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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
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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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����������	�	
���
����	 ��� �	�	��� ���	��� ����	��� ������ ���������� �
������	��� ��������

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).



Chapter 2

43

             

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.
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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
�
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KSTD activity staining of native PAGE gels showed, however, that 4-androstene-3,17-dione and
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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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