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DNA sequence analysis of a region of the Streptomyces sp. strain C5 daunomycin biosynthesis gene cluster,
located between the daunomycin polyketide biosynthesis gene cluster and a dnrl (transcriptional activator)
homolog, revealed the presence of a gene encoding a P-450-like enzyme with a deduced M. of 46,096. Expression
of this gene, named herein dox4, in Streptomyces lividans TK24 resulted in in vivo bioconversion of daunomycin
to doxorubicin. DoxA showed specificity for only daunomycin and 13-dihydrodaunomycin, both of which were
converted to doxorubicin. Daunomycinone (daunomycin aglycone), carminomycin, 13-dihydrocarminomycin,
idarubicin, and aklavin were not apparent substrates for DoxA. In vector controls or in vectors in which doxA4
was poorly expressed, S. lividans catalyzed the reduction of daunomycin and other 13-oxo-anthracyclines and

-anthracyclinones to their 13-dihydro homologs.

Daunomycin (daunorubicin) and doxorubicin (14-hydroxy-
daunomycin; adriamycin) (Fig. 1) are clinically important an-
thracycline chemotherapeutic agents. Daunomycin is used pri-
marily to treat adult myelogenous leukemia, whereas doxorubicin
is widely used to treat a variety of neoplasias (2), making it the
more valuable of these antitumor drugs (36). Daunomycin was
discovered in the early 1960s (9, 15) by research groups at
Rhone-Poulenc and Farmitalia. Subsequently, several strepto-
mycete strains have been shown to produce daunomycin (31,
36). Streptomyces peucetius, a daunomycin-producing strain,
was later mutagenized to produce doxorubicin (3). To our
knowledge, this mutant, Streptomyces peucetius subsp. caesius
(3), is the only organism capable of producing doxorubicin that
has been described.

Streptomyces sp. strain C5 produces daunomycin and bau-
mycins (23, 24). In the 10 years that we have studied dauno-
mycin biosynthesis by this strain (4-7, 13, 14, 31, 32, 37), we
have never observed it to produce doxorubicin. Nevertheless,
we have been intrigued that Streptomyces peucetius, a dauno-
mycin-producing organism, was mutated to form doxorubicin,
suggesting that other daunomycin-producing strains may have
the genetic capability to produce doxorubicin. Here we de-
scribe the isolation and characterization of a gene from the
Streptomyces sp. strain C5 daunomycin biosynthesis gene clus-
ter (Fig. 2) encoding a cytochrome P-450 that confers on Strep-
tomyces lividans the ability to hydroxylate daunomycin at C-14
to form doxorubicin.

Bacterial strains, plasmids, media, and genetic manipula-
tions. Streptomyces sp. strain C5 has been described previously
(5, 24). Mutations in the Streptomyces sp. strain C5 genes that
block daunomycin biosynthesis, dauA74 (blocked in polyketide
synthase formation), dauCE147 (blocked in formation of ak-
lanonic acid methyl ester), dauE24 (blocked in aklavinone for-
mation from aklaviketone), and dauH54 (accumulates e-rhodo-
mycinone), have also been described (4). Streptomyces sp. strain
C5 and mutants of it were grown in NDYE medium as de-
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scribed previously (6). S. lividans TK24 (17) was obtained from
D. A. Hopwood and was grown in YEME medium (17) sup-
plemented with 20% sucrose. Escherichia coli JM83, trans-
formed with plasmids by standard procedures (21), was grown
in Luria-Bertani broth containing 100 pg of ampicillin per ml.
Procedures for routine molecular techniques, protoplast trans-
formation, and preparation of Streptomyces plasmid and chro-
mosomal DNA have been described previously (17). The plas-
mids used or constructed in this work are described in Table 1.
DNA sequencing and sequence analyses were carried out as
previously described (13, 37).

Analysis of open reading frames. We recently isolated ca. 30
kbp of DNA from Streptomyces sp. strain C5 within which
genes encoding daunomycin polyketide synthase (32, 37) and
other daunomycin biosynthesis genes (13, 14, 32) were found.
The genes described in this report are located ca. 10 kbp from
the daunomycin polyketide synthase genes (Fig. 2).

Figure 3 shows the DNA sequence spanning the region from
the 3" end of orfl, a putative ketoreductase (14), to the 5’ end
of daul (37). The two complete open reading frames found
within this sequence, orf4 and doxA, encode deduced proteins
with M_s of 28,808 and 46,096, respectively. The deduced prod-
uct of orfA4 has 36% amino acid identity to Streptomyces griseus
OrfD, a deduced protein of unknown function encoded by a
gene linked with a putative threonine/serine kinase gene (34).

The second open reading frame, doxA, overlaps orf4 by one
nucleotide in a gene arrangement commonly found in strepto-
mycete polyketide synthase genes (37). doxA encodes a protein
that has 29 to 32% amino acid identity with deduced cyto-
chrome P-450 enzymes from Streptomyces griseus (P-45055y)
(33), Streptomyces antibioticus (OleP; putative hydroxylase in
oleandomycin biosynthesis) (29), Saccharopolyspora erythraea
(P-450-107B1) (1), and Streptomyces sp. strain SA-COO
(ChoP) (18). Both the highly conserved heme pocket (FGDG
PHYCIG) and oxygen-binding (AGHDT) domains, character-
istic of cytochrome P-450s (28, 33), are present in DoxA (Fig.
3). We have not found a ferredoxin or NADPH:ferredoxin
oxidoreductase gene within the ca. 25 kbp of the Streptomyces
sp. strain C5 daunomycin biosynthesis gene cluster that we
have sequenced, which includes DNA more than 6 kbp in
either direction from doxA (13, 14, 32, 37). When genes for
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FIG. 1. Conversion of carminomycin (A) to 13-DHC (B) or daunomycin (C), which can be converted to 13-DHD (D), baumycins Al and A2 (19, 23) (E) or

doxorubicin (F). Evidence for reactions A—C, B—D, and A—C—D was shown previously (7). Reaction C—E is presumed because of the products formed by the strain
(23), and evidence for reactions C—F and D—F is given in the text. (B, D, and F) Pertinent carbons for reactions described in the text are numbered in the structures.

other antibiotic biosynthesis-related P-450s have been identi-
fied (e.g., eryF [35] and eryK [30]), ferredoxin and NADPH:
ferredoxin oxidoreductase genes also are not clustered with the
P-450 genes. On the other hand, in Streptomyces griseus and
Streptomyces griseolus, the genes encoding P-450 enzymes pu-
tatively involved in catabolic reactions, P450g5+ and P450g,,/
P4504,,, respectively, are linked with genes encoding the
ferredoxin specific for their activities (25, 33).

Construction of doxA expression plasmid. A 1.67-kbp Sa/l-
SstI fragment from pANT235 containing the 3’ end of doxA4

J. BACTERIOL.

and the 5" end of daul was purified from an agarose gel and
ligated into pUCI9 to make pANT185 (Table 1). Plasmid
PANT235 was used as the template in PCRs for the generation
of the 5’ end of doxA containing a strong upstream ribosome
binding site and appropriate restriction sites at both ends. The
primers synthesized were 5'-GACATGCATGCGGAGGGGT
GCCTC-3' for the 5’ end (containing an Sphl site) and 5'-
GACGCAGCTCCGGAACGGGG-3' for the 3’ end (carrying
a BspEl site). The amplified DNA fragment was digested with
Sphl and BspEI to generate a 285-bp fragment that was ligated
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FIG. 2. Restriction map of daunomycin biosynthesis gene cluster from Streptomyces sp. strain C5, generated from complete sequence data (13, 14, 32, 37), with a
more detailed restriction map of pANT235. The genes in the top diagram indicated by the right-slanting arrows, shaded arrows, and left-slanting arrows are described
in references 14, 37, and 13, respectively. The DNA sequence of the 3,196-bp SstI-Kpnl fragment shown in black is given in Fig. 3. The sequences and deduced products
of doxA (daunomycin C-14 hydroxylase) and orf4 (unknown function) are described in the text. The DNA contained within plasmid inserts described in Table 1 is shown
at the bottom. Abbreviations for restriction endonuclease sites: B, BamHI; Bg, Bg/lI; E, EcoRI; K, Kpnl; S, SstI; Sp, Sphl.

into similarly digested pANT185 to generate pANT186. The
nucleotide sequence of the PCR product was confirmed by
sequencing, and the 1.72-kbp SphlI-SstI insert from pANT186,
containing the complete dox4 gene and a strong ribosome
binding site (GGAGGT), was ligated into pANT849, a strep-
tomycete expression vector constructed in our laboratory (10)
from pANT42 (20), to form pANT195 (Table 1), which was

introduced into Streptomyces lividans TK24 by protoplast trans-
formation. In this construct, dox4 expression was driven by the
SnpR-activated snpA promoter, a very strongly expressed pro-
moter in pANT849 (10).

Bioconversion of daunomycin to doxorubicin by recombi-
nant Streptomyces lividans TK24. For the bioconversion studies,
recombinant Streptomyces lividans strains were grown in 50 ml

TABLE 1. Bacterial plasmids used and constructed in this study

Plasmid Relevant characteristics® Source or reference
pUCI19 2.686 kbp; Amp*; E. coli plasmid J. N. Reeve
PANT185 4.35 kbp; pUC19 containing a 1.67-kbp Sall-SstI construct of doxA from pANT235 This work
in which the 5’ 27 nucleotides of doxA are absent

PANT186 4.39 kbp; pANT185 in which the Sphl-BspEI fragment was replaced with a PCR- This work
generated 285-bp Sphl-BspEI fragment that regenerated the 5’ end of doxA as
well as a strong ribosome binding site and appropriate restriction sites

PANT192 11.84 kbp; 6.52-kbp HindIII-EcoRI fragment from pANT235 (including the entire This work
BgllI-BamHI fragment shown in Fig. 2) in pANT849

PANT193 10.28 kbp; 4.95-kbp Kpnl-HindIII fragment from pANT235 in pANT849 This work

pANT195 7.04 kbp; pANT849 containing the 1.72-kbp Sphl-SstI fragment insert containing This work
intact doxA from pANT186

pANT235 9.2 kbp; pUC19 containing a 6.48-kbp BamHI-Bglll DNA fragment from 37
Streptomyces sp. strain C5 carrying the dnrRI-hybridizing region

PANT849 5.34 kbp; expression vector derived from pANT42 (20) by removal of a 1.95-kbp 10

Kpnl fragment and a 1.42-kbp Sphl-Mlul fragment and insertion of a 42-bp
polylinker into the resulting SphI-Mlul sites; HC, Thi"

¢ Abbreviations: HC, high-copy-number plasmid; Thi", thiostrepton resistance; Amp’, ampicillin resistance.
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KpnI Clal
GGTACCCGCGCATCGATGTCATGGCCGGCAACGCCGGCGECATGTTCTGETCGCGCACCACGACCCAGGACGGGTTCGAGGCCACCCTCCAGGTCAATCATCTCGCGGGCTTCCTGCTGG 120
{forf1)..R I D V M A G N A G G M F W $ R TT T QD G F EATULQV NHULAGT FTUL L A

CACGGCTGCTGCGGGAGCGGCTCGCGGGCGGGCGGTTGATCCTCACCTCGTCCGACGCGTACACCCAGGGCCGGATCGACCCGGACGATCTCAACGGCGACCGTCACCGCTACAGCGCGG 240
R L L R ERLAGGH RULIULTSSDAYTOQGURTIUDU®PDUDI LNGU DU RIHIRY S A G

GCCAGGCGTACGGCACGTCCARACAGGCCAACATCATGACCGCCACGGAGGCCGCCCGGCGCTGGCCGGACGTGCTGACGGTCAGCTACCACCCCGGCGAGGTCCGCACCCGCATCGGGT 360
Q A Y G T S K Q ANTIMTA ATE AR ARU RUW®WPDVL TV S Y HP G E VRTI RTIGR

GGGGCACAGTCGCCTCGACCTACTTCCGGTTCAACCCCTTCCTGCGGTCCGCGGCCAAGGGCGCCGACACTCTCGTGTGGCTGGCGGCCGCGCCEGCCGAGGAGTTGACCACGGGCGGCT 480
G T VvV A S T Y FRFNUPVFUL RS AAIXKGADTTLV WUILAAATPA AETETLTTGG Y

ACTACAGCGACCGGCGGCTGTCCCCGGTGAGCGGCCCGACCGCCGACGCCGGCCTCGCGGCCAAGCTCTGGGAGGCCAGCGCGGCCGCCGTCGGCGACACCGCGCGCTGACCGCGGCGGE 600
Y S DR RL S PV S G P T ADA ATGILA AAIZ KT LMWTEA® RS AA® AV GDT®AR *

rbs
CCTCCCCGCCCGCATGCCCGTCTCATCCGCGAGCGCAGACGCTCGTGTGCCGATCCGTCGAAAGGAACGATTCGTGACCAGETTCGCGCCCGGCGCCCCCGCATGGTTCGACCTCGGGTC 720
(orfA) fM T R F A P G A P A W F D L G S

GCCCGATGTCGCCGCCTCGGCCGACTTCTACACCGGCCTCTTCGGCTGGACCGCGACCGTGGTCAGCGACCCGGGTGCCGGGEGATACACGACGTTCAGCTCCGACGGGAAGCTGGTCGC 840
P DV AASADV F YTGUL F G W T ATV VUV SDUZPGAGG GYTTT F S S D G K L V A

Sphl
CGCGGTCGCCCGCCATCAGATCGACACGCCCTACCACCGTCCGTACGGGCCCGGCAACGACCAGCACGGCATGCCGGCCATCTGGACCGTGTACTTCGCCACCAACGACGCCGACGCACT 960
A V AR H Q I DT P Y HUR P Y G P G NDOQHGMU®PATIWTUV Y F ATNUDA ATDA AL

GACCARACGGGTCGAGACGGCGGGTGGCGACGTCATCATGACCCCGATGGACGTCCTCGETCTCGGCCGGATGGCGGTCTTCGCCGACCCATCGGGGGCCGCGTTCGCGGTGTGGCGCAA 1080
T K R V ETA G GD UV I MTPMDUVLGL G RMAV FAUDUPS G A ATFA AVMWHWRIK

GGGCGTCATGGAGGGCGCGGAGGTGACGGGCGTGCCCGGCTCGGTCGGCTGGGTGGAACTGGTGACCGACGACAT CGGGACCGCCCGTGGCTTCTACCGTGCGACCCTCGGCCTGGCTCC 1200
G VM E G A EV TGV P G SV G WV ELVTUDUDTIGTA ARGV FVYRATTULTGTULA AYP

GGCCGACACCGGACGCAAGGGCGTCACCGACCCGGTTTGGCACATCCATGACACACCGGTCGCCGGCACCCGGGAACTGGGCACGACCGGCGCGGTACGGCCCCACTGGGCCGTGCTGTT 1320
A D T GUR K GV TDUPV WHTIHDT PV A GTR RETLSGTT G AV R P HWA AUV LF

Sall
CTCCGTGCACGACTGCGACGCGACGETCCGGCGGGCCGTCGAACTCGGCGGCTCCGTCGAGAACGAGCCCGTCGACACCCCCAGGGGGCGGCGGGCGGACCTGCTCGACCCGCACGGGGC 1440
S VHD CDATUVRIRAVELGSGS SV ENEUPVDT?PRGRIRATDILULUDUPUHG A

a.
CGGCTTCTCGGTGGTCGAACTGCGGGAGGCGTACCCCGCGGCGGCGGACGGTGCCTCATGAGCGGCGAGGCGCCGCGGGTGGCCGTCGACCCGTTCTCGTGTCCCATGATGACCATGCAG 1560
G F S VVELIREA AYUPA AW AATDTGA AS *

(doxa) fM 8§ ¢ E A P R V A V D P F 8§ C P M M T M Q

CGCAAACCCGAGGTGCACGACGCATTCCGAGAGGCGGGCCCCGTCGTCGAGGTGAACGCCCCCGCGGECGGACCCGCCTGGGTCATCACCGATGACGCCCTCGCCCGCGAGGTGCTGGCC 1680
R K P E V HDA AT FUREAGUZPVV EVNH-AUPA AGG G?PA AWV YV ITUDUDATLM AREUV L A

BspEI
GATCCCCGGTTCGTGAAGGACCCCGATCTCGCGCCCACCGCCTGGCGGGGGGTGGACGACGGTCTCGACATCCCCGTTCCGGAGCTGCGTCCGTTCACGCTCATCGCCGTGGACGGTGAG 1800
D P R F V KD UPDULAUZPTAWIRGVDDGGLDTI®PVPETLURUPUFTILTIAUVDGE

GACCACCGGCGTCTGCGCCGCATCCACGCACCGGCGTTCAACCCGCGCCGGCTGECCGAGCGGACGGATCGCATCGCCGCCATCGCCGACCGGCTGCTCACCGAACTCGCCGACTCCTCC 1920
D HRRULURU RTIHAPATFNUPI R RILAEWRTUDI RIMAATIADI RILTILTETLA ATDS S

GACCGGTCGGGCGAACCGGCCGAGCTGATCGGCGGCTTCGCGTACCACTTCCCGCTGTTGGTCATCTGCGAACTGCTCGGCGTGCCCGGTCACCGATCCGGCAATGGCCCGCGAGGCCGTC 2040
DR S G E P A EL I G GF A Y HF P LL VICETULTLGV PV TDUP AMUATREAUV

GGCGTGCTCAAGGCACTCGGCCTCEGCGGCCCGCAGAGCGCCGGCGGTGACGGCACGGACCCTGCCGGGGACGTGCCGGACACGTCGGCGCTGGAGAGCCTTCTCCTCGAAGCCGTGCAC 2160
G VL K AL GL GG P Q S A GG D GTDVPAGDV P DTS AULESTLULTULEA AV H

Bcll
GCGGCCCGGCGGAAAGACACCCGGACCATGACCCGCGTGCTCTATGAACGCGCACAGGCAGAGTTCGGCTCGGTCTCCGACGACCAGCTCGTCTACATGATCACCGGACTCATCTTCGCC 2280
A A R R XDT T RTMTW RV L Y ERWAOQAEUFG SV SDD QL V Y M I TGUL I F A

GGCCACGACACCACCGGCTCGTTCCTGGGCTTCCTGCTTGCGGAGGTCCTGGCGGECCETCTCGCGGCGGACGCCGACGGGGACGCCATCTCCCGGTTCGTGGAGGAGGCGCTGCGCCAC 2400
G H DTTGS FL G F L L A EV L AGRULAADA ADGDU ATISUZ RYFVETEU & ATLTRH

CACCCGCCGGTGCCCTACACGTTGTGGAGGTTCGCTGCCACGGAGGTGGTCATCCGCGGTGTCCGGCTGCCCCGCGEAGCGCCGGTACTGGTGGACATCGAGGGCACCAACACCGACGGC 2520
H P P VP Y TUL WU RUFAATEUVVIRGV RILUPRGAZPVLVDIETGTNDNTDG

Pvull
CGCCATCACGACGCCCCGCACGCTTTCCACCCGGACCGCCCTTCGAGGCGGCGGCTCACCTTCGGCGACGGGCCGCACTACTGCATCGGGGAGCAGCTCGCCCAGCTGGAATCGCGCACG 2640
R H HDAUPHA ATFHUP D RP SR RIRILTUFG?DGZPUHYOCCIGEOGQTULAOQTULESURT

ATGATCGGCGTACTGCGCAGCAGGTTCCCCCAAGCCCGACTGGCCGTGCCGTACGAGGAGTTGCGGTGGTGCAGGAAGGGGGCCCAGACAGCGCGGCTCACTGACCTGCCCGTCTGGCTG 2760
M I G V L R S R F P Q ARULAV P Y EEULIRWT CRIEKGA AUQT T ARTULTUDULUP V W L

CGTTGATGGGCCGACCGCGACCCGGCACGGEGACCGCCCACCGCCCATCGCGCEETGGGCGETCCCGTGCCGGTCGCCCGGTGCGGTCCTCTCCCGACGCTCGCTCCCCCTGTGACTTTCT 2880
R *

CACATCGAGACGTGACGAAATAATCCCAGCAAGTGCCATGCACACTTTCATGGCGGACATTCACTTGCGAGGATGGAGTGAGCACACGGGGCCGCCCGAGACACCCTACGGCCGCCGGAA 3000

rbs
GTATGCCACCTGTTGACGCGAATGGAACGCCACAGAGGGAGCACCGGCAATGCAGATCAATATGTTGGGCCCGCTCGTTGCACATCACAATGGCACCGTCGGTGACCCCGATAGCCAGAAA 3120
(daur) fM Q@ I N M L G P L V A H H N G T 8 V T P I A R K

Sstl
ACCCCGGCAGGTATTCTCACTGCTCGCTCTTCAGGCAGGAACCETCGTTCCGGTCCCCGCGCTGATGGAGGAGCTC 3196
P R Q V F $ L L AL QAGTV VPV P ALMEE L...

FIG. 3. Nucleotide sequence of the 3,196-bp DNA fragment from Streptomyces sp. strain C5 containing the daunomycin C-14 hydroxylase gene. The deduced amino
acid sequence of the proposed translation product is given below the nucleotide sequence. The numbers on the right indicate nucleotide positions. Potential ribosome
binding sites (rbs) are noted, as are significant restriction endonuclease sites.
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of YEME medium plus 10 pg of thiostrepton per ml in a
250-ml Erlenmeyer flask containing a coiled spring (6). After
incubation of the cultures at 30°C in a rotary shaker (250 rpm)
for 48 h, 100 wg of filter-sterilized daunomycin in distilled
water was added to each culture. The culture containing sub-
strate was incubated for another 48 h, after which the whole
culture broth was brought to a pH of 8.5 with 5 N NaOH and
extracted with an equal volume of chloroform-methanol (9:1).
The organic extract was dried, dissolved in methanol, and
spotted onto 0.25-mm-diameter silica gel thin-layer chroma-
tography plates (Whatman, Clifton, N.J.), which were devel-
oped with chloroform-methanol-acetic acid-water (80:20:16:6).
The following compounds, detected by pigmentation and flu-
orescence under UV irradiation at 365 nm, had R, values as
indicated: carminomycin, 0.86; 13-dihydrocarminomycin (13-
DHC), 0.70; daunomycin, 0.56; 13-dihydrodaunomycin (13-
DHD), 0.39; and doxorubicin, 0.36. Anthracyclines also were
separated, identified, and quantified by high-performance lig-
uid chromatography (HPLC) (14) with a Waters C,; nBondapak
reverse-phase column and a mobile phase of methanol-water
(65:35) brought to pH 2.5 with 85% phosphoric acid. Biocon-
version products were compared with authentic standards co-
chromatographed or run in parallel. HPLC retention times
were 18.3 min for carminomycin, 15.8 min for 13-DHC, 13.3
min for daunomycin, 10.6 min for 13-DHD, and 8.4 min for
doxorubicin.

The only theoretical monooxygenase-like (e.g., hydroxyla-
tion) steps in doxorubicin biosynthesis are (i) hydroxylation of
C-11 of aklavinone to form &e-rhodomycinone, (ii) C-13 hy-
droxylation of 13-deoxycarminomycin to form 13-DHC, and
(iii) hydroxylation of C-14 to convert daunomycin to doxoru-
bicin (31, 32). The gene encoding C-11 hydroxylase (dnrF) has
been previously shown to be located in a different part of the
gene cluster in Streptomyces peucetius (16). In preliminary ex-
periments, no apparent C-13 hydroxylase activity was observed
to be conferred by the presence of pANT195 in Streptomyces
lividans (12). Thus, we tested the ability of 48-h-old cultures of
Streptomyces lividans TK24(pANT195) to hydroxylate dauno-
mycin at C-14 to form doxorubicin. After 48 h of incubation,
we observed a 100% conversion of daunomycin to doxorubicin
by cultures of Streptomyces lividans TK24(pANT195), as deter-
mined by cochromatography with thin-layer chromatography
and HPLC.

Control cultures of Streptomyces lividans TK24(pANT849),
TK24(plJ702), and TK24 (without a plasmid), grown, incu-
bated with daunomycin, and analyzed as described above, con-
verted 100% of the daunomycin to 13-DHD. Nonspecific re-
duction of daunomycin to 13-DHD has been observed
previously (22, 26), suggesting that this reaction can be cata-
lyzed by a common bacterial enzyme (or enzymes) of low
substrate specificity.

Other doxA constructs were tested for their ability to confer
daunomycin C-14 hydroxylation ability to Streptomyces lividans.
Streptomyces lividans TK24(pANT192), containing the dauA-
orfg gene (encoding acyl carrier protein) and its putative pro-
moter, orfl, orfA, and doxA, converted approximately 25% of
the daunomycin added to doxorubicin; the remaining 75% was
converted to 13-DHD or not converted to any product. Strep-
tomyces lividans TK24(pANT193), containing part of orfl, all
of orfA, and doxA driven by the snpA promoter, converted 80%
of the daunomycin to doxorubicin; 20% was converted to 13-
DHD.

Analysis of bioconversion products. For mass spectrometry
(MS) analysis, 500 pg of daunomycin was incubated for 48 h
with 48-h-old cultures of Streptomyces lividans(pANT195)
grown in YEME medium. The bioconversion product was ex-
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tracted, dried, resuspended in 100 I of methanol, spotted onto
a 250-pm (thickness) layer (Aldrich, Milwaukee, Wis.) 20 by 20
cm glass-backed thin-layer chromatography plate, and sepa-
rated from contaminants by chromatography for 2 h with a
mobile phase of chloroform-methanol-acetic acid-water (80:
20:16:6). The silica gel containing the product was scraped
from the plate with a spatula and extracted three times each
with 1.5 ml of methanol. The methanol extracts were com-
bined, filtered through a 0.2-pm-pore-size Nylon Acrodisc 13
filter, and then dried in air. The dried product was resuspended
in 500 pl of chloroform-methanol (9:1) and back-extracted
with an equal volume of water (brought to pH 10.0 with
Na,CO;), and the organic phase from this extraction proce-
dure was removed and dried. The dried sample was resus-
pended in 500 pl of methanol, from which 50 pl was removed
for HPLC and thin-layer chromatography analyses, and the
remainder was redried for MS analysis. MS analysis was car-
ried out with a SCIEX API III+ triple quadrupole mass spec-
trometer fitted with an atmospheric pressure chemical ioniza-
tion source operating in the positive ion mode.

The product of daunomycin bioconversion by Streptomyces
lividans TK24(pANT195) had an M+1 of 543.90, the same as
that obtained with authentic doxorubicin. MS/MS analysis of
the parent 543.90 peak revealed major fragmentation species
of 396.80, 378.90, 361.00, and 130.20, identical to those ob-
served after MS/MS analysis of the 543.65 M+1 parent peak of
authentic doxorubicin. The product of daunomycin bioconver-
sion by cultures of Streptomyces lividans TK24(pANT849) had
an M+1 of 529.85 and MS/MS fragmentation species of
382.80, 364.60, 320.75, and 129.95, the same as those obtained
with authentic 13-DHD.

Substrate specificity of DoxA. For substrate specificity stud-
ies, 48-h-old cultures of Streptomyces lividans TK24(pANT195)
or TK24(pANT849) (control), grown in YEME medium con-
taining 10 pg of thiostrepton per ml, were incubated for an
additional 48 h in the same medium with an anthracycline
substrate. The products were extracted and analyzed as de-
scribed previously. Strain TK24(pANT195) converted >90%
of 13-DHD to doxorubicin within 48 h. In control cultures,
strain TK24(pANT849) did not convert 13-DHD to any ob-
servable product. These results suggest that two reactions, ox-
idation of the hydroxy to a keto group at C-13 and oxidation of
the methyl to hydroxyl at C-14, occur as a result of the presence
of DoxA in Streptomyces lividans; it is not probable that DoxA
catalyzes both reactions; however, the mechanism for this bio-
conversion is unknown. The bioconversion of 13-DHD to
doxorubicin also has been observed for a non-anthracycline-
producing mutant of Streptomyces peucetius subsp. caesius (26).
Cultures of TK24(pANT195) did not hydroxylate daunomyci-
none, carminomycin, 13-DHC, idarubicin (4-demethoxydauno-
mycin), or aklavin, indicating an apparently strict substrate
specificity of DoxA for daunomycin and 13-DHD.

The fact that 13-DHD, a shunt product of daunomycin bio-
synthesis (7, 8), was not converted to 13-dihydrodoxorubicin
suggests that formation of 13-dihydrodoxorubicin in vivo by
Streptomyces peucetius and other doxorubicin-producing strains
occurs by reduction of the 13-oxo group of doxorubicin rather
than by C-14 hydroxylation of 13-DHD. Only trace levels of
13-dihydrodoxorubicin were observed in cultures of Streptomy-
ces lividans TK24(pANT195) incubated with either daunomy-
cin or 13-DHD, indicating that doxorubicin was probably not a
good substrate for Streptomyces lividans TK24 C-13 ketoreduc-
tase activity.

Protection of anthracyclines by DoxA from reduction by
Streptomyces lividans C-13 Kketoreductase. Since cultures of
Streptomyces lividans TK24(pANT849) converted daunomycin to
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FIG. 4. Dithionite reduced-plus-CO minus reduced difference spectra of ex-
tracts prepared from cultures of Streptomyces lividans TK24(pANT195) (A) and
TK24(pANT849) (B). Note the DoxA-specific peak at 450 nm in curve A.

13-DHD, in cultures of Streptomyces lividans TK24(pANT195)
host C-13 ketoreductase activity and recombinant DoxA C-14
hydroxylase activity must compete for daunomycin. From the
results observed, overexpressed DoxA must be able to outcom-
pete the host C-13 ketoreductase for substrate. Similarly, in-
cubation of strain TK24(pANT849) cultures with carminomy-
cin, idarubicin, daunomycinone, or carminomycinone resulted
in 100% bioconversion of these compounds to their 13-dihydro
derivatives (12), indicating that Streptomyces lividans TK24
C-13 ketoreductase has a broad substrate specificity for these
anthracyclines and anthracyclinones.

Incubation of TK24(pANT195) cultures, containing DoxA,
with carminomycin or idarubicin, however, resulted in >85%
recovery of these 13-oxo substrates (the remaining ca. 10 to
15% of each was converted to the 13-dihydro derivative). In
the absence of additional data, we interpret these results to
suggest that DoxA protects these substrates from Streptomyces
lividans TK24 C-13 ketoreductase by an unknown mechanism.
The anthracyclinones daunomycinone and carminomycinone,
on the other hand, were converted to their 13-hydroxy ho-
mologs by TK24(pANT195), indicating that they were not pro-
tected by DoxA (12).

Spectral analysis of cytochrome P-450. Recombinant Strep-
tomyces lividans TK24 strains were grown in YEME medium
plus thiostrepton (10 wg/ml) for 48 h at 30°C, harvested,
washed by centrifugation, and then broken in sodium phos-
phate buffer (100 mM, pH 7.5) in a French pressure cell at
15,000 Ib/in?. The extracts were clarified by pelleting cell debris
and unbroken mycelia at 10,000 X g for 30 min (4°C), after
which the supernatant was analyzed by visible spectrometry.
Reference and experimental samples were reduced by a few
grains of sodium dithionite. Experimental samples were bub-
bled with CO for 1 min prior to analysis. Spectra were obtained
with a Beckman model DU-64 single-beam spectrophotometer
and reduced-plus-CO minus reduced difference spectra were
obtained by electronic subtraction.

Reduced-plus-CO minus reduced difference spectra of ex-
tracts of Streptomyces lividans TK24(pANT195) yielded a peak
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at 450 nm, characteristic of P450s (27), not observed in extracts
of the control culture, Streptomyces lividans TK24(pANT849)
(Fig. 4). Moreover, a polypeptide with an M, of ca. 42,000,
close to the predicted size of DoxA, was observed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis in crude
mycelial extracts of TK24(pANT195) that was not present in
extracts of TK24(pANT849) (12). Despite repeated attempts,
however, we have not yet observed in vitro DoxA activity in
TK24(pANT195).

Daunomycin bioconversion to doxorubicin by Streptomyces
sp. strain C5. Cultures of Streptomyces sp. strain C5 and C5
mutants with alterations in the dauA74, dauCE147, dauE24,
and dauH54 genes that were grown for 48 h in NDYE and
incubated for 48 h with 100 wg of exogenously added dauno-
mycin converted ca. 10% of the substrate to doxorubicin. The
remainder (ca. 90%) of the daunomycin was converted to
compounds that were hydrolyzable to daunomycin with oxalic
acid (i.e., baumycins Al and A2) (19, 24). These results indi-
cate that Streptomyces sp. strain C5 has the genetic and enzy-
matic capability to produce doxorubicin but that other reac-
tions, e.g., formation of baumycins Al and A2, outcompete
native DoxA, which is probably produced at very low levels.
These experiments suggest that a double mutant of Streptomy-
ces sp. strain C5 deficient in baumycin production and upregu-
lated for DoxA activity should produce doxorubicin.

Nucleotide sequence accession number. The DNA sequence
described in this paper has been deposited in GenBank under
the accession no. U50973.
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