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Abstract

We have determined the genome sequence of 8.7 Mb chromosome of Streptomyces peucetius ATCC 27952, which produces

clinically important anthracycline chemotherapeutic agents of the polyketide class of antibiotics, daunorubicin and doxorubicin.

The cytochrome P450 (CYP) superfamily is represented by 19 sequences in the S. peucetius. Among those, 15 code for functional

genes, whereas the remaining four are pseudo genes. CYPs from S. peucetius are phylogenetically close to those of Streptomyces

amermitilis. Four CYPs are associated with modular PKS of avermectin and two with doxorubicin biosynthetic gene cluster.

CYP252A1 is the new family found in S. peucetius, which shares 38% identity to CYP51 from Streptomyces coelicolor A3 (2). Nine

CYPs from S. peucetius are found in the cluster containing various regulatory genes including rar operon, conserved in S. coelicolor

A3 (2) and Streptomyces griseus. Although two ferredoxins and four ferredoxin reductases have been identified so far, only one

ferredoxin reductase was found in the cluster of CYP147F1 in S. peucetius. To date, 174 CYPs have been described from 45

Streptomyces species in all searchable databases. However, only 18 CYPs are clustered with ferredoxin. The comparative study of

cytochrome P450s, ferredoxins, and ferredoxin reductases should be useful for the future development and manipulation of anti-

biotic biosynthetic pathways.

� 2004 Elsevier Inc. All rights reserved.

Keywords: Cytochrome P450; Ferredoxin; Ferredoxin reductase; Secondary metabolites; Streptomyces
Cytochrome P4501 enzymes belonging to the super-

family of genus exist in all eukaryotic organisms, ani-

mals, plants, fungi, and microorganisms, and have

evolved a function in the initial oxidation of xenobiotics.

About 40% (174) of all known bacterial CYPs are found

in 45 different species of the industrially important genus
Streptomyces. In contrast to membrane bound CYPs

found in eukaryotes, most of the CYPs from Strepto-

myces are soluble, but only a few of them have been

characterized. However, no CYP has been reported in

the genomes of several bacterial species examined, in-

cluding Escherichia coli [1]. CYP does not seem to be
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essential for the basic metabolism of most prokaryotes,

but some of them are involved in catabolism of hydro-

carbons, terpenes and others, and provide the sole car-

bon and energy sources for bacteria [2]. They are also

involved in the oxidative, peroxidative, and reductive

metabolisms of various endogenous compounds such as
steroids, bile acids, fatty acids, prostaglandins, leuko-

trienes, biogenic amines, and other secondary metabo-

lites.

The main function of CYP is the monooxygenation

of various substrates. This requires molecular oxygen

and the supply of reducing equivalents from NADPH or

NADH. However, most of the bacterial CYPs receive

electrons from NADH [2]. They are able to introduce
atomic oxygen into allylic positions, double bonds, or

even into non-activated C–H bonds. They encode a su-

perfamily of heme-thiolate containing enzymes often
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located in macrolide antibiotic biosynthetic gene clus-
ters, where they catalyze stereo- and region-specific ox-

idation of precursors, leading to structural diversity

within these molecules [3]. CYP107A1 (EryF) is re-

sponsible for hydroxylation of 6-deoxyerythronolide B

to erythronolide B in the biosynthesis of erythromycin

from Saccharopolyspora erythraea [4]. Macrolactones,

YC-17 and narbomycin, are hydroxylated by

CYP107L1 (PikC) involved in pikromycin biosynthesis
from Streptomyces venezuelae [5]. Tylosin biosynthetic

gene cluster includes CYP113B1 and CYP105L1 in

Streptomyces fradiae [6,7]. CYP107D1, encoded oleP,

could be responsible for the epoxidation of C-8 in the

oleandomycin lactone ring [8]. Two cytochromes,

CYP161A3 (AmphL) and CYP105H4 (AmphN), prob-

ably carry out post-polyketide modifications during

biosynthesis of amphotericin from Streptomyces nodosus

[9]. CYP161A3 also complements the CYP161A1

(NysL) involved in nystatin biosynthesis from Strepto-

myces noursei. C-6 and C-8a of avermectin algycone

biosynthesis from Streptomyces avermitilis are hydrox-

ylated by CYP171A1 (AveE) to form a furan ring [10].

CYP122A2 (RapJ) and CYP107G1 (RapN) are possibly

involved in hydroxylation of the macrolide at C-9 and

C-27 or C-26 and C-32 of rapamycin in Streptomyces

hygroscopicus [11]. CYP129A2 and CYP131A1 are

components of the anthracycline class of antibiotic,

doxorubicin biosynthetic gene clusters from Streptomy-

ces peucetius [12,13]. Other members of the same sub-

family (CYP129A1 and CYP131A12) participate in

daunorubicin biosynthesis from Streptomyces sp. strain

C5 [14]. Glycopeptide antibiotic, complestatin from

Streptomyces lavendulae NRRL 2564 also includes the
two CYPs: CYP165B5 and CYP165E1 [15]. In Strep-

tomyces griseolus, herbicide metabolism requires

CYP105A1 and CYP105B1 [16]. CYP211A1 is clustered

in enediyne antitumor antibiotic C-1027 from Strep-

tomyces globisporus [17]. Ansamycin type antibiotic,

geldanamycin biosynthetic gene cluster from S. hygro-

scopicus, involves CYP105U1 [18]. CYP162A1 (NikQ)

from Streptomyces tendae [19] and CYP105K2 (SanL)
and SanQ from Streptomyces ansochromogenes are as-

sociated with biosynthesis of nucleoside antibiotic, nik-

komycin [20]. Two cytochromes of the same subfamily,

CYP163A1 (NovI) and CYP163A2 (CloI), are involved

in coumarin formation in aminocoumarin antibiotics

such as novobiocin from Streptomyces spheroids and

clorobiocin from Streptomyces roseochromogenes [21].

Another aminocoumarin antibiotic, simocyclinone bio-
synthetic gene clusters from Streptomyces antibioticus

T€u 6040, was cloned with a heterologous probe from a

gene encoding CYP163A1 [22]. The existence of

CYP105M1 (Orf10) in biosynthesis of the b-lactum
antibiotic ‘‘clavulanic acid’’ from Streptomyces clavuli-

gerus has also been reported [23]. Therefore, one may

conclude that CYPs are clustered with biosynthesis of
various kinds of antibiotics except aminoglycosides and
deoxysugar biosynthesis in Streptomyces (Table 1).

Although substantial knowledge has been obtained

about various CYPs from plants, animals, and mi-

croorganisms over the past four decades, a number of

major questions remain regarding the structure, func-

tion, and mechanism of these enzymes. Further in-

vestigations on CYPs in aminoglycosides are essential

for the development of new hybrid antibiotics. An
approach to produce deoxynitro sugars would facili-

tate the discovery of new antibiotics, and it is well

known that this could be achieved only a novel CYP.

Therefore, a complete understanding of the CYP su-

perfamily of Streptomyces is essential for the devel-

opment of novel secondary metabolites. The fully

sequenced genome of Streptomyces coelicolor A3 (2)

revealed 7825 ORFs with 18 CYPs genes in the linear
8.7 Mb chromosome [24]. Another fully sequenced

genome of S. avermitilis contained approximately 7600

ORFs with 33 CYPs within the 9 Mb chromosome [3].

Database search reveals that Streptomyces sp. and

Streptomyces tubercidicus have 16 and 12 CYPs, re-

spectively.

We have sequenced the whole genome (i.e., 8.7 Mb

chromosome of S. peucetius ATCC 27952) and it will be
disclosed in the near future. Reported here are the 19

putative CYPs including DoxA and DnrQ, which are

previously known. The classification of CYPs and

identification of ferredoxins and ferredoxin reductases in

the S. peucetius genome are also discussed.
Experimental procedures

Total genome sequencing

Streptomyces peucetius ATCC 27952 was cultured

in TSB medium at 28 �C for 2 days for isolation of

genomic DNA [25]. pSuperCosI was used to construct

a genomic library by digestion of genomic DNA with

Sau3AI. The ligated DNA was packaged in vitro us-
ing Gigapack III XL packaging extract (Stratagene).

The genomic library of S. peucetius was screened, and

several corresponding cosmids were isolated by inter-

nal sequences of dnrF (50-AGG TTT GAG GTG

GCC TTG ACG-30 and 50-TCC GCG TCA GTT

CGC CGG AGG-30) and dpsY (50-GGA CTG CCG

GTG TGC TGT GGT-30 and 50-CCG GAA CGT

TCA TTC GTC GAC-30). The total genome of S.

percetius has been sequenced using various cosmids,

and the shotgun approach [26] generated 2–4 kb

fragments of the genome. The all non-redundant

fragments were then assembled by PHRED [27]

and PHRAP (http://www.phrap.org). An additional

genomic library was also prepared to assist the whole

genomic sequencing.

http://www.phrap.org


Table 1

Cytochrome P450s involved in secondary metabolites production in Streptomyces

Species CYP namea Gene nameb Secondary metabolites Applications

S. lavendulae CYP107N1 orf3 MitomycinC AntiHIV

CYP160A1 mmcN

CYP105F1 orf4

CYP165B5c com02

CYP165E1 com01 Complestatin

S. antibioticus CYP107D1 oleP Oleandomycin Antibacterial

CYP235A1 oleP1

CYP163A3 simI Simocyclinone Antifungal

S. avermitilis CYP105P1 pteC Filipin Antifungal

CYP105D6c pteD

CYP171A1 aveE Avermectin Antiparasitic

S. fradiae CYP113B1 orf1 Tylosin Antibacterial

CYP105L1c tylH1

CYP154B1 orf16

S. hygroscopicus CYP122A2 rapJ Rapamycin Antibacterial

CYP107G1c rapN

CYP105U1 gdmP Geldanamycin

S. carzinostaticus CYP154J1 Neocarzinostatin Antitumor

CYP208A2

S. griseolus CYP105A1 suaC 7-ethoxycoumarin Antimicrobial

CYP105B1c subC

S. nanchangensis CYP124B2 nanP Nanchangmycin Anticoccidial

CYP171A2 meiE Meilingmycin

S. natalensis CYP161A2 pimD Pimaricin Antifungal

CYP105H3c pimG

S. nodosus CYP161A3 amphL Amphotericin Antifungal

CYP105H4c amphN

S. noursei CYP161A1c nysL Nystatin Antifungal

CYP105H1c nysN

S. tendae CYP162A1 nikQ Nikkomycin Insecticidal

CYP105K1c nikF

S. peucetius CYP131A1 dnrQ Doxorubicin Antitumor

CYP129A2 doxA

S. sp. strain C5 CYP131A2 dauQ Daunorubicin Antitumor

CYP129A1 doxA

S. ansochromogenes CYP105K2 SanL Nikkomycin Insecticidal

SanQ

S. carbophilus CYP105A3 Pravastatin AntiHIV

S. clavuligerus CYP105M1c orf10 Clavulinic acid Antibacterial

S. caelestis CYP113B2 orf6 Niddamycin Antibacterial

S. cinnamonensis CYP124B1 monD Monensin Anticoccidial

S. globisporus CYP211A1 orf29 Antibiotic C-1027 Antitumor

S. narbonensis CYP107L7P nbmL Narbomycin Antifungal

S. spheroides CYP163A1 novI Novobiocin Antibacterial

S. thermotolerans CYP107C1 orfA Carbomycin Antibacterial

S. roseochromogenes CYP163A2 cloI Clorobiocin Antibacterial

S. venezuelae CYP107L1 pikC Pikromycin Antibacterial

a CYP names as annotated at website: ‘‘http://drnelson.utmem.edu/CytochromeP450.html.’’
bGene names as described in NCBI database.
c CYPs clustered with ferredoxin.
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Identification and analyses of CYPs from database

Genome databases of S. peucetius (unpublished) were

formulated in our laboratory for the first time (cf.,

‘‘http://203.230.12.60’’). Other data were collected at

various addresses mentioned in the table legends. CYP

genes were initially searched based on the heme-binding

domain signature, GXXXCXG. The ORFs of all CYP

genes obtained using Glimmer 2.0 were annotated by
BLAST, followed by manual inspection [28]. The ORFs

containing such motifs were further screened for the

presence of a highly conserved threonine in the putative

I-helix, and the conserved EXXR motif present in the

K-helix [29]. The genes including all three motifs were

then used as queries for the local BLAST searches of the

GenBank, using recent non-redundant protein database

from NCBI to identify their closest homologes in other
organisms. Each gene was translated to amino acid by

GeneDoc program [30]. Dr. David Nelson had carried

out the assignment of all CYPs according to the P450

nomenclature [31]. CYPs showing more than 40%

identity were placed in the same family, and CYPs

having more than 55% were categorized in the same

subfamily. New family was assigned for the CYP

showing less than 40% similarity to other organisms.

Multiple alignments, phylogenetic analyses, and compar-

ison

The deduced amino acid sequences of the putative

S. peucetius CYPs were aligned with the CYPs from

S. coelicolor A3 (2) and S. amermitilis by ClustalX

[32]. Phylogenetic and molecular evolutionary analyses
were conducted using MEGA version 2.1 [33]. Other

CYPs involved in secondary metabolites production

were searched at ‘‘http://drnelson.utmem.edu/

CytochromeP450.html’’ andNCBI from 44Streptomyces

species. The accession number and protein identifier

in database identified their positions as mentioned in

Table 1.

DNA sequence accession numbers

The DNA sequences of all 19 putative CYPs, ferre-

doxin, and ferredoxin reductases have been deposited in

the EMBL GenBank international nucleotide sequence

database under accession numbers shown in Tables 3

and 4.
Results and discussion

S. peucetius CYP sequence alignments

Streptomyces peucetius ATCC 27952 is the only or-

ganism that produces clinically important anthracycline
chemotherapeutic agents of the polyketide class of an-
tibiotics, daunorubicin and doxorubicin. The 8.7 Mb

sequence of S. peucetius ATCC 27952 revealed 19 CYPs,

which cover approximately 0.2% of all coding se-

quences. Among those, the 5 CYPs; CYP107P3,

CYP107U3, CYP107N3, CYP105F2, and CYP105P2

show more than 74% identity to cytochrome P450s of

other organisms (Table 2). Threonine in I-helix (oxygen

activation motif), glutamic acid and arginine in an
EXXR motif of K-helix, and glycine and cysteine in the

GXXXCXG signature of heme-binding domain are

conserved in 15 CYPs (Table 3). CYP107N3 of S. peu-

cetius has the highest homology 91% to CYP107N1

(Orf3) involved in the biosynthesis of mitomycin C from

S. lavendulae.

The phylogenetic tree comprising CYPs of S. aver-

mitilis, S. coelicolor A3 (2), and S. peucetius indicated
that CYPs from S. peucetius are closer to those from S.

avermitilis than S. coelicolor A3 (2) (Fig. 1). New CYP

family found in S. peucetius is remotely related to

CYP171A1 from S. avermitilis. CYPs belonging to the

four subfamilies CYP107P, CYP107U, CYP154A, and

CYP157C are present in S. coelicolor A3 (2), S. aver-

mitilis, and S. peucetius. Five CYP subfamilies

CYP102B, CYP105D, CYP154C, CYP157A, and
CYP158A are also common in S. coelicolor A3 (2) and

S. avermitilis. Similarly, CYPs of three subfamilies

CYP105P, CYP107L, and CYP125A, are conserved

only in S. avermitilis and S. peucetius.

Relationships to CYPs from other organisms

Our sequence analysis reveals that the four CYPs
CYP147F1, CYP107AH1, CYP107AJ1, and CYP107L9

from S. peucetius have significant identity to CYP107L1

(PikC) found in macrolide antibiotics, pikromycin, from

S. venezuelae. CYP251A1 is the new family found in S.

peucetius, which shares 38% identity to CYP51 from S.

coelicolor A3 (2) and eukaryotes [34]. Two other CYPs

(CYP252A1 and CYP253A1) from S. peucetius also

have 32% identity to CYP51. No CYP homologous to
CYP51 is found in S. avermitilis. The remaining 18

CYPs fit into existing CYP families. Sequence analysis

of S. peucetius revealed that majority of CYPs belong to

CYP107 family.

The CYP164B1 from S. peucetius shows 39% identity

to CYP164A1 from Mycobacteriom leprae, and hypo-

thetical protein and PKS genes follow it. However, two

cytochromes are clustered inM. leprae.CYP166B1 shows
44% identity to CYP105C1, clustered with cholesterol

oxidation from Streptomyces species. CYP166B1 is clus-

tered with modular PKS of avermectin in S. peucetius.

ATP-binding proteins and FAD-dependent mono-

oxygenase proteins are found to be associated with

CYP253A1. Four CYPs CYP107AJ1, CYP107AH1,

CYP107U3, and CYP107L9 from S. peucetius exhibit

http://203.230.12.60
http://drnelson.utmem.edu/CytochromeP450.html
http://drnelson.utmem.edu/CytochromeP450.html


Table 2

Putative cytochrome P450s in S. peucetius with their closest homologues

CYP namea Sizeb Match in the databasesc

Species CYP namea Protein identifier Identity (%) Overlapd

CYP147F1 412 Myxococcus xanthus CYP147A1 AAD26638.1 53 317

Streptomyces venezuelae CYP107L1 AAC64105.1 39 402

CYP157C4 476 Streptomyces griseus CYP157C3 BAB40762.1 54 470

Streptomyces coelicolor CYP157C1 NP_625901.1 51 465

CYP154A3 325 Streptomyces coelicolor CYP154A1 NP_627112.1 72 320

Streptomyces fradiae CYP154B1 AAD40802.1 50 324

CYP107AH1 560 Saccharopolyspora erythraea CYP107B1 AAA26483.1 45 396

Streptomyces venezuelae CYP107L1 AAC64105.1 44 410

CYP105P2 399 Streptomyces avermitilis CYP105P1 BAB69309.1 89 399

Streptomyces lavendulae CYP105F1 AAD28448.1 40 403

CYP107U3 338 Streptomyces coelicolor CYP107U1 NP_627317.1 88 323

Saccharopolyspora erythraea CYP107B1 AAA26483.1 43 315

CYP166B1 460 Streptomyces sp. CYP105C1 AAA26718.1 44 382

Amycolatopsis mediterranei CYP166A1 AAC01709.1 43 381

CYP105F2 409 Streptomyces lavendulae CYP105F1 AAD28448.1 83 406

Streptomyces griseolus CYP105B1 AAA26825.1 43 399

CYP107N3 414 Streptomyces lavendulae CYP107N1 AAD28449.1 91 409

Streptomyces maritimus CYP107R1 AAF81737.1 52 391

CYP252A1 504 Bacillus halodurans CYP197A1 NP_241445.1 36 457

Streptomyces coelicolor CYP51 NP_629370.1 32 456

CYP164B1 347 Mycobacterium leprae CYP164A1 NP_302391.1 39 320

Bacillus subtilis CYP107H1 BAC03244.1 36 316

CYP107AJ1 400 Saccharopolyspora erythraea CYP107B1 AAA26483.1 50 333

Streptomyces venezuelae CYP107L1 AAC64105.1 45 317

CYP253A1 429 Bacillus halodurans CYP197A1 NP_241445.1 33 457

Streptomyces coelicolor CYP51 NP_629370.1 32 441

CYP125A4 327 Mycobacterium tuberculosis CYP125A1 AAK48007.1 41 297

Streptomyces avermitilis CYP107W1 BAB69197.1 29 229

CYP107L9 449 Streptomyces venezuelae CYP107L1 AAC64105.1 57 304

Saccharopolyspora erythraea CYP107B1 AAA26483.1 48 314

CYP107P3 373 Streptomyces coelicolor CYP107P1 NP_627830.1 77 213

Sinorhizobium meliloti CYP202A1 NP_385358.1 45 211

CYP251A1 448 Streptomyces coelicolor CYP51 NP_629370.1 38 420

Streptomyces avermitilis CYP171A1 BAA84477.1 36 452

CYP131A1 438 Streptomyces peucetius CYP131A1 AAD15266.1 100 438

Streptomyces antibioticus CYP235A1 CAA05640.1 30 416

CYP129A2 415 Streptomyces peucetius CYP129A2 AAD04715.1 100 415

Streptomyces sp. strain C5 CYP129A1 AAB08049.1 85 223

aCYP names as annotated at website: ‘‘http://drnelson.utmem.edu/CytochromeP450.html.’’
bNumber of amino acids.
cDatabase search at NCBI.
dNumber of amino acid overlap, which exceeds the protein size, is due to the introduction of gaps during BLAST comparison.
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similarity to CYP107B1 (EryF) involved in erythromy-

cin biosynthetic pathway from S. erythaea. CYP107L1

from S. venezuelae has 45% identity to CYP107AJ1, and
is clustered with ATP/GTP-binding protein. CYP107L1
also shows 44% similarity to CYP107AH1, and it is

associated with putative dehydrogenase and expression

regulator. Eukaryotic-type protein is located in the
vicinity of CYP107U3, which shows 88% identity to



Table 3

Classification of putative cytochrome P450s in S. peucetius

CYP namea Gene nameb I-helix K-helix Heme-binding motif Accession number

CYP147F1 cyp0549 247AGHET251 286ELLR289 351LGSGIHSCFG360 AJ605536

CYP157C4 cyp0618 201GSET205 250EHLR253 360FSSGPHECPG369 AJ605537

CYP154A3 cyp0673 156GYET260 195ETLR198 262FGHGVHFCLG271 AJ605538

CYP107AH1 cyp0749 242GHKT246 281ELVR284 349FGHGSHYCLG358 AJ605539

CYP105P2 cyp7863 237AHDT241 276ELLR279 341FGFGAHQCIG350 AJ605540

CYP107U3 cyp0819 154GFET158 198ELLR201 263YGHGIHYCLG272 AJ605541

CYP166B1 cyp0879 243GLET247 282ELLR285 347FGSGPHQCMG356 AJ605542

CYP105F2 cyp8812 241GHET245 280ELLR283 345FGHGIHLCLG354 AJ605543

CYP107N3 cyp0881 251GYET255 290ELLR293 356FGAGPHHCLG365 AJ605544

CYP252A1 cyp0812 288GYET292 344EVLR347 417YAGGPRNCVG426 AJ605545

CYP164B1 cyp0831 165GHET169 204EVLR207 268FAAGPHFCLG277 AJ605546

CYP253A1 cyp0913 285GHET289 341ESMR344 414FGAGPRKCIG423 AJ605548

CYP251A1 cyp0759 260GAET264 316EVIR319 388FGAGNRKCIG397 AJ605552

CYP107P3 cyp0887 90HEAT95 129ELMR132 193FGAGIHYCLG202 AJ605551

CYP125A4 cyp0266 110DRPT114 144ETGR147 C-terminal missing AJ605549

CYP129A2 cyp0772 277GHDT281 313EALR316 378FGDGPHYCIG387 AF403708

CYP107AJ1 cyp0908 149PLSVT252 205ERRR208 Unidentified AJ605547

CYP107L9 cyp0854 230GHET234 269EMLR272 Unidentified AJ605550

CYP131A1 cyp0880 275GAET279 314ETLR317 Unidentified L47164

aCYP names as annotated at website: ‘‘http://drnelson.utmem.edu/CytochromeP450.html.’’
b Cytochrome P450 deposited in EMBL.
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CYP107U1 from S. coelicolor A3 (2). CYP107L9 and

CYP105L1 share 57% similarity within the same sub-

family.

With the exception of doxA and dnrQ, other four
CYPs, CYP105P2, 105F2, 166B1, and 107N3, are clus-

tered with putative modular PKS of avermectin bio-

synthesis in S. peucetius. Oxidation of deoxyavermectin

aglycon is catalyzed by CYP171A1 (AveE) in S. aver-

mitilis (10). CYP251A1 in S. peucetius represents AveE

homologue protein (36%), but no such gene is found in

the S. coelicolor A3 (2) genome [35].

Horizontally transferred CYPs

CYP105P2 has 89% similarity to CYP105P1 (PteC),

and it is involved in the biosynthesis of antifungal poly-

ene, filipin, and clustered with modular PKS and dehy-

drogenase in S. avermitilis. Interestingly, the same PKS

and dehydrogenase homologue are arranged with

CYP105P2 in S. peucetius. Despite being from different
families, CYP105F2 and CYP107N3 are clustered to-

gether adjacent to LinA homolog and putative dehydro-

genase in S. peucetius. Similar organizations are found in

the mitomycin C biosynthetic gene cluster from S. lav-

endulae. CYP157C4 is clustered with rar operon of S.

peucetius, which is also conserved in S. coelicolor A3 (2)

andS. griseus [36]. This behavior probably resulted due to

the horizontal gene transfer between those species.

CYPs clustered with ferredoxin and ferredoxin reductase

CYP147A1 from Myxococcus xanthus shares 53%

identity with CYP147F1, and is the only CYP clustered
with ferredoxin reductase in S. peucetius. One CYP from

S. coelicolor A3 (2) and five CYPs from S. avermitilis are

found to cluster with ferredoxin. No ferredoxin reduc-

tase is directly clustered with CYPs in S. avermitilis and
S. coelicolor A3 (2); however, CYP147B1 and 105Q1

from S. avermitilis are associated with ferredoxin, fol-

lowed by ferredoxin reductase. 11 CYPs are clustered

with ferredoxin in other Streptomyces (Table 1). One of

the most studied CYPs in prokaryotes is CYP105D1

from S. griseus [37]. CYP105D4 from S. lividans and

CYP105D5 from S. coelicolor A3 (2) share high ho-

mology to CYP105D1, and each of them is clustered
with ferredoxin.

It has been suggested that ferredoxin and ferredoxin

reductase enhance the expression and activity of each

cytochrome [16,39], but the number of ferredoxin genes

is limited to 9 and 6 in S. avermitilis and S. coelicolor A3

(2), respectively. Similarly, 6 and 3 ferredoxin reductases

are found in S. avermitilis and S. coelicolor A3 (2),

respectively. On the other hand, S. peucetius has 2
ferredoxins and 4 ferredoxin reductases, which

will presumably support the activity of the 19 CYPs

(Table 4).

CYPs clustered with regulatory elements

CYP251A1 from S. peucetius is found in a cluster

containing putative RoK-family transcriptional regula-
tory protein. Another cytochrome of the same species,

CYP252A1 is clustered with ATP/GTP-binding protein,

threonine 3-dehydrogenase and LysR-family transcrip-

tional regulator. The CYP147F1 is the only cytochrome

P450 clustered with ferredoxin reductase, followed by



Fig. 1. NJ tree of CYPs from S. peucetius, S. coelicolor A3 (2) (prefix sc), and S. avermitilis (prefix sav). Horizontal branch lengths proportional to the

estimated number of nucleotide substitutions, and bootstrap probabilities (as percentages), as determined for 1000 resamplings, are given above or

beside the internal branches. The bar in the lower left corner indicates 0.1 amino acid substitutions per amino acid for the branch length.
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ATP/GTP-binding protein and putative transcriptional

regulator in S. peucetius. CYP157C4 from S. peucetius

shows 54% identity to RarE of rar operon from S.

griseus. In S. coelicolor A3 (2) cvn9 showed a remarkable
similarity to rar operon of S. griseus. CYP154A3 lies in a

gene cluster containing RNA polymerase sigma factor

and MerR-family transcriptional regulatory protein in

S. peucetius. CYP129A2 and 131A1 are associated with



Table 4

Putative ferredoxins and ferredoxin reductases in S. peucetius with their closest homologs

Gene

namea
Accession

number

Sizeb Match in the databasesc

Species Gene name Identity % Predicted function

fdr549 AJ605536 422 Myxococcus xanthus ORF1 57 CYP reductase

Mycobacterium tuberculosis MT0716 35 Ferredoxin reductase

fdr903 AJ628767 260 Deinococcus radiodurans DR0496 48 Ferredoxin reductase

Streptomyces coelicolor SCF15.02 41

fdr743 AJ628764 566 Deinococcus radiodurans DRA0013 42 Ferredoxin reductase

Trichodesmium sp. nirA 36

fdr793 AJ628765 450 Streptomyces coelicolor SC4B10.18c 62 Ferredoxin reductase

Streptomyces coelicolor SC7AB.08c 55

fdx808 AJ628766 352 Mycobacterium tuberculosis fdxB 42 Ferredoxin

Escherichia coli D90778.1 41

fdx734 AJ628763 244 Amycolatopsis mediterranei ORF15B 65 Transketolase

Rhodococcus fascians fdx 55 Ferredoxin

a Ferredoxins and ferredoxin reductases deposited in EMBL.
bNumber of amino acids.
cDatabase search at NCBI.
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the pathway-specific regulatory gene dnrI. Similarly,

CYP107AH1 is clustered with putative dehydrogenase

and expression regulator in S. peucetius. CYP107L9 is

found to cluster with the putative transcriptional regu-
lator in S. peucetius. Surprisingly, a cytochrome of same

subfamily, CYP105L1 (PikC) from S. venezuelae, is also

located with the cluster containing ATP-binding protein

and transcriptional regulator; therefore, a relationship

between regulatory genes and CYPs could be expected

in metabolism.

CYPs involved in the production of secondary metabolites

About 174 (40%) bacterial CYPs are reported from

45 different Streptomyces species in database, but only

50 CYPs are predicted to be involved in the production

of secondary metabolites. The remaining CYPs are

presumably involved in catabolism of carbon com-

pounds. Although, none of the CYPs, involved in the

biosynthesis of aminoglycoside antibiotics, have been
assigned in database, many of them have been found to

be associated with a wide range of other antibiotics

(Table 1). CYP105D1 from S. griseus is one of the most

studied bacterial cytochrome, which is involved in the

biotransformation and degradation of a diverse array of

structurally complex xenobiotics. Other CYPs of the

same family: 105D2 from S. griseus, 105D3 from

Streptomyces sclerotialus, 105D4 from S. lividans,
105D5 from S. coelicolor A3 (2), and 105D6, 105D7

from S. avermitilis, are suitable candidates for further

investigations, since each might complement

CYP105D1. The CYP154A1 from S. coelicolor A3 (2)

shares 72% identity to CYP154A3 and lies with ATP/

GTP-binding protein. CYP154A1 and CYP154C1 share
42% similarity in S. coelicolor A3 (2), but later catalyzes

hydroxylation in 12- and 14-membered ring macrolac-

tones in vitro [38]. CYP105D6 and 105D7 from the same

subfamily are clustered in S. avermitilis, but they are
absent in S. coelicolor A3 (2).

Significance of CYPs involved in streptomyces

Pathway modification of mitomycin C, oleandomy-

cin, amphotericin, avermectin, and rapamycin can be

carried out by a CYP belonging to CYP107L subfamily,

since CYP107L1 (PikC) of this family shows flexibility
over many macrolites. CYPs of two families, CYP154J

and CYP211A, found in the biosynthetic pathway of

enediyne antibiotics neocarzinostatin and C-1027, might

be candidates for the screening of biosynthetic pathways

of other enediyne antibiotics such as kedarcidin, espe-

ramicin, and calicheamicin. Similarly, CYPs belonging

to subfamilies CYP129A and CYP131A are also im-

portant for the development of hybrid anthracycline
antibiotics. CYP161A and CYP105H subfamilies pos-

sibly can complement those involved in amphotericin

and nystatin antibiotics, respectively.
Conclusions

S. peucetius ATCC 27952 includes 19 cytochrome
P450s, 2 ferredoxins, and 4 ferredoxin reductases. Only

one cytochrome, CYP147F1 from S. peucetius, is clus-

tered with ferredoxin reductase. CYP251A1 is a new

CYP found in S. peucetius, which shares sequence sim-

ilarity with CYP51 from S. coelicolor A3 (2) and

CYP171A1 from S. avermitilis. Six CYPs are associated
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with secondary metabolite production in S. peucetius.
Nine CYPs from S. peucetius are clustered with regu-

latory genes, and four CYPs are arranged with either

ATP/GTP-binding proteins or dehydrogenases. We also

observe such events in other Streptomyces species. The

involvement of regulatory genes, ATP/GTP-binding

proteins, and dehydrogenases with cytochrome P450 is a

subject of further study. Distributions of CYPs in vari-

ous species of Streptomyces reflect their participation
either with secondary metabolite genes, ferredoxin, fer-

redoxin reductase or regulatory operon.
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