are not
available.
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Figure 1. Scheme of steroid catabolism in R. erythropolis SQ1. Two 3-ketosteroid ∆1-dehydrogenase (KSTD)
isoenzymes, KSTD1 and KSTD2, and a two-component 3-ketosteroid 9α-hydroxylase (van der Geize et al.,
2002a), KSH (= KshA + KshB), are deployed for AD degradation. Subsequent steps involved in 9OHADD
degradation are not shown.

The deduced amino acid sequence of an open reading frame (ORF3) located downstream of ksdD
(encoding KSTD1) in Arthrobacter simplex (Molnár et al., 1995), also displays clear similarities
with several KSTD amino acid sequences (Dziadek et al., 1998). Expression of ORF3 in
Escherichia coli or Streptomyces lividans, however, did not result in steroid biotransformation
activity.

The molecular characterization of kstD2 in R. erythropolis SQ1 reported here provides the
first unequivocal evidence for the functional involvement of two KSTD isoenzymes in microbial
steroid catabolism. The results offer clear insights in the complexity of microbial steroid ∆1-
dehydrogenation and allow rational construction of industrial strains for steroid production.
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Materials and methods

Bacterial strains, plasmids and growth conditions
R. erythropolis strain SQ1 and derived mutant strains RG1, RG1-UV29, RG1-UV45, RG1-UV50,
RG1-UV51 have been previously described (Quan and Dabbs, 1993; van der Geize et al., 2001).
E. coli DH5α and pBlueScript (II) KS were used for general cloning steps. E. coli S17-1 (Simon
et al., 1983) was used for the conjugal mobilization of pK18mobsacB (Schäfer et al., 1994)
derivatives to Rhodococcus recipient strains. An E. coli-Rhodococcus shuttle vector pRESQ (van
der Geize et al., 2002) was used in all complementation experiments. Rhodococcus strains were
cultivated at 300C and 200 rpm in liquid medium (LBP) containing 1% (w/v) bacto-pepton (Difco,
Detroit, Mich.), 0.5% (w/v) yeast extract (BBL, Becton Dickinson and Company, Cockeysville,
Md.) and 1% (w/v) NaCl. Mineral medium consisted of  K2HPO4 4.65 g⋅l-1, NaH2PO4⋅H2O 1.5 g⋅l-1,
NH4Cl 3 g⋅l-1, MgSO4⋅7H2O 1 g⋅l-1, supplemented with Vishniac trace elements (pH 7.2). Steroids
(50 mg⋅ml-1) were dissolved in dimethylsulfoxide (DMSO) and added to autoclaved medium. For
growth on solid medium 1.5% (w/v) Bacto-agar  (Difco) was added.  E. coli strains were grown in
Luria-Bertani (LB) broth at 37 0C. BBL agar (1.5% (w/v)) was added in case of growth on solid
medium. Sucrose (suc) sensitivity of Rhodococcus strains was tested on LBP agar supplemented
with 10% (w/v) sucrose (LBPS).

General molecular techniques
DNA modifying enzymes were purchased from Roche (Mannheim, Germany), New England
Biolabs (Beverly, Mass.) or Amersham Pharmacia Biotech AB (Uppsala, Sweden) and were used
as described by the manufacturer. Isolation of DNA restriction fragments from agarose gels was
done using the Qiagen (Basel, Switzerland) gel extraction kit according to protocol. All DNA
manipulations were done according to standard protocols. Rhodococcus plasmid DNA was isolated
using the Qiagen spin-prep kit with a slight modification: Rhodococcus cells were grown for 2-3 h
in the presence of ampicillin (600 µg⋅ml-1) prior to lysozyme (2 mg⋅ml-1) treatment. PCR was
performed under standard conditions using Taq polymerase (Roche) unless stated otherwise: 5
cycles of 1 min 950C, 1.5 min 600C, 1.5 min 720C, followed by 25 cycles of 1 min 950C,  1.5 min
550C, 1.5 min 720C.

Functional complementation experiments
Electrocompetent Rhodococcus cells of mutant strain RG1-UV29 were obtained as described (van
der Geize et al., 2000). A gene library (average insert size 6 kb) of R. erythropolis strain RG1 was
constructed by cloning Sau3A digested chromosomal DNA into pRESQ (van der Geize et al.,
2002). Colonies of strain RG1-UV29 obtained after introducing this gene library by
electrotransformation were replica plated onto mineral agar medium containing AD (0.5 g⋅l-1) as
sole carbon and energy source. Functional complementation was scored after three days of
incubation at 30 0C. Colonies growing on AD mineral agar medium were cultivated in LBP medium
for isolation of plasmid DNA that was subsequently re-introduced into strain RG1-UV29 to check
for genuine complementation.

Nucleotide sequencing
Nucleotide sequencing analysis was done on an A.L.F-Express sequencing robot using dye-primers
in the cycle sequencing method (Murray, 1989) with the thermosequenase kit RPN 2538 from
Amersham Pharmacia Biotech AB. Protein and nucleotide sequence comparisons were performed
using the facilities of the BLAST server (Altschul et al., 1990) at NCBI (Natl. Library of Medicine,
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Washington, D.C.).

Expression of kstD2 in E. coli BL21(DE3) and preparation of cell free extracts
The kstD2 gene was isolated from chromosomal DNA of parent strain SQ1 and mutant strains RG1-
UV29, RG1-UV45, RG1-UV50 and RG1-UV51 by PCR, using kstD2 forward primer [5'
GCGCATATGGCTAAGAATCAGGCACCC] and reverse primer [5'
GCGGGATCCCTACTTCTCTGCTGCGTGATG]. For KSTD2 expression by the T7 RNA
polymerase pET3 expression system (Novagen, Madison, WI, USA), NdeI (forward primer) and
BamHI (reverse primer) restriction sites were introduced (underlined) and used to clone kstD2 into
NdeI/BamHI digested pET3b (Novagen). The resulting plasmid pKSD114 was introduced into E.
coli BL21(DE3) (Studier and Moffatt, 1986). For expression of soluble active KSTD2, E. coli
BL21(DE3)/pKSD114 was grown for 40 h at 250C in LB broth (25 ml) supplemented with 0.5 M
sorbitol. Cell pellets (30 min;  7,300g; 4 0C) were washed with phosphate buffer (KH2PO4 2.72 g⋅l-1;
K2HPO4 3.48 g⋅l-1; MgSO4⋅7H2O 2.46 g⋅l; pH7.2). Cells were suspended in 5 ml phosphate buffer
and disrupted in a French pressure cell at 140 MPa. Cell extracts were centrifuged (40,000g for 20
min at 40C) to remove cell debris. The supernatants (5-10 mg protein⋅ml-1) were used in KSTD
activity assays.

Preparation of cell free extracts of E. coli DH5α containing the KSTD1 isoenzyme was
done as described previously (van der Geize et al., 2000).

Cloning of mutant kstD2 genes
Mutant kstD2 genes were isolated from four UV mutants of strain RG1 (strains RG1-UV29, RG1-
UV45, RG1-UV50 and RG1-UV51) by PCR using Pwo polymerase (Roche) and kstD2 expression
primers. The obtained PCR products were cloned into pBlueScript (II) KS for nucleotide
sequencing.

Gene deletion mutagenesis of kstD2
Unmarked kstD2 gene deletions were carried out as previously described (van der Geize et al.,
2001) using plasmid pKSD201 bearing the sacB counter-selection system. Southern analysis of
kstD2 gene deletion mutants was done using a digoxigenin (DIG) labeled kstD2 probe obtained by
PCR (Boehringer PCR DIG probe synthesis kit 1 636 090) using primers developed for
heterologous kstD2 expression in E. coli.

Preparation of cell free extracts of Rhodococcus erythropolis strains
Rhodococcus strains were grown in mineral medium (100 ml) supplemented with 10 mM glucose.
Cultures were induced with AD (0.5 g⋅l-1) for 10 h. Following centrifugation (30 min;  7,300g; 4
0C), pellets of non-induced and induced cultures were washed with phosphate buffer, resuspended
in phosphate buffer (1 ml) and disrupted by two passages through a French pressure cell at 140
Mpa. Supernatants obtained after centrifugation  (40,000g for 20 min at 40C) were used for KSTD
enzyme activity assays.

KSTD enzyme activity assay
Enzyme activities of KSTD1 or KSTD2 were measured in triplicate spectrophotometrically at 30
0C using phenazine methosulphate (PMS) and 2,6-dichlorophenolindophenol (DCPIP). The reaction
mixture (1 ml) consisted of 50 mM TRIS pH 7.0, 1.5 mM PMS, 40 µM DCPIP, cell-free extract and
steroid (500 µM) in methanol (2%).
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Activities are expressed as mean ± standard deviation in mU⋅mg-1 of protein; 1 mU is defined as the
reduction of 1 nmol⋅min-1 DCPIP (ε600nm = 18.7⋅103 cm-1⋅M-1).

Steroid bioconversion and steroid analysis
Steroid bioconversion was done (in duplicate) in shake flasks with Rhodococcus cultures grown in
100 ml YG15 (15 g⋅l-1 yeast extract, 15 g⋅l-1 glucose) medium at 28 0C (200 rpm). After growth
overnight till late exponential phase (OD600 of 5-9), AD or 9OHAD (5 g⋅l-1 suspended in 0.1% (v/v)
Tween80) was added and bioconversion was followed for several days. Steroids were extracted
from the medium (1 ml) with 3 ml of methylene-chloride (gas chromatography (GC)), or 3 ml of
methylene-chloride/methanol (9:1) extraction (thin-layer chromatography (TLC)). For high-
performance liquid chromatography (HPLC) analysis, samples were diluted 5 times with
methanol/water (70:30) and filtered (0.45 µm). Steroids were analyzed on HPLC (column: reversed
phase Lichrosorb 10RP18, SS 250x3 mm (Varian Chrompack International, Middelburg, The
Netherlands), UV 254 nm detection, liquid phase: methanol: water [60:40], 35 0C), GC (column: J&W
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(InterSciences, Markham, Canada), FID-40 detection 300 0C), or TLC (Kieselgel 60 F254 10 x20
cm (Merck, Darmstadt, Germany) in toluene/ethylacetate 1:1). Retention times for HPLC (flow rate
0.8 ml·min-1) were tR,9OHAD= 4.2 min, tR,ADD=7.0 min, and tR,AD= 10.5 min, and for GC (carrier N2,
100 kPa) tR,AD= 10.8 min, and tR,ADD=11.1 min. Retention factors for TLC were Rf,9OHAD= 0.23,
Rf,ADD= 0.44, and Rf,9AD= 0.56. Substrates used, 4-androstene-3,17-dione (AD), 9α-hydroxy-4-
androstene-3,17-dione (9OHAD), 1,4-androstadiene-3,17-dione (ADD), were supplied by Diosynth
bv. (Oss, The Netherlands).

In vitro conversion of AD by KSTD2.
A reaction mixture (1 ml) consisting of TRIS pH 7.0 (50 mM), PMS (150 µM), AD (700 µM) and
cell-free extract of E. coli BL21(DE3)/pKSD114 (approximately 25 µg of protein) was incubated
overnight at 300C. Steroid analysis was done on HPLC as described above.

Results and discussion

Cloning and characterization of the kstD2 gene
R. erythropolis strain RG1-UV29, isolated during a screening for (9OH)AD growth deficient
mutants of UV mutagenized cells of kstD mutant R. erythropolis strain RG1 (van der Geize et al.,
2001), was used for cloning of the kstD2 gene. A gene library of R. erythropolis strain RG1 was
introduced into strain RG1-UV29 by electrotransformation and transformants were replica plated
onto AD mineral agar medium to screen for complementation of the AD negative growth phenotype.
Plasmid pKSD101, isolated from a transformant that showed restored growth on AD mineral
medium, was transformed to E. coli DH5α for further analysis. An insert of approximately 6.5 kb
was identified in pKSD101 and subjected to restriction mapping analysis. A 3.6 kb EcoRI DNA
fragment of pKSD101 was cloned into pBlueScript(II) KS (pKSD105; Fig. 2) and into
Rhodococcus-E. coli shuttle vector pRESQ (pKSD106) for complementation. Plasmid pKSD106
was still able to restore the strain RG1-UV29 phenotype, whereas a 2.4 kb Asp718 DNA fragment
(located on this 3.6 kb fragment) in pRESQ could not. Nucleotide sequence analysis of the 3.6 kb
EcoRI fragment revealed the presence of a large open reading frame (ORF1) of 1,698 nt (GC
content 63.9%), encoding a putative protein of 565 amino acids (calculated MW 60.2 kDa).
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Figure 2. Construction of pKSD201 used for unmarked kstD2 gene deletion in parent strain SQ1 and kstD
mutant strain RG1, resulting in the isolation of R. erythropolis strain RG7 and R. erythropolis strain RG8,
respectively. The 605 bp kstD2 remnant, obtained after MluI digestion and self ligation, is indicated with
∆kstD2. ORFs are indicated with arrows; kstD2: 3-ketosteroid ∆1-dehydrogenase 2, bla: ampicillin resistance
marker, aphII: kanamycin resistance marker, sacB: counter-selectable marker. Thick solid curved lines
represent R. erythropolis SQ1 DNA.
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The deduced amino acid sequence of ORF1 showed clear similarity with KSTD1 (35% identity),
encoded by kstD in R. erythropolis SQ1, and other known KSTD amino acid sequences present in
databases (Fig. 3) and was thus designated kstD2. Highest similarity was found with the ORF3
encoded protein (63% identity) from A. simplex  (Dziadek et al., 1998) (DDBJ/EML/Genbank
accession number Z93338). For alignment purposes, the ORF3 nucleotide sequence was edited to
obtain a deduced amino acid sequence matching KSTD consensus, since ORF3 obviously contained
several frame-shift errors. The alignment strongly suggests that A. simplex also contains at least two
KSTD isoenzymes, encoded by ksdD (Molnár et al., 1995) and ORF3 (suggested name ksdD2),
respectively. Contrary to kstD2 in R. erythropolis SQ1, ORF3 was found in close proximity to ksdD
and ksdI, encoding KSTD1 and steroid 4,5 isomerase, respectively (Dziadek et al., 1998; Molnár
et al., 1995). Analysis of nucleotide sequences directly upstream and downstream of the kstD2 gene
showed no direct evidence for the presence of additional (co-transcribed) nucleotide sequences
involved in steroid metabolism. No overlap in nucleotide sequences upstream or downstream of the
kstD2 gene was found with sequences flanking kstD (van der Geize et al., 2000).

The putative N-terminal FAD-binding motif of the kstD2 encoded protein (KSTD2) was
similar to the previously suggested consensus amino acid sequence for FAD-binding in KSTD1,
GSG(A/G)(A/G)(A/G)X17E (van der Geize et al., 2000), although not completely conserved (Fig.
3).

Expression of kstD2 in E. coli
Attempts to express kstD2 from its own promoter in E. coli were unsuccessful. Alternatively,  kstD2
was cloned into the pET3b expression vector (pKSD114) for expression via the T7 RNA
polymerase expression system in E. coli BL21(DE3). Highly active soluble KSTD2 enzyme was
obtained in extracts of E. coli cells grown at 250C. Incubation of AD with cell free extracts (25 µg
protein) of E. coli BL21(DE3)/pKSD114 resulted in its conversion into ADD, confirming that in
vivo KSTD2 indeed performs the 3-ketosteroid ∆1-dehydrogenation reaction. ADD formation was
not observed in controls with cell free extracts without AD. Contrary to KSTD1, KSTD2 does not
show any activity in the presence of nitroblue tetrazolium (NBT). KSTD2 thus could not be
visualized by activity staining on native PAGE (van der Geize et al., 2000). In vitro activity of
KSTD2 was detected, however, in the presence of DCPIP and activity was further enhanced by
addition of PMS. Optimal KSTD2 activity (6 ± 0.8 U⋅mg-1) was found at pH 7-8 at 300C using AD
and the DCPIP/PMS system. A 5-fold higher KSTD2 activity was observed with AD compared to
9OHAD. Substrate affinity of KSTD2 for AD (Kmapp=17 µM) was even 10-fold higher than for
9OHAD (Kmapp=165 µM). In contrast, KSTD1 displays similar activities and affinities with AD
(Kmapp= 82 µΜ) and 9OHAD (Kmapp= 87 µΜ).

Construction of single and double gene deletion mutants
For kstD2 unmarked gene deletion mutagenesis, plasmid pKSD201, with a kstD2 remnant (∆kstD2)
of 605 bp, was obtained after deletion of a 1,093 bp MluI internal fragment of kstD2 (Fig. 2).
Plasmid pKSD201 was introduced into E. coli S17-1 and mobilized by conjugation to both parent
strain R. erythropolis SQ1 and kstD mutant strain RG1. Using the sacB counter-selection system
we were able to isolate mutant strains RG7 (kstD2 mutant) and RG8 (kstD kstD2 mutant). Southern
analysis, using DIG-labeled kstD2 gene as a probe, on Asp718 digested chromosomal DNA of
parent strain SQ1, strain RG7 and strain RG8, confirmed deletion of kstD2 in the latter two strains:
a 2.4 kb Asp718 DNA fragment of strain SQ1 hybridizing with the kstD2 probe was reduced to a
1.3 kb DNA fragment in both mutant strains (data not shown).
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Figure 4. Graphs of (9OH)AD (5 g⋅l-1) bioconversion by R. erythropolis strain SQ1 (closed circles), kstD
mutant strain RG1 (open circles), kstD2 mutant strain RG7 (closed triangles) and kstD kstD2 mutant strain
RG8 (open triangles), showing (A) 9OHAD accumulation from AD and (B) 9OHAD degradation.

PCR performed on chromosomal DNA of strains RG7 and RG8 with the kstD2 primers resulted in
PCR products with sizes of 0.6 kb, furthermore demonstrating kstD2 gene deletion.

Characterization of mutant strains RG1, RG7 and RG8
Growth on AD, ADD or 9OHAD mineral agar medium was unaffected in both single gene deletion
mutant strains RG1 and RG7. Growth on steroid substrates AD and 9OHAD was blocked in the
kstD kstD2 double gene deletion strain RG8, while growth on ADD was not affected, confirming
inactivation of the steroid ∆1-dehydrogenation reaction. Thus, both KSTD1 and KSTD2 are
involved in steroid degradation by R. erythropolis SQ1, and the presence of only one of these
enzymes is sufficient to allow degradation of the steroid skeleton to proceed. KSTD enzyme
activities could not be detected in extracts of cells of parent strain SQ1 and mutant strains RG1,
RG7 and RG8 grown on glucose without steroid induction. Upon steroid (AD) induction, KSTD
enzyme activities (using AD as substrate) were found in cell-free extracts of parent strain SQ1 (280
± 40 mU⋅mg-1), strain RG1 (80 ± 5 mU⋅mg-1) and strain RG7 (285 ± 30 mU⋅mg-1), indicating that
both KSTD1 and KSTD2 are inducible proteins. No KSTD activity was detected in cell-free
extracts of the double gene deletion mutant strain RG8.

Bioconversion of AD
Incubations of parent strain SQ1 and three mutants, i.e. strain RG1, strain RG7 and strain RG8, with
5 g⋅l-1 AD (17.5 mM) or 5 g⋅l-1 9OHAD (16.6 mM) were performed (Fig. 4). Comparable rates of
AD degradation (via KSTD and/or KSH activities; Fig. 1) were observed for all strains (1.0-1.7
mmol AD⋅l-1⋅h-1). No 9OHAD accumulation from AD was observed with strains SQ1 and RG1 (Fig.
4A). Strain RG7 initially accumulated 9OHAD (1.8 ± 0.1 mmol 9OHAD⋅l-1⋅h-1 formed),
stoichiometrically derived from AD (1.7 ± 0.1 mmol AD⋅l-1⋅h-1 degraded), suggesting low, or even
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absence, of KSTD activity during the early phase of biotransformation. With strain RG7, maximal
9OHAD accumulation was found within 20 h after addition of AD; 9OHAD was subsequently
slowly degraded again (0.23 ± 0.03 mmol 9OHAD⋅l-1⋅h-1). Similar rates of 9OHAD degradation
(0.27 ± 0.04 mmol 9OHAD⋅l-1⋅h-1) were found during incubation of strain RG7 with 9OHAD (Fig.
4B). Much higher rates of 9OHAD degradation were observed for parent strain SQ1 and kstD
mutant strain RG1 (1.3 ± 0.2 mmol 9OHAD⋅l-1⋅h-1). These experiments show that 9OHAD
degradation proceeds differently in an environment with only KSTD2 present, compared to a
situation in which KSTD1 is the only available KSTD enzyme. With solely KSTD2 present (strain
RG1), steroid degradation of (9OH)AD proceeds at the same rate as in parent strain SQ1. In
contrast, the absence of KSTD2 (strain RG7) results in significant temporary accumulation of
9OHAD during AD bioconversion, and in low rates of 9OHAD degradation. In vivo, KSTD1 thus
is considerably less efficient in ∆1-dehydrogenation of 9OHAD than KSTD2. Incubation of strain
RG8 with AD resulted in high accumulation levels of 9OHAD (75% of AD converted into 9OHAD)
within 24 h after addition of AD. The 9OHAD formed, was not degraded during further incubation.
Thus, inactivation of both kstD and kstD2 is necessary to inactivate KSTD activity in R. erythropolis
SQ1 and to block (9OH)AD degradation.

KSTD2 mutants S325F and T503I
In addition to strain RG1-UV29, three other mutants (strains RG1-UV45, RG1-UV50 and RG1-
UV51) were identified during screening for mutants blocked in ∆1-dehydrogenation. Conceivably,
these four mutant strains possess mutant kstD2 genes, containing point mutations as a result of UV
irradiation, resulting in inactive KSTD2 enzymes. Nucleotide sequencing revealed that kstD2 from
RG1-UV29 contained an opal mutation at amino acid residue W122. Mutant kstD2 gene from strain
RG1-UV45 contained the T503I mutation. T503 is a fully conserved residue among all KSTD
enzymes known to date (Fig. 3). Replacement of the T503 residue by isoleucine, a hydrophobic
residue of comparable size, renders nonfunctional KSTD2, suggesting that the hydroxyl group of
threonine is important in either substrate binding or in catalysis. The kstD2 gene of strain RG1-
UV51 contained the S325F mutation (Fig. 3), replacing a small hydroxyl group by a relatively large
phenyl moiety. S325 is positioned in a poorly conserved region of KSTD enzymes, although the low
similarity is mostly due to the aberrant amino acid sequence of KSTD from C. testosteroni and
Psudomonas aeruginosa in this region. Amino acid sequences of actinomycetal KSTD enzymes,
however, are rather conserved over a stretch of 8 amino acids (322MDQSWWFP329). Amino acid
 residue position 325 in KSTD2 thus is important for activity in actinomycetal KSTD enzymes.
S325 of KSTD2 is occupied by an alanine or threonine in other actinomycetal KSTD enzymes,
indicating that a small residue at this position is favored. The presence of a phenyl moiety in KSTD2
could inactivate KSTD activity, for instance by steric hindrance of substrate binding. No mutation
was found in kstD2 of strain RG1-UV50. Inactivation of KSTD2 in this strain could be the result
of a mutation in sequences needed for transcription (e.g. promoter sequences), which was not further
investigated.

Heterologous expression of mutant KSTD2 protein encoded by kstD2 (T503I) or kstD2
(S325F) in E. coli Bl21(DE3) resulted in full-length protein on SDS-PAGE having no detectable
KSTD enzyme activity.

Conclusions
R. erythropolis SQ1 employs two KSTD isoenzymes that in vivo may have different functional roles
in (9OH)AD degradation. AD degradation may occur via either ADD or 9OHAD (Fig. 1).
Considering the observed mild toxicity of ADD to R. erythropolis SQ1 (growth on agar medium is
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considerably slower in the presence of higher concentrations (0.5 g⋅l-1) of ADD), we speculate that
the presence of two KSTD enzymes may serve to prevent accumulation of relatively high cellular
concentrations of ADD. A regulatory system thus is expected that differentially regulates KSTD2
and KSTD1 cellular activity levels in response to ADD levels. kstD is preceded by a putative
regulatory gene (kstR) that may fulfill just this role (van der Geize et al., 2000). Regulation of
KSTD1 and KSTD2 activities and/or expression levels, and the role of kstR herein will be at the
focus of our future research.

Complete inactivation of steroid ∆1-dehydrogenation by gene deletion of kstD and kstD2
in R. erythropolis SQ1 (strain RG8) has resulted in a metabolic block at the level of steroid
degradation and a stoichiometrical accumulation of 9OHAD from AD. Such mutants are of
industrial interest. Accumulation of steroid intermediates (e.g. AD, 9OHAD, ADD) from sterol
substrates may produce bioactive (precursor) molecules for medical use.
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Abstract

9α-Hydroxylation of 4-androstene-3,17-dione (AD) and 1,4-androstadiene-3,17-dione (ADD) is
catalyzed by 3-ketosteroid 9α-hydroxylase (KSH), a key enzyme in microbial steroid catabolism.
Very limited knowledge is presently available on the KSH enzyme. Here we report for the first time
the identification and molecular characterization of genes encoding KSH activity. The kshA and
kshB genes, encoding KSH in Rhodococcus erythropolis strain SQ1, were cloned by functional
complementation of mutant strains blocked in AD(D) 9α-hydroxylation. Analysis of the deduced
amino acid sequences of kshA and kshB showed that they contain domains typically conserved in
class IA terminal oxygenases and class IA oxygenase reductases, respectively. By definition, class
IA oxygenases are made up of two components, thus classifying the KSH enzyme system in R.
erythropolis strain SQ1 as a two-component class IA monooxygenase comprised of KshA and
KshB. Unmarked in-frame gene deletion mutants of parent strain R. erythropolis SQ1, designated
strain RG2 (kshA mutant) and RG4 (kshB mutant), were unable to grow on steroid substrates
AD(D), while growth on 9α-hydroxy-4-androstene-3,17-dione (9OHAD) was not affected.
Incubation of these mutant strains with AD resulted in accumulation of ADD (30-50% conversion),
confirming involvement of KshA and KshB in AD(D) 9α-hydroxylation. Strain RG4 was also
impaired in sterol degradation, suggesting a dual role for KshB in both sterol and steroid
degradation.

Introduction

3-Ketosteroid 9α-hydroxylase (KSH) is a key enzyme in the microbial steroid degradation pathway.
Introduction of a 9α-hydroxyl moiety into the steroid poly-cyclic ring structure, combined with
steroid ∆1-dehydrogenation, results in opening of the B-ring of the steroid skeleton (Fig. 1A). KSH
activity has been found in many bacterial genera (Martin, 1977; Kieslich, 1985; Mahato and Garai,
1997): e.g. Rhodococcus (Datcheva et al., 1989; van der Geize et al., 2001), Nocardia (Strijewski,
1982), Arthrobacter (Dutta et al., 1992) and Mycobacterium (Wovcha et al., 1978). In previous
work we demonstrated the presence of KSH activity in R. erythropolis strain SQ1: inactivation of
both kstD and kstD2, encoding two 3-ketosteroid ∆1-dehydrogenase (KSTD) isoenzymes (KSTD1
and KSTD2, respectively) of R. erythropolis SQ1, results in the selective 9α-hydroxylation of AD,
producing 9OHAD in >90% yield (van der Geize et al., 2001). Well characterized, stable bacterial
mutant strains lacking either KSH or KSTD activity, or both, are considered very important in sterol
biotransformation, potentially producing valuable bioactive steroid molecules from sterols (Fig. 1B).
Few efforts have been made to characterize the enzymes and genes involved in microbial steroid
catabolism at the molecular level. As a result, limited data is currently available on the catabolic
pathways of steroids and sterols, hampering genetic engineering approaches aiming to construct
molecularly defined mutant strains with desired properties. Knowledge of the KSH enzyme is
extremely limited, mainly due to difficulties faced during enzyme purification procedures (Chang
and Sih, 1964; Strijewski, 1982). A three-component KSH enzyme system has been partially
purified from Nocardia sp. M117 and it is composed of a flavoprotein reductase and two ferredoxin
proteins (Strijewski, 1982). In Arthrobacter oxydans 317, 9α-hydroxylation of the steroid poly-
cyclic ring structure appeared plasmid-borne (Dutta et al., 1992). Nucleotide sequence analysis of
this plasmid, however, has not been reported. In fact, no nucleotide sequences of genes encoding
components of KSH were reported thus far.
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Figure 1. A) Scheme of the initial enzymatic steps in steroid catabolism in R. erythropolis SQ1: 3-ketosteroid
9α-hydroxylase (KSH: KshA = terminal oxygenase component;  KshB = oxygenase reductase component) and
two 3-ketosteroid ∆1-dehydrogenase isoenzymes (KSTD1 encoded by kstD (van der Geize et al., 2000);
KSTD2 encoded by kstD2 (van der Geize et al., 2002b)). The four rings of the steroid poly-cyclic ring
structure are indicated with A, B, C and D and numbered according to steroid nomenclature. The dotted line
represents impaired KSH activity by inactivation of either kshA or kshB via either UV mutagenesis or gene
deletion mutagenesis. B) Biotransformation of the phytosterol 5-cholestene-24β-ethyl-3β-ol (β-sitosterol) and
its stenone-derivative 5-cholestene-24β-ethyl-3-one (sitostenone) into AD via side chain degradation.
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Introduction of single hydroxyl groups on the aromatic ring, monohydroxylation, is
generally catalyzed by monooxygenases, while simultaneous introduction of two hydroxyl groups,
dihydroxylation, is catalyzed by dioxygenases. Classification of mono- and dioxygenases is based
on the  number of constituent components and the nature of their redox centers (Batie et al., 1991;
Correll et al., 1992; Harayama and Kok, 1992; Mason and Cammack, 1992; Nakatsu et al., 1995).
Class I oxygenases are two-component enzymes constituting a reductase component and a terminal
oxygenase component. The reductase component of oxygenases contains either FMN (class IA) or
FAD (class IB), an NAD binding domain and a [2Fe-2S] redox center situated either N-terminally
(class IB) or C-terminally (class IA). Class II oxygenases are three-component enzymes in which
the flavin (reductase component) and [2Fe-2S] redox center (ferredoxin component) are separate
(class IIA: plant-type ferredoxins; class IIB: Rieske-type ferredoxins). Class III are three-component
oxygenases in which the reductase component contains both a flavin and a [2Fe-2S] redox center,
but also requires a second [2Fe-2S] center on a ferredoxin component for electron transfer to the
third component, i.e. the terminal oxygenase.

Here we describe for the first time the identification and molecular characterization of two
genes, kshA and kshB, encoding components of the KSH enzyme involved in 9α-hydroxylation of
AD and ADD in R. erythropolis strain SQ1. Based on conserved features within their deduced
primary amino acid sequences, we conclude that KSH of R. erythropolis strain SQ1 constitutes a
two-component [2Fe-2S] containing class IA monooxygenase. Inactivation of kshA and kshB
separately rendered mutant strains unable to grow on AD(D), resulting in accumulation of ADD
from AD, confirming their role in the initial step of AD(D) degradation.

Experimental procedures

Bacterial strains, plasmids and growth conditions
Plasmids and bacterial strains used are listed in Table 1. Rhodococcus strains were cultivated at
300C and 200 rpm. Complex medium (LBP) contained 1% (wt/vol) bacto-peptone (Difco, Detroit,
Mich.), 0.5% (wt/vol) yeast extract (BBL Becton Dickinson and Company, Cockeysville, Md.) and
1% (wt/vol) NaCl. Mineral medium consisted of 1 g⋅l-1 NH4NO3, 0.25 g⋅l-1 K2HPO4, 0.25 g⋅l-1

MgSO4⋅7H2O, 5 mg⋅l-1 NaCl, 5 mg⋅l-1 FeSO4⋅7H2O (pH 7.2). Steroids (0.5 g⋅l-1) were solubilized
in DMSO (50 mg⋅ml-1) and added to autoclaved medium. For growth on solid medium LBP was
supplemented with 1.5% (wt/vol) Bacto-agar (Difco). Sucrose (Suc) sensitivity of Rhodococcus
strains was tested on LBP agar supplemented with 10% (w/v) sucrose (LBPS).  E. coli strains (Table
1)  were grown in Luria-Bertani (LB) broth at 37 0C. BBL agar (1.5% (wt/vol)) was added for
growth on solid medium.

General cloning techniques
DNA modifying enzymes were purchased from Boehringer (Mannheim, Germany), New England
Biolabs (Beverly, Mass.) or Amersham Pharmacia Biotech AB (Uppsala, Sweden) and were used
as described by the manufacturer. Isolation of DNA restriction fragments from agarose gels was
done using the Qiagen (Basel, Switzerland) gel extraction kit according to protocol. All DNA
manipulations were done according to standard protocols. Rhodococcus plasmid DNA was isolated
using the Qiagen spin-prep kit with slight modification: Rhodococcus cells were grown for 2-3 h
in the presence of ampicillin (600 µg⋅ml-1) prior to lysozyme (2 mg⋅ml-1) treatment. PCR was
performed under standard conditions using Pwo polymerase (Boehringer) unless stated otherwise:
5 cycles of 1 min 950C, 1.5 min 600C, 1.5 min 720C, followed by 25 cycles of 1 min 950C,  1.5 min
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550C, 1.5 min 720C. Transformation of Rhodococcus strains for unmarked gene deletion
experiments was performed by mobilization of the mutagenic vector (pKSH126 or pKSH212) from
E. coli S17-1 to the Rhodococcus strain by conjugation as described previously (van der Geize et
al., 2001).

Construction of the pRESQ shuttle vector
A pZErO-2.1 (Invitrogen Corp. San Diego, Calif.) derivative was constructed in which the BamHI
site was replaced by a BglII site. A SacI-StuI fragment of pZErO-2.1, containing the lacZ-ccdB
gene, was duplicated by PCR using a mutagenic forward primer (5'
ACCGAGCTCAGATCTACTAGTAACGGC 3'), containing the desired BglII restriction site
(double underlined) and a SacI restriction site (underlined), and reverse primer (5'
ATTCAGGCCTGACATTTATATTCCCC 3') with a StuI restriction site (underlined). The obtained
PCR product was digested with restriction enzymes SacI and StuI and ligated in SacI-StuI digested
pZErO-2.1 (pRES14). The aphII gene from pWJ5 (Table 1) was cloned as blunted HindIII-BamHI
fragment (Klenow fill in) into EcoRV digested pBlueScript (II) KS to construct pBsKm1. The
unique BglII site in pBsKm1 was destroyed by BglII digestion followed by Klenow fill in (pRES4).
The ampicillin cassette present in pRES4 was removed by self ligation following BspHI digestion
(pRES9). A 2.5 kb BglII-XbaI fragment of pMVS301 (Vogt-Singer and Finnerty, 1988), containing
the region for autonomous replication in Rhodococcus sp., was subsequently ligated into BamHI-
XbaI digested pRES9 to construct pRES11. Construction of pRESQ (6.55 kb; Fig. 2) was completed
by ligating a 4.15 kb BspHI/NcoI fragment of pRES11 into BspHI-NcoI digested pRES14.

Construction of a gene library of R. erythropolis strain RG1
Sau3A digested chromosomal DNA of R. erythropolis strain RG1 was sized by sucrose gradient
centrifugation (6-10 kb) and ligated into BglII digested pRESQ. Transformation of E. coli Top10F’
cells (Invitrogen) with the ligation mixture generated a genomic library of approximately 15,000
transformants in which approximately 90% of the constructs contained insert. An average insert size
of 6 kb was estimated. No complications with stability or rearrangements were apparent. The gene
library represents the complete genome (p>0.99) of R. erythropolis strain RG1, assuming a genome
size of approximately 6 Mb (Bigey et al., 1995; Pisabarro et al., 1998; Redenbach et al., 2000).

Complementation experiments
Electrotransformation of competent cells of mutant Rhodococcus strains was done as described (van
der Geize et al., 2000). Colonies obtained after introducing the genomic library of R. erythropolis
strain RG1 by electrotransformation were replica plated on mineral agar medium containing AD
(0.5 g⋅l-1) as sole carbon and energy source. Complementation was scored after three days of
incubation at 30 0C. Colonies growing on AD mineral agar medium were cultivated in LBP medium
for isolation of plasmid DNA; this plasmid DNA was subsequently re-introduced into suitable
mutant strains to check for genuine complementation.

Nucleotide sequencing analysis
Nucleotide sequencing analysis was done using dye-primers in the cycle sequencing method
(Murray, 1989) with the thermosequenase kit RPN 2538 from Amersham Pharmacia Biotech AB.
The samples were run on the A.L.F-Express sequencing robot. Protein and nucleotide sequence
comparisons were performed using the facilities of the BLAST server (Altschul et al., 1990) at
NCBI (Natl. Library of Medicine, Washington, D.C.). Alignments were done using Clustal W 1.7
(Thompson et al., 1994).
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Table 1. Strains and plasmids used in this study.

Strain or plasmid Characteristics Reference
R. erythropolis
SQ1

mutant of ATCC4277-1 with increased
transformability

Quan and Dabbs
(1993)

R. erythropolis
RG1

kstD mutant of strain SQ1 Van der Geize et
al. (2001)

R. erythropolis
RG1-UV26

UV mutant of strain RG1 unable to grow on
AD(D)

This study

R. erythropolis
RG1-UV39

UV mutant of strain RG1 unable to grow
on AD(D)

This study

R. erythropolis
RG2

kshA gene deletion mutant of strain SQ1 This study

R. erythropolis
RG4

kshB gene deletion mutant of strain SQ1 This study

R. erythropolis
RG8

kstD kstD2 double gene deletion mutant of strain
SQ1

Van der Geize et
al. (2002b)

R. erythropolis
RG9

kshA kstD kstD2 triple gene deletion mutant of
wild type: constructed from strain RG8

This study

E. coli DH5α host for general cloning steps Bethesda Res. Lab.
E. coli S17-1 Strain for conjugal mobilization of

pK18mobsacB derivatives to Rhodococcus
strains

Simon et al. (1983)

E.coli Top10F’ Strain for general cloning steps with pZErO-2.1
and derivatives

Invitrogen

pBlueScript(II) KS bla lacZ Stratagene
pZErO-2.1 lacZ-ccdB positive selection marker aphII Invitrogen
pMVS301 Rhodococcus-E. coli shuttle vector Vogt-Singer and

Finnerty (1988)
pET3b E. coli expression vector Novagen
pK18mobsacB aphII sacB oriT (RP4) lacZ Schäfer et al.

(1994)
pWJ5 aphII sacB cat Jäger et al. (1992)
pRESQ Rhodococcus-E. coli shuttle vector This study
pKSH101 pRESQ containing ± 6 kb R. erythropolis strain

RG1 chromosomal fragment carrying kshA
This study

pKSH126 Construct used for introducing a kshA gene
deletion in strains SQ1 and RG8

This study

pKSH200 pRESQ containing ± 6.5 kb R. erythropolis
strain RG1 chromosomal fragment carrying kshB

This study

pKSH212 Plasmid used for the construction of strain RG4,
harboring a kshB gene deletion

This study
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Construction of vectors for unmarked in-frame gene deletion mutagenesis of kshA and kshB
For unmarked in-frame gene deletion of kshA (∆kshA) pKSH126 was constructed. A 1.3 kb
fragment (PCR product 1) was obtained from pKSH101 (Table 1) using a forward primer (Fig. 5B
primer 1) annealing to sequences upstream of kshA (5' CGCGGGCCCATCGAGAGCACGTT 3'),
and a reverse primer (Fig. 5B primer 2) annealing to the 5'-end of the kshA gene (5'
GCGCCCGGGTCCGAGTGCCATGTCTTC3') containing a SmaI site (underlined). PCR product
2 (840 bp) was obtained from SQ1 chromosomal DNA using primer 3 (Fig. 5B) annealing to the
3' end of the kshA gene (5' GCGCCCGGGACAACCTCCTGATTCGCAGTC 3'), including a SmaI
restriction site (underlined), and primer 4 (Fig. 5B) annealing to ORF11 (5'
GCGTCTAGAGTGGAAGAGCATTCCCTCGCA 3'), including a XbaI restriction site (underlined)
(Fig. 5B). Primer 4 for PCR product 2 was developed using the nucleotide sequence of the merged
sequences of strain SQ1 and strain TA421 (DDBJ/EMBL/GenBank accession no. D88013) (Fig.
5; see Results section). The SmaI restriction site was introduced to give an in-frame deletion of kshA
following ligation of this PCR fragment behind the 5'-truncated kshA gene from PCR product 1 in
pBlueScript (II) KS, yielding pKSH125 (Fig. 5B). Finally, a 2.05 kb SalI-XbaI fragment from
pKSH125 (Fig. 5B) was ligated into pK18mobsacB vector (pKSH126).

For unmarked in-frame gene deletion of kshB, construct pKSH201 was fused to a PCR
product (1,275 bp) obtained from pKSH202 as template, using forward primer 5'
GCGGGTACCGATCGCCTGAAGATCGAGT 3' and reverse primer 5'
GCGAAGCTTGCCGGCGTCGCAGCTCTGTG 3' (Fig. 3B). At the 5'-terminal end of this PCR
product an Asp718 restriction site (see forward primer: underlined), preceding the stop codon of
kshB, was introduced to ensure proper in-frame deletion of kshB after ligation with the Asp718
restriction site of pKSH201. At the 3'-terminal end a HindIII restriction site (see reverse primer:
underlined) was added, compatible to the HindIII restriction site of pKSH201, for cloning purposes.
The PCR product was ligated (blunt) into EcoRV digested pBlueScript (II) KS (pKSH210) for easy
handling in subsequent cloning steps. A 1,263 bp Asp718-HindIII fragment was isolated from
pKSH210 and ligated into Asp718-HindIII digested pKSH201 (pKSH211), thereby introducing the
desired kshB in-frame deletion. Finally, a 2.2 kb BamHI-HindIII DNA fragment containing the kshB
deletion was ligated into pK18mobsacB digested with BamHI-HindIII (pKSH212).

Bioconversion experiments
Bioconversion experiments with AD(D) and phytosterols, as well as steroid analysis (high-
performance liquid chromatography (HPLC), thin-layer chromatography (TLC)) and sterol/stenone
analysis (gas chromatography (GC), TLC) were performed as previously described (van der Geize
et al., 2000). Phytosterols (Henkel, Germany; 82.7% sterol content: mainly β-sitosterol, 40.4%;
stigmasterol, 16.3%; campesterol, 22.4%) were supplied by Diosynth bv. (Oss, The Netherlands).

DDBJ/EMBL/GenBank database accession numbers
These sequence data have been submitted to the DDBJ/EMBL/GenBank databases under accession
numbers AY083508 (kshA) and AY083509 (kshB).
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Results and discussion

Isolation of UV-induced mutants of R. erythropolis blocked in the AD(D) 9α-hydroxylation reaction
During selection for mutants of R. erythropolis strain RG1 (kstD mutant strain, Table 1) blocked
in steroid ∆1-dehydrogenation (van der Geize et al., 2001), we additionally screened for AD growth
deficient mutants able to grow on 9OHAD mineral medium. Replica plate screening of UV
mutagenized R. erythropolis strain RG1 colonies yielded 2 mutants that were clearly impaired in
the KSH reaction (AD- 9OHAD+ growth phenotype). These mutants, designated strain RG1-UV26
and strain RG1-UV39, showed no growth after 3-4 days with either AD or ADD as sole carbon and
energy source, while growth on 9OHAD mineral agar medium was normal.

Construction of a Rhodococcus-E. coli shuttle vector pRESQ
A gene library of R. erythropolis strain RG1 was constructed for complementation of the UV
mutants obtained (see experimental procedures). For this purpose a Rhodococcus-E. coli shuttle
vector, designated pRESQ (Fig. 2), was constructed. The pZErO-2.1 based shuttle vector contains
a 2.5 kb fragment of pMVS301 (Vogt-Singer and Finnerty, 1988), encoding autonomous replication
in Rhodococcus sp., and a unique BglII site in the lacZ-ccdB positive selection gene for easy cloning
of Sau3A digested chromosomal DNA of Rhodococcus sp.. The unique BamHI site present in
pZErO-2.1 had to be replaced by BglII, since introduction of the 2.5 kb fragment of pMVS301 into
pZErO-2.1 introduces an additional BamHI restriction site that could not be removed. Destroying
the latter BamHI site by Klenow fill-in rendered plasmids unable to replicate in R. erythropolis
strain SQ1 (Data not shown).

Identification and molecular characterization of kshA, encoding a Rieske-type class IA terminal
oxygenase following complementation of strain RG1-UV39
The R. erythropolis strain RG1 gene library was introduced into strain RG1-UV39 by
electrotransformation to complement its mutant phenotype. This resulted in isolation of plasmid
pKSH101, containing a 6 kb insert, able to restore growth of strain RG1-UV39 on AD mineral agar
medium. Restriction enzyme mapping analysis of pKSH101, subcloning in pRESQ, and subsequent
complementation experiments resulted in identification of an 1.8 kb BamHI-Sau3A DNA fragment
(pKSH106) that was still able to complement the strain RG1-UV39 mutant phenotype (Fig. 3A).
A 2.6 kb insert of pKSH107 (Fig. 3A), including this 1.8 kb BamHI-Sau3A fragment, was cloned

Figure 2. The pZErO-2.1 (curved thin line) based
Rhodococcus-E. coli shuttle vector pRESQ used
for constructing a genomic library of R.
erythropolis RG1. rep: 2.5 kb region of pMVS301
coding for autonomous replication in Rhodococcus
sp (thick curved line). lacZ-ccdB: marker for
positive selection in E. coli. aphII : kanamycin
resistance marker for selection in Rhodococcus and
E. coli.



Molecular characterization of 3-ketosteroid 9α-hydroxylase

84

into pBlueScript (II) KS and its nucleotide sequence was determined. Nucleotide sequence analysis
revealed a single 1,197 nt ORF (kshA) (GC content, 60.2%), encoding a protein of 398 aa (KshA),
within the 1.8 kb BamHI-Sau3A complementing DNA fragment. Upstream of the kshA start codon,
a Shine-Dalgarno (SD) consensus sequence for actinomycetes (Strohl, 1992) could be identified
(GGAGGA). BLAST similarity searches and alignment of the deduced amino acid sequence of kshA
revealed that KshA is similar to class IA terminal oxygenases (Fig. 4) (Batie et al., 1991). Among
these are phthalate-4,5-dioxygenase (Pht3) (Nomura et al., 1992), vanillate demethylase (VanA)
(Brunel and , 1988; Priefert et al., 1997) and 3-chlorobenzoate 3,4-dioxygenase (CbaA) (Nakatsu
et al., 1995).

        

                              

Figure 3. Strategy for the separate cloning and identification of the kshA and kshB genes encoding KSH
activity in R. erythropolis SQ1 by functional complementation of UV mutant strains RG1-UV39 (A) and RG1-
UV26 (B), respectively, using several pRESQ derived constructs. The arrows indicated with forward primer
and reverse primer (kshB complementation scheme) show the annealing positions of these primers to generate
PCR product from pKSH202. The obtained PCR product was used to create pKSH212 for the construction
of kshB unmarked gene deletion mutant strain RG4 (experimental procedures section).
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          Rieske [2Fe-2S] domain      
                  C H        C  H

KshA   78 AYCRHMGGNLAHGTVKGDSIACPFHDWRWGGNG 110
Rv3526 65 GYCRHMGGDLSEGTVKGDEVACPFHDWRWGGDG  97
VanA   22 DFCPHRGAPLSLGSIQDGKLVCGYHGLVMDCDG  54
TsaM   46 NRCCHRSAPLHIGRQEGDCVRCLYHGLKFNPSG  78
CbaA   67 SRCPHRGVSLFMGRVEEGGLRCVYHGWKFSAEG  99
Pht3   68 EYCPHRRVSLIYGRNENSGLRCLYHGWKMDVDG 100
PobA   83 PRCMHRGTSLYYGHVEEAGIRCCYHGWLFAVDG 115
            * *    *  *  :   : * :*.     .*    

          Non-haem Fe(II) domain
     D/E   D  H    H
186 V D NVVDMAHFFYVH 199
173 I D NVTDMAHFFYIH 186
125 I D NLMDLTHETYVH 138
150 V D NLLDFTHLAWVH 163
172 L E GEIDTSHFNFLH 185
173 L E GAIDSAHSSSLH 186
202 W E NIMDPYHVYILH 215
      : . :*  *   :*

Figure 4. Identification of a Rieske [2Fe-2S]R domain and the non-haem Fe(II) domain in the KSH terminal
oxygenase KshA by alignment with known class IA terminal oxygenases (DDBJ/EMBL/GenBank accession
no. between brackets): KshA (AY083508) 3-ketosteroid 9α-hydroxylase KshAB, Rv3526 (CAB05051):
putative 3-ketosteroid 9α-hydroxylase Mycobacterium tuberculosis Rv3525 Rv3571 (Cole et al., 1998), VanA
(O05616): vanillate demethylase VanAB (Priefert et al., 1997), TsaM (AAC44804): p-toluenesulfonate
methyl-monooxygenase TsaMB (Junker et al., 1997), CbaA (Q44256): 3-chlorobenzoate 3,4-dioxygenase
CbaAB (Nakatsu et al., 1995),  PobA (Q52185): phenoxybenzoate dioxygenase PobAB (Dehmel et al., 1995),
Pht3 (Q05183): phthalate 4,5-dioxygenase Pht23 (Nomura et al., 1992). (*) indicate identical residues. (:) and
(.) indicate high and low similarity, respectively.

A hypothetical protein encoded by gene Rv3526 (DDBJ/EMBL/GenBank accession no.
CAB05051) in Mycobacterium tuberculosis (Cole et al., 1998) showed significant similarity with
the complete KshA amino acid sequence (58% identity; 84% similarity). Rv3526 thus is expected
to be the orthologue of kshA in M. tuberculosis. Based on the alignment, a Rieske type [2Fe-2S]R

domain (C-X-H-X16-C-X2-H) and the mononuclear, non-haem iron binding motif (D/E-X3-D-X2-H-
X4-H) could be identified in KshA, both typically conserved in class IA terminal oxygenases
(Nakatsu et al., 1995; Jiang et al., 1996). Interestingly, the proposedly conserved glutamate residue
in the mononuclear, non-haem iron binding motif was substituted for an aspartate residue in KshA
(Asp187), as has been observed for the terminal oxygenases of vanillate demethylase (VanA) and
p-toluenesulfonate monooxygenase (TsaM) (Fig. 4) (Brunel and Davison , 1988; Jiang et al., 1996;
Junker et al., 1997). Whether this is of functional significance in class IA oxygenases remains to be
determined. The mononuclear, non-haem iron binding domain is thought to be involved in oxygen
binding (Mason and Cammack, 1992; Jiang et al., 1996). The calculated molecular weight for KshA
(44.5 kDa) resembles those found for other terminal oxygenases (48-55 kDa) (Mason and
Cammack, 1992). Based on the analysis of the primary amino acid sequence we classify KshA as
a class IA terminal oxygenase.



Molecular characterization of 3-ketosteroid 9α-hydroxylase

86

Figure 5. A) Overview of the 2.6 kb DNA fragment of R. erythropolis SQ1 encoding kshA and its 4.1 kb
counterpart in R. erythropolis TA421. The vertically striped bar of ORF12, together with the black arrow
(proposed size of ORF12 by Maeda et al. (1995)), represents the actual size of ORF12 in R. erythropolis
TA421, which is nearly identical (97%) to kshA. The “X” indicates the point of merger of the two sequences
(see results section). B) Scheme of the theoretically merged nucleotide sequences of the DNA fragments of
strain SQ1 and strain TA421, and its use in the construction of plasmid pKSH126 for unmarked in-frame kshA
gene deletion in strain SQ1 and strain RG8. Numbers 1-4 indicate the primers used to obtain PCR products
1 and 2 (see experimental procedures).
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Comparison of the obtained nucleotide sequence of kshA to databases further revealed that
kshA is nearly identical (97% over full length sequence) to a hypothetical gene (ORF12), found by
Maeda et al. (1995) in R. erythropolis strain TA421 (DDBJ/EMBL/GenBank accession no.
D88013) upstream of bphC1 (Fig. 5A). The bphC1 gene encodes a meta cleavage dioxygenase with
activity towards 2,3-dihydroxybiphenyl. The start codon proposed by the authors (corresponding
to Met83 in KshA), however, can not be the correct codon, since it is located inside the [2Fe-2S]R

domain of KshA (Fig. 4). In analogy with the molecular organization found in strain TA421, a
hypothetical ORF11, identified in this strain downstream of ORF12, was also identified downstream
of kshA in strain SQ1 (Fig. 5A). The nucleotide sequences of the DNA fragments of strain SQ1 and
strain TA421 were therefore merged (Fig. 5B) and the resulting theoretical nucleotide sequence was
used for the successful construction of an unmarked in-frame kshA gene deletion mutant of R.
erythropolis strain SQ1 and strain RG8 (see below).

A
        FMN-binding domain NAD-ribose binding domain
             R YSL                          GGIGITP
KshB   61 SVARCYSLASSP 72  123 LLFGAGSGITPVISI 137
Rv3571 69 SVARCYSLCSSP 80 131 LLLAAGSGITPIMSI 145
VanB   45 GLVRPYSLCNAP 55 108 LLFAGGIGITPILAM 122
TsaB   48 GLVRQYSLVNAT 59 113 LLLAGGIGVTPIYAM 127
CbaB   53 DLVRQYSLVKAS 64 116 VLICGGIGITPMVHM 130
Pht2   55 GSIRNYSLSNDP 66 118 IFVAGGIGITPILSM 132
PobB   53 GITRSYSLLNDP 64 116 VFIAGGIGITPLWSM 130
          .  * *** .     ::. .* *:**:  :        

[2Fe-2S]Fd binding domain
             C    C  C                             C
KshB   298 YSCQEGECGSCACTVTEGEVQMDNSEILDAEDVANGYILGCKAKPI 343
Rv3571 303 FSCREGHCGACACTLRAGKVNMGVNDVLEQQDLDEGLILACQSRPE 348
VanB   267 LACEQGICGTCLTRVLDGEPEHRDSFLTDAERARNDQFTPCCSRAR 312
TsaB   264 WSCREGICGTCEAPVLEGEVQHLDYVLSPEERAEQRRMMVCVSRCG 309
CbaB   236 SSCRQGICGMCETTLISGVPDHRDRLLTDSEKASGRTMLICCSRAL 281
Pht2   273 SSCESGTCGSCRTRLIEGDVEHRDMVLREDE--QHDQIMICVSRAR 316
PobB   266 SSCQQGVCGICETAVLAGVPDHRDLVLSDQERAAGRTMMICCSGSK 311
            :*..* ** *   :  *  :     :   :      :  * :  

B

     

Figure 6. (A) Alignment of class IA oxygenase ferredoxin reductases and identification of the FMN, the NAD-
ribose and the plant-type [2Fe-2S]Fd binding domains in KshB, classifying KshB as a class IA ferredoxin
reductase: KshB (AY083509), Rv3571 (putative; CAB07145), VanB (O05617), TsaB (AAC44805), CbaB
(Q44257), Pht2 (Q05182), PobB (Q52186). DDBJ/EMBL/GenBank accession no. are shown between
brackets. (B) Organization of the cofactor binding domains in class IA and class IB ferredoxin reductases
(Batie et al., 1991; Correll et al., 1992; Nakatsu et al., 1995). (*) indicate identical residues. (:) and (.) indicate
high and low similarity, respectively.
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Identification and molecular characterization of kshB, encoding a class IA oxygenase reductase
following complementation of R. erythropolis strain RG1-UV26
Complementation of R. erythropolis strain RG1-UV26 with the strain RG1 gene library resulted in
isolation of clone pKSH200, containing a 6 kb insert, able to restore growth of strain RG1-UV26
on AD mineral agar medium. Cross-complementation showed that pKSH200 was unable to
complement the strain RG1-UV39 phenotype, indicating that a gene different from kshA had been
cloned. Restriction mapping analysis of pKSH200, subcloning in pRESQ, and subsequent functional
complementation experiments allowed the identification of a 2.8 kb BglII-Sau3A fragment
(pKSH202; Fig. 3B), that was still able to complement the strain RG1-UV26 mutant phenotype.
This fragment was subcloned into pBlueScript (II) KS (pKSH207) and its nucleotide sequence was
determined. Analysis of the obtained nucleotide sequence revealed the presence of a single intact
ORF of 1,041 nt. No functional complementation of the RG1-UV26 mutant phenotype was found
with pKSH205 (Fig. 3B), lacking the 5' part of the ORF. Hence, this ORF (kshB) is responsible for
functional complementation of the strain RG1-UV26 mutant phenotype. kshB (GC content, 62.3%)
encodes a protein (KshB) of 346 amino acids with a calculated molecular weight of 37.1 kDa.
Database similarity searches revealed that KshB shows high similarity to ferredoxin reductase
components of multi-component oxygenases. Highest similarity (56% identity; 85% similarity) was
found with Rv3571 of M. tuberculosis (DDBJ/EMBL/GenBank accession no.A70606).
Alignment of the amino acid sequence of KshB to several ferredoxin reductase components of
oxygenases revealed the presence of domains typically conserved in class IA oxygenase ferredoxin
reductases: a flavin mononucleotide (FMN) isoalloxazine binding domain (RxYSL), an NAD-
ribose-binding domain (GGIGITP) and a plant-type [2Fe-2S]Fd binding domain (Cx4Cx2Cx29C)
situated at the C-terminus of this component (Batie et al., 1991; Correll et al., 1992; Mason and
Cammack, 1992; Nakatsu et al., 1995) (Fig. 6A and 6B). The KshB protein can thus be assigned
to the class IA oxygenase ferredoxin reductases and represents the ferredoxin reductase component
of KSH.

KSH in R. erythropolis SQ1 is classified as a two-component steroid 9α-monooxygenase
Analysis of deduced amino acid sequences of both kshA and kshB revealed the presence of
conserved domains that are typically found in class IA oxygenases (Fig. 4 and Fig. 6), justifying
classification of KSH of R. erythropolis strain SQ1 as a member of the class IA multi-component
oxygenases. By definition, class I oxygenases consist of 2 components, implying that KSH of R.
erythropolis strain SQ1 is made up of the terminal oxygenase component KshA and an oxygenase
ferredoxin reductase component KshB (Fig. 7). The 9α-hydroxylation system in R. erythropolis
strain SQ1 apparently differs fundamentally from the KSH system of Nocardia sp. M117, since this
system has been identified as a three-component oxygenase (Strijewski, 1982).

Contrary to many other structural genes encoding multi-component oxygenases in bacteria,
kshA and kshB were not found adjacent to each other. Nucleotide sequence analysis of flanking
regions of both genes did not reveal their proximity to each other. Cross-complementation
experiments, introducing pKSH101 into strain RG1-UV26 and pKSH200 into strain RG1-UV39,
did not result in growth on AD(D), also showing that kshA and kshB are located on loci that lie at
least several kilobases apart. This feature however is not unique. OxoO and oxoR from
Pseudomonas putida 86, encoding 2-oxo-1,2-dihydroquinoline 8-monooxygenase, are separated by
approximately 15 kb (Rosche et al., 1997). Also, the putative orthologues of kshA and kshB in the
M. tuberculosis genome (Rv3526 and Rv3571, respectively) are separated by roughly 50 kb (Cole
et al., 1998).
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Unmarked in-frame gene deletion mutants confirm the involvement of kshA and kshB in AD(D)
9α-hydroxylation
An unmarked in-frame kshA deletion mutant (strain RG2) was isolated from parent strain SQ1 using
pKSH126 (Fig. 5B) via the sacB counter selection method (van der Geize et al., 2001), reducing
wild type kshA gene to an ORF (∆kshA) of 30 nt, encoding only 9 amino acids (MALGPGTTS).
Sucrose resistant (Sucr) colonies obtained via sacB counter selection were replica plated onto LBP
agar plates containing 200 µg·ml-1 kanamycin (Kan). A total of 12 Sucr Kans colonies were
identified among 96 Sucr colonies (12.5%). Gene deletion of kshA was confirmed in 3 out of these
12 Sucr Kans colonies (25%) by Southern analysis of BamHI digested chromosomal DNA using the
2 kb insert of pKSH126 as a probe: a 2.05 kb wild type BamHI DNA fragment (Fig. 5B) was
reduced to 0.88 kb in the gene deletion mutant strain (data not shown). In-frame gene deletion of
kshB was achieved using pKSH212 (see experimental procedures section; Table 1). The isolation
of a kshB mutant from parent strain SQ1 using pKSH212 (Table 1) was more difficult to achieve
than the construction of kshA mutant strain RG2, for reasons unknown. No kshB mutants were
identified among several dozens of potential kshB mutants after sacB counter-selection, using our
general screening methods (colony PCR, Southern analysis). We thus decided to screen for potential
kshB mutants by replica plating on AD mineral agar plates, enabling us to isolate a low percentage
(<1%) of mutants unable to grow on AD. Southern analysis was performed on Asp718 digested
chromosomal DNA of wild type and three AD growth deficient mutants. Hybridization with the
complete kshB gene showed that kshB was not present in the genome of the putative kshB mutants.
A clear hybridization signal (4.3 kb fragment) was exclusively found with wild type chromosomal
DNA. Additional Southern analysis with an alternative probe, the 2.2 kb insert of pKSH212 (Table
1), comprising both flanking regions of kshB, furthermore confirmed kshB gene deletion: a 4.3 kb
Asp718 wild type DNA fragment containing the kshB gene was reduced to 3.3 kb in strain RG4,
demonstrating replacement of the 1,041 bp kshB gene by a kshB in-frame remnant of 30 nt
(encoding MTTVEVPIA).

Inactivation of KSH activity, by either kshA or kshB gene deletion, rendered Rhodococcus
strains blocked in growth on AD(D) mineral agar medium: strains RG2 and RG4 were plated on
mineral agar media containing AD, ADD or 9OHAD as sole carbon and energy source. Both strains
showed no growth on AD(D), whereas growth on 9OHAD was comparable to strain SQ1. These
phenotypes are in agreement with those found with strains RG1-UV26 and RG1-UV39.
Bioconversion of AD (1 g⋅l-1) with parent strain SQ1, followed during 168 h, resulted in AD
utilization, but not in accumulation of ADD or other metabolites. Bioconversion of AD (1 g⋅l-1) by
strain RG2 or strain RG4 was not complete, leaving 50-70% of the steroid substrate AD intact after
168 h of incubation. This resulted in comparable accumulation levels of ADD (varying between 0.3-
0.5 g⋅l-1 after 168 h). In these mutants, AD(D) 9α-hydroxylation thus had become blocked
completely by inactivation of either kshA or kshB, demonstrating the essential role of both KshA
and KshB in KSH activity in R. erythropolis strain SQ1. Growth experiments of R. erythropolis
SQ1 on ADD mineral agar plates performed throughout this work have indicated that ADD is
inhibitory to growth at higher concentrations (0.5 g⋅l-1). This ADD toxicity may explain the
relatively low conversion of AD into ADD. Alternative explanations are that either regulatory
mechanisms or the presence of an 1-ene-steroid reductase activity, as found in Mycobacterium sp.
(Goren et al., 1983), prevent complete conversion of AD into ADD.
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Figure 7. Proposed functions of the terminal oxygenase KshA and the oxygenase ferredoxin reductase KshB
in KSH activity in R. erythropolis SQ1. The KshB component participates both in 3-ketosteroid 9α-
hydroxylation (KSH) and sterol catabolism (putatively 26- or 9α- hydroxylation of sterols).

Microbial degradation of phytosterols (eg. β-sitosterol; Fig. 1B) is generally performed via
two major processes: i.e. the selective removal of the sterol side chain (side chain degradation) and
opening of the steroid poly-cyclic ring structure. These two processes proceed independently, either
simultaneously or consecutively (Martin, 1977). No accumulation of AD(D) or other metabolites
was found in phytosterol bioconversions with strain RG2. Degradation of phytosterols added to
cultures of RG2 was not impaired and rates of degradation were comparable to parent strain SQ1.
This may involve a sterol specific, steroid ring-structure degrading, enzyme (i.e. sterol 9α-
hydroxylase). Phytosterol degradation, however, had become blocked in the kshB mutant strain
RG4. Phytosterols added to cultures of strain RG4 were oxidized to their stenone derivatives (Fig.
1B), but were not further metabolized, indicating that the side-chain degradation of the sterol
molecule was blocked. The KshB protein component thus appears to be involved both in steroid and
sterol catabolism (Fig. 7). Speculatively, KshB may be additionally involved in either 9α-
hydroxylation of sterols as a component of the putative sterol 9α-hydroxylase, or it may be part of
the sterol 26-hydroxylase enzyme system. The latter is generally thought to initiate sterol side-chain
degradation (Murohisa and Iida, 1993; Ambrus et al., 1995) and would explain why no side-chain
degradation after the formation of stenone-derivatives of phytosterols is observed in a kshB mutant
strain. Clearly, KshB is a highly interesting multi-functional protein, involved in microbial steroid
and sterol catabolism.

Construction of kshA kstD kstD2 triple gene deletion mutant strain RG9 verifies that KSH is a
AD(D) 9α-monooxygenase
Strain RG9, a kshA kstD kstD2 triple gene deletion mutant, was derived from the 9OHAD
accumulating kstD kstD2 mutant strain R. erythropolis RG8 (Table 1). kshA gene deletion was
achieved by introducing plasmid pKSH126 into strain RG8, selecting for mutants as described for
strain RG2. In AD bioconversion experiments with strain RG9, no decline in the initial AD
concentration was observed. Similarly, no decline in the initial ADD concentration was detected
when strain RG9 was incubated with ADD. This mutant strain thus confirms that kshA encodes both
AD and ADD 9α-hydroxylase activity and that, contrary to the KSTD isoenzymes, no further KSH
isoenzymes for AD and ADD conversion are present in R. erythropolis strain SQ1.
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Summary and concluding remarks

Bioengineering approaches on steroid biotransformation have been hampered by a lack of
knowledge on the genetics and physiology of industrially interesting microorganisms. Many
members of the family of Actinomycetales have been widely acknowledged as microorganisms able
to rapidly degrade steroids and sterols. Pathway intermediates formed during sterol/steroid
degradation may be used as precursor molecules in the synthesis of bio-active compounds.
Important in steroid biotransformation is the availability of a microbial catalyst incapable of opening
the poly-aromatic ring structure of the steroid molecule. Otherwise, steroid transformation by the
biocatalyst will result in a substantial, if not complete loss of steroid substrate and steroid product.
Ideally, such biocatalysts are genetically accessible, non-pathogenic strains blocked in steroid poly-
aromatic ring degradation. 3-Ketosteroid 9α-hydroxylase (KSH) and 3-ketosteroid ∆1-
dehydrogenase (KSTD) are two key-enzymes involved in degradation of the steroid poly-aromatic
ring structure. The combined efforts of these two enzyme activities results in the opening of the
steroid B-ring.

This thesis describes a genetic engineering approach for the development of a microbial
catalyst for steroid biotransformations. Molecular tools were developed for the actinomycete
Rhodococcus erythropolis strain SQ1 and used for a molecular and physiological characterization
of its steroid catabolic pathway and the construction of molecularly defined mutant strains blocked
in steroid degradation.

Molecular tools for Rhodococcus species

Bioengineering of the steroid catabolic pathway at the molecular level requires a genetically
accessible Rhodococcus strain capable of rapidly degrading sterols. R. erythropolis strain SQ1 was
chosen in a comparative study of several Rhodococcus strains as a suitable (i.e. genetically
accessible and sterol degrading) parent strain for this study (Chapter 2). An electrotransformation
protocol allowed transformation efficiencies of up to 1·106 transformants per µg of plasmid DNA
(pMVS301). This protocol was shown to be effective in obtaining targeted gene disruption mutants
as well, using non-replicative plasmids containing the aphII kanamycin resistance marker (Chapter
2). Electrotransformation of R. erythropolis with such non-replicative plasmids, however, induced
random plasmid integration events, resulting in antibiotic resistant transformants that did not have
the expected gene disruption mutation. The rate of occurrence of this so-called illegitimate
integration of plasmid DNA into the Rhodococcus genome appeared to be dependent on the
constructs used in electrotransformation (data not presented). Intergeneric conjugal plasmid transfer
proved an effective method for the mobilization and integration of mutagenic plasmids into the
Rhodococcus genome with minimal random integration (Chapter 3). In the course of our study it
became apparent that isoenzymes, encoded by different genes, were involved in steroid ring
degradation, necessitating a gene inactivation system that could be used to inactivate multiple genes,
successively. An unmarked gene deletion method, using sacB for counter-selection, was developed
for Rhodococcus (Chapter 3). This allowed the straight-forward and easy construction of strains
with single and multiple gene deletion mutations (Chapters 3, 4 and 5). Several genes involved in
steroid degradation were cloned by functional complementation of different UV-induced mutants
of R. erythropolis (Chapters 4 and 5). A novel and convenient Rhodococcus-Escherichia coli
shuttle vector, named pRESQ, was developed for the construction of genomic libraries for
functional complementation, as well as for gene identification experiments (Chapter 4 and 5). The
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pRESQ shuttle vector harbors the ccdB positive selection marker of E. coli cloning vector pZeRO-
2.1 for easy cloning of genomic DNA and the aphII kanamycin resistance marker for maintenance
in both E. coli and Rhodococcus species. Shuttle vector pRESQ stably maintains Rhodococcus DNA
inserts in both E. coli and R. erythropolis and has been successfully applied for the construction of
genomic libraries of R. erythropolis (this thesis) and Rhodococcus rhodochrous (data not
presented).

Molecular characterization of the steroid poly-cyclic ring degradation pathway in
Rhodococcus erythropolis strain SQ1

The steroid (i.e. 4-androstene-3,17-dione [AD]) degradation pathway of R. erythropolis SQ1
includes four enzymes involved in the two enzymatic steps that initiate opening of the steroid poly-
aromatic ring structure (Fig. 1). Steroid 9α-hydroxylation of AD and 1,4-androstadiene-3,17-dione
(ADD) is performed by KSH, a two-component monooxygenase composed of KshA and KshB.
Steroid ∆1-dehydrogenation of AD and 9α-hydroxy-4-androstene-3,17-dione (9OHAD) involves
two KSTD isoenzymes, named KSTD1 and KSTD2. These enzymatic steps together initiate
opening of the steroid B-ring and are the first steps in full degradation of the steroid molecule.

Figure 1.  Four enzymes are involved in ∆1-dehydrogenation (KSTD1, KSTD2) and 9α-hydroxylation (KshA,
KshB) of the poly-aromatic ring structure of  4-androstene-3,17-dione (AD) in Rhodococcus erythropolis
strain SQ1. KSTD1 and KSTD2 represent two 3-ketosteroid ∆1-dehydrogenase isoenzymes. KSH is a two-
component 3-ketosteroid 9α-monooxygenase comprised of KshA (terminal oxygenase component) and KshB
(oxygenase reductase component). 
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Four structural genes, i.e. kshA, kshB, kstD and kstD2, have been identified in R. erythropolis strain
SQ1, encoding the enzymes involved in AD degradation. The genomic loci of these genes appear
to be scattered over the genome of R. erythropolis SQ1. No operon (-like) organization was
apparent and therefore all four genes needed to be cloned individually. As an exception, a
divergently transcribed TetR-type transcriptional regulatory gene (ORF2) was identified upstream
of kstD, encoding a putative repressor (suggested name KstR) of kstD transcription (Chapter 2).

3-ketosteroid ∆1-dehydrogenase activity involves two isoenzymes
Total KSTD activity in R. erythropolis strain SQ1 represents two isoenzymes, named KSTD1 and
KSTD2. The kstD gene, encoding the KSTD1 isoenzyme, was cloned on a 6 kb BglII genomic
fragment isolated from a partial (BglII) genomic library of R. erythropolis strain SQ1 using a
degenerate kstD oligonucleotide as a probe in Southern analysis. The nucleotide sequence of the
kstD oligonucleotide was based on a semi-conserved amino acid sequences region of known KSTD
enzymes (Chapter 2). Deletion of the kstD gene yielded strain RG1 (Chapter 3). The kstD2 gene,
encoding the KSTD2 isoenzyme, was cloned on a 6.5 kb genomic DNA fragment isolated from a
genomic library of kstD mutant R. erythropolis strain RG1. This gene was identified via functional
complementation of UV-induced mutant strain RG1-UV29, a kstD gene deletion mutant (strain RG1
lacking KSTD1) with an inactivated KSTD2 (Chapter 4).

Amino acid sequence similarity between the KSTD1 and KSTD2 isoenzymes was only
about 35% identity. Two amino acid residues important for KSTD activity were identified in
KSTD2, i.e. the semi-conserved S325 and the fully conserved T503. S325F and T503I point
mutations independently fully inactivated KSTD2 activity (Chapter 4). The KSTD1 isoenzyme
displayed similar activities and substrate affinities towards AD and 9OHAD, whereas KSTD2
showed a 5-fold higher KSTD activity with AD compared to 9OHAD. KSTD2 substrate affinity for
AD was even 10-fold higher than for 9OHAD (Table 1). Individually, KSTD1 and KSTD2 allowed
growth of R. erythropolis SQ1 on AD and 9OHAD. In whole cell bioconversion experiments,
however, KSTD1 seemed much less efficient in 9OHAD ∆1-dehydrogenation than KSTD2, since
9OHAD degradation proceeded at a much lower rate in the presence of KSTD1 (strain RG7) than
in the presence of KSTD2 (strain RG1). KSTD2 thus seems to be the prime KSTD enzyme involved
in AD ∆1-dehydrogenation (Chapter 4). The physiological significance of the employment of two
isoenzymes by R. erythropolis strain SQ1 for AD degradation remains unknown. The presence of
two KSTD isoenzymes may serve to prevent (in an unknown way) the accumulation of relatively
high intracellular concentrations of ADD, which is mildly inhibitory to growth.

Our data on the general pathway of steroid poly-aromatic ring degradation shows that R.
erythropolis SQ1 may metabolize AD either via ADD or via 9OHAD (Fig. 1). During AD
degradation the ADD concentration may reach high intracellular levels, putatively inducing re-
routing of AD degradation via 9OHAD by lowering KSTD enzyme activity levels. Consequently,
little or no ADD is formed anymore, giving rise to steroid mixtures. Indeed, accumulating levels of
ADD do not exceed 50% during AD bioconversion by KSH-negative mutant Rhodococcus strains
blocked in AD(D) 9α-hydroxylation and thus only able to perform ∆1-dehydrogenation (Chapter
5). Moreover, AD is almost exclusively converted into 9OHAD by mutant strain RG7, lacking the
KSTD2 isoenzyme. Thus, in strain RG7, AD 9α-hydroxylation by KSH proceeds much faster than
AD ∆1-dehydrogenation by KSTD1, resulting in minimal ADD formation during AD degradation.
Relative activity levels of KSTD1 and KSTD2 present in the cell may be relevant and may be
regulated either at the transcriptional level, or by enzyme inhibition/activation mechanisms.
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   Table 1.  Comparison of substrate affinities and relative maximal reaction rates
of  KSTD1 and KSTD2 enzymes overexpressed in E. coli.

     Relative reaction rate (%)#           Kmapp (µM)
AD 9OHAD AD 9OHAD

KSTD1 100    106 82 87
KSTD2 100     21 17 165

   # Enzymatic activities measured with AD as a substrate for KSTD1
     (0.45 µmol·min-1⋅mg-1) and KSTD2 (6 µmol·min-1⋅mg-1) were set at 100 %.

Interestingly, kstD, encoding KSTD1, is preceded by kstR (ORF2), a putative transcriptional
regulator of kstD expression (Chapter 2). Speculatively, kstR could be part of a transcriptional
regulatory system of KSTD enzyme activity, responding to changing concentration levels of ADD.

3-Ketosteroid 9α-hydroxylase is a two-component monooxygenase composed of KshA and KshB
displaying AD(D) 9α-hydroxylase activity
Steroid 9α-hydroxylation of AD and ADD in R. erythropolis strain SQ1 is catalyzed by a two-
component monooxygenase enzyme system composed of KshA and KshB (Chapter 5). The genes
encoding KshA and KshB were isolated and identified following functional complementation of two
KSH UV-induced mutant strains (strain RG1-UV39 and RG1-UV26, respectively) using a genomic
library of kstD mutant R. erythropolis strain RG1. Contrary to many other structural genes encoding
microbial multi-component oxygenases, kshA and kshB are located at different genomic loci
separated by at least several kilobases. The kshA gene was cloned and identified on a 6 kb genomic
DNA fragment by functional complementation of strain RG1-UV39. Complementation of strain
RG1-UV26 allowed the cloning and identification of kshB on a 6 kb genomic DNA fragment. The
deduced amino acid sequences of kshA and kshB showed that KshA and KshB both are [2Fe-2S]
containing enzymes, harboring highly conserved domains typically found in class IA terminal
oxygenases and class IA oxygenase-reductases. Class IA oxygenases by definition are two-
component oxygenases, classifiying KSH of R. erythropolis strain SQ1 as a two-component enzyme
system. In this system, KshA constitutes the terminal oxygenase component of KSH, performing
the actual 9α-monooxygenation of AD(D), whereas KshB is the oxygenase-reductase component,
transferring electrons, generated by NAD(P)H oxidation, to the KshA oxygenase component. A P-
450 cytochrome dependent enzyme system appearently is not involved in steroid 9α-hydroxylation
in this strain. The two-component enzyme system of KSH furthermore differs fundamentally from
the three-component enzyme system reported for Nocardia sp. M117 (Strijewski, 1982), suggesting
that there may be several different classes of microbial KSH enzymes in nature. Inactivation of
either the KshA or KshB component of KSH in parent strain SQ1 completely blocked AD and ADD
9α-hydroxylation. Mutant strains RG2 (KshA-negative) and RG4 (KshB-negative) did not grow on
AD and ADD as sole carbon and energy source, not even after 3-4 days of incubation. KSH displays
both AD and ADD 9α-hydroxylase activity: strain RG9, a kshA kstD kstD2 triple gene deletion
mutant, which was incapable of 9α-hydroxylation of AD and ADD in bioconversion experiments
(Chapter 5). No AD(D) 9α-hydroxylase isoenzymatic activities were apparent in R. erythropolis
strain SQ1, contrary to the KSTD isoenzymes found in this strain.
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Table 2.  Molecularly defined gene deletion mutant strains of Rhodococcus erythropolis strain SQ1
blocked at the level of 3-ketosteroid 9α-hydroxylation (kshA, kshB) and 3-ketosteroid ∆1-dehydrogenation
(kstD, kstD2).

Strain Mutant phenotype    Steroid catabolism AD biotransformation

SQ1 parent strain + +, no accumulation
RG1 kstD + +, no accumulation
RG2 kshA AD-, ADD- +, ADD accumulation
RG4 kshB AD-, ADD- +, ADD accumulation
RG7 kstD2 + +, temporarily 9OHAD accumulation
RG8 kstD kstD2 AD-, 9OHAD- +, 9OHAD accumulation
RG9 kstD kstD2 kshA AD-, ADD-, 9OHAD- -, completely blocked

               

Figure 2. Proposed scheme for sterol (i.e. in this case β-sitosterol) degradation in R. erythropolis strain SQ1.
Following oxidation of the 3β-hydroxyl group by cholesterol oxidase (or -dehydrogenase), the poly-aromatic
steroid ring structure of the sterol molecule is attacked by a sterol specific 9α-hydroxylase and a sterol ∆1-
dehydrogenase (or vice versa). KSTD1, KSTD2 and the KshA component do not participate in sterol
degradation.
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Bioengineering of the steroid catabolic pathway

The research described in this thesis has resulted in isolation of several gene deletion mutants of R.
erythropolis, blocked in opening of the steroid poly-aromatic ring (Table 2). Bioengineering of R.
erythropolis mutant strains capable of selectively performing steroid 9α-hydroxylation demands the
inactivation of both KSTD1 and KSTD2 enzyme activities (Chapter 2, 3 and 4). Such mutants, fully
blocked in steroid ∆1-dehydrogenation, are able to efficiently perform bioconversions of AD into
9OHAD in high yields (Table 2; Chapter 3). Inactivation of only one of the KSTD isoenzymes,
however, results in degradation of either substrate, or the hydroxylated product, or both. On the
other hand, selective steroid ∆1-dehydrogenation can easily be achieved by inactivation of either the
KshA component or the KshB component of the KSH enzyme system (Chapter 5). However, in this
case no complete conversion of AD into ADD occurs, most likely caused by regulatory systems as
discussed before.

Sterol catabolism in Rhodococcus erythropolis SQ1
Bioengineering of the steroid degradation pathway of R. erythropolis was aimed to construct mutant
strains able to selectively degrade the sterol side chain, but which were unable to open the steroid
poly-aromatic ring structure. The mutants that have been isolated sofar were blocked in opening of
the poly-aromatic ring structure of AD, but unfortunately did not accumulate (9OH)AD(D) from
sterols. The identified genes involved in steroid degradation thus do not participate in sterol
degradation, with the exception of kshB. KshB appears to be a multi-functional enzyme involved
in both steroid and sterol degradation (Chapter 5). Inactivation of KshB completely blocks steroid
and sterol degradation, indicating that KshB plays a key role in both sterol/steroid catabolism, most
likely providing reducing power for several sterol/steroid terminal oxygenases. Among these, we
expect the presence of a sterol 9α-hydroxylase (Fig. 2). The terminal oxygenase component of the
putative sterol 9α-hydroxylase most likely is a KshA homolog, interacting with KshB. Analogously,
we propose the involvement of a sterol ∆1-dehydrogenase in sterol catabolism (Fig. 2). In addition
to KSTD1, a second KSTD activity band was observed on PAGE (Chapter 2). This activity was not
based on KSTD2, which shows no activity with PMS/NBT used to stain PAGE slabs (Chapter 4).
The observed KSTD activity band thus may represent a putative sterol ∆1-dehydrogenase with
minor, in vivo insignificant, activity towards the steroids (9OH)AD (KSTD3). R. erythropolis strain
SQ1 therefore is expected to contain multiple enzyme systems, specialized in either opening the
poly-aromatic ring structure of steroids or sterols.
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Introduktie

De vooruitgang in de biotechnologie om microorganismen genetisch zo te modificeren dat deze
specifieke biologische omzettingen (biotransformaties) kunnen uitvoeren verloopt nog steeds relatief
langzaam. Een gebrek aan kennis van de genetica en de fysiologie van, industrieel gezien,
interessante microorganismen, is hiervan grotendeels de oorzaak. Dit geldt zeker voor een specifieke
groep van bacteriën, samengevoegd in de familie Actinomycetales, waartoe ook het geslacht
Rhodococcus behoort. Actinomyceten staan bekend om hun diversiteit in het produceren van
antibiotika. Deze eigenschap en hun vermogen om een grote verscheidenheid aan poly-cyclische
verbindingen (bijvoorbeeld steroiden) af te kunnen breken, maakt deze groep van bacteriën erg
interessant voor het ontwikkelen van microbiële biokatalysatoren voor biologische omzettingen
(“Groene Chemie”).

In dit proefschrift is de microbiële afbraak van steroiden en sterolen door de actinomyceet
Rhodococcus erythropolis onderzocht. Gedurende de microbiële afbraak van relatief goedkope
sterolen worden tussenprodukten (steroiden) gevormd, die gebruikt kunnen worden als
uitgangsmateriaal voor het maken van biologisch actieve verbindingen (bijvoorbeeld hormonen) met
een hoge commerciële waarde. Voor het produceren van deze steroiden is het van essentieel belang
dat de vier-ringen structuur van deze steroiden behouden blijft. Als deze structuur eenmaal is
opengebroken, verliest het molekuul zijn specifieke biologische activiteit. Een microbiële
biokatalysator voor steroid omzettingen moet daarom geblokkeerd zijn in het openen van deze ring-
structuur. Is dit niet het geval dan zal uiteindelijk een volledige afbraak van het steroid-substraat en
het steroid-produkt optreden. Om dit te voorkomen moet het erfelijk materiaal (de genen), dat voor
het openen van de ringstructuur verantwoordelijk is, worden opgespoord en met genetische
modificatie technieken worden verwijderd uit het genoom van R. erythropolis.

Bacteriële afbraak van steroiden

De microbiologische afbraak van de steroid ringstructuur wordt uitgevoerd door twee enzymatische
activiteiten, namelijk 3-ketosteroid ∆1-dehydrogenase (KSTD) en 3-ketosteroid 9α-hydroxylase
(KSH). In R. erythropolis stam SQ1 zijn voor deze activiteiten niet twee, maar vier enzymen
aanwezig, aangeduid met KSTD1, KSTD2, KshA, KshB (Fig. 1). De genen die voor deze vier
enzymen coderen, respectievelijk het kstD gen, het kstD2 gen, het kshA gen en het kshB gen, liggen
verspreid over het gehele genoom van R. erythropolis SQ1. Ze zijn niet gelokaliseerd in een
aaneengesloten cluster. Al deze vier genen moesten daarom individueel uit het genoom worden
geisoleerd.

De twee 3-ketosteroid ∆1-dehydrogenase enzymen KSTD1 en KSTD2 lijken, voor wat
betreft hun eiwitstructuur (de aminozuur sequentie), sterk op elkaar en ook voeren ze dezelfde
reactie uit. Het zijn zogenaamde isoenzymen (Hoofdstukken 2 en 4). Desondanks zijn ze
verschillend in de snelheid waarmee ze de steroid substraten 4-androstene-3,17-dione (AD) en 9α-
hydroxy-4-androstene-3,17-dione (9OHAD) omzetten in de steroid produkten 1,4-androstadiene-
3,17-dione (ADD) en 9α-hydroxy-androstadiene-3,17-dione (9OHADD). Het gevormde 9OHADD
is chemisch niet stabiel en valt uiteen (=opengebroken ringstructuur). KSTD1 is niet erg snel in het
omzetten van deze twee steroid substraten en heeft bovendien geen voorkeur voor AD of 9OHAD.
KSTD2 daarentegen heeft in de levende bacterie-cel een hogere reactiesnelheid dan KSTD1 en
bovendien een sterke voorkeur voor het substraat AD (10-voudig) ten opzichte van het substraat
9OHAD (hoofdstuk 4). Afbraak van 9OHAD geschiedt met een veel lagere snelheid in de
aanwezigheid van alleen KSTD1, dan in de aanwezigheid van alleen KSTD2.
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Figuur 1. Schematische weergave van de afbraakroute (pijlen zijn enzymreacties) van sterol naar het steroid
AD, en daarna verder via ADD of 9OHAD naar voedingsstoffen voor groei van de bacterie (verklaring
afkortingen: zie tekst). Afbraak van AD kan via twee routes verlopen: via ADD, of via 9OHAD. KSTD1 en
KSTD2 zijn twee 3-ketosteroid ∆1-dehydrogenase enzymen met een vergelijkbare enzymactiviteit
(=isoenzymen), die AD (hele cirkel) omzetten in ADD, of 9OHAD in 9OHADD (halve cirkel; opengebroken
ringstructuur). KshA en KshB vormen samen het 3-ketosteroid 9α-hydroxylase KSH, dat AD en ADD omzet
in respectievelijk 9OHAD en 9OHADD. Gezamenlijk zorgen deze vier enzymen in de actinomyceet
Rhodococcus erythropolis stam SQ1 voor het openbreken van de steroid ringstructuur.

Deze resultaten suggereren, dat door de aanwezigheid van deze twee isoenzymen de bacterie de
mogelijkheid heeft AD-afbraak te sturen via ADD of 9OHAD, afhankelijk van welk isoenzym onder
bepaalde omstandigheden de overhand heeft. Op deze wijze kan de bacterie ophoping van ADD,
dat enigszins toxisch is, mogelijk sturen.

De andere twee enzymen die betrokken zijn bij het openbreken van de steroid ringstructuur
zijn KshA en KshB. Ze werken samen als één twee-componenten enzymsysteem (KSH), dat één
enzymatische reactie, de 9α-hydroxylering van steroiden, uitvoert (Hoofdstuk 5). In dit systeem is
KshA het enzym dat de daadwerkelijke 9α-hydroxylering van steroiden (bv. het omzetten van AD
in 9OHAD) uitvoert. KshB is het tweede enzym dat energie, in de vorm van elektronen,
transporteert van een energie-rijke verbinding (NADH) naar KshA, om de KSH reactie te kunnen
laten verlopen. KSH bezit zowel AD als ADD 9α-hydroxylase activiteit. In tegenstelling tot de twee
KSTD isoenzymen die in R. erythropolis SQ1 werden gevonden, zijn er geen AD(D) 9α-
hydroxylase isoenzymen betrokken bij de afbraak van AD en ADD.
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Genetische modificatie technieken voor het vervaardigen van microbiële katalysatoren
voor steroid biotransformaties

Ideale stammen voor het vervaardigen van biokatalysatoren voor steroid transformaties zijn
genetisch toegankelijke stammen die sterolen (fytosterolen, bv. β-sitosterol; dierlijke sterolen, bv.
cholesterol) snel kunnen afbreken. R. erythropolis stam SQ1 beschikt over deze eigenschappen en
is daarom gekozen als stam voor de ontwikkeling van steroid biotransformaties (Hoofdstuk 2).
Genetisch materiaal (DNA) kan in een bacterie-cel worden gebracht (transformatie) met behulp van
specifieke plasmieden, die als drager van dit DNA dienst doen (vectoren). Er is een Rhodococcus-
Escherichia coli vector gemaakt voor R. erythropolis SQ1, die pRESQ is genoemd (Hoofdstuk 5).
Deze vector is in staat om zichzelf te handhaven (autonoom te repliceren) in zowel Rhodococcus
als E. coli bacterie-cellen (shuttle vector) en kan daarom fungeren als vector voor het uitwisselen
van genetisch materiaal tussen deze twee bacteriën. De pRESQ shuttle-vector is met succes gebruikt
voor het maken van een genomische bank van R. erythropolis (Hoofdstuk 5), waarin alle genen van
R. erythropolis over een groot aantal kleine DNA fragmenten is verspreid, en voor het isoleren
(kloneren) van meerdere genen betrokken bij steroid afbraak.

Na het transformeren van Rhodococcus cellen met een plasmiede onder invloed van een
elektrisch veld (elektrotransformatie), integreerde dit plasmiede op willekeurige, en dus aspecifieke,
plaatsen in het bacteriële genoom. Aspecifieke integratie van plasmieden bemoeilijkt het vinden van
gewenste mutanten. Dit kan worden voorkomen door gebruik te maken van transconjugatie. Bij
transconjugatie vind overdracht van plasmiede DNA plaats via een intensief cellulair contact tussen
twee verschillende bacterie-soorten (in dit geval E. coli en R. erythropolis). Deze wijze van
plasmiede overdracht bleek een effectieve methode te zijn om met minimale aspecifieke integratie
plasmieden in de Rhodococcus bacterie-cel naar binnen te krijgen en vervolgens op een specifieke,
gerichte plaats in het genoom te laten integreren voor gen inactivatie (Hoofdstuk 3). Gedurende het
onderzoek werd het noodzakelijk een techniek voor gen inactivatie te ontwikkelen, waarmee
meerdere genen achtereenvolgens uit het genoom konden worden verwijderd (gen deletie). Een gen
deletie methode waarbij geen vreemd DNA wordt achtergelaten in het genoom (ongemarkeerde gen
deleties) werd ontwikkeld voor Rhodococcus (Hoofdstuk 3). Deze methode maakt het mogelijk om
op relatief simpele wijze enkele, of meervoudige gendeletie-mutanten van Rhodococcus stammen
te maken.

Het ontwikkelen van biokatalysatoren voor steroid transformaties

Met de verkregen kennis van de genetica en de fysiologie van steroid afbraak in R. erythropolis SQ1
werd het vervolgens mogelijk microbiële katalysatoren voor steroid biotransformaties te
ontwikkelen. De genen voor KSTD1, KSTD2 en KSH werden individiueel, of in combinatie met
elkaar, geinactiveerd door ze via gendeletie te verwijderen uit het genoom van R. erythropolis SQ1.
Inactivatie van één van de twee componenten van KSH (KshA of KshB) in stam SQ1, blokkeerde
de AD(D) 9α-hydroxylatie volledig. Deze twee genetisch gemodificeerde stammen (stam RG2 en
RG4) waren in staat om een selectieve ∆1-dehydrogenering van steroiden uit te voeren, door de
aanwezigheid van de twee KSTD isoenzymen (Hoofdstuk 5). Opmerkelijk daarbij is dat geen
volledige steroid omzetting plaatsvondt met deze mutanten. Mogelijk is dit te wijten aan het feit dat
de bacterie de ∆1-dehydrogenering van steroiden wil sturen, zoals hierboven besproken voor de
KSTD isoenzymen. De constructie en het gebruik van deze stammen is gepatenteerd. Tevens is een
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stam gemaakt die in staat is om selectieve 9α-hydroxylatie van steroiden uit te voeren (stam RG8).
Hiervoor moesten de beide isoenzymen KSTD1 en KSTD2 worden uitgeschakeld (Hoofdstuk 4).
Als slechts één van deze twee enzymen werd uitgeschakeld, vond er geen langdurige ophoping van
gehydroxyleerd steroid plaats. Mutanten met geinactiveerd KSTD1 én KSTD2 zijn echter wel in
staat om efficient AD om te zetten naar 9OHAD. Deze efficiënte en selectieve 9α-hydroxylering
van steroiden en de constructie van de betreffende stammen is tevens gepatenteerd. Tenslotte is nog
een mutante stam van stam SQ1 gemaakt (stam RG9), waarin het kshA gen, het kstD gen en het
kstD2 gen uit het genoom is verwijderd (Hoofdstuk 5). Hierdoor is deze stam niet meer in staat om
het steroid molecuul te veranderen. Deze stam kan in de toekomst worden gebruikt als
biokatalysator voor het maken van nieuwe steroiden, na het introduceren van een of meerdere extra
enzym(en). Afhankelijk van de geintroduceerde enzymen, kan het steroid molecuul op specifieke
plaatsen en met de juiste chemische structuur op biologische wijze worden veranderd (“Groene
Chemie”).
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