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Abstract Streptomyces peucetius ATCC 27952 is a potent
producer of the therapeutically important antitumor drug,
doxorubicin. S. peucetius contains two deoxythymidine
diphospho (dTDP)-4-keto-6-deoxyglucose 3,5-epimerase-
encoding genes, dnmU and rmbC, in its genome.While dnmU
from the doxorubicin biosynthesis gene cluster is involved in
the biosynthesis of dTDP-L-daunosamine, rmbC is involved
in the biosynthesis of dTDP-L-rhamnose, a precursor of cell
wall biosynthesis. The proteins encoded by dnmU and rmbC
share 47 % identity and 64 % similarity with each other. Both
enzymes converted the same substrate, dTDP-4-keto-6-de-
oxy-D-glucose, into dTDP-4-keto-L-rhamnose in vitro. How-
ever, when disruption of dnmU or rmbC was carried out,
neither gene in S. peucetius compensated for each other’s loss
of function in vivo. These results demonstrated that although
dnmU and rmbC encode for similar functional proteins, their
native roles in their respective biosynthetic pathways in vivo
are specific and independent of one other. Moreover, the
disruption of rmbC resulted in fragmented mycelia that quick-
ly converted into gray pigmented spores. Additionally, the
production of doxorubicin, a major product of S. peucetius,
appeared to be abolished after the disruption of rmbC, dem-
onstrating its pleiotropic effect. This adverse effect might have
switched on the genes encoding for spore formation, arresting

the expression of many genes and, thereby, preventing the
production of other metabolites.
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Introduction

Deoxysugars are essential constituents of many natural prod-
ucts and usually confer biological activity upon these com-
pounds (Liu and Thorson 1994). The biosynthesis of many
deoxysugars begins with glucose-1-phosphate (G-1-P) that is
converted into a variety of deoxysugars via epimerization,
isomerization, reduction, dehydration, methylation, and ami-
nation (Stockmann and Piepersberg 1992). Streptomyces peu-
cetius ATCC 27952 produces a well-known anticancer
compound, doxorubicin, (7S,9S)-7-[(2R,4S,5S,6S)-4-amino-
5-hydroxy-6-methyloxan-2-yl]oxy-6,9,11-trihydroxy-9-(2-
hydroxyacetyl)-4-methoxy-8,10-dihydro-7H-tetracene-5,12-
dione (Fig. 1), which contains a rhodomycinone core along
with an aminodeoxysugar, L-daunosamine (Hutchinson and
Colombo 1999). The biosynthesis of L-daunosamine begins
with DnmL (G-1-P thymidylyltransferase) that catalyzes the
conversion of G-1-P into deoxythymidine diphospho (dTDP)-

D-glucose, which undergoes 4,6-dehydration to form dTDP-4-
keto-6-deoxy-D-glucose (Fig. 1). The further enzymatic
actions of DnmU (3,5-epimerase), DnmT (2,3-dehydratase),
DnmJ (3-aminotransferase), and DnmV (4-ketoreductase)
produce dTDP-L-daunosamine (Otten et al. 1997; Olano et
al. 1999). The function of dnmU in S. peucetius had been
partially characterized by the disruption of the gene (Otten et
al. 1997). Although this group demonstrated the necessity of
DnmU for daunosamine biosynthesis, they did not confirm
whether dTDP-4-keto-6-deoxyglucose was the actual sub-
strate for this enzyme.
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Interestingly, a dTDP-glucose 4,6-dehydratase gene,
dnmM, in the doxorubicin biosynthetic gene cluster contains
a frameshift in its DNA sequence that translates into a
polypeptide of 61 amino acids, only rendering the gene
product non-functional (Gallo et al. 1996; Singh et al.
2010). For that reason, the disruption of dnmM did not
abolish the formation of doxorubicin. This observation sug-
gests the possible existence of another functional dTDP-
glucose 4,6-dehydratase gene that might have switched on
for the formation of the target deoxysugar. In pursuit of
another dTDP-D-glucose 4,6-dehydratase in S. peucetius,
we recently identified a gene cluster that was expected to
produce another deoxysugar, rhamnose, a precursor of cell
wall biosynthesis (Fig. 2a). The cluster contains four genes
that encode the following enzymes. RmbA, a G-1-P thymidy-
lyltransferase, catalyzes the synthesis of dTDP-D-glucose from
thymidine triphosphate (dTTP) and G-1-P (Singh et al. 2012).
The next enzyme, RmbB, a dTDP-D-glucose 4,6-dehydratase,
reduces dTDP-D-glucose to dTDP-4-keto-6-deoxy-D-glucose
in an NADH-dependent reaction. RmbC, a dTDP-4-keto-6-
deoxy-D-glucose 3,5-epimerase, then converts dTDP-4-keto-
6-deoxy-D-glucose to dTDP-4-keto-L-rhamnose. Finally,
RmbD, a dTDP-4-keto-L-rhamnose reductase, reduces dTDP-
4-keto-L-rhamnose to dTDP-L-rhamnose in an NADPH-
dependent reaction (Fig. 1).

Many biosynthetic gene clusters own several homolo-
gous genes. While many enzymes show high degrees of
affinity for various analogue substrates in vitro, the signifi-
cance of two similar functional genes existing in the same
genome is unclear. The possible reasons for the occurrence

can be that the transcriptions of these homolog genes are
specific to different cell signals or that the enzyme-coding
genes of a specific gene cluster are anchored to the partic-
ular biosynthetic pathway only. Since the biosynthetic path-
ways of dTDP-L-rhamnose and dTDP-L-daunosamine have
several steps in common (Fig. 1), their gene clusters also
contain several homologous genes. Among them, the de-
duced products of dnmU and rmbC exhibit high sequence
similarity to a number of dTDP-4-keto-6-deoxy-D-glucose
3,5-epimerases. In fact, both DnmU and RmbC belong to
the RmlC-like epimerase family (Christendat et al. 2000;
Giraud et al. 2000). Structurally, RmlC belongs to the cupin
superfamily of proteins which is among the most function-
ally diverse of all protein folds described to date (Dunwell et
al. 2001, 2004).

Here, we report the characterization of two dTDP-4-keto-
6-deoxy-D-glucose 3,5-epimerase genes located in two dif-
ferent positions of the S. peucetius genome. First, the sub-
strate specificity of DnmU and RmbC was determined by an
in vitro enzyme assay. Secondly, the effect on the biosyn-
thesis of doxorubicin in S. peucetius after the deletion of
dnmU and rmbC was analyzed and compared.

Materials and methods

Microorganisms, vectors, media, and culture conditions

All strains and plasmids used in this study are listed in Table 1.
pGEM®-T Easy vector (Promega), pET-32a(+) (Novagen),
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Fig. 1 Summarized biosynthetic pathway of doxorubicin in S. peucetius. The biosynthetic pathways of dTDP-L-daunosamine and dTDP-L-
rhamnose are shown with their common steps
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and pKC1139 (Bierman et al. 1992) were used as the sub-
cloning, expression, and disruption vectors, respectively. For
DNA manipulations, Escherichia coli XL1 Blue MRF′
(Stratagene) and E. coli ET 12567 (MacNeil et al. 1992) were
cultivated at 37 °C in Luria–Bertani (LB) medium supple-
mented with ampicillin (100 μg mL−1), apramycin
(100 μg mL−1), chloramphenicol (100 μg mL−1) or tetracy-
cline (25 μg mL−1) for the selection of recombinants. For
protein expression, E. coli BL21 (DE3) (Stratagene) was
grown at 20 °C in LB sorbitol medium with appropriate
isopropyl-β-D-thio-galactoside (IPTG) concentrations. S. peu-
cetiusATCC 27952 was used as the host strain for deletion. S.
peucetius strains were grown at 28 °C in R2YE media (Kieser

et al. 2000) for the preparation of protoplasts and for the
isolation of chromosomal or plasmid DNA. When necessary,
apramycin (60 μg mL−1) and neomycin (40 μg mL−1) were
added.

Polymerase chain reaction, DNA manipulation,
and sequence analysis

Plasmid DNA preparations, ligations, digestions, and other
DNA manipulations were performed using standard techni-
ques for E. coli (Sambrook and Russell 2001) and Strepto-
myces (Kieser et al. 2000). The enzymes and chemicals used
in this study were purchased from Takara and Sigma,

A

rmbA rmbB rmbD metT rmbC glyT acyT

B
dnmL dnmMdnrN dnrO dnrF drrA drrB drrD dnrX Y dnmZ dnmUdnmVdnmJ dnr I
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O-methylation esterase

dxr modifying
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Fig. 2 Schematic representation of the biosynthetic gene cluster of rhamnose (a) and doxorubicin (b) in S. peucetius. The open reading frames and
the direction of gene transcription are designated by pointed boxes

Table 1 Plasmids and strains
used in this study Plasmid or strain Description Source/reference

Plasmids

pGEM®-T Easy E. coli cloning vector, ampr Promega

pGEM®-3Zf(+) E. coli sub-cloning vector, ampr Promega

pET-32a(+) E. coli expression vector, ColE1 ori, bla Novagen

pKC1139 E. coli–Streptomyces shuttle vector with
thermosensitive replicon, aprr

Bierman et al. (1992)

Strains

Streptomyces peucetius
ATCC 27952

Doxorubicin/daunorubicin producer strain ATCC

E. coli ET 12567 DNA demethylating strain (dam− dcm− hsdS cmr) MacNeil et al. (1992)

E. coli BL21(DE3) E. coli B F− dcm ompT hsdS (rB− mB−) gal λ(DE3) Stratagene

E. coli D4BL1 E. coli BL21(DE3) harboring dnmU cloned pET-32a(+) This study

E .coli R5BL3 E. coli BL21(DE3) harboring rmbC cloned pET-32a(+) This study

E .coli RD11BL E. coli BL21(DE3) harboring rmbD cloned pET-32a(+) This study

E. coli ET32BL E. coli BL21(DE3) harboring pET-32a(+) This study
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respectively. Standard primers were used for DNA sequenc-
ing according to the dideoxynucleotide chain termination
method. The DNA sequence was determined using an auto-
mated DNA sequence analyzer. Comparisons of nucleotides
and protein sequences were performed using the programs
BLAST, FASTA, CLUSTALW, and GENEDOC.

Construction of recombinant plasmids and strains

All primers used in this study are listed in Table 2. Pairs of
primers, DU-F/DU-R, RC-F/RC-R, and RD-F/RD-B, were
designed to amplify 3,5-epimerase genes (dnmU and rmbC)
and the 4-ketoreductase gene (rmbD), respectively. Polymer-
ase chain reaction (PCR) was performed in a PCR Thermal
Cycler Dice (Takara). The PCR products of dnmU, rmbC, and
rmbD were separately cloned into the pGEM®-T Easy vector
prior to sequencing and excised with enzyme digestion
(EcoRI/HindIII) to clone individually into pET-32a(+) to gen-
erate pD4, pR5, and pRD11, respectively. Finally, the recom-
binant plasmids pD4, pR5, and pRD11 were transformed into
E. coli BL21 (DE3) to give E. coli D4BL1, E. coli R5BL3,
and E. coli RD11BL, respectively. The expression vector,
pET-32a(+), was also transformed into the same host to get
E. coli ET32BL for the control experiment.

Protein expression and enzyme assay

The E. coli recombinant strains were grown in 3 mL LB
culture medium. The overnight cultures were transferred to
50 mL fresh LB/sorbitol medium. When cell densities were
about 0.6 at OD600, IPTG was added to a final concentration
of 0.4 mM and the incubation was continued at 20 °C for
20 h. The cell pellets were harvested by centrifuging at
3,000×g for 10 min and washing twice with 15 mL of
50 mM Tris–HCl buffer (pH 7.5) with 10 % glycerol.
Finally, the cell pellets were reconstituted in 1 mL of the
same buffer. The cells were lysed by an ultrasonicator
(Sonosmasher). The soluble proteins and cell debris were

separated by centrifuging at 12,000×g for 30 min at 4 °C.
Since the proteins under study were expressed as recombi-
nant proteins with a poly-His tag fused to their N-terminus,
the His-tagged proteins were purified by cobalt-immobilized
affinity chromatography using TALON resin (Clontech)
according to the manufacturer’s instructions. The proteins
were analyzed with sodium dodecyl sulfate polyacrylamide
gel electrophoresis.

The enzyme assay for dTDP-4-keto-6-deoxyglucose 3,5-
epimerase was performed using 25 mM dTDP-D-glucose
(40 μL), 100 mM NAD+ (4 μL), 20 mM MgCl2⋅6H2O
(10 μL), 100 mM DTT (2 μL), 100 mM NADH (4 μL),
50 mM Tris–HCl, pH 7.5 (50 μL), and DnmU or RmbC
(1 mg). Both RmbB (1 mg) and RmbD (1 mg) were also
added for an enzyme-coupled assay to get the final product,
dTDP-L-rhamnose. The reaction was carried out for 90 min
at 37 °C. The enzyme reaction was quenched by heating the
reaction mixture at 90 °C for 5 min, followed by centrifu-
gation at 12,000×g for 15 min. The resulting supernatant
was analyzed using high-performance liquid chromatogra-
phy (HPLC), and the product was further detected using
electrospray ionization mass spectrometry (ESI-MS) .

Construction of the disruption vector and generation
of the mutant

A set of primers, EpUF and EpUR, was used to amplify the
upstream region (1.8 kb) of rmbC. Another set of primers,
EpDF and EpDR, was used to amplify the downstream
region (1.1 kb). The PCR product of the downstream region
was inserted at the EcoRI/XbaI site of pKC1139 to create
pED4. The PCR product of the upstream region was then
introduced into the HindIII/XbaI site of pED4 to create
pUED2, and the neomycin resistance gene was inserted at
the XbaI site between the two inserted flanking regions to
make the complete pEPN10.

To obtain demethylated DNA, pEPN10 was propagat-
ed in E. coli ET 12567. The demethylated pEPN10 was

Table 2 Primers used in this
study

Restriction sites are italicized

Primers Oligonucleotides (5′–3′) Restriction site

DU-F GCCGAATTCATGAAGGCGCGGGAACTG EcoRI

DU-R GATAAGCTTGCCTCACCCGTCTCCGCG HindIII

RC-F CCCGAATTCATGCGGCAGCTCTCCATC EcoRI

RC-R ATTAAGCTTGGCTCAGCCGCGCTCGCG HindIII

RD-F GCAGAATTCGTGAGCGTCTGGCTCGTG EcoRI

RD-B GCGAAGCTTGCCGGTAAACATCTACCG HindIII

EpUF ATGAAGCTTATGCTGGCCCCGGACGTA HindIII

EpUR TAATCTAGAGGTGGGCGGTCAGCCCCT XbaI

EpDF GCGTCTAGATTCTGTTGCTGTGGAAAG XbaI

EpDR ATCGAATTCACCGGCCAGCTCGTGTAC EcoRI
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introduced into S. peucetius by a polyethylene glycol
(PEG)-mediated protoplast transformation. After the intro-
duction of pEPN10 into S. peucetius, transformants were
selected with apramycin (60 μg mL−1) at 28 °C. The
selected colonies were grown in 50 mL of liquid R2YE
containing apramycin (60 μg mL−1) at 28 °C for 2 days
and then transferred to 37 °C for a few days to eliminate
the autonomous vector. A 0.5-mL aliquot of these cul-
tures was plated on R2YE agar containing apramycin
(60 μg mL−1) to verify the integration of the plasmid
into the genome. After confirmation of the integration,
the strain was grown in 50 mL of liquid R2YE contain-
ing neomycin (40 μg mL−1) at 37 °C for a few gener-
ations. A 0.5-mL aliquot of this culture was plated on
R2YE agar containing neomycin (40 μg mL−1). A few
colonies from the plate were screened on R2YE agar
plate containing neomycin (40 μg mL−1) and subsequent-
ly on R2YE agar plate containing apramycin
(60 μg mL−1) to verify the excision of the plasmid.
Finally, S. peucetius EPMT, which was apramycin-
sensitive and neomycin-resistant, was selected for further
studies.

Analysis of secondary metabolite production

S. peucetius strains were grown in 50 mL liquid NDYE
medium for 84 h at 28 °C. A 50-mL sample of the
culture broth from each strain was centrifuged for
15 min at 6,000×g to remove cell pellets. The superna-
tant was extracted with chloroform/methanol (9:1, v/v).
The extract was dried under reduced pressure and
reconstituted with 1 mL of methanol. The extract was
analyzed by HPLC using a reversed-phase C18 column
with 100 % methanol (solvent B) and water (solvent A,
pH 2.34) for 45 min at a flow rate of 1 mL min−1.
Peaks were detected using a UV absorbance detector
monitoring at 254 nm (Singh et al. 2010).

RNA extractions and RT-PCR

Total RNAwas isolated from Streptomycesmycelia using an
RNeasy Protect Bacteria Mini kit (Qiagen) according to the
manufacturer’s instructions. The concentration of the total
RNA was determined by measuring the optical density at
260/280 nm in a spectrophotometer. Equal amounts (1.5 μg)
of RNA from each sample were used for reverse transcrip-
tion PCR (RT-PCR). Negative controls were carried out
with Taq DNA polymerase without reverse transcripts to
assure that the amplified products were not derived from
chromosomal DNA. The 16S rRNA gene from S. peucetius
was used as a positive internal control. The individual pairs
of primers were used to amplify the PCR products of dnmU
and rmbC (Table 2).

Nucleotide sequence accession numbers

The GenBank accession numbers of the nucleotide and
protein sequences under study are as follows: dnmU
(AF006633.1), rmbC (FJ976894.1), rmbD (FJ976893.1),
and RmlC (X56793.1).

Results

Gene analysis of dnmU and rmbC

S. peucetius contains a doxorubicin biosynthesis gene clus-
ter including the genes for the biosynthesis of dTDP-L-
daunosamine (Fig. 2b). Previously, the daunosamine bio-
synthesis genes have been cloned and sequenced; several
genes—dnmL, dnmM, dnmZ, dnmU, dnmV, dnmJ, and
dnmT—were believed to be involved. Although dnmM con-
tains a frameshift mutation in the DNA sequence, its func-
tion was compensated by a 4,6-dehydratase gene, rmbB,
found at another locus outside of the doxorubicin production
gene cluster. Thorough investigation of the DNA sequences
adjacent to rmbB, a gene cluster that was putatively assigned
to produce a precursor of rhamnose was discovered
(Fig. 2a). The rhamnose gene cluster included a 3,5-epim-
erase gene, rmbC, whose predicted product was similar to
the deduced product of dnmU.

The proteins encoded by dnmU and rmbC share 47 %
identity and 64 % similarity with each other. While the
dnmU gene codes for a polypeptide of 208 amino acids
(23 kDa), the rmbC gene codes for a polypeptide of 199
amino acids (22 kDa). Although two enzymes were variable
in length by short chains, they consisted of conserved
domains of the cupin superfamily. ClustalW was used for
the sequence alignment of these two 3,5-epimerases with
RmlC from Salmonella enterica (Fig. 3). Almost all the
proposed substrate binding and catalytic residues of RmlC
(Dong et al. 2007) are conserved in DnmU and RmbC. In
fact, both enzymes consist of a conserved His63 residue of
RmlC as the base for both epimerization reactions, a con-
served Lys73 residue that stabilizes the intermediate enolate
anion, and a conserved Tyr134 that acts as an acid. One
exception is the presence of Ser28 in DnmU which is usually
Glu in RmlC-like proteins.

Protein expression and enzyme assay of DnmU and RmbC

The epimerase genes dnmU and rmbC were individually
cloned into an expression vector, pET-32a(+), and subse-
quently transformed into E. coli BL21 (DE3) to construct E.
coli D4BL1 and E .coli R5BL3, respectively. The recombi-
nant strains were cultured in LB sorbitol media as described
in “Materials and methods.” When E. coli D4BL1 and E.
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coli R5BL3 were induced with 0.4 mM IPTG for 20 h at
20 °C, the proteins of approximately 40 kDa were expressed
in a soluble form and showed similar levels of expression on
SDS-PAGE (Electronic supplementary material (ESM) Fig.
S1). In the control experiment, no similar protein bands
were observed in the cell-free extracts of E. coli ET32BL.

To check the catalytic activities of epimerases, an opti-
mized enzyme assay was performed using DnmU or RmbC
coupling with RmbB and RmbD as described in “Materials
and methods.” The reaction products were analyzed using
HPLC (Fig. 4). A peak corresponding to authentic dTDP-L-
rhamnose was observed in the HPLC chromatogram from
both DnmU and RmbC enzyme reactions. No similar peak
was detected in the control reaction using the cell-free
extracts of E. coli ET32BL. The reaction products were
further confirmed by ESI–mass spectrometry. In the mass
spectrum, the products given by the enzyme reaction of
RmbC showed the mass of m/z0547 [M-H]−, indicating
the production of dTDP-L-rhamnose (ESM Fig. S2). Inter-
estingly, the enzyme reaction of DnmU also produced the
same product in the HPLC chromatogram, and the same
mass of m/z0547 [M-H]− was also detected in the mass
spectrum (ESM Fig. S2).

Generation of rmbC-defective mutant and its effect

To test whether rmbC was indeed involved in the L-
rhamnose precursor for cell wall biosynthesis, a gene
inactivation experiment was carried out. A disruption
vector, pEPN10, was constructed and introduced into
S. peucetius by PEG-mediated protoplast transformation.
The rmbC gene was disrupted by a homologous recom-
bination method in which the neomycin-resistant gene
replaced the disrupted gene (Fig. 5). Finally, a colony of
S. peucetius EPMT that was apramycin-sensitive and
neomycin-resistant was selected for further study. The

deletion was further confirmed when no amplified prod-
ucts of rmbC were detected by PCR using the genomic
DNA of the S. peucetius EPMT as a template.

To observe the growth phenotype, S. peucetius EPMT
was cultured and subsequently plated on different agar
media. Interestingly, the red pigmentation due to doxo-
rubicin in wild-type S. peucetius changed to gray in S.
peucetius EPMT (Fig. 6). Furthermore, the mycelia were
highly fragmented in the S. peucetius EPMT when ob-
served using scanning electron microscopy (Fig. 6). The
mycelium appeared to be short-branched chains and
grew into spores in a few hours. Moreover, the chloro-
form–methanol extract of the culture was examined for
secondary metabolite production by HPLC. The produc-
tion of doxorubicin was not only abolished in this
mutant but also the production of many other secondary
metabolites seemed to be halted in the S. peucetius
EPMT (Fig. 7).

RT-PCR analysis of epimerase gene transcription
before and after disruption of rmbC

Gene expression is usually confirmed by an analysis of the
transcription. Therefore, the expressions of dnmU and rmbC
were analyzed by RT-PCR before and after the disruption of
rmbC in S. peucetius strains. The transcription of rmbC was
found to be a little higher than that of dnmU at 24 h of cell
growth (Fig. 8). The transcription levels of both genes were
observed in equal amounts at 48 h of cell growth and were
both higher than the levels observed at 24 h of cell growth.
The transcription of rmbC was not seen after the disruption
in S. peucetius EPMT, as expected. Unexpectedly, the tran-
scription of dnmU was not observed after the disruption of
rmbC (Fig. 8). The transcription of other biosynthetic genes
(dnmV, dnmS, and dnrI) of doxorubicin was also not ob-
served (data not shown).

Fig. 3 Alignment of the amino acid sequences of DnmU and RmbC with RmlC from S. enterica. The locations of the conserved amino acids of
epimerase are shown with pointed arrows. DnmU and RmbC share 47 % identity and 64 % similarity with each other
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Discussion

Genome sequencing of S. peucetius ATCC 27952
revealed the presence of a number of homolog genes.
These homolog genes were either present in the gene
clusters of similar biosynthetic pathways or exist in a
different gene cluster of an unrelated pathway. In this
study, we concentrated our investigation on two homo-
log genes, rmbC and dnmU, which encode for a similar
enzyme, dTDP-4-keto-6-deoxy-D-glucose 3,5-epimerase,
that produced the same product in the enzyme assay.
Contrary to this, when rmbC was disrupted in the S.
peucetius genome, dnmU could not compensate for the
function of rmbC. Likewise, when dnmU was disrupted,
no doxorubicin was produced (Otten et al. 1997), indi-
cating that the rmbC could not compensate for the loss
of dnmU function. It is surprising when two genes with
similar functions cannot compensate for each other’s
function. While this raises several questions, it seems
that the genes in the biosynthetic gene cluster are

specific in nature, and the enzymes of the biosynthetic
cluster may have particular functions in specific loca-
tions independent of the other enzymes inside the cell.
In fact, transcription regulators work together as a
“committee” to control the transcription of the genes
in response to external signals (Alberts et al. 2009), so
they might also control the communication among the
enzymes of the gene cluster to react to give the final
product. From our results, it is also observed that the
enzymes of a biosynthetic gene cluster are simply guid-
ed for a particular reaction without interfering with the
other enzymes of different gene clusters. In this sense, it
would be favorable to have two or more homolog genes
that could work independently. Therefore, the enzymes
of a gene cluster appear to be specific to particular
pathway regardless of how many homolog genes exist
in the genome.

S. peucetius grows on the agar medium with red
phenotype due to the production of doxorubicin. Dele-
tion of the doxorubicin gene cluster (18 kb) in S.
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Control reaction without RmbC
and DnmU (a), standard dTDP-
L-rhamnose (b), RmbC reaction
products (c), and DnmU reaction
products (d)
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peucetius changed the red phenotype to yellow in the
mutant (Singh et al. 2009). Similarly, the disruption of
dnmU or dnmV altered the red phenotype to pink due to
the accumulation of rhodomycinone, an intermediate of
the doxorubicin biosynthesis pathway (unpublished da-

ta). But the deletion of rmbC in S. peucetius produced a
gray white phenotype, indicating the blockade of rho-
domycinone as well as doxorubicin. It seemed that the
deletion of rmbC abolished the production of many
compounds of S. peucetius as many peaks disappeared
from the extracts of S. peucetius EPMT compared to S.
peucetius (Fig. 7). While the gray phenotype of S.
peucetius EPMT was an indication of doxorubicin dele-
tion, the fragmented mycelia signified the rupture of the
cell wall due to the lack of cell wall components. These
results were consistent with the similar gene disruption
in the spinosyn producer strain. The disruption of any
of the rhamnose genes in Saccharopolyspora spinosa
resulted in mutants with highly fragmented mycelia
where spinosyn production was also affected (Madduri
et al. 2001). It was concluded that the rhamnose genes
provide rhamnose for cell wall synthesis as well as
deoxysugars for spinosyn.

Spore formation occurs mainly due to changes taking
place in the protoplasm in unfavorable conditions.
(Kornberg et al. 1968; Driks 2002). Consistently, the
disruption of rmbC demonstrated a pleiotropic effect,
permitting the strain to survive in an unfavorable con-
dition. For this reason, the mycelia of S. peucetius
EPMT grew quickly into spores. Since the spore con-
sists of a mass of protoplasm surrounded by a dense
membrane, we could not carry out the complement
experiment either with the protoplast or the conjugation
method. Normally, sporulation occurs under conditions
of nutrient depletion. It has been established that cells
become committed to sporulate when the growth is
slowed by the deficiency of the carbon or the nitrogen
source (Fisher and Sonenshein 1991), but whether spor-
ulation is regulated by the same mechanism that con-
trols metabolism is not yet clear. A variety of factors
such as pH, media composition, ionic strength, and
aeration are known to affect sporulation. In the case of
S. peucetius EPMT, we observed that sporulation could
be affected by deficiency of the cell wall components.
This result demonstrated that depletion of nutrients in
cells leading to accelerated sporulation was not limited
to environmental conditions and that sporulation could
also be stimulated by nutrient deficiency created by
genetic manipulation. This sheds new light on the spor-
ulation process.

Normally, genes for primary metabolism are activat-
ed prior to the genes for secondary metabolite produc-
tion. When we checked the transcription levels of
rmbC and dnmU by RT-PCR in both wild-type and
mutant strains, we found a high level of transcription
of rmbC in S. peucetius after 12 h of cell growth,
whereas no transcription was observed in S. peucetius
EPMT. Surprisingly, the transcription of dnmU and

S. peucetius
EPMT

N N N

rmbD metT rmbC glyT acyT

4.2 kb

S. peucetius
ATCC 27952

rmbD metT neor glyT

oriT aprr

rmbD metT neor glyT acyT

pEPN1O

N N N N
1.7 kb 2.8 kb

Probe

Fig. 5 Schematic diagram of rmbC disruption via homologous recom-
bination. The neomycin resistance gene (neor) replaces the rmbC gene
after double crossover

A

B

Fig. 6 Growth phenotypes of S. peucetius strains (left) and their
respective scanning electron microscope images (right). The red phe-
notype of S. peucetius wild type (a) due to doxorubicin changes to a
white phenotype of S. peucetius EPMT (b) after the disruption of rmbC
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several biosynthetic genes of doxorubicin were not
observed in S. peucetius EPMT. The gene expression
profile showed that many biosynthetic genes of sec-
ondary metabolites are not expressed during the spore
state. This result was consistent with our HPLC data
where many peaks were missing in the extract of S.
peucetius EPMT. Furthermore, the transcription of
dnmU in S. peucetius was observed only after 24 h
of cell growth. The late transcription of dnmU in wild-
type S. peucetius also indicated the gene’s role in
secondary metabolite production.

In many cases, the disruption of some genes affected
the subsequent transcription of other genes due to a
polar effect. Owing to the pleiotropic effects exhibited
by S. peucetius EPMT, we hypothesized that the disrup-
tion of rmbC had a polar effect on adjacent genes.
Thorough analysis of the genome around the rhamnose
gene cluster revealed a methyltransferase gene in the
opposite direction of rmbC, while rmbC is followed
by a putative glycosyltransferase gene in the same di-
rection. The arrangement showed that the rmbC gene
may be transcribed as a single operon. Since the

methyltransferase gene is transcribed in the opposite
direction, the possibility of a polar effect due to the
disruption of rmbC also appeared to be null. Together
with this and the functional diversity of the cupin su-
perfamily of proteins, it appears that RmbC has a broad
range of substrate specificity. In accordance with the
assumption, some homologs of the enzymes involved
in cell wall biosynthesis appear to function in similar
reactions of different biological processes (Kato et al.
1999).

Based on our study, it is evident that although the
genes encode for enzymes with similar substrate specif-
icities, their functions are independent of each other
inside the cell. Moreover, cells defective in cell wall
biosynthesis cannot replicate properly; hence, long-chain
mycelia will not form. This adverse effect might switch
on the genes encoding for spore formation where the
functions of many genes are arrested, thereby preventing
the production of other metabolites. In conclusion,
genes involved in primary metabolite production appear
to have profound influence over secondary metabolite
production.
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Fig. 7 HPLC analysis of the
extracts of S. peucetius strains.
It is shown that many
compounds detected in S.
peucetius are diminished in S.
peucetius EPMT after the
disruption of rmbC. Standard
doxorubicin was used as the
reference

S. peucetius24 h 48 h
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dnmU rmbC C M M C rmbCdnmU

M C rmbCdnmUMC rmbCdnmU
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Fig. 8 RT-PCR analysis of the
gene expression in S. peucetius
and S. peucetius EPMT. The
transcription of dnmU and
rmbC in S. peucetius increases
with time, but no transcription
of the genes is observed after
the disruption of rmbC. C is
16S rRNA control and M is
marker
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