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Abstract Streptomyces peucetius var. caesius produces a
family of secondary metabolites called anthracyclines.
Production of these compounds is negatively affected in the
presence of glucose, galactose, and lactose, but the greatest
effect is observed under conditions of excess glucose. Other
carbon sources, such as arabinose or glutamate, show either
no effect or stimulate production. Among the carbon sources
that negatively affect anthracycline production, glucose is
consumed in greater concentrations.We determined glucose
and galactose transport in S. peucetius var. caesius and in a
mutant of this strain whose anthracycline production is
insensitive to carbon catabolite repression (CCR). In the
original strain, incorporation of glucose and galactose was
stimulated when the microorganism was grown in media
containing these sugars, although we also observed basal
galactose incorporation. Both the induced and the basal
incorporation of galactose were suppressedwhen themicro-
organism was grown in the presence of glucose. Further-
more, adding glucose directly during the transport assay also
inhibited galactose incorporation. In the mutant strain, we
observed a reduction in both glucose (48%) and galactose
(81%) incorporation compared to the original. Galactose
transport in this mutant showed reduced sensitivity to the

negative effect of glucose; however, it was still sensitive to
inhibition. The deficient transport of these sugars, as well as
CCR sensitivity to glucose in this mutant was corrected
when the mutant was transformed with the SCO2127 region
of theStreptomyces coelicolorgenome.Our results support a
role for glucose as the most easily utilized carbon source
capable of exerting the greatest repression on anthracycline
biosynthesis. In consequence, glucose also prevented the
repressive effect of galactose by suppressing its incorpora-
tion. This suggests the participation of an integral regulatory
system, which is initiated by an increase in incorporation of
repressive sugars and their metabolism as a prerequisite for
establishing the phenomenon of CCR in S. peucetius var.
caesius.

Introduction

Streptomyces are Gram positive microorganisms capable of
synthesizing a great number of hydrolytic enzymes that
allow them to utilize a wide variety of proteins and poly-
saccharides as carbon source (Rose 1979; Crandall and
Hamill 1986; Frost and Moss 1987). Analysis of the Strep-
tomyces coelicolor genome has revealed the presence of
genes encoding proteases, chitinases, amylases, and cel-
lulases (Bertram et al. 2004). In complex culture media,
these enzymes can generate primary degradation products
(amino acids, fatty acids and sugars) for further utilization.
Among these carbon sources, the type and concentration of
sugars has played an important role in microbial fermen-
tations of industrial interest. One of the most important
systems for sugar uptake in Gram positive and Gram neg-
ative microorganisms is the phosphoenolpyruvate:sugar
system (PTS) (Saier et al. 1995). This system has been
described in three Streptomyces species (S. coelicolor, S.
griseofuscus and S. lividans) (Titgemeyer et al. 1995). In S.
coelicolor, this system comprises three proteins, EI, HPr
and enzyme II (IIFru), which are induced by N-acetylglu-
cosamine and permit fructose incorporation into the cell
and its phosphorylation to fructose 1-phosphate (Nothaft
et al. 2003). However, this system does not seem to be
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involved in the uptake of other carbon sources such as
glucose and mannitol (Titgemeyer et al. 1995). Besides
PTS, fructose can be phosphorylated by an ATP-dependent
fructokinase (Titgemeyer et al. 1995). Similarly, it has been
reported that glucose and galactose phosphorylation is
carried out by their respective kinases (Hodgson 1982;
Kendall et al. 1987), implying the existence of specific
permeases for their transport into the cell. Recently, van
Wezel et al. (2005) provided elegant evidence supporting a
glucose transporter in S. coelicolor encoded by glcP and
induced by D-glucose.

Streptomyces peucetius var. caesius produces a family of
polyketide antibiotics known as anthracyclines. Among
these, daunorubicin and doxorubicin are of great clinical
importance due to their antineoplastic activity (Arcamone
et al. 1969). This strain grows and produces anthracyclines
in the presence of a number of carbon sources such as
mannose, cellobiose, lactose, fructose, maltose and starch
(Dekleva et al. 1985; Segura et al. 1996). Both carbon uti-
lization and anthracycline production are susceptible to reg-
ulation by glucose in this microorganism (Escalante et al.
1999). From the original S. peucetius var. caesius strain, we
have isolated mutants resistant to a non-metabolizable glu-
cose analogue, 2-deoxyglucose (DOG). In these mutants
(DogR), anthracycline production is less sensitive to the
repressive effects of glucose (Segura et al. 1996). Addi-
tionally, the mutants present low glucose kinase (Glk)
activity and decreased glucose incorporation (Escalante
et al. 1999). Although anthracycline production in DogR

mutants is resistant to glucose, supplementation of the cul-
ture medium with fructose 1,6 bis-phosphate or phospho-
enolpyruvate, both glucose degradation products, exerted a
negative effect on anthracycline biosynthesis (Ramos et al.
2004). Analysis of these results has suggested that glu-
cose exerts catabolic repression on anthracycline synthesis
(Escalante et al. 1999), and that this effect depends on both
the microorganism’s ability to incorporate glucose and its
phosphorylation by Glk, culminating in the production of
the metabolic signals possibly responsible for repression
(Ramos et al. 2004). The role for Glk in this regulatory
process has been intensively studied in Streptomyces
(Angell et al. 1992; Imriskova et al. 2001; Kwakman and
Postma 1994; Ramos et al. 2004). In this study we propose
to delve into the role that transport of various repressive
carbon sources plays in the process of carbon catabolite
repression (CCR). Additionally, we will explore the pos-
sible relationship between these carbon sources and their
manifestations in this phenomenon. With this purpose in
mind, we selected carbohydrates that have a negative effect
on anthracycline production. The compounds selected were
analyzed in terms of their incorporation into the cell in
various strains under different experimental conditions. The
strains utilized were the original S. peucetius var. caesius
strain, a mutant derivative insensitive to regulation by glu-
cose (DogR), and the samemutant carrying a DNA fragment
from S. coelicolor termed SCO2127. This fragment encodes
a putative 572 bp long open reading frame (ORF) that is
localized just upstream of the glkA gene encoding Glk
(Angell et al. 1992). SCO2127 has been shown to be nec-

essary to completely restore CCR sensitivity in mutants
(DogR) complemented with the glkA gene (Angell et al.
1994) and is suggested to be involved in glucose transport
or its metabolism. Both genes are expressed as part of a
polycistronic mRNA; however, the function of the puta-
tive protein produced by the SCO2127 region is as yet
undetermined.

Materials and methods

Bacterial strains and cultivation

S. peucetius var. caesius NRRL B-5337 was kindly pro-
vided by the ARS culture collection (United States De-
partment of Agriculture, Peoria, Ill.). The DogR strain is a
spontaneous mutant previously isolated in this laboratory
through its resistance to growth inhibition by DOG (Segura
et al. 1996). Compared to the original strain, this mutant
contains only 14%Glk activity and is insensitive to CCR by
glucose (Escalante et al. 1999). Both strains are maintained
in a viable condition at the UNAM-48 Culture Collection
(Mexico D.F.). For anthracycline production, we used 2.5
ml samples of a seed culture (Segura et al. 1996), washed
and resuspended in sterile distilled water, to inoculate 50 ml
YM medium with the desired carbon source concentration,
contained in 250-ml baffled Erlenmeyer flasks. YM me-
dium contains (l−1): 4 g yeast extract, 10 g malt extract,
pH 7.2. For uptake experiments, 50 ml seed culture (Segura
et al. 1996) previously washed and resuspended in sterile
distilled water were used to inoculate a 2.8-l Fernbach flask
containing 500 ml uptake minimal medium (UM; Escalante
et al. 1999). The UM medium was supplemented with 10
mM (NH4)2SO4 and 100 mM of the desired carbon source
(D-glucose or D-galactose). To test the effect of glucose on
galactose transport, the sugar uptake was determined in
cultures grown in UMmedium supplemented with 100 mM
galactose plus 300 mM glucose. To measure the effect of
glucose on galactose incorporation, D-[1-14C]galactose up-
take was determined in 10 mM galactose plus 2 and 5 mM
D-glucose. Cultures were grown for 36 h at 29°C in a rotary
shaker at 180 rpm.

Construction of the recombinant strain

The SCO2127 gene from S. coelicolor was amplified using
PCR from total DNAof strainM145.Oligonucleotideswere
designed based on the reported gene sequences (Angell et al.
1992) covering the promoter region and the transcriptional
terminator. For SCO2127 the primers were: forward (5′-
CGGAGATCTGGCCGCGGGG-3′) and reverse (5′-GGC
AAGCTTACCCGAGGC-3′). The primers contain restric-
tion sites forBgl II andHindIII (underlined), respectively, for
cloning into thecorrespondingsiteswithin thevectorpIJ486.
PCR conditions for SCO2127 amplification were an initial
denaturation step at 94°C (5 min), then 94°C (1 min), 57°C
(1 min), 72°C (1 min) for 20 cycles and a final extension
period at 72°C (5 min). PCR products of 694 bp were di-
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gested, purified and cloned into pIJ486, generating pSG210
containing SCO2127.

These plasmids were used to transform S. peucetius var.
caesius protoplasts from the DogR mutant using traditional
methods (Kieser et al. 2000); a transformation frequency of

300 transformants/μg DNA was obtained. Transformation
of the pSG210 plasmid into the mutant strain was relatively
stable, showing little or no integration into the chromosome,
as substantiated by the fact that after several generations we
were able to recover the plasmid from our transformed strain.

Protoplast formation and regeneration

Protoplast formation was carried out from strains grown in
50 ml YEME medium complemented with 5 mM MgCl2·
6H2O and 0.5% glycine as described by Kieser et al. (2000).
Protoplast regeneration was carried out in R6 medium
(Balts and Matsushima 1981) for 40 h. After regeneration,
1 ml sucrose (10.3%) and 50 μg thiostrepton were added
and incubation continued for another 48 h.

Anthracycline and protein determination

Anthracyclines were extracted from harvested mycelia (120
h cultures) using acetone and 0.05 M sulfuric acid [4:1]
according to Arcamone et al. (1969). Anthracyclines were
quantified at 495 nm, using a molar extinction coefficient of
220. For protein determination, samples were processed as
previously reported (Segura et al. 1996), and assayed by the
Lowry method, using bovine serum albumin as standard
(Lowry et al. 1951).

Uptake experiments

Seed culture (50 ml) was used to inoculate a 2.8-l Fernbach
flask containing 500ml UMmedium and the desired carbon

Fig. 2 Glucose (a) and galactose (b) (10 mM) transport in mycelia from the original S. peucetius var. caesius strain grown in 100 mM
glucose or galactose (filled symbols). Controls (open symbols) were grown in 20 mM glutamate

Fig. 1 Effect of various carbon sources on anthracycline production
in the original Streptomyces peucetius var. caesius strain. Production
(white bars) was determined at 120 h of fermentation. 1 Control, 2
glucose 330 mM, 3 arabinose 330 mM, 4 galactose 330 mM, 5
lactose 330 mM, 6 glutamate 40 mM. Hatched bars pH values for
each condition at the same fermentation time point
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source. After 36 h, mycelia (250 mg wet weight) were
harvested, washed with distilled water and resuspended in a
vial containing 4.5 ml saline solution. The suspension was
incubated under agitation and transport initiated by the ad-
dition of 25 μl of either D-[14C]glucose (38.8MBqmmol−1)

or D-[1-14C]galactose (19.2 MBq mmol−1), in 475 μl con-
taining 10mMnon-radioactive sugar, as previously reported
(Escalante et al. 1999). Cells were recovered by filtration,
and radioactivity was determined by soaking the filter in
vials containing 4 ml of a commercial liquid scintillation
counting solution.

Results

Effect of various carbon sources
on anthracycline production

Streptomyces peucetius var. caesius produces a family of sec-
ondary metabolites named anthracyclines. We determined
the effect of a variety of carbon sources on anthracycline
biosynthesis (Fig. 1) and found that, compared to a control,
productionwas negatively affected in the presence of glucose
(88%), galactose (69%) and lactose (25%). Other carbon
sources, such as arabinose and glutamate, had no effect or
were able to stimulate biosynthesis. Additionally, pH values
varied between 5 and 9 depending on the carbon source uti-
lized. However, we were unable to establish a correlation
with the production of anthracyclines in each case since at
similar pH values we found low (condition 2) and high (con-
dition 3) anthracycline production.

Glucose and galactose transport

In order to establish a possible relationship between the
negative effects exerted by glucose and galactose on an-

Fig. 3 Effect of glucose on galactose (10 mM) transport into cells
of the original S. peucetius var. caesius strain grown in 100 mM
galactose. Filled squares Galactose transport in the absence of
glucose. Glucose concentrations tested were 2 mM (open triangles)
and 5 mM (filled circles). Open squares Galactose transport in cells
grown in 100 mM galactose plus 300 mM glucose

Fig. 4 Glucose (a) and galactose (b) (10 mM) transport in mycelia from the DogR mutant derived from S. peucetius var. caesius grown in
100 mM glucose or galactose (filled squares, filled circles). Glucose (open squares) and galactose (open circles) transport in cells grown in
20 mM glutamate. Open triangles Glucose and galactose transport in the original strain grown in 100 mM of the respective sugar as a
control
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thracycline synthesis and the incorporation of these sugars
into the cell, we carried out transport assays using the orig-
inal S. peucetius var. caesius strain. As seen in Fig. 2, com-
pared to a control in which the original strain was grown
in the absence of sugar, cultures grown in the presence of
glucose or galactose (100 mM) showed an increase in glu-
cose and galactose incorporation of 20 and 4 times, respec-
tively after 10 s. Additionally, galactose showed a basal
incorporation of 25%. Figure 2 also shows that glucose is
transported in greater concentrations (almost 15-fold high-
er) than galactose. It is interesting to note that although
glucose and galactose (lactose degradation products) can be
transported into these cells, incorporation of lactose was
minimal (almost 100 times less than that of glucose) and
there were no differences between cells grown in the pres-
ence or absence of lactose (not shown).

Effect of glucose on galactose transport

In order to elucidate the relationship between these two
carbon sources, we determined the effect of glucose on ga-
lactose transport, and vice versa. As shown in Fig. 3, when
the original strain was grown in galactose plus glucose,

galactose transport was almost completely suppressed.
Conversely, galactose did not significantly affect glucose
transport (data not shown). Additionally, adding different
concentrations of glucose directly to the galactose transport
assay system inhibited galactose transport by almost 95%.
This effect was observed even when glucose was added
in concentrations five and two times lower than that of
galactose.

Glucose and galactose transport
in a mutant resistant to CCR

To delve into the relationship between sugar transport and
sensitivity to CCR, we repeated the glucose and galactose
incorporation assays in a mutant strain (DogR) resistant to
this regulatory effect. As shown in Fig. 4, when the mutant
was grown in the presence of glucose or galactose, trans-
port of these sugars was reduced 50 and 70%, respectively
compared to the original S. peucetius var. caesius strain.
Furthermore, glucose transport in this mutant was still in-
ducible and basal galactose transport was conserved.

In order to understand the sensitivity of the galactose
transport system to the negative effects mediated by glucose
in this mutant, we measured galactose transport in cultures
grown in galactose alone and galactose plus glucose. As
can be seen in Table 1, the mutant exhibits lower sensitivity
to glucose (65%) compared to the original strain (95%)
(Fig. 3), but it remained sensitive to the inhibitory effect
of glucose. The lower glucose sensitivity of galactose up-
take by the mutant probably reflects its 50% reduction in
glucose transport.

Glucose and galactose transport in the DogR mutant
transformed with region SCO2127

In order to evaluate whether the SCO2127 region has an
effect over the transport system for glucose and galactose,
we constructed a recombinant strain of the mutant DogR

expressing this region. As can be seen in Table 2, compared
to the DogR mutant, the recombinant strain not only re-
gained glucose and galactose transport to an extent greater
than the original S. peucetius var. caesius strain, but also
regained its sensitivity to catabolic repression induced by
glucose or galactose.

Discussion

Many different mechanisms for negative carbon catabolite
effects exist in microorganisms (Saier 1996). In S. peucetius
var. caesius, glucose, usually an excellent carbon source for
growth, interferes with the formation of anthracyclines
(Escalante et al. 1999). Additionally, in this microorganism
glucose represses enzymes involved in the utilization of
lactose and xylose (Segura et al. 1996). Glk seems to play
an important role in the mechanism of glucose repression.
However, its regulatory function has not yet been elu-

Table 1 Galactose transport in the DogR mutant of Streptomyces
peucetius var. caesius. Gal Galactose, Glc glucose

Growth Assaya Nanomoles per
milligram dry
cell weightb

Percent

Gal 100 mM Gal 10 mM 69.90 100.00
Gal 100 mM Gal 10 Glc

10 mM
2.63 3.76

Gal 100 Glc
330 mM

Gal 10 mM 24.80 35.40

aFive-milliliter system containing the cellular pellet suspended in 4.5
ml saline. Transport is initiated by addition of 25 μl D-[1-14C]galac-
tose (19.2 MBq mmol−1), in 475 μl 10 mM galactose (or 10 mM
galactose plus 10 mM glucose)
bGalactose incorporated at 30 s of incubation time

Table 2 Effect of the SCO2127 region of S. coelicolor on glucose
transport and sensitivity to glucose repression

Strains Glucose
uptake (%)a

Galactose
uptake (%)a

Sensitivity to
D-glucose or
D-galactoseb

Original 100 100 S
DogR 51 35 R
DogR+SCO2127 108 120 S
aCultures were grown in 100 mM glucose or 100 mM galactose.
Values for incorporation of glucose (3.84±0.02 μmol/mg dry cell
weight) and galactose (0.26±0.02 μmol/mg dry cell weight) at 60 s
of incubation time were set as 100%
bCultures were grown in D-glucose or D-galactose (330 mM). Sensi-
tivity was visualized as red colored pigments (anthracyclines) formed
in the presence of the sugars. Sensitive strains (S) do not produce
pigments, resistant mutants (R) do
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cidated. In the present work we found that, in addition to
glucose, galactose and lactose also repressed anthracyc-
line formation, although glucose has the highest effect. In
agreement with these results, of the carbon sources neg-
atively affecting anthracycline production, glucose is incor-
porated with greater efficiency by this microorganism.

In a previous paper, we reported that glucose uptake
seemed to be inducible by its own substrate (Ramos et al.
2004). A similar effect was obtained in the present work,
since glucose transport was stimulated 20-fold in mycelia
grown in this sugar while there was practically no incor-
poration when other sugars were used as carbon source for
growth. Recently, a glucose transport system was identified
in S. coelicolor (van Wezel et al. 2005). Although this
system is encoded by two distinct loci (glcP1 and glcP2),
only glcP1 seems to be functional, and is inducible by
glucose. Our results in S. peucetius var. caesius correlate
with the expression experiments for glcP1 reported for S.
coelicolor (van Wezel et al. 2005), supporting an inducible
glucose transport in both species.

Similar to glucose, galactose transport in S. peucetius var.
caesius was stimulated 4-fold in mycelia grown in the
presence of this sugar. However, the level of galactose in-
corporation was almost 15 times less compared to that ob-
served for glucose (0.25 μmol/mg dry cell weight galactose
vs 3.84 μmol/mg dry cell weight glucose). This suggests
that, in S. peucetius var. caesius, glucose is more easily
utilized than galactose. In S. coelicolor, galactose transport
appears to be constitutive (Hodgson 1982). Genes for the
utilization of galactose have been identified in S. lividans.
The products of the galKE1T operon in S. lividans mediate
the funneling of galactose into glycolysis. The promoter
region of the galKEIT operon has been analyzed with
respect to its role in glucose repression and seems also to be
glucose sensitive (Mattern et al. 1993). Homologs of these
galactose genes have also been detected in S. coelicolor
(Adams et al. 1988). However, the galactose transporter-
encoding gene has so far not been elucidated.

In addition to the induced uptake of galactose, a basal
incorporation was also detected. Basal transport of galac-
tose seems to be constitutive and makes up 36% of the total
galactose uptake observed in induced cells. In S. coelicolor,
other groups have reported constitutive uptake of xylose,
lactose and mannitol, and two genes (rbsH and rbs 3)
potentially involved in ribose incorporation have been iden-
tified (Bertram et al. 2004).

It is interesting to note that although glucose and galac-
tose (both lactose degradation products) were easily trans-
ported by the original S. peucetius var. caesius strain, lactose
incorporation was minimal (almost 100-fold less than that
of glucose). In S. lividans, Eckhardt et al. (1987) found that,
in the presence of lactose, β-galactosidase is synthesized
and excreted into the fermentation medium to hydrolyze the
disaccharide, resulting in the production of glucose and
galactose. The presence of these sugars in the medium may
explain the partial inhibitory effect on anthracycline biosyn-
thesis exerted by this disaccharide.

In S. peucetius var. caesius, we found that both basal and
induced incorporation of galactose were suppressed when

the microorganism was grown in the presence of glucose,
suggesting a repressive effect on galactose transport and
supporting yet again the greater hierarchical position of
glucose as the easiest utilizable carbon source. In addition to
its possible repressive effect, glucose almost completely
inhibited galactose transport, resembling the inducer exclu-
sion mechanism described for low G-C Gram positive bac-
teria. In these bacteria, inducer exclusion involves allosteric
control by HPr(Ser-P) or control via HPr(His∼P)-dependent
phosphorylation. Preferential utilization of glucose has also
been described in S. coelicolor. An example of this occurs
with glycerol transport. It seems that two inducible transport
systems for glycerol exist, one of which is inhibited and
repressed by glucose, the other being only repressed by this
carbohydrate (Hodgson 1982).

Additional evidence in favor of the importance of sugar
transport in sensitivity to CCR in S. peucetius var. caesius,
was obtained by using a mutant (DogR), whose synthesis
of anthracyclines is insensitive to catabolic repression by
glucose. When we measured glucose and galactose trans-
port in this mutant, we observed a reduced incorporation of
each sugar of 48 and 81%, respectively. This decrease in
intracellular concentration of sugars could explain, at least
in part, the basis for the observed resistance. As a conse-
quence, basal incorporation of galactose also showed a
lower sensitivity to the negative effects of glucose.

The deficiency in the incorporation of these sugars, as
well as sensitivity to glucose, were corrected when the
DogR mutant was transformed with the SCO2127 region of
Streptomyces coelicolor. The above mentioned results were
quite unforeseen considering that this region does not seem
to code for a glucose permease (Angell et al. 1994; Bertram
et al. 2004). The question arises of how SCO2127mediates
its stimulating effect on glucose and galactose uptake. Our
data from the transformed strains suggests that this region
is expressed and may function as a trans-acting factor in
glucose metabolism. Recently, we have obtained experi-
mental evidence suggesting that SCO2127 also functions as
a putative transcriptional activator of Glk (Guzmán et al.
2005). The obvious consequence of these actions, the stim-
ulation of both glucose transport and Glk, is the synthesis
of catabolites that elicit CCR in this microorganism. In
agreement with this possibility, among several products of
glucose metabolism, fructose 1,6 bis-phosphate and phos-
phoenolpyruvate exert CCR on anthracycline formation in
S. peucetius var. caesius (Ramos et al. 2004) with fructose
1,6 bis-phosphate being the most effective. This effect
resembles that reported for fructose 1,6 bis-phosphate on
phosphorylation of Hpr kinase from Bacillus subtilis as a
preliminary step in CCR (Jault et al. 2000).

In conclusion, the results obtained in this work support
glucose as both the most easily metabolizable carbon source
and the sugar most capable of exerting the greatest re-
pression over anthracycline biosynthesis. In consequence,
glucose prevented the suppressive effect of galactose by
suppressing incorporation of the latter into the cell. Addi-
tionally, these data suggest the participation of an integral
regulatory system that is initiated by an increase in incor-
poration of repressive sugars, as well as their metabolism, as
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a requisite for the establishment of the phenomenon of CCR
in S. peucetius var. caesius.
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