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CHAPTER 3

CYP257A1 of Rhodococcus jostii strain RHA1 represents

a novel cytochrome P450 enzyme family with demethylase 

activity and a putative physiological role in sterol metabolism
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Abstract

CYP257A1 of  the  catabolically  powerful  bacterium  Rhodococcus  jostii strain  RHA1 

represents a novel cytochrome P450 enzyme family. Transcriptome and protein sequence 

analysis  strongly  suggests  that  CYP257A1 functions  in  sterol  metabolism.  Here,  we 

report characteristics of heterologously expressed CYP257A1 protein aiming to elucidate 

its physiological role, involving an evaluation of substrate binding ability and enzyme 

activity analysis.  CYP257A1 shares relatively high amino acid sequence identity  with 

CYP125(A14),  a  steroid  26-hydroxylase  of  R.  jostii RHA1.  CYP257A1  has  binding 

affinity towards  β-sitosterol, but does not convert this compound. Gene inactivation of 

CYP257A1 in  R. jostii RHA1 did not  impair  growth on β-sitosterol  as a  sole  carbon 

source.  CYP257A1  dependent  demethylase  activity  was  observed 

with  dextromethorphan,  a  drug-like  compound.  To  the  best  of  our  knowledge, 

CYP257A1  is  the  first  bacterial  P450  enzyme  to  catalyze  N-demethylation 

of dextromethorphan into 3-methoxymorphinan. Temperature and pH optima of 35-400C 

and pH 9.0-9.5, respectively, were determined. Activity of CYP257A1 was successfully 

reconstituted with redox donor proteins of E. coli. 

Taken together the sequence similarity of CYP257A1 with CYP125(A14), the binding 

of  β-sitosterol  and  the  observed  demethylation  activity,  the  results  suggest 

that  CYP257A1  may  play  a  role  in  a  yet  unidentified  demethylation  step 

in the degradation of the C24-branched β-sitosterol by R. jostii RHA1.

Introduction

The  genus Rhodococcus represents  Gram  positive,  mainly  soil  dwelling  bacteria 

with an impressive catabolic capability; they degrade polychlorinated biphenyls, aromatic 
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compounds, steroids and a vast variety of other chemicals [162, 189, 301]. Rhodococci 

are  applied  for  industrial  production  of  acrylamide,  acrylic  acid,  bioactive  steroids 

and  desulfurization  of  fossil  fuel  [189,  301].  Detailed  investigation  of  Rhodococcus 

genomes  may  result  in  the  identification  of  interesting  biocatalysts  for  applications 

in bioconversion and biotransformation processes.

Our  research  focuses  on  bioconversion  of  phytosterols  and  cholesterol  into  steroids 

by  rhodococcal  enzymes.  A  chromosomal  gene  cluster  for  cholesterol  degradation 

has  been  studied  in  detail  in  Rhodococcus  jostii strain  RHA1  [309],  facilitating 

subsequent  characterization  of  the  cytochrome  P450  steroid  C26-hydroxylase 

CYP125(A14) enzyme [250]. Additionally, we have characterized various Rhodococcus 

enzymes  involved  in  sterol/steroid  degradation,  i.e.  3-ketosteroid  dehydrogenases

and  3-ketosteroid  9α-hydroxylases  [142,  233,  302,  304,  306,  307].  Construction 

of  Rhodococcus mutant  strains  blocked  in  these  steps  in  some  cases  resulted 

in accumulation of pathway intermediates, harvested as bioactive steroids [302, 306]. 

Cytochrome  P450s  (P450s,  CYPs)  form  a  superfamily  of  heme-containing 

monooxygenases  that  conduct  very diverse reactions  on a  wide  variety of  substrates. 

P450s are recognized as attractive biocatalysts,  especially because they can introduce 

an oxygen atom into non-activated C-H bonds [17, 299]. Actinobacteria possess a large 

number of CYP genes [211, 315, 318]. R. jostii strain RHA1 has a total of 26 CYP genes, 

annotated  in  its  genome  sequence,  encoding  potential  cytochrome  P450  proteins 

(http://www.rhodococcus.ca) [189].  CYPs are mostly found on the 7.8 Mb chromosome 

(21  CYPs)  of  RHA1,  but  also  on  two  linear  plasmids,  pRHL1  (1.1  Mb,  2  CYPs) 

and pRHL3 (0.33 Mb, 3 CYPs). 
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The chromosomally encoded CYP125(A14) of  R. jostii strain RHA1 catalyzes steroid 

C26-hydroxylation  and  is  responsible  for  initiation  of  sterol  side  chain  degradation. 

Transcriptome  analysis  of  strain  RHA1  revealed  that  CYP125(A14) and  ro11069, 

encoding CYP257A1 [211] and located on plasmid pRHL3 [318], are the most highly 

upregulated  CYP genes  during  growth  on  cholesterol  (5-cholestene-3β-ol)  versus 

pyruvate [309]. Mutational analysis confirmed that CYP125(A14) is essential for growth 

on  3-hydroxy-sterols  [250],  also  suggesting  a  possible  role  of  CYP257A1  in  sterol 

degradation. No CYP family 257 representative had been studied before.

Here we report characteristics of CYP257A1 from R. jostii strain RHA1. CYP257A1 was 

found to be a novel bacterial P450 enzyme able to bind, but not convert,  β-sitosterol. 

Demethylation activity was found on dextromethorphan, suggesting that the enzyme may 

play  a  role  in  a  yet  unidentified  demethylation  step  during  degradation  of  the  C24-

branched β-sitosterol.

Results

CYP257A1 is part of an operon-like unit on plasmid pRHL3 in R. jostii RHA1

RHA1 transcriptome analysis  revealed  that  CYP257A1  (ro11069)  on  plasmid  pRHL3 

is the highest upregulated  CYP in RHA1 cells grown on cholesterol [309].  CYP257A1 

is  located  next  to  ro11068,  encoding  a  putative  [2Fe-2S]  ferredoxin  (Fdx  Ro11068)

and  ro11067, encoding a putative ferredoxin reductase (FdR Ro11067) [318], strongly 

suggesting  that  the  CYP257A1  system  has  a  three-component  nature  (Fig.  1). 

The CYP257A1, ro11068 and ro11067 genes, on plasmid pRHL3, constitute an operon-

like unit, designated ABC operon, surrounded by genes with putative functions. Amongst 

these are genes coding for a putative 3-hydroxyacyl-CoA dehydrogenase (ro11071) and 

88



an  acyl  carrier  protein  (ro11078),  with  possible  functions  in  β-oxidation  or  fatty 

acid/polyketide synthesis (Fig. 1).  CYP257A1 most likely encodes a catabolic protein: 

CYP257A1 is part of a 54 kb catabolic gene cluster identified on pRHL3, which includes 

genes  encoding  a  carveol  dehydrogenase  and  a  limonene  1,2-monooxygenase  [318]. 

Genes encoding possible transposases are located directly upstream (ro11066), as well as 

downstream (ro11094), of the ABC operon, suggesting that R. jostii RHA1 acquired these 

genes by horizontal gene transfer (Fig. 1).

Figure  1. Genetic  organization  of  the  putative  operon  comprised  of  ro11069, ro11068

and  ro11067 encoding CYP257A1 (A), Fdx Ro11068 (B) and FdR Ro11067 (C), respectively, 

located on the pRHL3 plasmid of  Rhodococcus jostii strain RHA1 (see text). Arrows in white 

depict genes of hypothetical proteins (www.rhodococcus.ca).

FdR Ro11067 and Fdx Ro11068 of R. jostii RHA1 both share relatively high similarities 

with  amino  acid  sequences  of  ferredoxin  reductases  and  ferredoxins,  respectively. 

The FdR Ro11067 has 42% identity, at the amino acid level, with the well-characterized 

putidaredoxin reductase (PdR) from  Pseudomonas putida (accession number 1Q1R_A) 

[264,  265].  PdR  not  only  transfers  electrons  to  putidaredoxin,  but  also  functions 

as an NAD(H):dithiol/disulfide oxidoreductase [265]. PdR is a member of the NADH-

dependent  ferredoxin  reductase  family,  coupled  to  oxygenases  and  supporting 

cytochrome  P450  dependent  monooxygenation  reactions.  PdR  is  also  responsible 

for oxidation of hydrocarbons in alkane hydroxylase and benzene/biphenyl dioxygenase 
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systems [264]. FdR Ro11067 might also be a bifunctional enzyme in view of its amino 

acid sequence similarity to PdR.

Bioinformatics analysis revealed that the annotated Fdx Ro11068 protein was remarkably 

longer at its N-terminus compared to homologous ferredoxins. It therefore appears more 

likely that Fdx Ro11068 is in fact 28 amino acids shorter. A possible Shine-Dalgarno 

sequence (AGGAA) was identified upstream of ro11068. Hence, Fdx Ro11068 is a 109 

amino acids protein with a calculated molecular weight of 11.5 kDa, encoded by a gene 

of  330  nt  (strain  RHA1  genome  coordinates  66080…65751).  The  re-annotated 

Fdx Ro11068 protein is 49% identical with ferredoxin from  Idiomarina baltica OS145 

(ZP_01043039)  and  for  43%  with  the  well-studied  putidaredoxin  from  P.  putida 

(BAA00414),  which  transfers  electrons  from  NADH-putidaredoxin  reductase 

to cytochrome P450cam [263]. 

CYP257A1 represents a novel bacterial P450 family

CYP257A1 sequence analysis indicated that it represents a novel bacterial cytochrome 

P450 family [318]. CYP257A1 possesses all P450s benchmark sequences [234], namely 

the  E285xxR  motif,  characteristic  for  the  K-helix  (Fig.  2),  the  heme-binding  motif 

F357xxGxxCxG, the A244GxxTT249 motif, in which T249 is a part of the molecular oxygen 

binding site,  a  conserved  P264,  16  amino  acids  after  T249 that  represents  the  junction 

between  the  I  and  J  helices  of  CYPs,  and  the  xI311xKx  (Fig.  2)  sequence  known 

to connect the P450 β-2-2 and β-1-3 strands. Interestingly, the presence of the P334xxF 

motif  in  the  CYP257A1  sequence  (Fig.  2)  suggests  that  the  enzyme  is  a  eukaryote 

(E)-like and not a bacterial (B)-like P450. The N-terminal region of CYP257A1 contains 

the  G36xxxxPxxxxxL consensus  sequence,  which  is  part  of  the  proline-rich  sequence 
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found in many E-like P450s from plants and animals. On the other hand, CYP257A1 

possesses  the  W52xVTR  region  characteristic  for  B-like  P450s  [234].  CYP257A1 

from  strain  RHA1  thus  does  not  fit  into  either  the  E-type  or  B-type  P450  families 

specifically;  rather  it  shares  properties  with  both  of  these,  and  apparently  represents

a novel bacterial cytochrome P450 family.

                        SRS-5      
             ExxR    A293 R298         xIxKx                   PxxF   R341

CYP257A1 RHA1     285 EFLRYITPAMRFARTATQDTEFRD-QAIKKGDTLLVVFSAANRDPAAFPNPNEFNPFR
CYP125(A14) RHA1      287 EIVRWATPVNSFQRTALEDTELGG-VQIKKGQRVVMLYGSANFDEDAFENPEKFDIMR
CYP125A(1) M. tuberculosis   305 EIVRWATPVTAFQRTALRDYELSG-VQIKKGQRVVMFYRSANFDEEVFQDPFTFNILR
CYP3A4h      362 ETLRLFPIAMRLERVCKKDVEING-MFIPKGVVVMIPSYALHRDPKYWTEPEKFLPER
CYP11A1 bovine      344 ETLRLHPISVTLQRYPESDLVLQD-YLIPAKTLVQVAIYAMGRDPAFFSSPDKFDPTR
CYP27A1h      359 ETLRLYPVVPTNSRIIEKEIEVDG-FLFPKNTQFVFCHYVVSRDPTAFSEPESFQPHR
CYP46A1h      359 ESLRLYPPAWGTFRLLEEETLIDG-VRVPGNTPLLFSTYVMGRMDTYFEDPLTFNPDR
CYP105D1 S. griseus     290 ELLRFLSIAEGLQRLATEDMEVDG-ATIRKGEGVVFSTSLINRDADVFPRAETLDWDR
CYP710A1 A. thaliana     354 EVIRYRPPATMVPHVAAIDFPLTETYTIPKG-TIVFPSVFDSSF-QGFTEPDRFDPDR
MCCYP51FX      314 EVLRLHPPLILLMRKVMKDFEVQG-MRIEAGKFVCAAPSVTHRIPELFPNPELFDPDR
CYP51 M. tuberculosis   356 ETLRLHPPLIILMRVAKGEFEVQG-HRIHEGDLVAASPAISNRIPEDFPDPHDFVPAR
CYP51 RHA1     313 ETLRLHPPLIILLRVARGEFEVGG-YRIAENDLVAATPAISNRIAEDFPNPDTFDPER

Figure  2. Amino  acid  sequence  alignment  comprising  putative  substrate  recognition  sites  5 

(SRS-5),  [257]  of  CYP257A1 (accession  number  YP_708874)  from  R.  jostii  RHA1 (RHA1) 

with steroid modifying cytochromes P450s of mammalian and bacterial origin.  The  alignments 

were made with ClustalW using MEGA version 4 [289]. Conserved residues in the alignments are 

shown in bold. Residues presented above the alignments are with numbering for CYP257A1.  

Residues with grey highlighting are also present in CYP257A1 and are discussed in the text. 

Accession numbers of protein sequences used are between brackets: CYP125(A14) (YP_704623) 

from RHA1; CYP125A(1) (NP_218062) from Mycobacterium tuberculosis; human (h) CYP3A4 

(P08684); bovine CYP11A1 (NP_788817); human CYP27A1 (NP_000775); human CYP46A1 

(NP_006659);  CYP105D1  (P26911)  from  Streptomyces  griseus;  CYP710A1  (NP_180997) 

from  Arabidopsis thaliana; MCCYP51FX (YP_115112) from  Methylococcus capsulatus strain 

Bath; CYP51 (P0A512) from M. tuberculosis; CYP51 (YP_704615) from RHA1.

Bioinformatical clues for a physiological role of CYP257A1 in sterol metabolism 

Bioinformatic  analysis  showed  that  CYP257A1  shares  relatively  high  amino  acid 

sequence  identity  with  the  characterized  CYP125(A14)  of  R.  jostii RHA1  (26%) 

and  CYP125A1  from  Mycobacterium  tuberculosis  H37Rv (27%),  both  catalyzing 

the  terminal  C27 or/and C26 hydroxylation  of  cholesterol  [27,  188,  250].  To  further 
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analyze a role of CYP257A1 in sterol metabolism, the CYP257A1 amino acid sequence 

was  compared with  those  P450s known to  act  on  cholesterol  as  a  substrate,  namely 

bacterial CYP125(A14) and CYP125A1, and eukaryotic CYP11A1, CYP27A1, CYP3A4 

and  CYP46A1  [250].  Figure  2  shows  the  potential  substrate  binding  region  5  [257] 

and  the  various  residues  that  CYP257A1  shares  with  these  bacterial  and  eukaryotic 

P450s. In CYP125(A14), R300 and R343 (Fig. 2) were identified as putative key residues 

in cholesterol transformation [250]. These residues are found conserved in CYP257A1 

(R298 and R341, respectively; Fig. 2). Detailed studies on the crystallographic structure 

of CYP125A1 revealed that F316 is an active site residue interacting with cholesterol 

[188], which is found conserved both in CYP257A1 (F296) and in CYP125(A14) (F298). 

Residue A293 of CYP257A1 corresponds to A370 of CYP3A4, predicted to be located 

closest to the heme center and responsible for selectivity and specificity [257]. CYP3A4 

is able to metabolize cholesterol and other steroids, but also about 50% of all marketed 

medicines via various mono-oxygenation reactions [22, 60]. The Ala residue (A293) is 

also found conserved in CYP710A1 from Arabidopsis thaliana, a sterol C22-desaturase 

converting β-sitosterol into stigmasterol [195] and in several CYP105 enzymes able to 

oxidate testosterone, such as CYP105D1 from  Streptomyces griseus [291], CYP105D5 

from Streptomyces coelicolor strain A3(2), CYP105D4 from Streptomyces lividans strain 

1326, P450moxA (CYP105) from  Nonomuraea recticatena strain IFO 14525 [3]. The 

corresponding Ala residue of P450mox (A292) was found to participate in formation of 

the protein hydrophobic substrate-binding pocket [331]. Moreover, A367 of CYP46A1, 

corresponding to A293 of CYP257A1, was shown to determine the position of the side 

chain of cholesterol sulfate and 24S-hydroxy-cholesterol, but not of cholesterol [171]. 

The substrate specificity of CYP46A1 is also broad and not limited to cholesterol [182]. 
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The conserved residues of CYP257A1 shown to be involved in sterol binding in related 

CYP proteins suggest that CYP257A1 is likely to bind sterols. 

Heterologous expression of CYP257A1, Fdx Ro11068 and FdR Ro11067 (ABC)

To further characterize the CYP257A1 enzyme, we heterologously expressed CYP257A1 

in  Rhodococcus  erythropolis,  using  pTip-QC1 plasmid  [205].  CYP257A1  production 

levels by R. erythropolis varied from 0.5 to 5 µM. The highest expression levels (5 µM) 

were dependent on medium supplementation with additives known to promote expression 

of active P450 enzymes in E. coli, i.e. δ-aminolevulinic acid (heme precursor), thiamine, 

iron  (III)  chloride  and  trace  elements (e.g.  [74,  174]).  CYP257A1  could  be  further 

purified and its activity tested with Fdx Ro11068 (B) and FdR Ro11967 (C), towards 

various substrates. Thus the next step was to clone, express and purify B and C proteins. 

Figure 3. SDS-PAGE 

of  cell  lysates 

and cell-free  extracts 

(CFEs) of  E.  coli 

C43(DE3)  (20  µg 

total  protein)  with 

pBAD-ABC, 

expressing 

CYP257A1,  Fdx 

Ro11068  and  FdR 

Ro11067  (ABC),  or 

carrying the empty pBAD vector (Ø). Arabinose inducer concentrations are indicated (0.05-0.005 

%). Protein standard (kDa) is indicated with (M). The arrows depict the expected positions at  

approximately 46 kDa for CYP257A1 (A) and 47 kDa for FdR Ro11067 (C) and 12 kDa for Fdx 

Ro11068 (B).
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At  that  time  we  also  achieved  the  co-expression  of  CYP257A1  (A),  ro11068 (B) 

and ro11067 (C) in E. coli, which was our alternative approach aiming at characterization 

of  the  CYP257A1  enzyme.  Subsequently,  we  continued  working  with  the  E.  coli 

produced ABC system. 

Figure  4.  Dithionite  reduced-CO  difference 

spectra  of  E.  coli  C43(DE3)  CFEs  (100  µl) 

containing  approximately  50  µM  of  CYP257A1 

(solid  line),  with  an  absorption  maximum 

at  449  nm,  and  the  empty  vector  (dotted  line) 

shown  for  comparison.  The  bar  indicates 

absorbance (A) change.

Different E.  coli  host  strains,  vectors  and  growth  conditions  were  tested  for  the

co-expression of all three proteins. The best production conditions for the CYP257A1 

protein were found by co-expression of the three genes using the pBAD/MycHisA vector 

(yielding pBAD-ABC construct) in  E. coli C43(DE3) grown at 300C with either 0.05% 

or  0.005%  of  arabinose  for  induction  (Fig.  3).  CO  difference  spectra  indicated 

that  correctly  folded  CYP257A1  was  produced  at  levels  of 30-100  µM  (Fig.  4). 

SDS-PAGE analysis  revealed  that  Fdx Ro11068,  with  a  calculated  molecular  weight 

of 12 kDa, was also produced. The presence of FdR Ro11067 was less clear from SDS-

PAGE (Fig. 3), due to the fact that  both CYP257A1 and FdR have very similar protein 

sizes  (46-47  kDa).  To  confirm  the  presence  of  active  FdR  enzyme,  cytochrome  c 

reduction  assays  were  performed  with  CFEs  of  E.  coli C43(DE3)  cells  containing 
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the  pBAD-ABC  vector  (CFE_ABC).  Cytochrome  c  reduction  rates  were  observed 

for  both NADH (1.45  ± 0.07 μmol/mg/min)  and NADPH (0.6  ± 0.14 μmol/mg/min) 

in CFEs from  E. coli cells  with pBAD-ABC. Cytochrome c reduction activities were 

barely detected in control CFEs of E. coli C43(DE3) cells, harboring the empty vector. 

Dextromethorphan is a substrate for CYP257A1 

Cell free extracts of E. coli C43(DE3) containing the pBAD-ABC vector were tested for 

CYP257A1 activity with a range of steroids and related compounds.  No activity was 

detected with cholesterol, nor with compounds from the cholesterol degradation pathway, 

namely  cholestenone  (4-cholestene-3-one),  5-cholenic  acid-3β-ol,  3-hydroxy-9,10-

secoandrosta-1,3,5(10)-triene-9,17-dione (3HSA), 4-androstene-3,17-dione (AD) or 3α-

H-4α(3’-propionic  acid)-5α-hydroxy-7aβ-methylhexahydro-1-indanone-δ-lactone  (HIL). 

CYP257A1  also  was  inactive  towards  other  steroids  tested,  i.e.  β-Sitosterol

(5-cholestene-24β-ethyl-3β-ol),  5α-cholestanol  (5α-cholestane-3β-ol),  cholestanone

(5α-cholestane-3-one),  cholic  acid  (3α,  7α,  12α-trihydroxy-5β-cholanoic  acid), 

testosterone,  progesterone  (4-pregnene-3,20-dione),  5-pregnene-3β-ol-20-one

or β-estradiol.  In  addition,  the  drug-like  compounds  aminopyrine

(4-dimethylaminoantipyrine),  clozapine,  p-nitrophenol  or  chlorzoxazone  did  not  act

as  substrate.  Interestingly,  CYP257A1  metabolized  dextromethorphan  (DXM):

N-demethylation of DXM into 3-methoxymorphinan (Fig. 5) was observed, indicating 

that CYP257A1 may function as a demethylase. Formation of the product was confirmed 

by  HPLC using  an  authentic  sample  of  3-methoxymorphinan. No  activity  on  DXM 

was  detected  in  control  CFEs  of  E.  coli C43(DE3)  containing  the  empty  expression 

vector. 
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Figure  5. Schematic 

representation  of 

dextromethorphan 

(DXM)  N-

demethylation reaction 

resulting  in  the 

formation  of  3-

methoxymorphinan 

(MEM)  catalyzed  by 

CYP257A1. DXM and 

MEM  structures  were 

adopted from [333]. 

Optimization of CYP257A1 incubation conditions for DXM activity

Optimal  incubation  conditions  for  DXM  conversion  into  3-methoxymorphinan 

by CYP257A1 were subsequently determined. The highest conversions (80%) of DXM 

into 3-methoxymorphinan were achieved when 200 µl assay mixtures, containing E. coli 

C43(DE3) CFEs with CYP257A1 (8 μM), Fdx, FdR, DXM and an NADH regeneration 

system,  were  incubated  for  up  to  8  h,  in  15  ml  tubes under  vigorous  shaking, 

thus supplying  more  oxygen.  Based  on  these  DXM  activity  assays,  the  CYP257A1 

pH and temperature optima were determined as approximately pH 9.0-9.5 and 35-400C 

(Fig. 6 and 7, respectively). Control experiments were conducted to ensure that under 

the incubation conditions used, the activity was linear in time over the incubation period 

used.  The  activity  with  DXM  also  proportionally  reflected  the  volume  of  E.  coli 

C43(DE3) CFEs used (and thus the amount of CYP257A1 present). 
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Figure  6. Determination  of 

pH  optimum  of  CYP257A1. 

Enzyme  activity  was 

measured  in CFEs of  E.  coli  

C43(DE3)  harboring  pBAD-

ABC, using dextromethorphan 

as a substrate, at different pH 

values.  The  DXM  assay 

involved  incubation  of  5-6 

µM of CYP257A1, or control 

CFEs,  in  buffer  (1)  50  mM 

KPi, (2) 50 mM Tris-HCl, (3) 

glycine-NaCl-NaOH [274], in 

the presence of 5 mM MgCl2 and an NADH regeneration system [310] at 370C for 1 h. Reactions 

were linear during the incubation period. Error bars indicate standard deviations of triplicates.

Figure  7.  Determination  of 

temperature  optimum  of 

CYP257A1.  Activity  was 

measured  in  CFEs  of  E.  coli 

C43(DE3) harboring pBAD-ABC, 

using  dextromethorphan  (DXM) 

as  a  substrate.  The  DXM  assay 

involved  incubation  of  5  µM 

of  CYP257A1  or  control  CFEs 

in  50  mM  KPi  buffer  (pH 7.4), 

in  the  presence  of  5  mM MgCl2 

and  an  NADH  regeneration 

system  [310], at  different 

temperatures,  for  1 h. Reactions were linear during the incubation period. Error bars indicate  

standard deviations.
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CYP257A1 activity is supported by redox donor proteins from E. coli C43 (DE3)

To  analyze  whether  all  3  components  of  the  ABC  system  are  needed  in  E.  coli 

for  CYP257A1  activity  on  DXM,  frame-shift  mutations  were  introduced  either 

in  ro11068 (Fdx,  B)  or  ro11067 (FdR,  C)  of  the  pBAD-ABC  expression  construct.

Figure 8. CYP257A1 activity in CFEs of E. coli C43(DE3) expressing the CYP257A1, ro11068 

and  ro11067 (ABC)  genes,  CYP257A1  alone  (A),  empty  vector  (Ø),  or  the  ABC  system

with mutations introduced in ro11067 (ABc) or ro11068 (AbC), obtained in incubations at 370C 

for  1  h  in  50  mM  Tris-HCl  buffer,  pH  9.0.  Different  batches  of  E.  coli CFEs  were  used

for  experiments  presented  in  panel  [A]  and  different  in  [B].  DXM  assay  was  conducted

with  4  µM  of  CYP257A1.  For  control  experiments  with  empty  vector,  CFE  were  used

with  comparable  amounts  of  total  protein  content  (approx.  40  mg/ml).  All  incubations  were 

repeated 3-fold. Error bars indicate standard deviations.

This  resulted  in  E.  coli cells  carrying  constructs  pBAD-AbC  or  pBAD-ABc,

with  inactivated  ro11068 (Fdx)  or  ro11067 (FdR),  respectively.  To  our  surprise,

the  activity  with  DXM was similar  in  cells  expressing  either  the intact  ABC system

or the mutated systems. Control incubations (CFEs with empty plasmid vector) displayed 

no activity (Fig. 8A). The Fdx and FdR components of strain RHA1 thus are not essential 

for CYP257A1 activity in  E. coli;  conceivably there are redox donor proteins present

in  CFEs  of E.  coli C43(DE3)  that  function  with  CYP257A1,  enabling  conversion

of DXM by the enzyme. Subsequently, an expression construct was made containing only 
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ro11069, encoding  CYP257A1  (pBAD-A).  E.  coli C43(DE3)  cells  with  pBAD-A

were analyzed for activity with DXM. No difference in activity with DXM was observed 

between CFEs with the complete ABC system compared to CFEs with CYP257A1 alone 

(Fig.  8B),  confirming  that  E.  coli C43(DE3)  native  redox  donor  proteins  support 

CYP257A1 activity (Fig. 5). 

CYP257A1 displays affinity towards β-sitosterol

Figure  9.  Absolute  oxidized  spectrum  of 

CYP257A1 protein present  in  E.  coli C43(DE3) 

(pBAD-ABC) CFEs (final  concentration of P450 

protein is approximately 70 μM). The bar indicates 

absorbance (A) change.

It  appears  unlikely  that  DXM  in  vivo acts  as  substrate  for  the  CYP257A1  enzyme 

in strain RHA1. Although the CYP257A1 gene was highly upregulated in RHA1 cells 

grown on cholesterol,  no activity  was detected with any tested sterol/steroid.  Aiming 

to further resolve the native function of CYP257A1 in strain RHA1, we analyzed possible 

binding of steroids to CYP257A1 by monitoring P450 absorption spectra. The relatively 

high  expression  levels  of  CYP257A1 in  E.  coli C43(DE3)  allowed the  use  of  CFEs 

for enzyme spectral titrations. CYP257A1 oxidized spectrum showed maxima at 416, 536 

and  565  nm (Fig.  9),  revealing  that  the  protein  heme iron  was  in  a  low-spin  state,  

indicative for a substrate-free protein [121]. Upon binding of a substrate, a cytochrome 
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P450  changes  typically  to  a  high-spin  state,  and  water,  which  is  the  sixth  ligand to

an enzyme heme iron, is displaced. This leads to a type I spectral response in difference 

spectra, with a broad peak around 385 nm and a trough around 420 nm [116, 121, 208].

Figure 10. Difference spectra of CYP257A1 (100 

μM)  expressed  in  CFEs  of E.  coli C43(DE3) 

containing  pBAD-ABC.  Spectra  were  obtained 

upon titration with (a) cholesterol, (b) β-sitosterol. 

Final concentrations of steroids used are depicted. 

The bar indicates absorbance (A) change.

Cholesterol,  β-sitosterol,  lanosterol,  cholic  acid  and  DXM  were  tested  for  binding 

to  CYP257A1.  Only  incubation  of  CYP257A1  with  β-sitosterol  resulted  in  a  type  I 

spectral response. All other compounds mentioned produced a reverse type I spectrum 

with  the  typical  λmax at  about  420  nm  and  λmin at  about  385  nm.  The  induction

of  the  reverse  type  I  protein  response  is  indicative  for  compounds  that  do  not  act
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as  substrates  of  CYPs  [120],  but  are  possible  inhibitors  [268].  DXM,  however,

is  transformed by CYP257A1.  Production of  the reverse type I  CYP257A1 response

by DXM (data not shown) may reflect that the compound is not a “true”, native substrate 

for  CYP257A1.  Furthermore,  DXM as  well  as  cholesterol  (Fig.  10a)  and  lanosterol,

but not cholic acid, in fact were producing type I spectra only at low concentrations,

of 1 µM, up to around 2 µM, and up to about 3 µM (final), respectively, revealing their 

biphasic character. 

β-Sitosterol  induced  a  type  I  spectral  response  despite  the  fact  that  no  CYP257A1 

enzyme activity towards this sterol was detected. Upon β-sitosterol titration, CYP257A1 

displayed either a type I resembling or a typical type I spectrum (Fig. 10b), indicating 

that β-sitosterol is a potential native substrate for CYP257A1. Titration of CYP257A1 

with β-sitosterol concentrations exceeding 2 μM did not result in any spectral response 

of the enzyme (data not shown), which may be due to the poor solubility of the substrate. 

Notably,  the  β-sitosterol  used  in  these  assays  was  a  plant  sterol  mixture,  consisting 

of β-sitosterol (75%), β-sitostanol (10-14%) and campesterol (6-9%). We subsequently 

analyzed CYP257A1 spectral  changes  upon titration of  synthetic  β-sitosterol  (at  least 

95%), campesterol (approximately 65%) or β-sitostanol (97.4%). Synthetic β-sitosterol 

induced  type  I  resembling  spectra  of  CYP257A1  with  λmax at  around  410  nm

and λmin at around 430 nm, comparable to that observed with the sterol mixture (data not 

shown). On the other hand, campesterol induced a  reverse type I spectrum in the CYP 

enzyme and β-sitostanol did not alter the protein spectral response (data not shown). 

Titrations of CYP257A1 with the sterol solvent 2-hydroxypropyl-β-cyclodextrins did not 

induce any protein spectral response (data not shown).  Reduced CO-difference spectra 

were taken after each binding experiment, resulting in appearance of the characteristic 
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absorption maximum at around 450 nm, which confirmed the integrity of the CYP257A1 

heme environment [206]. 

CYP257A1 gene disruption does not impair β-sitosterol metabolism in Rhodococcus 

jostii RHA1

Spectral analysis suggests that CYP257A1 may have a physiological role in β-sitosterol 

metabolism. To substantiate a physiological role of CYP257A1 in β-sitosterol catabolism, 

the CYP257A1 gene in R. jostii strain RHA1 was disrupted (mutant strain ΩCYP257A1). 

Whole  cell  biotransformations  of  β-sitosterol  by  R.  jostii strain  RHA1

wild type and mutant strain ΩCYP257A1 revealed that both strains metabolized this sterol 

equally  well.  No  impairment  in  β-sitosterol  degradation  or  growth  on  β-sitosterol 

as a sole carbon and energy source was observed with the mutant  strain, neither was 

accumulation of any compound detected with gas chromatography.

Discussion

Transcriptome analysis of cholesterol grown cells of R. jostii RHA1 previously indicated 

that ro11069, encoding the cytochrome P450257A1, was highly upregulated, suggesting a 

role in sterol metabolism [309]. To substantiate such role, CYP257A1 of R. jostii RHA1 

was molecularly characterized. 

CYP257A1  was  heterologously  expressed  from  E.  coli in  higher  levels  than

from R. erythropolis, likely due to the higher strength of the pBAD/MycHisA expression 

plasmid  promoter  compared  to  pTip-QC1  [205] promoter.  With  the  use

of  the  pBAD/MycHisA  plasmid,  co-expression  of  CYP257A1  (A),  ro11068 (B)
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and ro11067 (C) in E. coli was also achieved. Thus E. coli cell free extracts expressing 

ABC were conveniently used for the activity experiments. 

Bioinformatic analysis of the amino acid sequence revealed several conserved residues 

known or predicted to interact with sterols, supporting the hypothesis that CYP257A1

has  a  physiological  role  in  sterol  metabolism.  Heterologously  expressed  CYP257A1, 

however,  did  not  show  enzymatic  activity  towards  cholesterol  or  β-sitosterol,

nor with any of the steroid intermediates of the cholesterol  catabolic  pathway tested. 

Interestingly,  β-sitosterol, but not any of the other steroids tested, was found to induce

a pronounced typical substrate spectral response of CYP257A1. These spectral responses 

were  observed  only  when  β-sitosterol  was  added  at  low  concentrations,  making

it  impossible  to  estimate  spectral  dissociation  constants  to  determine  binding affinity 

[116]. The spectral analysis of CYP257A1 suggests that β-sitosterol, or the like, may act 

as  a  substrate  of  CYP257A1.  Mutational  analysis  indicated  that  CYP257A1  has 

no  essential  in  vivo role  in  β-sitosterol  degradation  in R.  jostii RHA1.  Growth 

of a ΩCYP257A1 disruption mutant on β-sitosterol was similar to that of wild type strain 

RHA1 and no accumulation of steroid compounds was observed with the mutant strain. 

Provided  that  CYP257A1  indeed  plays  a  role  in  β-sitosterol  catabolism,  these 

observations  suggest  that  CYP257A1  may  be  part  of  an  alternative  sterol  catabolic 

pathway.  Alternatively,  other  enzymes  may  functionally  replace  CYP257A1  activity 

in the ΩCYP257A1 mutant strain. The physiological substrate(s) have not been identified 

for CYP257A1, yet. Possibly, molecules related to β-sitosterol act as such.  CYP257A1 

likely acts as a catabolic enzyme in view of the localization of its gene amidst other 

catabolic  genes,  predicted  to  encode  various  dehydrogenase  enzymes  [318].  Situated 

on pRHL3, the smallest RHA1 plasmid, CYP257A1, ro11068 and ro11067 were probably 
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acquired via transposition or linear plasmid transfer. This is in agreement with a well-

known  feature  of Rhodococcus  strains,  being  catabolic  powerhouses  acquiring 

and mobilizing various genes to increase the diversity of their enzyme pool [189, 301]. 

CYP257A1 is  located  in  an  operon-like  unit  with  ro11067 and  ro11068,  putatively 

encoding the FdR/Fdx electron  donor system of  CYP257A1 (Fig.  1).  Heterologously 

expressed  CYP257A1  showed  demethylase  activity  with  dextromethorphan  (DXM) 

as a substrate (Fig. 5 and 8), an anti-tussive drug known to mimic P450 substrates [244].  

Surprisingly,  freshly  prepared  CFEs  of  E.  coli cells  expressing  solely  CYP257A1 

still possessed activity with DXM (Fig. 8B). Apparently, redox donor proteins present 

in  E.  coli CFEs  support  CYP257A1  functional  activity.  Flavodoxin  and  flavodoxin 

reductase from E. coli were demonstrated before to be able to support functional activity 

of  cytochrome  P450  enzymes  [122,  153].  DXM  is  known  to  be  N-demethylated 

by eukaryotic,  but  not  by bacterial  CYPs [319,  333].  To the  best  of  our  knowledge,

this is the first  report on a bacterial cytochrome P450 enzyme able to catalyze DXM 

N-demethylation.  Following  optimization  of  incubation  conditions  for  CYP257A1 

with respect to temperature and pH, 80% conversion of DXM into 3-methoxymorphinan 

was observed. DXM was clearly converted by the CYP257A1 enzyme. However, DXM 

binding  did  not  induce  spectral  response  of  the  CYP257A1  protein  characteristic 

for  the  substrate  compound.  This  is  most  likely  due  to  the  fact  that  DXM  is  not 

a physiological substrate for CYP257A1. 

CYP257A1  appears  to  be  a  very  stable  cytochrome  P450  enzyme.  When  expressed 

in  Rhodococcus erythropolis (with and without medium supplementation with additives 

promoting P450s production) and also in various  E. coli strains,  the enzyme displays 

clear 450 nm difference spectrum, without  any presence of 420 nm shoulder or peak 
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characteristic for inactive form of a P450 enzyme. It would be interesting to determine 

key CYP257A1 residues and regions responsible for the enzyme stability.

Taken  together  the  significant  protein  sequence  similarity  of  CYP257A1 

with CYP125(A14), the binding of β-sitosterol and the observed demethylation activity, 

the results suggest that CYP257A1 may play a role in a yet unidentified demethylation 

step  in  the  degradation  of  the  C24-branched  β-sitosterol  by  R.  jostii RHA1.

Further insights into the catalytic activity of CYP257A1 as well as in protein structure

-function  relationship  may  offer  opportunities  for  interesting  biotechnological 

applications. 

Materials and Methods

Cloning and heterologous expression of the CYP257A1 gene and the ABC operon 

The  ABC operon containing the  CYP257A1 (A),  ro11068 (B)  and  ro11067 (C)  genes, 

as  well  as  the  CYP257A1 (A)  gene  itself  were  amplified  from  R.  jostii  RHA1 [180] 

genomic  DNA,  isolated  as  described  before  [307],  using  forward  primer

5’ CCATGGtgacagtcaggactgaactgcaagg  3’,  containing  a  NcoI restriction  site  (shown 

in  capital  letters)  and  reverse  primers:  5’  gcAAGCTTtcaatgatggtacgccggcatcc  3’ 

or  5’  AAGCTTgggcccttagccgaccgccacggtcac  3’  (R-rha10525),  respectively,  both 

containing  a  HindIII  restriction  site  (shown  in  capital  letters).  CYP257A1 gene 

for cloning in the pTip-QC1 vector [205],  A-tag, was amplified using  forward primer

5’  GCGGCCGCatgacagtcaggactgaactgc  3’,  containing  a  NotI restriction  site  (shown 

in capital letters) and reverse primer R-rha10525.

The PCR mixture (25/50 μl) consisted of strain RHA1 genomic DNA (approximately 100 

ng),  primers (0.8 µM), Tris-HCl (10 mM, pH 8.0),  dNTP (0.2 mM), BSA (1 mg/ml, 
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final), polymerase buffer with MgSO4 and  Pwo polymerase (0.1 U,  Roche, Mannheim, 

Germany) or Vent polymerase buffer and Vent polymerase (0.1 U, New England Biolabs, 

Ipswich, MA). PCR conditions were as follows: 5 min at 94/950C, 30/50 cycles of 45 sec/ 

1 min at 94/950C, 45 sec/1 min at 65/63/600C, 4/2 min at 720C, followed by 10/5 min

at 720C. Amplicons of  ABC  (2998 base pairs),  A (1265 bp) and  A-tag (1268 bp) were 

purified from agarose gel using GenElute Gel Extraction Kit (Sigma-Aldrich, Steinheim, 

Germany) and cloned into EcoRV digested pBlueScript KS(II) (Stratagene, La Jolla, CA, 

USA), resulting in plasmids,  pBSKS-ABC, pBSKS-A and pBSKS-A-tag,  respectively. 

Plasmids pBSKS-ABC and pBSKS-A were digested with NcoI and HindIII and the DNA 

fragments containing ABC or A were ligated into NcoI/HindIII digested pBAD/MycHisA 

(Invitrogen, Paisley, UK), generating the pBAD-ABC and pBAD-A constructs. The ABC-

containing  DNA  fragment  was  also  ligated  into NcoI/HindIII  digested  pET32b(+) 

(Novagen, Beeston, Nottingham, U.K.), resulting in the pET32b(+)-ABC vector. Plasmid 

pBSKS-A-tag was digested with NotI and HindIII and the DNA fragment containing A-

tag was ligated into NotI/HindIII digested pTip-QC1 [204], generating the pTip-QC1-A-

tag construct. Sequencing confirmed that insert DNA of A and ABC was correct. 

E.  coli BL21(DE3)Star  +  pRARE  (Invitrogen,  Paisley,  UK), E.  coli C41(DE3) 

and  E.  coli C43(DE3)  [193]  were  used  as  host  strains  for  the  pBAD-ABC 

and pET32b(+)-ABC vectors as well  as the empty control expression vectors.  E. coli 

C43(DE3) also was transformed with the pBAD-A expression construct. R. erythropolis  

was transformed with pTip-QC1-A-tag expression construct.

Precultures of all E. coli strains were grown overnight at 370C (200 rpm) in 10 ml of LB 

media supplemented with ampicillin (100 µg/ml). For E. coli BL21(DE3)Star + pRARE 

mutant  strains  chloramphenicol  (25  µg/ml)  was  added.  Precultures  of  R.  erythropolis 
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were  grown  for  2  days,  at  300C (200  rpm)  in  10  ml  LBP  media supplemented 

with  chloramphenicol  (34  µg/ml).  Subsequently, the  precultures  were  diluted  (1:100) 

in  50/25  ml  of  Terrific  Broth  (TB)  media  with  the  appropriate  antibiotics,  plus 

supplements: 0.5 mM of iron (III) chloride (only for R. erythropolis cultures), 1/0.5 mM 

of  δ-aminolevulinic acid, 0.5 mM of thiamine, 400  µl/L of trace elements [13]. When 

indicated, R. erythropolis culture media were without the supplements. For induction 0.4 

mM  or  1  mM  IPTG  was  added  in  case  of  pET32b(+)  derived  plasmids, 

or  0.05-0.005%  arabinose  for  induction  of  pBAD/MycHisA  derived  plasmids 

and 1 µg/ml thiostreptone for induction of Tip-QC1 derived plasmids. E. coli expression 

cultures in TB media were allowed to grow (200 rpm) at 180C or 300C for 48 or 24 h, 

respectively.  R.  erythropolis expression  cultures  in  TB  media  were  allowed  to  grow 

(180 rpm)  at  280C for  48h.  Cultures  were  harvested  by  centrifugation  (4500 g,  40C, 

30  min),  cell  pellets  were  washed  with  KPi  (potassium  phosphate)-glycerol  buffer 

(pH 7.4) [174] and stored at -200C until use. 

CFEs were prepared by thawing cell pellets on ice in the presence of the KPi-glycerol 

buffer (pH 7.4), sonication of E. coli cells (MSE Soniprep 150 Ultrasonic Disintegrator, 

10 x 30 s on, 30 s off, 8 µm) and spinning down of cell lysates (bench top centrifuge, 

Eppendorf)  (maximum speed, 40C, 10 min)  or breaking of  R. erythropolis cells using 

a French press (1000 psi, 3 x) and centrifugation of the cell lysates (Sorvall) (10000 g, 

40C, 1h). The resulting supernatants were used as CFEs in further experiments.

Cytochrome c reduction assay

Cytochrome c reduction activities by FdR Ro11067 and Fdx Ro11068 were determined 

using  Δε500  = 28.3  mM-1∙cm-1,  by  following  the  absorption  increase  in  1  ml  mixture 
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containing  cytochrome  c  (from  equine  heart,  Sigma-Aldrich,  Steinheim,  Germany, 

0.4  mg/ml  final),  E.  coli CFEs  (2  µg)  producing  CYP257A1  and  the  redox  donor 

proteins, FdR Ro11067 and Fdx Ro11068 (CFE + ABC), as well as with  E. coli CFEs 

expressing an empty vector for control, in the presence of NADPH or NADH (250 µM 

final),  or  a  mixture  of  both  cofactors,  NAD(P)H  (125  µM  final  of  each  cofactor) 

and  0.1  M KPi  buffer,  pH  7.4  with  10  mM  MgCl2.  A calibration  curve  was  made

with 0.78, 1.56, 3.13, 6.25, 12.5 and 25 µM of cytochrome c.

Incubation of CYP257A1 with steroids

NADH consumption assays, thin layer chromatography (TLC), gas chromatography (GC) 

and high-performance  liquid  chromatography (HPLC)  were  used  to  analyze  substrate 

and  reaction  product(s)  in  incubations of  CFEs  containing  CYP257A1 with  steroids. 

Total protein content was determined using Bradford protein assay (BioRad, Hercules, 

CA) with BSA as protein standard.

Cholesterol  (5-cholestene-3β-ol), 5α-cholestanol  (5α-cholestane-3β-ol), cholestenone 

(4-cholestene-3-one), β-sitosterol  (5-cholestene-24β-ethyl-3β-ol)  (75%  purity), 

β-estradiol, cholic  acid  (3α,  7α,  12α-trihydroxy-5β-cholanoic  acid)  were  purchased 

from Sigma-Aldrich. 5-Cholenic acid-3β-ol was purchased from Steraloids. 5-Pregnene-

3β-ol-20-one  and  progesterone  (pregn-4-ene-3,20-dione)  were  purchased  from  ICN 

Biomedicals.  4-Androstene-3,17-dione,  3aα-H-4α(3’-propionic  acid)-5α-hydroxy-7aβ-

methylhexahydro-1-indanone-δ-lactone  (HIL), 3-hydroxy-9,10-secoandrosta-1,3,5(10)-

triene-9,17-dione  (3HSA)  and  estrone  were  provided  by  Schering-Plough  (Oss,  The 

Netherlands).
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Incubations  (0.2-1 ml)  of  CFEs  containing 0.2-16 µM CYP257A1  with  100-250  µM 

steroid  substrate  (added  from  20  or  25  mM  stock  in  100%  ethanol):  testosterone 

or  cholestenone  (4-cholestene-3-one)  or  5-cholenic  acid-3β-ol  or  3-hydroxy-9,10-

secoandrosta-1,3,5(10)-triene-9,17-dione  (3HSA)  or  3aα-H-4α(3’-propionic  acid)-5α-

hydroxy-7aβ-methylhexahydro-1-indanone-δ-lactone  (HIL) or  progesterone  (pregn-4-

ene-3,20-dione) or  5-pregnene-3β-ol-20-one  in  KPi buffer (0.1 M, pH 7.4) or 50 mM 

Tris-HCl buffer (pH 9.0) with 5 or 10 mM MgCl2 and an NADH regeneration system 

[310] were allowed to react at 300C or 350C for 1 h or 24 h until terminated by mixing 

with 200  µl of ethyl acetate. Subsequently,  the organic layers  were collected  and the 

solvent was evaporated under nitrogen gas. The resulting dry residues were suspended in 

100 µl of ethyl acetate for TLC and GC analysis. Dry residues containing testosterone 

were  suspended  in  150  µl  of  methanol:water  (80:20,  v/v)  for  analysis

on HPLC. Incubation mixtures used for  NADH consumption assays contained 250 µM 

NADH  instead  of  the  NADH  regeneration  system  and  the  assay  was  performed

as described [16].

TLC analysis  was performed on Silica  Gel  F254 aluminium sheets  (Merck)  developed 

in  hexane:ethyl  acetate  (1:4)  to  detect  reaction  products  of  cholesterol,  β-sitosterol

(about 75%), 5α-cholestanol,  testosterone or 4-androstene-3,17-dione. TLC plates were 

developed in  Cer-Reagent  [2.5% molybdatophosphoric  acid  (w/v),  1% ceric  sulphate 

tetrahydrate  (w/v)  and  8%  concentrated  sulfuric  acid  (v/v)  in  distilled  water] 

and visualized by applying hot air (Dr. A. Kirschner, personal communication).

GC  analysis  was  performed  on  a  methoxypolysiloxane  Heliflex  AT-1  column

(30 m x 0.53 mm, ID x 2.65 µm; Grace) with FID-40 detection at 300 0C, to analyze 

incubations  with  cholesterol,  β-sitosterol  (about  75%),  5α-cholestanol  and β-estradiol. 
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Incubations with testosterone were  analyzed by HPLC-UV254nm.  HPLC was performed

on an Alltima C18 column (250 x 4.6 mm; Grace, Deerfield, USA, 350C) using a mobile 

phase consisting of methanol:water (80:20, v/v) at  a flow rate of 1 ml/min.  All steroids 

were prepared as 20 mM stock solutions in 100% ethanol. 

Incubation of CYP257A1 with drug-like compounds

E. coli CFEs containing CYP257A1 and control CFEs were incubated with the drug-like 

compounds  p-nitrophenol,  clozapine,  chlorzoxazone,  aminopyrine

(4-dimethylaminoantipyrine)  and  dextromethorphan  (DXM).  All  drug-like  compounds 

were a kind gift from Dr. J. N. M. Commandeur (Free University of Amsterdam). 

p-Nitrophenol hydroxylation activity assays were performed as described before [30], 

using incubation mixtures (500 µl) consisting of  E. coli (harboring pBAD-ABC) CFEs 

(200 µl) with 26 µM CYP257A1 protein or control CFEs in 50 mM KPi buffer (pH 7.4) 

containing  5  mM  MgCl2,  an  NADH  regeneration  system  [310] and  100  µM 

p-nitrophenol.  Mixtures  were  allowed  to  react  at  300C for  1  or  2  or  24  h.  Similar 

incubation mixtures (200 µl) were used for incubations with 100 µM of clozapine (added 

from 10 mM stock solution in DMSO), 50 µM chlorzoxazone (added from 2 mM stock 

solution  in  methanol/DMSO,  50:50,  v/v)  or  aminopyrine  (added  from 25  mM stock 

solution  in  96%  ethanol).  Incubations  and  analyses  were  performed  as  previously 

described  [42,  88,  252].  Chlorzoxazone  containing  samples  were  analyzed

on a C18 column (Phenomex, Luna 5 µ, 150 x 4.6 mm) with a mobile phase of 80 mM 

acetic acid:acetonitrile (82:18, v/v) at a flow rate of 1 ml/min.

Dextromethorphan (DXM) incubations were performed and analyzed as described [311] 

using  200  µl  incubation  mixtures  containing  E.  coli CFEs  (ABC-,  AbC-,  ABc-, 
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CYP257A1-containing, or control CFEs), 50 mM KPi (pH range 5.5, 6.0, 6.5, 7.0, 7.4, 

7.5,  8)  or  50  mM  Tris-HCl  (pH  range  8.0,  8.5,  9.0)  or  glycine-NaCl-NaOH  buffer 

(pH range 8.5, 9.0, 9.5, 10.0, 10.5, 11.0, 11.5, 12.0) [275], 5 mM MgCl2, DXM (15 µM) 

and an NADH regeneration system [310] at 370C or at temperature range of 200C, 250C, 

300C, 350C, 400C, 450C, 500C for the time range of 30, 60, 90, 120 minutes. Reaction 

products were detected with fluorescence,  λexcitation=280 nm and λemission=311 nm. Control 

incubations  with  E.  coli CFEs expressing  empty  vector  (total  protein  content  around 

40 mg/ml, similar to that in the CYP257A1-containing CFEs) did not result in any DXM 

conversion.  A  calibration  curve  was  made  with  2.5,  5,  10,  15  and  20  µM 

of 3-methoxymorphinan (Sigma-Aldrich).

Inactiviation of the B and C component of the ABC operon by mutation

The Fdx (B) component of the  ABC operon was mutated by introducing a frame shift 

as follows. The pBAD-ABC plasmid was digested with AarI (Fermentas, St. Leon-Rot, 

Germany) treated with Klenow fragment (Roche, Mannheim, Germany) and self-ligated, 

generating  the  pBAD-AbC  construct.  The  frame-shift  was  confirmed  by  nucleotide 

sequencing.

The FdR (C) gene (1293 bp) was mutated by deleting a 559 bp internal AatII fragment, 

using  AatII  (Roche,  Mannheim,  Germany)  digestion  of  the  pBAD-ABC  plasmid. 

The digested plasmid was subsequently circularized by ligation, resulting in pBAD-ABc 

construct.  Restriction  analysis  of  pBAD-ABc  with  EcoRI  confirmed  the  deletion. 

For  expression  of  the  pBAD-AbC  and  pBAD-ABc  constructs  in  E.  coli C43(DE3), 

the same conditions were used as described above for the pBAD-ABC plasmid. 
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CYP257A1 spectral analysis

CYP257A1  spectral  analysis  was  done  on  a  Cary  100  spectrophotometer  (Varian). 

CO-difference spectra for estimation of the P450 content in E. coli CFEs were performed 

according to the protocol of [219]. Absorption spectra were recorded as described [121]. 

CYP257A1 spectral responses were conducted in 50 mM KPi (pH 7.4). Stock solutions 

(1 mM) of  cholesterol,  cholic  acid,  β-sitosterol (75%, ACROS),  synthetic  β-sitosterol 

(>95%, Sigma-Aldrich), lanosterol (50-60%, Sigma-Aldrich), campesterol (around 65%, 

Sigma-Aldrich) or β-sitostanol (97.4%, Sigma-Aldrich) were made in 2-hydroxypropyl-

β-cyclodextrins [274]. Stock solutions of DXM were prepared in distilled purified water. 

CYP257A1 gene disruption in Rhodococcus jostii strain RHA1 

The CYP257A1 gene was disrupted in R. jostii strain RHA1 using the method of [307]. 

An 0.8 kb internal fragment of CYP257A1 was amplified by PCR (50 µl) on pBSKS-A, 

using  forward  primer  (F-Disrupt-ro11069),  (0.8  µM),  5’ 

cgcgcTCTAGAggtcttccctggcatccggccg 3’, with a  XbaI restriction site (shown in capital 

letters),  and  reverse  primer  (R-Disrupt-ro11069),  (0.8  µM),  5’ 

cgcgAAGCTTcggaattcggtgtcttgtgtagc  3’,  with  a  HindIII  restriction  site,  Tris-HCl 

(10 mM, pH 8.0), dNTP (0.2 mM), BSA (1 mg/ml, final), polymerase buffer with MgSO4 

and  Pwo polymerase  (0.1  U,  Roche,  Mannheim,  Germany),  under  the  following 

conditions: 5 min 940C, 30 cycles of 45 s 940C, 30 s 650C, 2 min 720C, followed by 5 min 

at 720C. An amplicon of 836 bp was obtained, digested with XbaI and HindIII and ligated 

into the  XbaI/HindIII linearized pK18mobsacB [305] plasmid, yielding pDisruptA.  E. 

coli S17-1  (DSMZ  culture  collection)  was  transformed  with  pDisruptA,  which  was 

subsequently used to  mobilize  pDisruptA into  R.  jostii strain RHA1 via  conjugation. 
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Gene disruption of  CYP257A1 in  R. jostii strain ΩCYP257A1  was confirmed by PCR 

analysis, i.e. the expected 1364 bp amplicon was obtained, using pK18F forward primer 

5’  aatgcagctggcacgacaggtt  3’  and  reverse  primer  R-rha10525, in  a  PCR  mixture 

containing primers (0.8 µM), Tris-HCl (10 mM, pH 8), dNTP (0.2 mM), BSA (1 mg/ml, 

final),  polymerase  buffer  with  KCl  and  MgCl2 as  well  as  Taq polymerase  (0.1  U, 

Fermentas,  St.  Leon-Rot,  Germany),  under  the  following conditions:  5  min 940C, 30 

cycles of 45 s 940C, 30 s 650C, 2 min 720C, followed by 5 min at 720C.

Growth  of  RHA1  wild  type  and  mutant  strain  ΩCYP257A1  on  β-sitosterol

and GC analysis of culture samples

Pre-cultures  (10  ml)  of  wild  type  strain  RHA1 and mutant  strain  ΩCYP257A1  were 

grown  for  3  days  at  300C  with  shaking  (220  rpm)  in  mineral  media  (MM  [180]) 

supplemented with pyruvate (20 mM) and used to inoculate 50 ml MM liquid media 

(1:50) supplemented with β-sitosterol  (content 75%;  1 g/l) as a sole carbon and energy 

source. β-Sitosterol was sonicated (Branson sonicator) in the medium prior to inoculation 

to a finely dispersed suspension to make the sterol more accessible for strain RHA1 cells. 

Cultures of mutant strain ΩCYP257A1 contained kanamycin (50 µg/ml) for maintenance 

of the gene disruption. The cultures were grown at 300C (220 rpm) for 15 days. Culture 

samples  (0.5  ml)  were  mixed  with  10%  H2SO4 (10  µl)  and  ethyl  acetate  (2  ml) 

and the upper organic layer was subjected to gas chromatography (as described above 

in the “Incubation of CYP257A1 with steroids” section).
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