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A triple  mutant  of  the  flavocytochrome  P450BM3  protein  of  Bacillus  megaterium 

(P450BM3tm: R47L/F87V/L188Q) was  heterologously  produced  in  Escherichia  coli 

DH5α and Rhodococcus erythropolis RG9, a mutant strain fully blocked in 4-androstene-

3,17-dione  catabolism.  Cell  free  extracts  of  E.  coli expressing  P450BM3tm  enzyme 

converted 4-androstene-3,17-dione into a hydroxylated product identified by 1H and 13C 

NMR as 4-androstene-3,17-dione-16β-ol. Whole cells of R. erythropolis RG9 expressing 

P450BM3tm  enzyme  displayed  efficient  bioconversion  of  4-androstene-3,17-dione, 

resulting  in  the  temporal  accumulation  of  an  unknown  product  different  from  4-

androstadiene-3,17-dione-16β-ol.  This  Rhodococcus whole  cell  bioconversion  did  not 

require any costly additives usually necessary for the expression of active cytochrome 

P450BM3 in  E. coli. Our study exemplifies  Rhodococcus as  an interesting and cost-

efficient  host  for  the  heterologous  expression  of  active  P450BM3tm enzyme able  to 

perform steroid bioconversions. 

Cytochrome P450 (P450) proteins are heme-thiolate monooxygenase enzymes, widely 

distributed among all kingdoms of life. P450 proteins are able to catalyze an impressive 

variety  of  reactions  on  a  tremendous  number  of  substrates,  including  oxygenation 

of  organic  compounds  in  a  regio-  and  stereo-selective  manner,  difficult  to  obtain 

with standard chemical methods [80, 197, 321]. P450s therefore have been recognized 

as  attractive  biocatalysts  for  biotechnology  [31,  299].  Flavocytochrome  P450BM3 

(CYP102A1) from Bacillus megaterium is of particular interest since it has been shown 

to  display  an  exceptionally  high  catalytic  activity  compared  to  other  P450 

monooxygenases  known  to  date  [199,  209].  Moreover,  P450BM3  is  catalytically 

self-sufficient,  comprising a  single  119 kDa polypeptide  with  both  the  heme domain 

and  the  diflavin-containing  reductase  domain.  Contrary  to  many  mammalian  P450s, 
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P450BM3 is water soluble and can be heterologously expressed in E. coli at high levels 

[39]. A P450BM3  triple  mutant  enzyme  (P450BM3tm),  containing  the  substitutions 

R47L,  F87V  and  L188Q, has  recently  been  shown  to catalyze  the  conversion 

of testosterone into a number of (unidentified) hydroxylated products [174, 311]. 

The genus  Rhodococcus belongs to the nocardioform actinomycetes, with many strains 

acting  as  catabolic  powerhouses,  involved  in  numerous  mineralization  processes 

in  natural  environments,  and  encompassing  potent  steroid/sterol  degrading  strains. 

Rhodococcus cells are also well-known for their robustness and solvent tolerance [301]. 

Genome  sequence  data  analysis  has  revealed  that  Rhodococcus jostii  RHA1 harbors 

a remarkable number of genes predicted to encode P450s (namely 26) compared to other 

prokaryotes [189] (www.rhodococcus.ca). These combined properties make rhodococci 

interesting  candidates  for  whole  cell  industrial  steroid  biotransformation  processes 

involving P450 enzymes [301]. Previously, we have constructed the triple gene deletion 

mutant strain R. erythropolis RG9 that is unable to degrade 4-androstene-3,17-dione due 

to inactivation of the kstD, kstD2 and kshA genes, which encode key enzymatic steps in 

steroid ring opening [306].  Strain RG9 thus  is  a  suitable  host  to  examine expression

of  steroid  modifying enzymes,  with  the  aim to  establish  selective  whole  cell  steroid 

biotransformation processes without degrading the steroid ring structure. Here we report 

the  heterologous  expression  of  P450BM3tm  in  R.  erythropolis mutant  strain  RG9, 

resulting in efficient whole cell biotransformation of 4-androstene-3,17-dione.

In  the  present  study,  the  stereo-  and  regio-selectivity  of  P450BM3tm towards 

4-androstene-3,17-dione  was  first  determined  in  cell-free  extracts  of  E.  coli DH5α 

carrying  plasmid  pT1-P450BM3,  expressing  the  gene  encoding  P450BM3tm  [174]. 

Optimal  expression  of  active  P450BM3tm  protein  was  dependent  on  the  presence 
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of  the  additives  δ-aminolevulinic  acid,  thiamine  and  trace  elements.  E.  coli DH5α 

extracts  containing  soluble  P450BM3tm (7  µM P450 protein,  as  estimated  from CO 

difference spectra) were incubated with 4-androstene-3,17-dione (250 µM) in potassium 

phosphate  buffer  (pH 7.4)  containing  MgCl2 (10  mM) and  an  NADPH regeneration 

system [174] with vigorous shaking at 24 0C for 1 hour. Under these in vitro conditions a 

near  complete conversion  of  4-androstene-3,17-dione  was observed as  determined by 

HPLC. Subsequently, the mixture (40 ml) was extracted with dichloromethane and the 

extract was dried under N2, resuspended in methanol (80%) and the steroid product was 

purified by HPLC fractionation. The fractions containing the steroid product were freeze-

dried, resuspended in dichloromethane and pooled. NMR analysis identified the product 

as 4-androstene-3,17-dione-16β-ol (Fig. 1, Supplementary data). The obtained NMR data 

is  consistent  with  reported  data  for  16β-hydroxydehydroepiandrosterone  [105].  We 

therefore conclude that P450BM3tm displays steroid 16β-hydroxylase activity.

Next,  we aimed to heterologously express  P450BM3tm in  R. erythropolis strain RG9 

to  study  selective  16β-hydroxylation  of  4-androstene-3,17-dione  by  whole  cell 

biotransformation.  Heterologous  expression  of  P450BM3tm in  R.  erythropolis was 

successfully  achieved  when  the  corresponding  gene  was  cloned  under  control 

of the thiostrepton inducible promoter of the  Rhodococcus expression vector pTip-QC1 

[205]. The P450BM3tm gene was amplified from the pT1-P450BM3tm plasmid [311] by 

PCR with forward primer 5’ gcgcgccatggcaattaaagaaatgcctcagcc 3’ containing an  NcoI 

restriction  site  and  a  reverse  primer  5’  ggccgctcgagcccagcccacacgtcttttgcgtatcgg  3’ 

containing  a  XhoI  restriction  site.  The  3165  bp  amplicon  obtained  was  digested 

with  NcoI/XhoI  and  ligated  into  NcoI/XhoI  linearized  pTip-QC1 [205].  The  resulting 

expression construct pTip-QC1_P450BM3tm was used to transform R. erythropolis RG9 
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by  electroporation  [307].  Next,  pre-cultures  of  strain  RG9  harboring 

the  pTip-QC1_P450BM3tm  expression  plasmid  were  grown  for  2  days  at  30  0C 

(200 rpm) in 10 ml of LBP medium [305] containing chloramphenicol (34 µg/ml). These 

were  used  to  inoculate  300  ml  of  terrific  broth  (TB)  medium  (1:10),  containing 

chloramphenicol (34 µg/ml) and thiostrepton (1 μg/ml) [205]. Expression of P450BM3 

was checked after 2 days of incubation at  30  0C (200 rpm). Heterologous expression 

of  P450BM3tm at  a  level  of  approximately  0.2  µM  P450  protein  (estimated 

from  CO  difference  spectra)  was  achieved  with  thiostrepton-induced  recombinant 

R.  erythropolis RG9  cell  cultures  carrying  pTip-QC1_P450BM3tm  (expression 

of  119  kDa  protein  on  SDS-PAGE;  data  not  shown).  No  expression  was  observed 

in  control  cell  cultures  of  strain  RG9  harboring  the  null  vector  pTip-QC1. 

The  P450BM3tm  protein  production  levels  did  not  improve  when  expression  was 

performed at different growth temperatures, i.e, 18 0C or 25 0C, or when using additives 

known to stimulate P450 protein expression in E. coli cells (data not shown). 

The  4-androstene-3,17-dione  substrate  was  efficiently  consumed  by  recombinant 

R.  erythropolis RG9  cells  expressing  P450BM3tm and  a  high  bioconversion  rate 

for  4-androstene-3,17-dione  (0.28  g/l/d)  was  obtained,  confirming  the  well-known 

relatively high catalytic activity of P450BM3. Surprisingly, no 4-androstene-3,17-dione-

16β-ol formation was observed during bioconversion. Instead a  temporal accumulation 

of an unknown steroid product different from 4-androstene-3,17-dione-16β-ol occurred.
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Figure 1. NMR spectra of 4-androstene-3,17-dione-16β-ol, as extracted from an incubation of E. 

coli DH5αextracts expressing P450BM3tm with 4-androstene-3,17-dione. 

(A) Two expansions with assignments of the 1H-1H COSY spectrum of 4-androstene-3,17-dione-

16β-ol. The spectrum on the left-hand side shows the cross-peaks expected for the compound 4-

androstene-3,17-dione-16β-ol  and  allows  location  of  H-16  as  a  triplet  at  3.97  ppm  by  the 

following interactions: 18-Me → 12α → 11α+β → 9α → 8β (→ 7α+β → 6α+β → end of chain). 

Knowing  the  spectral  position  of  β  H-8,  the  H-16  could  then  be  located  by  the  following  

interactions 8β  → 14α  → 15α+β  → 16 (α or β). As expected, both H-15’s are connected to a 

single H-16 (spectrum on the right-hand side). Moreover, the chemical shift of 3.97 ppm indicates 

that a group containing oxygen is geminal to H-16 [324].

(B)  1H-1H NOESY spectrum showing H-16 interactions with H-15(α/β) of 4-androstene-3,17-

dione-16β-ol as extracted from an incubation of  E. coli DH5α extracts expressing P450BM3tm 

with 4-androstene-3,17-dione. The NOE contact between αH-14 and H-16 and the missing NOE 
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between  β  Me-18  and  H-16,  which  should  be  present  if  H-16  was  β,  indicates  that  H-16

is in α position. Hence, OH-16 is in the β-position.

Figure  2.  4-Androstene-3,17-dione  bioconversion  of  R.  erythropolis RG9  expressing 

P450BM3tm (●) and R. erythropolis RG9 containing the null vector pTip-QC1 (▲). Experiments 

were  performed  (in  triplicate)  in  250  ml  shaking  flasks  in  25  ml  TB  supplemented 

with chloramphenicol (34 µg/ml) at 300C and 180 rpm. P450BM3tm overexpression was induced 

in  exponentially  growing  cultures  (OD600 of  6-7)  by  the  addition  of  thiostrepton  (1  µg/ml). 

4-Androstene-3,17-dione  (0.5  g/l)  was  added  immediately  after  induction  and  bioconversion

was  followed  for  several  days.  For  HPLC  analysis,  samples  were  diluted  ten  times 

with methanol/water (80:20) and filtered (0.2 µm). HPLC analysis was performed on an Alltima 

C18 column (250 x 4.6 mm; Alltech, Deerfield, USA, 220C) using a mobile phase (1 ml/min) 

consisting  of  methanol:water  (80:20,  v/v).  Steroid  amounts  were  calculated  according 

to  a  4-androstene-3,17-dione  calibration  line.  Legend:  solid  lines,  4-androstene-3,17-dione 

conversion; dashed lines, steroid product formation; dotted lines, biomass measured as optical  

densities of the cultures at 600 nm.
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No 4-androstene-3,17-dione conversion was observed in control experiments with strain 

RG9 containing the empty pTip-QC1 (Fig. 2). Conceivably,  R. erythropolis strain RG9 

(P450BM3tm) rapidly converted 4-androstene-3,17-dione-16β-ol formed by P450BM3tm 

activity into  the  unknown  metabolite,  which  subsequently  was  metabolized  further 

(Fig.  2).  These results  indicated that  additional  enzymes were induced in  strain RG9 

(P450BM3tm). Most probably, these are iso-enzymes of 3-ketosteroid Δ1-dehydrogenase 

(i.e.  KSTD3  [142])  and/or  3-ketosteroid  9α-hydroxylase  (i.e.  KshA2  [304])

that  are  known  to  be  still  present  in  mutant  RG9.  4-Androstene-3,17-dione-16β-ol,

but  not  4-androstene-3,17-dione,  apparently  act  as  inducer  and/or  substrate

for  these  additional  enzymes.  Alternatively,  4-androstene-3,17-dione-16β-ol

may be catabolized via unknown enzymes, via a different route. 

E.  coli is  a  suitable  host  for  expression  of  P450BM3tm [174], but  requires  medium 

supplementation  with  costly  additives,  such as  δ-aminolevulinic  acid as  well  as  with 

thiamine and trace elements to stimulate production of active cytochrome P450 enzyme 

[254]. These supplements are not needed for the production of functional  P450BM3tm 

protein in  R. erythropolis, probably reflecting that rhodococci are natural producers of 

P450 proteins [189]. Our study exemplifies R. erythropolis as a cost-efficient whole cell 

host for the heterologous production of active P450BM3tm performing selective steroid 

bioconversions.  This  process  is  most  likely  also  supported  by  the  effective  steroid 

transporter  systems  present  in  rhodococci  [194].  Our  ongoing  research  focuses 

on the construction of R. erythropolis mutant strains with additionally inactivated kstD3 

and kshA2 gene homologues to fully block steroid ring degradation in this Rhodococcus 

host.
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