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start codons (30) were accepted, and the codon usage table for
CODONPREFERENCE was prepared by using previously
published data (36).
On the basis of codon bias (1), six presumed protein-coding
open reading frames (ORFs), rdmA to rdmF, were observed
(Fig. 2).
The beginning of rdmA is uncertain because although an
apparent ribosome binding site precedes the GTG codon at
226, a relatively high third-base bias with no stop codons is
observed from the beginning of this sequence. Our preliminary
sequencing results for the homologous gene in S. galilaeus lead
us to expect rdmA to begin a few amino acids before the start
of this sequence. rdmB corresponds to a 374-amino-acid peptide (Mr, 39,764; isoelectric point, 4.5). The product of rdmC
would be 298 amino acids (Mr, 31,792; isoelectric point, 5.0),
that of rdmD would be 237 amino acids (Mr, 25,851; isoelectric
point, 6.7), and that of rdmE would be 535 amino acids (Mr,
57,436; isoelectric point, 4.8). rdmF appears to be incomplete.
The peptide sequences of these ORFs were compared with
the PIR (release 40.0), GenBank (release 82.0), and EMBL
(release 38.0) databases. RdmA, RdmB, and RdmC resemble
peptide sequences that have been translated from a nucleotide
sequence that contains the carminomycin 4-O-methyltransferase (COMT) gene of S. peucetius (21). RdmB shows 51.7%
identity with COMT. RdmA and RdmC resemble peptide sequences that correspond to the regions that are 59 and 39,
respectively, of COMT, with the last 51 amino acids of RdmA
96.1% identical to the translated reading frame that begins at
nucleotide 3 of the sequence and with the first 110 amino acids
of RdmC 64.5% identical to the same reading frame downstream of COMT. RdmB also shows similarities to several
other O-methyltransferases, and the conserved dinucleotide
binding site DvGGG-G (21) is present.
RdmC shows relatively weak similarities to carboxyl esterase
from Pseudomonas sp. strain KWI-56 (29), 2-hydroxy-6-oxo-6phenylhexa-2,4-dienoic acid hydrolases from Pseudomonas
putida KF715 (12) and Pseudomonas sp. strain KKS102 (20),
and 2-hydroxy-6-oxohepta-2,4-dienoate hydrolase from P.
putida F1 (23) (S34609, C35124, Espssk, and Jh0245, respectively [Fig. 3]). When RdmC, the corresponding peptide sequence from S. peucetius (Dnrorfc; translated from the previously published nucleotide sequence [21]), and the sequences
of these hydrolases were aligned (Fig. 3), several conserved
regions were observed.

Anthracyclines are a group of substances that contain the
7,8,9,10-tetrahydro-5,12-naphthacene quinone structure (31);
they are usually antibiotics produced by actinomycetes or their
synthetic analogs. Some of them are important pharmaceutical
agents which are used in cancer therapy. The anthracycline
chromophore, aglycone, is synthesized by the polyketide pathway in producing organisms (6). The polyketide synthases of
several streptomycetes have been found to have a high degree
of conservation (17, 18), which has enabled the biosynthetic
genes of additional polyketide antibiotics to be cloned (22).
Hybrid antibiotics are molecules which combine structural
features of two or more antibiotics that are not normally produced by the same organism and are often produced by transferring genes from one antibiotic producer to another strain
that produces a structurally related antibiotic by recombinant
DNA techniques (14, 16).
Previously, Niemi et al. (25, 27) described hybridizing a
segment of Streptomyces purpurascens DNA near the locus with
an actI (polyketide synthase) probe from Streptomyces coelicolor (22), which caused the production of glycosides of several
modified aglycones (Fig. 1) in Streptomyces galilaeus, a producer of aklavinone glycosides. The genes that caused hybrid
production were located on a 6.1-kb BamHI-Sau3AI fragment,
EB3 (including 9 bp from the polylinker of lEMBL4 [8] with
an EcoRI site).
We have sequenced this fragment and expressed the aglycone-modifying enzyme activities it encodes by using a strong,
constitutive promoter. Expression and sequence data indicate
interesting similarities with daunorubicin and doxorubicin biosynthesis in Streptomyces peucetius.
Sequence analysis. A random subcloning strategy was used
(28). M13mp18 (37) clones were sequenced with Taq polymerase (Promega Corporation, Madison, Wis.); with most
clones, 7-deazaguanidine nucleotide mixes were used. Clone
preselection by single-nucleotide tracking (26), clone inversion, and subcloning of selected restriction fragments were also
used to completely sequence both strands of DNA. Assembly
and analysis of the nucleotide sequence were performed with
the Genetics Computer Group package (10). ATG and GTG
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Six open reading frames, rdmA to rdmF, in a 6,077-bp segment of Streptomyces purpurascens DNA which
caused the production of hybrid anthracyclines were identified. The minimal fragment that produced anthracyclines modified at the 10th position contained rdmB to rdmD; rdmE is the gene for aklavinone-11-hydroxylase.
RdmC is similar to a putative open reading frame in the daunorubicin biosynthetic cluster of Streptomyces
peucetius and is likely to participate in the removal of the side chain at the 10th position.
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RdmD exhibits 45.6% identity with the product of srmX
from Streptomyces ambofaciens (9). The function of the latter is
unknown, but it probably participates in biosynthesis of spiramycin, a macrolide antibiotic.
RdmE shows significant similarities to several aromatic hydroxylases, including the tcmG hydroxylase (32) that participates in tetracenomycin biosynthesis and the fragment that is
listed as aklavinone-11-hydroxylase in GenBank sequence file

FIG. 2. Schematic representation of the proposed ORFs in the EB3 sequence and expression constructions tested. The kilobase scale above the plot
shows the same coordinates as those in previously published diagrams (27). Only
the sites of restriction enzymes used to make these constructions are shown (the
EcoRI site in parentheses is a vector site). The portion of sequence in each
construction is indicated by a solid line; an arrow indicates the ermE promoter.
Constructions without ermE are in pIJ486 in the expressing orientation. The first
1 or 2 after each construction indicates production or lack of production,
respectively, of aglycones with 10-modifications; the second indicates production
or lack of production of aglycones with 11-hydroxylation.
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M73758 (11). Over this 78-amino-acid fragment, RdmE and
the latter sequence are 68.8% identical.
RdmF resembles the product of an ORF from Daucus carota
AX110P mRNA (24) (28.3% identity), which is expressed in
carrot embryogenic cells and whose function is unknown.
Expression studies. The bacterial strains used in this study
have previously been described (27). Expression constructions,
shown schematically in Fig. 2, which contained the wild-type
ermE promoter (2) were assembled in Escherichia coli between
the EcoRI and HindIII sites in the polylinker of pUC18 (37) or
pBS(2) (Stratagene, Inc., La Jolla, Calif.), subcloned into
Streptomyces lividans in the polylinker of pIJ487 (15, 34), and
subsequently transferred into S. galilaeus. Plasmid pJN008 was
constructed by digesting pEB3 (27) (EB3 in pIJ486, prepared
from S. galilaeus) with EcoRI and MluI, isolating the large
fragment, producing blunt ends with Klenow polymerase, ligating, and introducing by transformation into S. galilaeus.
Culture conditions for S. galilaeus and the extraction and thinlayer chromatography methods for anthracycline products
have previously been described (27). The production of products that were modified at the 10th and 11th positions (10- and
11-modified products, respectively) by each clone is indicated
in Fig. 2.
Interpreted in terms of observed sequence features, previous
results (27) indicated that deletions that extended into rdmE
caused the loss of 11-hydroxylase activity and deletions into
rdmD caused the loss of 10-modifications (deletion constructions 1-3p1 and 2-24A [Fig. 2], respectively).
All ermE constructions conferred kanamycin resistance at a
level of at least 5 mg/ml in S. lividans, suggesting readthrough
transcripts into the aphI gene of promoter-probe vector
pIJ487.
Conclusions. Since rdmA and rdmF are not needed in constructions for hybrid production, no function can be assigned
to them. The fact that the sequence of rdmA is highly conserved among anthracycline producers S. purpurascens, S. peucetius, and S. galilaeus but, according to Southern hybridization, is not present in S. lividans (data not shown) suggests that
it is an important component in the anthracycline biosynthetic
apparatus.
It is surprising that no compounds with 10-modifications
were produced by constructions that lacked rdmB, which by
sequence comparison appears to code for an O-methyltransferase whose closest relative is the COMT of S. peucetius. The
nucleotide sequence homology that extends from rdmA to
rdmC is equally intriguing and suggests that these three genes
form an evolutionally conserved combination. No 4-O-methylated products from S. purpurascens have been described, and
none were found in hybrid-producing S. galilaeus transformants (27).
In 10-demethoxycarbonylaklavinone, the side chain has been
removed in the same manner as in daunorubicin. RdmC may
participate in this reaction; a highly similar ORF is apparently
present in S. peucetius in close association with the gene of
another late modification, COMT. Similarities with enoate hydrolases (Fig. 3) (12, 20, 23) suggest that this reaction proceeds
by hydrolysis of the C10OC15 bond, but similarity with the
Pseudomonas esterase (29) indicates possible hydrolysis of the
methyl group. It is possible that RdmC catalyzes both reactions, as decarboxylation of aklavinone carboxylic acid is
known to occur spontaneously in dimethylformamide (33, 35).
The conserved active-serine sequence GXSXG (4) is present
around Ser-102, in addition to a conserved putative active-site
histidine at 276. The stop codon of rdmB overlaps the putative
ribosome binding site of rdmC, an arrangement that is associ-
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FIG. 1. Identified aglycones of anthracycline glycosides produced by S. galilaeus ATCC 31615 (pEB3). The host alone produces glycosides of aklavinone;
the gene donor, S. purpurascens, produces glycosides of ε-rhodomycinone and
b-rhodomycinone.
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ated with translational coupling (38) and is often observed in
Streptomyces operons (3, 7).
rdmD appears to be necessary for the production of 10modified hybrids, but because the function of the homologous
srmX gene is unknown, it is impossible to deduce its function
from available data.
Both experimental data and sequence comparisons indicate
that rdmE is the aklavinone-11-hydroxylase gene. However,
two constructions in which rdmE was complete but other, upstream ORFs were truncated didn’t produce 11-hydroxylated
products.
Why were no 10-modified anthracyclines produced with constructions that lacked rdmB? The following possibilities may
explain their absence.
(i) The enzymatic activity of RdmB is required. This is improbable, because no 4-O-methylated products have been observed and because another known S-adenosylmethionine-dependent methyl transferase in anthracycline biosynthesis,
aklanonic acid methyltransferase (5), is already expected to be
present in the S. galilaeus host.
(ii) The RdmB protein is required. If RdmB, RdmC, and
RdmD form a multienzyme complex which is inactive in the
absence of RdmB, the necessity of RdmB has been explained.
The translational coupling of RdmB and RdmC also suggests
that these two peptides may be subunits of a protein; in S.

peucetius, however, the homologous ORFs do not appear to be
translationally coupled (21).
(iii) Translation of RdmB is required for translation of the
ORFs that follow it. Disruption of translational coupling between actI-ORF3 and actVII in S. coelicolor caused reduced
expression of the downstream genes (19); presumably, lack of
translation of rdmB could have a similar effect.
The observation (27) that in the opposite orientation, only
11-hydroxylation was observed suggests that rdmE is transcribed independently from the other ORFs. Unfortunately,
we have not been able to characterize RNA transcripts produced from these constructions because of extensive degradation of RNAs isolated from antibiotic-producing cultures.
Our results demonstrate that anthracycline biosynthetic
genes can be used to generate novel anthracyclines, and we are
proceeding to further dissect the late steps in rhodomycin
biosynthesis, which are apparently very relevant to understanding the biosynthesis of daunorubicin and doxorubicin also.
Eventually, expression constructions of biosynthetic genes may
allow the construction of artificial biosynthetic pathways in a
building block-like fashion.
Nucleotide sequence accession number. The nucleotide sequence reported in this paper has been submitted to the GenBank data bank with accession number U10405.
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FIG. 3. Multiple sequence alignment (PILEUP [10]) of RdmC, the sequenced portion of the homologous ORF from S. peucetius (Dnrorfc), three Pseudomonas
enoate hydrolases (C35124, Espssk, and Jh0245), and a Pseudomonas esterase (S34609). Amino acids that are similar (shaded background) or identical (black
background) to those in RdmC have been marked with the BOXSHADE program (13). The sequences have been ordered according to pairwise similarity.
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