
 

 

 University of Groningen

Steroid transformation by Rhodococcus strains and bacterial cytochrome P450 enzymes
Du Plessis-Rosloniec, Kamila Zofia

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2011

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Du Plessis-Rosloniec, K. Z. (2011). Steroid transformation by Rhodococcus strains and bacterial
cytochrome P450 enzymes. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/0b46f403-fc60-48fe-95a5-05185e026ac2


CHAPTER 5

Summary and general discussion
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Bioactive  steroids  are  biologically  and  commercially  (the  pharmaceutical  industry) 

important  compounds.  Precursors  for  these steroids  are  mainly  harvested from plants 

(phytosterols). Such precursors can be converted both chemically and biotechnologically, 

yielding  the  desired  bioactive  steroid  products.  Various  microorganisms are  currently 

employed for the biotechnological steps in production of commercial steroids, especially 

species  of  the  actinomycete  genera  Mycobacterium,  Rhodococcus,  Arthrobacter,  

Brevibacterium, displaying the desired enzymatic activities [23].

Rhodococci  naturally  catabolize  an  amazing  array  of  compounds,  including 

sterols/steroids,  as  carbon  and  energy  sources.  In  order  to  achieve  accumulation  of 

steroids  from  sterols  in  bioconversion  processes  with  Rhodococcus strains,  sterol 

degradation enzyme reactions need to be blocked at  desired steps, i.e. in steroid ring 

opening [301] (Fig. 1).

Genetically  engineered  Rhodococcus strains  blocked  at  the  level  of  steroid  ring 

degradation  also  can  be  used  as  expression  hosts  for  interesting  steroid  modifying 

enzymes, e.g. steroid converting cytochrome P450 monooxygenases (P450s or CYPs), 

further broadening the range of possible products (Fig. 1). 

P450s  are  powerful  biocatalysts  and  are  responsible  for  conversions  of  various 

compounds. Interestingly,  Rhodococcus strains encode an impressive number of P450s, 

undoubtedly  contributing  to  the  general  fact  that  these  bacteria  are  catabolic 

powerhouses, efficiently degrading a diversity of compounds [189]. 

Various eukaryotic P450 enzymes are known to transform steroids in a number of ways. 

Bacterial CYPs involved in sterol catabolism had not been characterized yet. 

We have engaged in a detailed characterization of steroid inducible enzymes, focusing on 

selected P450s in Rhodococcus jostii strain RHA1, with a fully sequenced genome. Such 
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an  approach  is  considered  very  important  in  providing  a  firm  basis  for  the  further 

engineering of steroid catabolic pathways. The R. jostii strain RHA1 genome (9.7 Mb; 

www.rhodococcus.ca;  GenBank  CP000431)  encodes  26  putative  CYP  enzymes. 

Rhodococcus erythropolis strain PR4 (6.9 Mb; GenBank AP008957) encodes 16 putative 

CYPs [10]; the probable number of CYPs in  Rhodococcus opacus  strain B4 (8.8 Mb, 

GenBank AP011115; NC_012523, NC_006969, NC_006970, NC_012520, NC_012521) 

is 27; the  R. erythropolis strain SK121 (6.8 Mb, NZ_ACNO00000000) genome counts 

14  CYPs,  while  that  of  Rhodococcus  equi  103S  (5.1  Mb; 

http://www.sanger.ac.uk/Projects/R_equi/) is 6 (based on a blast search of these genomes 

using the CYP125[A14] protein sequence of strain RHA1 [250], Chapter 2). Although 

some CYP enzymes have been characterized from various  Rhodococcus strains [337], 

nothing was known yet about rhodococcal P450s modifying or degrading sterols/steroids 

at the beginning of this Ph.D. research.

This Ph.D. thesis reports studies on  R. jostii strain RHA1 P450 enzymes, revealing an 

essential role for CYP125(A14) in the sterol catabolic pathway (Chapter 2) and claiming 

a putative role for CYP257A1 in sterol metabolism (Chapter 3). The CYP125(A14) and 

CYP257A1  enzymes  were  targeted  for  characterization,  following  a  transcriptional 

profiling of strain RHA1 cells grown on cholesterol [309] (Table 1). Transcription of the 

CYP125(A14) and CYP257A1 genes was the highest amongst all RHA1 CYP genes in 

cells  induced  with  cholesterol  (versus  pyruvate)  [309].  An  important  role  for 

CYP125(A14)  in  cholesterol  catabolism  subsequently  was  proven  experimentally, 

namely in initiating sterol side chain degradation in R. jostii (Chapter 2). CYP257A1 was 

characterized  as  a  representative  of  a  novel  cytochrome  P450  enzyme  family;  a 
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physiological role in sterol metabolism appears likely, but no conclusive evidence was 

obtained for this (Chapter 3). 

Figure 1. Scheme of potential biotransformation of steroids into hydroxylated steroid metabolites 

by  engineered kstD kstD2 kshA1 deletion  mutant  strain  Rhodococcus  erythropolis RG9 

heterologously expressing aromatase (CYP19) or  P450BM3tm, resulting in estrone or in 16β 

OHAD  formation,  respectively.  Accumulation  of  AD  from  sterols,  e.g.  cholesterol  and  β-

sitosterol, may occur by enzyme steps indicated with dashed arrows. Enzymes in boxes have been 

inactivated by gene deletion in strain RG9. Reactions blocked in strain RG9 are depicted by grey,  

disrupted arrows. X represents an unknown compound accumulating by RG9, harboring the gene 

encoding P450BM3tm, most likely by involvement of the KSTD3 and KshA2 (“?”) enzymes. 
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Table 1. Overview of the 26 CYP proteins and their putative redox donors, annotated in the R. 

jostii strain  RHA1  genome  sequence  (www.rhodococcus.ca).  CYP  name  assignments  are 

according to Nelson [211] and the corresponding protein names in the brackets come from the 

gene names taken from www.rhodococcus.ca. CYP125(A14) enzyme presented here is a product 

of a re-annotated ro04679 gene as described [250],  Chapter 2. Upregulation of  CYP genes in 

cholesterol grown cells of strain RHA1 versus pyruvate is also shown; “na” and “ni” stand for not 

available and not identified, respectively; CYPs in bold were upregulated >2 fold on cholesterol 

[309]. The four members of the CYP125 family are indicated with shading.

This  thesis  also  describes  the  heterologous  expression  of  P450BM3tm,  a  steroid 

modifying  P450  enzyme [312],  in  R.  erythropolis strain  RG9,  a  kstD1  kstD2  kshA1 

deletion mutant strain fully blocked in steroid ring degradation [306] (Fig. 1; Chapter 4). 

P450BM3tm  is  an  engineered  cytochrome  P450BM3  (CYP102A1),  of  Bacillus  

megaterium, harboring  three  point  mutations  [174].  In  Chapter  4,  we  show  that 

P450BM3tm catalyzes 16β-hydroxylation of 4-androstene-3,17-dione.
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Heterologous  expression  of  eukaryotic  steroid  modifying  P450  enzymes  is 

challenging

Initially, our research aimed to express functional human cytochrome P450 aromatase 

(aromatase,  CYP19,  P450aro)  [97]  in  a  Rhodococcus mutant  strain  fully  blocked  in 

steroid ring degradation (Fig. 1). CYP19 converts androgens to estrogens in the presence 

of electrons, delivered to the CYP heme from NADPH via NADPH-cytochrome P450 

reductase (CPR). Interaction between aromatase and CPR is essential for catalysis, but is 

still not fully understood [102]. Incubations of human aromatase with alternative bovine 

redox donor components, adrenodoxin and adrenodoxin reductase, did not result in any 

product  formation  [231].  Rhodococci  express  various  P450  genes  and  possess  redox 

donor systems supporting P450 activity (see overview for R. jostii strain RHA1 in Table 

1). Functional activity of aromatase, expressed in rhodococci, might also be supported by 

such an endogenous redox system. The use of a rhodococcal redox system with human 

CYP19 in  the  Rhodococcus whole  cell  system would  be  very  convenient,  but  rather 

challenging to achieve. Alternatively, we were considering to use the aromatase auxiliary 

reductase (CPR) and the reductase domain of the  B. megaterium P450BM3, similar to 

eukaryotic  CPRs,  but  soluble  (see  also  Chapter  1,  Flavocytochrome  P450BM3 

[CYP102A1]).  The  R. erythropolis  expression  host  strain  blocked  in  steroid  ring 

degradation was found to be unable to degrade estrone, the product of 4-androstene-3,17-

dione (AD) transformation by aromatase, in whole cell bioconversions. Thus, successful 

expression of CYP19 in a rhodococcal strain accumulating AD from phytosterols would 

enable AD conversion into estrone (Fig. 1). Strains of R. erythropolis accumulating AD 

from phytosterols have not been yet constructed. For expression of the human aromatase 

gene in  Rhodococcus different  strategies were applied; expression of (1) a full  length 
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cDNA of human aromatase, (2) a modified version of aromatase, truncated in the region 

corresponding to the N-terminal membrane anchor (according to Zhang et al. [335]), (3) 

a modified version of aromatase, truncated in the N-terminal region of the protein shown 

to result in a stable enzyme when produced in E. coli  [127], and (4) a codon-optimized 

aromatase gene with and without truncation in the region corresponding to the enzyme N-

terminal membrane anchor. The inducible expression vector (pRESX, [304]) and the gene 

replacement method [305] were tested for heterologous gene expression of aromatase in 

Rhodoccocus  strains. Use of  β-lactamase as the  reporter gene showed that the pRESX 

plasmid-derived expression system was the more efficient method for heterologous gene 

expression in  Rhodococcus (data not shown). Expression of aromatase in  Rhodococcus 

failed,  however  (no  mRNA  detected,  according  to  RT-PCR  and  Northern  blot 

hybridization analysis), probably due to the weak expression system. With the assistance 

of Dr. Barbara van Vugt-Lussenburg, Free University Amsterdam, we subsequently tested 

expression of eukaryotic P4501A2 (CYP1A2), which catalyzes oxidation of estrone, 17β-

estradiol and oxidation of various exogenous compounds, such as drugs [66, 163]. First, 

P4501A2 was successfully produced by  E. coli in active form, along with its auxiliary 

reductase  (as  tested  with  CO-difference  spectra  and a  cytochrome c  reduction  assay, 

respectively),  from  a  bicistronic  expression  plasmid  (a  kind  gift  from  Prof.  Peter 

Guengerich,  Vanderbilt University School of Medicine, USA), a very well established 

and efficient system for obtaining the active and functional P450 protein [82, 227]. Using 

this model system we evaluated essential features for P450 expression, aiming to apply 

this knowledge in our work with rhodococci. Next, we also exchanged the CYP1A2 gene 

for the human  CYP19 on this expression plasmid, hoping to produce active aromatase 

enzyme in a similar way as we did for CYP1A2, using first E. coli. Unfortunately, active 
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aromatase  was  not  observed.  Clearly,  each  P450  enzyme  needs  to  be  optimized  for 

overexpression individually [334].  Attempts to obtain expression of the active form of 

aromatase or CYP1A2 in R. erythropolis mutant strains unfortunately also failed, despite 

many trials,  including the use of pTip-QC1, a stronger expression plasmid than pRESX 

[205]. 

In view of the negative results obtained with expression of these human P450 proteins in 

R. erythropolis no further details have been described in the experimental chapters of this 

thesis. Subsequently, we decided to shift our research towards bacterial P450s production 

in selected Rhodococcus mutant strains.

Heterologous expression of bacterial cytochrome P450BM3tm in Rhodococcus

Chapter 4 describes the determination of stereo- and regio-selectivity of the P450BM3tm 

enzyme towards AD as well  as its heterologous expression in  R. erythropolis mutant 

strain RG9, blocked in AD degradation (Fig. 1). The P450BM3tm enzyme (present in E. 

coli cell-free extracts) converted AD into 4-androstene-3,17-dione-16β-ol (16β-hydroxy-

AD).  Also the whole cell  biotransformation of AD with cells of  R. erythropolis strain 

RG9BM3tm was very efficient; in clear contrast, no AD conversion occurred with strain 

RG9  expressing  the  empty  vector.  Surprisingly, no  16β-hydroxy-AD  formation  was 

detected  during  the  AD  bioconversion  by  strain  RG9BM3tm,  but  a  temporal 

accumulation of an unknown steroid occurred. The lack of 16β-hydroxy-AD formation in 

strain  RG9BM3tm  may  reflect  the  rapid  metabolism of  this  compound  by  catabolic 

enzymes that are still present in this host, e.g. 3-ketosteroid Δ1-dehydrogenase KSTD3 

[141] and 3-ketosteroid 9α-hydroxylase KshA2 [304] (Fig. 1). Apparently, 16β-hydroxy-

AD,  in  contrast  to  AD,  induces  additional  catabolic  enzymes  in  strain  RG9.  Further 
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engineering of strain RG9 at the molecular level, especially aiming to inactivate KSTD3 

and KshA2 actvities, most likely will result in a mutant strain accumulating 16β-hydroxy-

AD from AD.

Rhodococcus and Escherichia coli host strains for expression of CYPs

E. coli is a well studied bacterium and a very well established expression host for proteins 

in general [332], also for P450s [78, 325, 334].  No P450 genes are encoded by E. coli 

strains, making them very useful hosts for heterologous production and rapid whole cell 

analysis of CYP proteins content as well as for conducting some CYP protein activity 

assays (e.g. Arisawa et al. [10]). 

Whereas E. coli strains lack native P450s and provide a clean background, Rhodococcus 

strains are  natural  producers  of  a  diversity  of P450s.  That is  why rhodococci  do not 

require media supplementation with additives, such as the expensive heme precursor  δ-

aminolevulinic acid, for the production of active P450s, whereas  E. coli usually does. 

Nevertheless,  engineering  of  E.  coli has  resulted  in  the  construction  of  strains  for 

heterologous production of active P450s that do not require supplementation of media 

with δ-aminolevulinic acid [90]. 

Our studies show that Rhodococcus strains, such as R. erythropolis, are convenient hosts 

for the (heterologous) production of active cytochrome P450 enzymes, namely the  R. 

jostii strain RHA1 enzymes CYP125(A14) [250] (Chapter 2, expression levels of 5 μM, 

without media supplementation),  CYP257A1 (0.5 and 5 μM, without  and with media 

supplementation, respectively, Chapter 3), and the B. megaterium P450BM3tm (0.2 μM, 

without media supplementation, Chapter 4). In case of CYP257A1 production, but not 

P450BM3tm production (Chapter 4), by R. erythropolis, the CYP enzyme yields were at 
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least 10 fold higher upon media supplementation with δ-aminolevulinic acid, thiamine, 

iron  (III)  chloride  and  trace  elements.  Furthermore,  P450  production  yields  from 

rhodococci  are  generally  lower  compared  to  the  yields  from  E.  coli, what  sets  a 

challenging target for further improvement of  Rhodococcus strains expression systems. 

Rhodococcus strains  naturally  metabolize  a  wide  variety  of  hydrophobic  substrates, 

including sterols/steroids and possess active systems for their uptake into the cell [194]. 

E. coli strains that export  heterologously produced P450 proteins into the periplasmic 

space  have  been  reported.  Such  strains  enable  biotransformation  of  hydrophobic 

substrates in convenient whole-cell systems [126]. Combining these two properties, i.e. 

endogenous δ-aminolevulinic acid production and transport of hydrophobic compounds, 

would  be  very  desirable  and  is  naturally  present  in  rhodococci,  but  remains  to  be 

achieved in E coli. 

E. coli strains are typically fast growers and usually do not have undesirable catabolic 

activities on sterol/steroid substrates and products. E. coli, however, lacks all enzymes for 

sterol/steroid conversion. Therefore, it remains a big challenge to construct E. coli strains 

converting sterols into bioactive steroids. It is much more feasible to employ engineered 

Rhodococcus strains for production of interesting steroids. The latter approach is however 

challenging  as  well,  because  steroid  modifying  enzymes  of  interesting  Rhodococcus 

strains and their regulatory systems for gene expression need to be analyzed thoroughly 

and optimized where needed. Continuing research on  Rhodococcus  strains increasingly 

serves  to  elucidate  their  complex  repertoire  of  steroid  modifying  enzymes  and  the 

regulatory systems involved in their steroid catabolic pathways [142, 194, 233, 250, 309]. 

In the end, the choice of the optimal bacterial host for CYP expression depends on many 
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factors, including the CYP final application, overall process expenses, ease of use and 

enzyme/product yields required. 

CYP125(A14) is a steroid 26-hydroxylase

Chapter 2 describes characteristics of the  R. jostii strain RHA1 CYP125(A14) protein 

(CYP125RHA1),  a  microbial  enzyme  responsible  for  initiating  sterol  side  chain 

degradation. Strain RHA1Δcyp125, with a deleted CYP125RHA1 gene, was unable to grow 

on,  or  to  convert  3-hydroxy-sterols  with  relatively  long  aliphatic  side-chains,  e.g. 

cholesterol. Strain RHA1Δcyp125 was still able to grow on 5α-cholestane-3β-ol and 3-

oxo-steroids, e.g. 4-cholestene-3-one, similarly to strain RHA1. Interestingly, the purified 

CYP125RHA1 protein  binds  not  only  cholesterol,  but  also  5α-cholestane-3β-ol  and  4-

cholestene-3-one in a manner typical for P450 substrates. A cyp125 disruption mutant of 

R.  rhodochrous  DSM43269 strain RG32  (RG32Ωcyp125)  also  was  fully  blocked  in 

cholesterol side-chain degradation, but not in 5-cholestene-26-oic acid-3β-ol catabolism. 

5-Cholestene-26-oic  acid-3β-ol  is  an  apparent  intermediate  of  cholesterol  side  chain 

degradation.  CYP125RG32 thus  was  proposed  to  catalyze  the  steroid  26-hydroxylation 

reaction. While RHA1Δcyp125 was completely blocked in cholesterol degradation, strain 

RG32Ωcyp125  was still able to convert cholesterol into its 3-keto-Δ4 and 3-keto-Δ1,4 

derivatives, indicating that in this strain ring-oxidation was not fully blocked. The sterol 

degradation pathways of R. jostii RHA1 and R. rhodochrous RG32 differ. The data show 

that CYP125RHA1 is essential for the first step in cholesterol catabolism in R. jostii RHA1, 

indicating that cholesterol degradation is initiated by CYP125RHA1 attack on the sterol side 

chain. CYP125RG32 on the other hand does not seem to initiate cholesterol degradation in 

R.  rhodochrous RG32; other  enzymes  apparently  have  this  function.  Consistently,  no 
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cholesterol-converting 3β-hydroxysteroid dehydrogenase (3βHSD) activity was observed 

in strain RHA1, but 3βHSD activity was detected in strain RG32. Genes encoding the 

strain  RHA1  putative  cholesterol  oxidases  are  not  upregulated  on  cholesterol  [309]. 

3βHSD and cholesterol oxidase are the enzymes most likely responsible for initiation of 

cholesterol degradation in strain RG32 (see also Fig. 2 in Chapter 1). 

Our suggestion (Chapter 2) that CYP125RHA1, CYP125RG32 and the orthologous CYP125A 

from Mycobacterium tuberculosis H37Rv (CYP125H37Rv) have a similar role in sterol side 

chain degradation meanwhile has been confirmed by Capyk et al. [27]. They showed that 

CYP125H37Rv initially  converts  cholesterol  C26,  C27,  or  both.  Recently  CYP125H37Rv 

catalyzed hydroxylation of cholesterol at carbon C27 was demonstrated [188], supported 

by  results  of  the  protein  crystal  structure  docked  with  cholesterol.  CYP125RHA1 and 

CYP125H37Rv are  expected  orthologues  based  on their  amino acid  sequence  similarity 

(62% identity) [309]. Therefore, CYP125RHA1 might also catalyze sterol 27-hydroxylation. 

To confirm the exact activity of CYP125RHA1, the E. coli redox systems [188] or the strain 

RHA1 KshB enzyme could be used, analogous to experiments of Capyk et al. [27].

CYP125A enzymes appear to be present widely within the family of actinobacteria [188] 

and the proteins are thus interesting targets for evolutionary studies (see Lamb  et  al.

[155]). CYP125A protein sequence identity is up to 97% in all  Rhodococcus strains of 

which the complete genome sequence is known (see above), suggesting the importance of  

this cytochrome P450 enzyme. CYP125A of M. tuberculosis H37Rv was shown to play a 

role in strain pathogenicity.  CYP125A along with five neighboring genes, together form 

the igr operon. The igr genes support intracellular growth in both macrophages and mice 

[29]. CYP125H37Rv is resistant to reactive nitric oxide, already indicating that the active 

protein survives in the macrophage-like environment [223]. In summary, the conserved 
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CYP125A protein  functions  in  sterol  metabolism and  is  important  for  infection  and 

pathogenicity of  M. tuberculosis. Establishing the role of CYP125A in  R. equi, another 

actinobacterial pathogen, might contribute to our understanding of the virulence of this 

bacterium. 

CYP257A1 and its putative role in β-sitosterol degradation

CYP257A1 from  R. jostii  RHA1 catalyzes  the  N-demethylation  of  dextromethorphan 

(DXM), apparently with support from the redox donor systems from E. coli (Chapter 3). 

The physiological role of CYP257A1 in R. jostii RHA1 remains to be identified. Being 

highly upregulated in  cells  grown on cholesterol  (Table 1),  the  CYP257A1  gene was 

predicted  to  encode  a  catabolic  enzyme  involved  in  cholesterol  metabolism.  No 

CYP257A1 activity was detected, however, with cholesterol or with steroid intermediates 

from the cholesterol degradation pathway. Binding studies revealed the complex nature of  

CYP257A1 affinities towards cholesterol, lanosterol, β-sitosterol and DXM. β-Sitosterol 

induced CYP257A1 spectral responses characteristic for a substrate.  Activity assays as 

well as characterization of a CYP257A1 disruption mutant in  R. jostii RHA1, however, 

did not provide further evidence that β-sitosterol is a substrate for  CYP257A1, nor that 

CYP257A1 is involved in β-sitosterol degradation. More thorough analysis is necessary 

for understanding the interaction of β-sitosterol with CYP257A1, e.g. incubation of the 

enzyme with radiolabeled  β-sitosterol and analysis of products formed with a method 

coupled  to  mass  spectrometry  should  reveal  whether  the  protein  indeed  converts  the 

sterol.  We  postulate  that  CYP257A1  has  a  putative  physiological  role  in  sterol 

degradation  and  possibly  functions  in  a  yet  unidentified  demethylation  step  in  the 

catabolism of the C24-branched β-sitosterol. 
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Sequence  analysis  of  CYP257A1  suggested  that  the  enzyme  might  have  a  broad 

specificity, also reflected by its activity with DXM, an unnatural substrate. Interestingly, 

CYP257A1 of  R.  jostii strain  RHA1 appears  unique  and  does  not  have  orthologous 

counterparts  in  any  other  completely  sequenced  strain  of  Rhodococcus or  in  other 

actinobacteria. CYP257A1  represents  a  novel  cytochrome  P450  enzyme  family

(Chapter 3).

Other putative steroid modifying CYPs from R. jostii strain RHA1

Knowledge  about  steroid  modifying  enzymes,  including  CYP  enzymes,  increases 

understanding  of  rhodococcal  steroid  metabolism  and  enables  engineering  of 

Rhodococcus strains for application in steroid modifying processes. The  R. jostii strain 

RHA1  genome  encodes  26  CYPs  (Table  1)  (www.rhodococcus.ca).  CYP125(A14) 

involved in sterol side chain degradation, along with 20 other CYPs, are encoded on the 

strain RHA1 chromosome (7.8 Mb, [189]), while an additional five CYPs are plasmid-

encoded (Table 1).  Of the  latter  ones,  three  CYPs are  located on pRHL3  (0.33 Mb), 

including  CYP257A1.  Two  CYPs are  found on pRHL1  (1.1 Mb),  (Table 1).  No  CYP 

genes are found on pRHL2 (0.44 Mb). Four out of these 26 CYPs were upregulated, for 

more  than  2  fold,  in  strain  RHA1  cells  grown  on  cholesterol  [309],  i.e.  CY257A1, 

CYP125(A14), CYP116C2 and CYP102B3 (Table 1), which may function in sterol/steroid 

catabolism, as discussed below. Furthermore,  R. jostii RHA1 contains other  CYP genes 

encoding  proteins  that  show similarity  with  characterized  CYP enzymes,  from other 

bacteria, with activity towards steroids.

Characteristics  of  the  CYP proteins  encoded  by  CYP125(A14) and  CYP257A1,  the 

highest upregulated CYPs in strain RHA1 grown on cholesterol, have been described in 
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Chapters 2 and 3, respectively, of this thesis.  CYP125(A14) is the only member of the 

CYP125 family in RHA1 of which the gene is highly upregulated on cholesterol (Table 

1).  The  physiological  roles  of  three  other  CYP125  family  members  remain  to  be 

identified. Strikingly,  CYP125B1 is located in very close proximity to  CYP123A5 and 

CYP51B1 on the RHA1 genome (Table 1), indicating a possible function in the same, but 

yet unidentified pathway. One member of the CYP123 enzyme family, originating from 

R. erythropolis PR4, was shown to display activity on testosterone [3] (see also Fig. 5 in 

Chapter 1). The protein sequence of CYP51B1, of strain RHA1, (CYP51B1RHA1) is 74% 

identical to CYP51 from  M. tuberculosis H37Rv, which is active on lanosterol, 24,25-

dihydrolanosterol,  24-methylenedihydrolanosterol,  obtusifoliol  and  4β-

desmethyllanosterol (norlanosterol) [167]. CYP51B1RHA1 thus also may be able to act on 

sterols, the more that all characterized CYP51 enzymes appear to be strictly conserved in 

their function, i.e. 14α-demethylation of Δ8-sterols. Eukaryotic CYP51 enzymes conduct 

sterol transformations, usually functioning in sterol biosynthesis pathways. In bacteria, 

however, the physiological roles of CYP51 largely have remained unclear [167]. Except 

for M. smegmatis [157], no actinomycete strain has been shown to synthesize sterols. The 

role of CYP51 in actinomycetes and other bacteria that do not synthesize sterols appears 

to be different. Some mammalian, parasitic and plant CYP51s were shown to have not 

only the conserved role as the sterol biosynthetic enzymes, but also a regulatory role in 

cholesterol  biosynthesis  and  possibly  also  in  oocyte  meiosis,  apoptosis  or 

spermatogenesis  [48,  72,  167,  336]  or  to  participate  in  synthesis  of  antimicrobial 

compounds:  the  plant  genus  of  Avena synthesizes  avenacins,  which  are  triterpene 

glycosides (saponins) [242]. The function of CYP51 in  Rhodococcus  strains remains to 
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be explored. Summarizing, CYP125B1, CYP123A5 and CYP51B1 of strain RHA1 might 

all participate in steroid modification.

The gene of CYP116C2 is the third most highly upregulated CYP on cholesterol of strain 

RHA1  (6.8  fold;  Table  1).  CYP116C1  is  an  isoform  of  CYP116C2,  encoded  on  a 

different plasmid, with unknown function and of which the gene is not upregulated on 

cholesterol (Table 1). CYP116C2 remains to be characterized. It would be interesting to 

investigate  whether  CYP116C2  has  a  steroid  modifying  activity.  In  view  of  its 

upregulation on cholesterol it may be active with sterols, although none of the CYP116 

family members characterized so far were shown to transform sterol/steroid compounds 

(e.g. Liu et al. [172], Munro et al. [198]). 

CYP102B3 was also upregulated in strain RHA1 cells grown on cholesterol (2.3 fold, 

Table  1).  Microbial  cytochrome  P450s  of  family  CYP102  and  subfamily  A are  of 

considerable interest especially in view of the strong body of knowledge available on the 

self-sufficient CYP102A1 (P450BM3) from  B. megaterium  strain ATCC 14581 [196]. 

None of the strain RHA1 CYPs has been identified as self-sufficient, however. Although 

several  CYP102  enzymes  of  subfamily  A from  various  Bacillus strains  have  been 

characterized,  as  summarized  by  Furuya  et  al.  [69],  only  one  CYP102  enzyme 

(CYP102A1  from  B.  megaterium)  was  shown  to  catalyze  steroid  conversion,  i.e. 

hydroxylation of testosterone at the 7β position [3] (see also Fig. 5 in Chapter 1). On the 

other hand CYP102A1 activity on testosterone was not detected by van Vugt-Lussenburg 

et al. [311]. Only one member of the CYP102 subfamily B has been investigated, i.e. 

CYP102B1  from  Streptomyces  coelicolor strain  A3(2)  metabolizing  arachidonic  acid 

[159]. The strain RHA1 CYP102B3 remains to be characterized. 
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Agematu  et  al. [3]  demonstrated  that  the  CYP,  encoded  by  gene  nfa33880,  from 

Nocardia farcinica strain IFM10152 (CYPnfa33880) has testosterone oxidation activities at 

the  12β  and  17  positions  (see  also  Fig.  5  in  Chapter  1).  Strain  RHA1 CYP256A1, 

encoded by ro08984, is identical to CYPnfa33880 by 75%, strongly suggesting that also this 

enzyme has steroid modifying activity. 

Actinomycete  CYP105s  were  shown  to  oxidize  testosterone  at  2α,  2β,  15β  and  17 

positions [3] (see also Fig. 5 in Chapter 1). RHA1 CYP105Y1 (CYP105Y1RHA1) thus also 

may  be  able  to  modify  testosterone.  Furthermore,  crystal  structures  of  several 

actinomycete CYP105s enzymes are known [117, 282, 326, 327, 331]. Considering the 

increasing knowledge for members of the family CYP105 enzymes, the activity and in 

vivo role of CYP105Y1RHA1 may be revealed soon. 

Outlook

Rhodococcus strains are  catabolic  powerhouses [189].  The exploration of  their  set  of 

enzymes, including the numerous CYPs annotated in their genome sequences, provides a 

fascinating research area, with interesting potential for various applications. Rhodococcus 

strains are efficient degraders of plant and animal sterols/steroids. In previous work we 

have constructed mutant strains blocked in steroid ring degradation. Such strains also 

may serve as efficient hosts for heterologous expression of selected steroid modifying 

enzymes (e.g.  CYP proteins),  yielding bioactive,  pharmaceutically  interesting steroids 

(Fig. 1). 

In this Ph.D. study, we observed degradation of sterols by mutant strain RG32Ωcyp125 

(Chapter 2) and rapid metabolism of 16β-hydroxy-AD by mutant strain RG9 (Chapter 4), 

presumably due to (unknown) regulatory mechanisms resulting in induction of catabolic 

141



enzymes by steroid compounds. In future work, thorough knowledge on genes encoding 

catabolic  enzymes  and  on  regulation  of  gene  expression  thus  appears  essential  for 

designing and constructing  Rhodococcus strains  with  engineered  metabolic  pathways, 

efficiently  accumulating  desired  steroid molecules.  Characterization  of  the  full  set  of 

sterol/steroid enzymes in Rhodococcus strains would facilitate a better understanding of 

the catabolic pathways in these bacteria, but also allow comparative studies in closely 

related  strains  of  actinomycetes,  e.g.  in  (pathogenic)  Mycobacterium strains.  Various 

sterol/steroid catabolic gene clusters appear to be conserved in different actinomycete 

genera  (e.g.  Knol  et  al.  [142],  van  der  Geize  et  al.  [309]).  Knowledge  about  the 

regulation  of  gene  expression  in  cholesterol  catabolism  in  mycobacteria  gradually 

increases as well [132]. 

Further analysis of the molecular mechanisms of native and engineered CYPs is required 

for operation of efficient bioconversion processes with Rhodococcus strains. Recently it 

has  been shown that  the  active  sites  of  CYPs have  two interacting  subsites,  one  for 

binding a substrate and the other one for regulation of the enzyme during catalysis [267]. 

Furthermore, transcriptional regulator genes are located proximal to many CYP genes of 

strain RHA1 (www.rhodococcus.ca), indicating the presence of  CYP expression control 

mechanisms that remain to be elucidated.

The  presence  of  CYP redox donor  proteins  and NAD(P)H is  crucial  for  functioning

of  most  known  P450s  (see  Table  2  in  Chapter  1).  Optimalization  of  the  amounts

of  functional  CYP redox  donor  systems  and  NAD(P)H  may  be  required  to  realize 

efficient application of CYP enzymes in bacterial whole cell bioconversion processes. 
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