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DNA sequence analysis of a region of the Streptomyces sp. strain C5 daunomycin biosynthesis gene cluster,
located just upstream of the daunomycin polyketide biosynthesis genes, revealed the presence of six complete
genes. The two genes reading right to left include genes encoding the potentially translationally coupled gene
products, an acyl carrier protein and a ketoreductase, and the four genes reading divergently, left to right,
include two open reading frames of unknown function followed by a gene encoding an apparent glycosyltrans-
ferase and dauE, encoding aklaviketone reductase. Extracts of Streptomyces lividans TK24 containing recom-
binant DauE catalyzed the NADPH-specific conversion of aklaviketone, maggiemycin, and 7-oxodaunomyci-
none to aklavinone, «-rhodomycinone, and daunomycinone, respectively. Neither the product of dauB nor
that of the ketoreductase gene directly downstream of the acyl carrier protein gene demonstrated aklavike-
tone reductase activity.

Daunomycin (daunorubicin), adriamycin (doxorubicin), car-
minomycin, and aclacinomycin A (aclarubicin) are clinically
important anthracycline chemotherapeutic agents of the poly-
ketide class of antibiotics. These compounds are synthesized by
condensation of nine extender units derived from malonyl co-
enzyme A onto a propionyl moiety to make a theoretical C-21
polyketide intermediate (27, 28), which is reduced at C-9 (28),
cyclized, and aromatized to form aklanonic acid, the first
known stable intermediate in these pathways (13, 27, 28). The
free carboxyl group of aklanonic acid is then methylated by the
dauC gene product, and the resulting methylester is cyclized by
the dauD gene product to form the 7-oxo compound aklavike-
tone (3, 6, 10), which is then reduced by the dauE gene product
(3, 6) to form aklavinone (Fig. 1), the last intermediate com-
mon to both aclacinomycin and daunomycin biosynthesis (27).
Mutants of Streptomyces sp. strain C5 in which aklaviketone
reductase activity is blocked (dauE mutants) accumulate the
purple-pigmented compound maggiemycin (25), which is pro-
duced as a shunt product of aklaviketone hydroxylated at C-11
(3, 6, 10).
Aclacinomycin A is formed from aklavinone via multiple

glycosylation steps while the structurally related anthracyclines
carminomycin, daunomycin, and doxorubicin are formed by
hydroxylation at C-11 prior to glycosylation and additional
modifications to form the final compounds (27). Here we de-
scribe the isolation, sequence analysis, and characterization of
dauE from Streptomyces sp. strain C5 encoding aklaviketone
reductase, the final enzymatic step common to both aclacino-
mycin and daunomycin (or doxorubicin) biosynthesis, as well
as the structure and potential function of the genes clustered
with dauE.
Bacterial strains and growth conditions. Streptomyces sp.

dauE mutant strains SC5-24, SC5-110, and SC5-111 have been

described previously (2, 3). Streptomyces lividans TK24 (17)
was obtained from D. A. Hopwood. Streptomyces lividans
TK24 was grown in YEME medium supplemented with 20%
sucrose (17). Streptomyces sp. strain C5 dauE mutants were
grown in nitrate-defined medium plus yeast extract (NDYE)
as described previously (3, 6). Strains carrying streptomycete
plasmid pANT849 (7), pWHM3 (30), or a derivative were
grown and stored on plates containing 40 mg of thio-
strepton per ml. When liquid media were used to grow re-
combinant streptomycetes, 10 mg of thiostrepton per ml was
added.
Genetic procedures. Escherichia coli JM83 was used to prop-

agate plasmids for sequencing and restriction analyses by stan-
dard methods (22). All procedures for genetic manipulation of
the streptomycetes, including DNA sequencing, have been de-
scribed previously (17, 32). DNA and deduced gene products
were analyzed by the algorithms of the Wisconsin Genetics
Computer Group package (8). Deduced gene products also
were compared with those in the databases by using both
Genetics Computer Group programs (8) and the BLAST al-
gorithm (1). Plasmids used and constructed in this work are
listed in Table 1.
Open reading frames in sequenced DNA. We recently re-

ported the isolation of ca. 30 kbp of DNA from the daunomy-
cin-producing strain, Streptomyces sp. C5, within which a clus-
ter of genes encoding daunomycin biosynthesis polyketide
synthase were located (32). Subsequently, we identified the
dauC and dauD genes, encoding aklanonic acid methyltrans-
ferase and aklanonic acid methyl ester reductase, respectively,
the enzymes required for generation of aklaviketone, clustered
with the daunomycin polyketide synthase genes (10). This
same gene arrangement has been found in the daunomycin-
and doxorubicin-producing species Streptomyces peucetius (15,
21).
Approximately 6.0 kbp of DNA directly adjacent to the

Streptomyces sp. strain C5 polyketide synthase biosynthesis
gene cluster was sequenced (Fig. 2). Within this DNA, six
complete open reading frames that contained codon usage and
G1C content in the third position within codons typical for
streptomycetes were found (4, 31). Two of these genes, one
each encoding an apparent ketoreductase (orf1) and an acyl
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carrier protein (ACP) (dauA-orfG) (Table 1), read right to left,
as depicted in Fig. 2, while the other four genes read diver-
gently from these, left to right, in an apparent operon.
The deduced gene product of orf1 is most closely related to

Streptomyces antibioticus Orf4, a putative oxidoreductase of
unknown function (Table 2), and also is related to several
characterized polyketide ketoreductases from various strepto-
mycetes (Fig. 3). Other than the polyketide reductase function
encoded by dauB (32) and aklaviketone reductase, encoded by
dauE (this work), the only remaining known ketoreductase-
like function in daunomycin biosynthesis is the reduction of the
C-13 keto group (9); whether orf1 encodes this function is
currently unknown.
The deduced product of dauA-orfG, a negatively charged

protein with a predicted Mr of 9,437 and a highly conserved
4-phosphopantetheine binding site (GLDSLAV) typical of
ACPs, shares 43% amino acid sequence identity with Saccha-
ropolyspora hirsuta Orf6 (Table 2), which encodes an ACP
putatively involved in the biosynthesis of a polyketide (20). In
the more than 25 kbp of DNA within the Streptomyces sp.
strain C5 daunomycin biosynthesis gene cluster that we have
sequenced (9–11, 32), this is the only gene encoding an appar-
ent ACP, suggesting that DauA-OrfG functions as the dauno-
mycin biosynthesis ACP. As previously mentioned (32), the
gene encoding the apparent daunomycin ACP, dauA-orfg, is
located at least 6 kbp from the genes encoding daunomycin
polyketide synthase ketoacyl synthase and the chain length
factor. This gene organization is not typical of other strepto-
mycete type II polyketide synthase genes, in which the ACP
gene usually is located immediately downstream of the keto-
acyl synthase and chain length factor genes (18).
The first gene reading left to right, orf2, encodes a small

protein (deducedMr, 16,758) of unknown function that has 45,
35, and 34% amino acid sequence identities with the Strepto-
myces roseofulvus frenolicin polyketide synthase gene cluster
orfX product (5) (Table 2), the product of the Streptomyces
coelicolor actinorhodin biosynthesis gene actVI-orfA (14), and
the Saccharopolyspora hirsuta polyketide biosynthesis gene
cluster orfX product (20), respectively. All of these genes ex-
cept actVI-orfA are clustered with polyketide biosynthesis
genes (5, 14, 20). Nevertheless, the functions of all of these
genes and their products are unknown at this time.
The third orf reading left to right in the sequence shown,

dauH, encodes an apparent glycosyltransferase that has 41%

FIG. 1. NADPH-dependent conversion of aklaviketone, maggiemycin, and
7-oxodaunomycinone to aklavinone, ε-rhodomycinone, and daunomycinone, re-
spectively, catalyzed by aklaviketone reductase. References 3 and 6 detail the
proposed pathway for aklaviketone metabolism in Streptomyces sp. strain C5.

TABLE 1. Bacterial plasmids used and constructed in this study

Plasmid Relevant characteristicsa Source or reference

pUC19 2.686 kbp; Ampr, E. coli plasmid J. N. Reeve
pWHM3 7.20 kbp; shuttle vector derivative of pIJ486 and pUC19; HC, Thir 30
pANT148 6.27 kbp; 925-bp SphI fragment from pANT151 carrying orf1 subcloned in pANT849; plasmid promoter

snpA-p drives transcription of orf1
This work

pANT151 6.4 kbpb; 3.7-kbp SstI fragment from phage P7 in pUC19 32
pANT152 10.36 kbpb; 7.67-kbp KpnI fragment from phage P7 in pUC19 32
pANT155 12.45 kbp; 5.25-kbp SstI fragment from pANT152 in pWHM3 (contains intact dauE gene) This work
pANT156 11.34 kbp; 4.14-kbp EcoRI-SstI fragment from pANT152 in pWHM3 (contains truncated dauE gene) This work
pANT157 4.62 kbp; 1.93-kbp PvuII-SstI fragment from pANT152 cloned into SmaI-SstI sites of pUC19 This work
pANT159 7.28 kbp; 1.94-kbp BamHI-SstI fragment from pANT157 cloned into pANT849 so that vector snpA

promoter drives expression of dauE
This work

pANT164 9.24 kbp; pIJ486 carrying 3.02-kbp EcoRI-KpnI insert from pANT121 (contains expressed dauB) 32
pANT849 5.343 kbp: expression vector derived from pANT42 (19) by removal of a 1.95-kbp KpnI fragment and a

1.42-kbp SphI-MluI fragment and insertion of a 42-bp polylinker into resulting SphI-MluI sites;
expression of the genes cloned into the polylinker is driven by SnpR-activated snpA promoter; HC, Thir

7

a Abbreviations: HC, high-copy-number plasmid; Thir, thiostrepton resistance; Ampr, ampicillin resistance.
b The size of this plasmid and its insert have been revised from that reported in Ye et al. (32).
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amino acid sequence identity with Streptomyces peucetiusDnrS,
a glycosyltransferase encoded by a gene located downstream of
dnrK and dnrP in the daunomycin biosynthesis gene cluster of
that organism (15) (Table 2). The function of DauH in dauno-
mycin biosynthesis in Streptomyces sp. strain C5 is not known,
although it could theoretically catalyze either the condensation
of ε-rhodomycinone and TDP-daunosamine to form the hy-
pothesized intermediate rhodomycin (27) or, alternatively, it
might encode the enzyme that converts daunomycin to bau-
mycin A1/A2 (23). Streptomyces peucetius DnrS was proposed
to encode TDP-daunosamine:ε-rhodomycinone glycosyltrans-
ferase, although unequivocal evidence for its role is still lacking
(24).
The final gene in the newly sequenced DNA encodes a

protein, here named DauE, with a deduced Mr of 25,632 that
was homologous to several streptomycete ketoreductases
(Fig. 3). DauE contained 97% amino acid sequence identity
with Streptomyces peucetius DnrH, a deduced ketoreductase
of unknown function previously sequenced by Grimm et al.
(15).
Complementation of dauE strains. Aklaviketone reductase

activity (Fig. 1) would theoretically be catalyzed by the product
of a gene belonging to a ketoreductase family. Since the se-
quence upstream of the daunomycin polyketide synthase gene
cluster contained genes encoding two new ketoreductases, we

analyzed them (encoded by orf1 and dauE), as well as dauB,
previously shown to encode anthracycline polyketide reductase
activity (32), for their ability to complement dauE mutants and
to catalyze aklaviketone reductase activity. Subclones of all
three ketoreductase genes (Table 1; Fig. 2) were constructed
for transformation of dauE mutants and for heterologous ex-
pression in Streptomyces lividans TK24.
Plasmids pANT155 and pANT159, both containing an intact

dauE gene, complemented the maggiemycin-producing Strep-
tomyces sp. strain C5 dauE mutants SC5-24, SC5-110, and
SC5-111 (2, 3) to restore daunomycin biosynthesis, as deter-
mined by thin-layer chromatography and high-performance
liquid chromatography (HPLC) analyses of the products, by
methods previously described (32).
Plasmid pANT156, containing a truncated form of dauE, did

not restore daunomycin biosynthesis to dauE mutants SC5-24,
SC5-110, and SC5-111. Similarly, pANT148, containing an in-
tact copy of orf1 under control of the snpA-p promoter (7), and
pANT164, containing dauB (32), did not complement any of
the dauE strains.
In vivo bioconversions. Plasmids containing each of the

three ketoreductase genes were introduced into protoplasts of
Streptomyces lividans TK24 by transformation (17). After the
transformants were grown in liquid YEME plus 10 mg of thio-
strepton per ml at 308C (rotary shaking at 250 rpm) for 48 h,

FIG. 2. Restriction map, generated by complete nucleotide sequence data, of part of the daunomycin biosynthesis gene cluster from Streptomyces sp. strain C5.
Genes within the ca. 6.0-kbp DNA sequence from the left end at the SphI site to the end of the dauE gene (black arrows) are described in the text. The genes on the
right (white arrows) are described in reference 32. The three genes encoding ketoreductases are orf1, dauE, and dauB. The inserts of plasmids pANT148, pANT152,
pANT155, pANT156, pANT159, and pANT164 are indicated. Abbreviations for restriction endonuclease sites: B, BamHI; C, ClaI; E, EcoRI; K, KpnI; Pv, PvuII; S,
SstI; X, XhoI; Sp, SphI.

TABLE 2. Characteristics of predicted gene products

Open reading frame
product

Length
(no. of residues)

Predicted
Mr

Probable functiona Closest homolog (% identity) Reference

Orf1 287 30,799 Ketoreductase Streptomyces antibioticus Orf4 (30%) 33
DauA-OrfG 84 9,437 Acyl carrier protein Saccharopolyspora hirsuta ACP (43%) 20
Orf2 151 16,758 Unknown Saccharopolyspora hirsuta OrfX (45%) 20
Orf3 516 56,316 Unknown None
DauH 442 47,977 Glycosyltransferase Streptomyces peucetius DnrS (41%) 24
DauE 251 25,632 Aklaviketone 7-reductase Streptomyces peucetius DnrH (97%) 15

a All gene products described are expected to be involved in daunomycin biosynthesis.
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1.0 mmol (final concentration) of aklaviketone was added to
the culture broths, and the cultures were incubated for an
additional 48 h to test their ability to convert aklaviketone to
aklavinone. Streptomyces lividans TK24(pANT159) converted
100% of the added aklaviketone to aklavinone, whereas cul-
tures of Streptomyces lividans(pANT148), containing orf1,
Streptomyces lividans(pANT164), containing dauB, and Strep-
tomyces lividans TK24(pANT849), the control culture, con-
verted less than 10% of the aklaviketone to aklavinone.
In vitro enzyme activities. Desalted mycelial extracts were

prepared, by methods previously described (6), from 48-h recom-
binant Streptomyces lividans TK24 cultures grown in YEME plus
10 mg of thiostrepton per ml to determine in vitro aklaviketone
reductase activities. Aklaviketone reductase assays included, in
a 500-ml volume, desalted cell extract, 0.5 mg of protein; ak-
laviketone (or another 7-oxo-anthracyclinone), 10 nmol;
NAD(P)H, 20 nmol; and sodium phosphate buffer (pH 7.5), 50
mmol. The assays were incubated for periods of 5 to 60 min at
378C, and the products were then extracted with chloroform-
methanol (9:1). The organic phase was separated, dried, re-
constituted in 10 ml of chloroform–90 ml of methanol, and
separated and quantified by HPLC with a Waters C18
mBondapak reverse-phase column and a mobile phase of
methanol-water (65:35) brought to a pH of 2.5 with concen-
trated acetic acid. A Waters model 600E multisolvent delivery
pump and controller and model U6K 0- to 2.0-ml manual
injector were used, and anthracyclines were detected on-line at
254 nm with a Waters model 486 tunable absorbance detector.
The data were analyzed on-line with Baseline 815 software and
a 386SX IBM-compatible computer. The elution times of bio-
conversion products were compared with those of authentic
standards run in parallel. Retention times for the anthracycli-
none standards were 9.3 min for aklaviketone, 11.4 min for
aklavinone, 10.4 min for maggiemycin, 15.1 min for ε-rhodo-
mycinone, 6.9 min for 7-oxodaunomycinone, and 10.1 min for
daunomycinone.

Table 3 shows that desalted extracts of Streptomyces lividans
TK24(pANT159), containing recombinant DauE, catalyzed
the NADPH-specific conversion of aklaviketone to aklavinone.
Connors et al. (6) also found that aklaviketone activity in
Streptomyces sp. strain C5 was NADPH specific. The specific
activity for aklaviketone reduction to aklavinone by Streptomy-
ces lividans TK24(pANT159) extracts was 62 pmol/min/mg of
protein, and the reaction was determined to be linear for up to
60 min under the conditions described. Streptomyces lividans
TK24(pANT159) extracts also catalyzed the NADPH-specific
reduction of maggiemycin to ε-rhodomycinone at a rate ap-
proximating that of the aklaviketone reduction, indicating that
maggiemycin also is a substrate for this enzyme. This result was
unexpected, since extracts of Streptomyces sp. strain C5 previ-
ously were not found to convert maggiemycin to ε-rhodomyci-
none (6). Similarly, Streptomyces lividans TK24(pANT159) ex-
tracts also catalyzed the NADPH-specific reduction of
7-oxodaunomycinone to daunomycinone, but at a rate about

FIG. 3. LINEUP analysis of the PILEUP comparison (8) of the deduced amino acid sequences of Streptomyces sp. strain C5 DauE with other antibiotic
biosynthesis-related ketoreductases: Streptomyces peucetius ATCC 29050 DnrH (15), Streptomyces sp. strain C5 Orf1 (this work), Streptomyces sp. strain C5 DauB (32),
Streptomyces galilaeus ATCC 31133 AknA (29), Streptomyces coelicolor ActIII (16), and Streptomyces violaceoruber Gra-Orf5 and Gra-Orf6 (26). Dots indicate gaps
generated by PILEUP, and the consensus sequence shown was determined by LINEUP. Capital letters in the consensus strand indicate identical residues in that
position, and small letters indicate at least four of eight proteins containing identical residues in the position. The parameters used were a gap weight of 3.0 and a gap
length weight of 0.1. Cons., consensus sequence.

TABLE 3. In vitro reduction of aklaviketone to aklavinone by
recombinant Streptomyces lividans TK24 extractsa

Plasmid Pertinent
ketoreductase Coenzyme added % conversion

None None NADPH 2.0
pANT148 Orf1 NADPH 2.9
pANT159 DauE NADPH 100
pANT159 DauE NADH 7.0
pANT159 DauE None 11.0
pANT164 DauB NADPH 1.8
pANT849 None NADPH 2.5

a The results reported are from duplicate assays carried out for 60 min and
analyzed by HPLC as described in the text. The substrate concentrations used
were 20 mM for aklaviketone and 40 mM for NAD(P)H. Similar results also were
obtained in five independent replications of this experiment with modifications in
time and substrate concentration.
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half those of the other two reactions reported above (11). In
control experiments, extracts prepared from cultures of S. livi-
dans TK24(pANT849), Streptomyces lividans TK24(pANT148),
or Streptomyces lividans TK24(pANT164) incubated with akla-
viketone and NADPH catalyzed only background levels of
aklaviketone reductase activity (Table 3).
Nucleotide sequence accession number. The DNA sequence

of the genes described in this paper has been deposited in
GenBank under the accession no. U43704.
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