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Summary

We provide a functional and regulatory analysis of
glcP, encoding the major glucose transporter of
Streptomyces coelicolor A3(2). GlcP, a member of the
Major Facilitator Superfamily (MFS) of bacterial and
eucaryotic sugar permeases, was found to be
encoded twice at two distinct loci, glcP1 and glcP2,
located in the central core and in the variable right
arm of the chromosome respectively. Heterologous
expression of GIcP in Escherichia coli led to the full
restoration of glucose fermentation to mutants lack-
ing glucose transport activity. Biochemical analysis
revealed an affinity constant in the low-micromolar
range and substrate specificity for glucose and 2-
deoxyglucose. Deletion of g/lcP1 but not glcP2 led to
a drastic reduction in growth on glucose reflected by
the loss of glucose uptake. This correlated with tran-
scriptional analyses, which showed that g/cP1 tran-
scription was strongly inducible by glucose, while
glcP2 transcripts were barely detectable. In conclu-
sion, GlcP, which is the first glucose permease from
high G+C Gram-positive bacteria characterized at the
molecular level, represents the major glucose uptake
system in S. coelicolor A3(2) that is indispensable for
the high growth rate on glucose. It is anticipated that
the activity of GIcP is linked to other glucose-
mediated phenomena such as carbon catabolite re-
pression, morphogenesis and antibiotic production.

Introduction

Streptomycetes are Gram-positive soil bacteria that are
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widely used as producers of antibiotics and many other
beneficial compounds (Bibb, 1996; Baltz, 1998). In nature,
they contribute as soil-dwelling bacteria substantially to
the degradation of dead plant and animal material by their
ability to utilize a wide variety of complex polysaccharides,
including cellulose, xylan and chitin (Hodgson, 2000). This
is achieved by the action of exoenzymes that break down
the polysaccharides to mono- and disaccharides, which
are internalized by specific carbohydrate uptake systems.
More than 50 carbohydrate permeases were identified on
the Streptomyces coelicolor A3(2) genome (Bertram
et al., 2004). A few have been described at the molecular
level in various streptomycetes. Cellobiose/cellotriose,
maltose, trehalose and xylobiose are taken up via
ATP-driven ABC transport systems, while fructose and
N-acetylglucosamine are transported by the phospho-
transferase system (PTS) (Hurtubise et al., 1995; Schlésser
and Schrempf, 1996; Schldsser etal., 1997; Schldsser,
2000; Wang et al., 2002; Nothaft et al., 2003a,b).

The molecular nature of the glucose uptake system of
streptomycetes, which is considered the most favourable
nutrient in these organisms, is unknown. This lack of infor-
mation is surprising as many glucose-mediated pro-
cesses, including antibiotic production, morphogenesis
and carbon catabolite repression (CCR), are under inten-
sive investigation (Pope etal., 1996; van Wezel et al.,
1997; Escalante et al., 1999; Ueda et al., 2000; Kim et al.,
2001; Seo etal.,, 2002). A number of glucose-negative
strains have been isolated as mutants resistant to the toxic
analogon 2-deoxyglucose (Hodgson, 1982; Kwakman and
Postma, 1994). As the mutations all map to the gene
encoding glucose kinase and none to a transporter-
encoding gene, it became obvious that more than one
glucose permease must exist. The presence of a consti-
tutive, low-affinity transport system has been reported for
S. coelicolor and Streptomyces violaceoruber with affinity
constants of 6.1 mM and 1 mM (Sabater and Asensio,
1973; Hodgson, 1982). In the course of a study on ABC-
type disaccharide transporters, it was noted that Strepto-
myces lividans has a high- and low-affinity glucose uptake
activity with affinity constants of 120 uM and 6.2 mM (Hur-
tubise et al., 1995). The isolation of a glucose-utilization
mutant from the naturally glucose-negative Streptomyces
clavuligerus wild-type strain revealed a glucose permease
with a broader substrate specificity that is energized by
the proton motive force (Garcia-Dominguez et al., 1989).



None of these permeases have been characterized at the
molecular level.

In search for a possible glucose permease, we previ-
ously detected GlcP in the genome of S. coelicolor A3(2),
a permease of the major facilitator superfamily (MFS) that
shares 51% protein identity to a glucose permease of
Synechocystis (Zhang et al., 1989; Bertram et al., 2004).
Interestingly, GIcP is encoded twice on the chromosome
by the genes glcP1 (SCO5578) and glcP2 (SCO7153),
which differ only in one base pair giving rise to a silent
mutation and thus produce identical gene products. In this
communication, we provide a biochemical analysis of
GIcP. We further describe its in vivo role and transcrip-
tional regulation through mutational dissection of glcP1
and glcP2, which shows that GIcP is the major glucose
transporter in S. coelicolor A3(2) that is indispensable for
maintaining a high growth rate on glucose.

Results

To characterize glucose internalization in S. coelicolor
A3(2), we determined the kinetic parameters and the
inducibility of glucose uptake. Glucose transport assays
were conducted with strain M145 grown in mineral
medium supplemented with glycerol or glycerol plus glu-
cose. As depicted in Fig. 1A, uptake of glucose was
strongly induced in the presence of glucose. Measure-
ment of the initial uptake rates at various glucose concen-
trations revealed an overall glucose uptake activity into
mycelia with an apparent K, of 137 + 16.5 uM and with a
Vinax Of 22 +2.4 nmol per minute per mg dry weight
(Fig. 1B).

Functionality of GIcP resolved by heterologous expression

In the course of an in silico screen for carbohydrate uptake
systems present in the genome of S. coelicolor A3(2), we
have recently predicted that GIcP may function as a glu-
cose permease (Bertram et al., 2004). GIcP is a member
of the MFS, which comprises H/symporters and facilitator
proteins (Pao et al., 1998; Bertram et al., 2004). GIcP is
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encoded by two duplicated genes, where one is situated
in the constant region of the chromosome (SCO5578,
glcP1) and one is found in the variable right arm of the
chromosome (SCO7153, glcP2) (Fig.2). Both genes
encode identical gene products of 472 amino acids. The
duplicated area includes 36 bp of upstream region con-
taining a 16 nt palindrome sequence that could serve as
a transcription factor binding site (Fig. 2). The homology
ends exactly with the stop codon, and the genes are
followed by non-related stem loop structures forming
potential transcriptional termination signals. The deduced
sequence exhibits 51%, 32% and around 30% overall
identity to the glucose transporters GlcP of Synechocystis
PCC6803 and Gif of Zymomonas mobilis, and to mam-
malian glucose permeases, respectively, and between
28% and 37% amino acid identity to bacterial uptake
systems specific for arabinose, galactose or xylose
(Zhang etal, 1989; Weisser etal., 1995; Pao etal.,
1998).

To examine the function of GIcP, we expressed the gene
in Escherichia coli. The glcP-coding region was cloned by
polymerase chain reaction (PCR) from the S. coelicolor
A3(2) M145 genome, and inserted into vector pSU2718
behind the lacZ promoter, yielding pFT76. The glucose-
negative E. coli strains LR2-175 and LM1 that lack detect-
able glucose transport activity were transformed with
pFT76. The transformants were streaked onto MacCon-
key agar plates supplemented with 50 mM glucose
(Fig. 3A). LR2-175(pFT76) and LM1(pFT76) formed red
colonies because of the fermentation of glucose, while
non-glucose-fermenting white colonies were observed
when the strains carried the control plasmid pSU2718.
Subsequent glucose uptake measurements showed that
glucose was efficiently internalized in E. coli strain LR2-
175(pFT76), while no transport was observed for transfor-
mants harbouring the control plasmid without glcP
(Fig. 3B). Hence, heterologous expression of glcP in E.
coli identified GlcP as a glucose permease.

The function of S. coelicolor GlcP was studied in
more detail. Therefore, we took advantage of heterolo-
gously produced GlcP in E. coli LR2-175(pFT76), which

Fig. 1. Glucose transport in S. coelicolor A3(2).
A. Glucose uptake as a function of time. Myce-
lia of S. coelicolor A3(2) M145 were grown in
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mineral medium containing 0.1% casamino
acids and supplemented with either 50 mM
glycerol (non-inducing growth conditions; @) or
50 mM glycerol plus 50 mM glucose (inducing
growth conditions; O). Standard deviations of
triplicate data points are shown by error bars.
B. Lineweaver—Burk plot of glucose uptake
rates of S. coelicolor A3(2) M145 as a function
of glucose concentration. K., and V.« were cal-
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Fig. 2. Genetic map of the glcP1 and glcP2 loci. Unknown genes are designated with the respective SCO number above and the names of
predicted proteins below the genes. The lengths of the intergenic regions are indicated in brackets (in nt). The G+C content of coding and
intergenic regions is expressed in percentages. Two putative transcription termination sites are marked as stem loops (CCGCCGCCCCGCCCG
GTCGCATTCCGGGCGGGGCGGCGG, 62 nt downstream of glcP1; GCAGGCCGGTGGGCGCGCCGCCGTGGCGCGCCCACCGGCCTGC
14 nt downstream of glcP2). The relative extensions of glcP deletions and the inserted antibiotic resistance gene cassettes are given. The

conserved upstream regions of 36 nt including a 16 nt palindromic sequence is shown at the bottom.

was free of any background activity. We measured a K,
of 41+5uM and a V. of 23+ 1 nmol min™" ODgy ',
which means that GicP is a high-affinity transport sys-
tem (Fig. 3C). The presence of the ionophores carbonyl
cyanid-m-chlorophenyl-hydrazone (CCCP) and dinitro-
phenol (DNP) that both destroy the membrane potential
resulted in residual glucose transport activity of 5% and
7%, respectively, whereas the ATP-formation inhibitor
N, Ndicyclohexylcarbodiimide (DCCD) had no significant
influence (Fig. 3D). Concerning the substrate specificity,
it was reported that the homologues from Synechocys-
tis and Z. mobilis transport fructose (Zhang et al., 1989;
Parker etal., 1995; Weisser etal, 1995). However,
strain LR2-175(pFT76), which lacks a functional fruc-
tose permease, exhibited no detectable fructose uptake
(data not shown). Subsequent uptake competition
experiments confirmed this and showed further that 2-
deoxyglucose was readily recognized by GlcP, while this

was not the case for methyl o-D-glucopyranoside
(Fig. 3E).

Mutational analysis of glcP1 and glcP2

After identification of GIcP as a glucose-specific per-
mease, we analysed its role in glucose transport in S.
coelicolor A3(2). Two single and a double mutant were
constructed that carried a deletion in glcP1 (BAP17),
glcP2 (BAP18), or in both genes (BAP19) respectively. All
mutants sporulated normally on mineral and complex
media, as judged by phase contrast microscopy. As the
genes located downstream of glcP1 and glcP2 are ori-
ented in the opposite orientation (Fig.2), polar effects
resulting from the insertion of a resistance cassette in
glcP1 or glcP2 were highly unlikely.

To assess the ability of the mutants to utilize glucose
as sole carbon source, we compared the growth curves

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 55, 624—636
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Fig. 3. Identification of the glucose transporter GlcP of S. coelicolor A3(2).

A. Complementation of the glucose-negative phenotype in E. coli. DH50,(pSU2718) (positive control), LM1(pSU2718) (negative control),
LM1(pFT76 glcP2"), LR2-175(pSU2718) (negative control) and LR2-175(pFT76 glcP2") were streaked on a MacConkey agar base plate
supplemented with 50 mM glucose. Pigmented red colonies (dark grey) indicate the fermentation of glucose, whereas white colonies (light grey)
reflect a deficiency in glucose fermentation.

B. Time-dependent uptake of ["“C]-glucose of E. coli DH50(pSU2718) (®@; positive control), LR2-175(pSU2718) (V; negative control) and LR2-
175(pFT76 glcP™) (O).

C. Lineweaver-Burk plot of glucose uptake rates of LR2-175(pFT76) as a function of glucose concentration. K, and V., were determined from
three experiments.

D. Transport inhibition assay using ionophores CCCP (50 uM) and DNP (1 mM), and the ATP-formation inhibitor DCCD (0.5 mM). Transport
activity without effectors was set to 100% (control).

E. Glucose uptake competition assay using a 100-fold excess of non-radioactive sugars (10 mM). Transport activity without additional sugar was
set to 100% (control).

Standard deviations of triplicate data points are shown by error bars. Very similar results were obtained from three independent experiments.
2DG, 2-deoxyglucose; MG, methyl a-D-glucopyranoside.

with the parental strain M145. For this purpose, 500 ml Wezel etal, 1997). Glucose consumption in the two
NMMP cultures with glucose were inoculated with precul- strains lacking glcP1 started significantly later, corre-
tures of the respective strains at an ODs5 of 0.1 and sponding to a time point where the casamino acids
allowed to grow at 30°C (Fig. 4A). While deletion of glcP2 became limited (approximately after 10-12 h). A similar
in BAP18 did not affect growth on glucose, the glcP1 experiment with mannitol as the sole carbon source
mutant BAP17 and the double mutant BAP19 showed revealed no noticeable difference in growth rates and bio-
clearly reduced growth rates. Monitoring of glucose in the mass formation between M145 and the three mutants,
medium showed that the parental M145 and BAP18 showing that the differences indeed resulted from their
immediately utilized glucose. NMMP cultures contained inability to grow properly on glucose, and not by any other
0.2% casamino acids in addition to glucose, which is defect (data not shown).

sufficient to support initial growth up to ODs;s, of 0.3 (van The growth analysis corresponded with the ability of the

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 55, 624—636
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Fig. 4. Growth and expression of glcP1 and glcP2.

A. Growth of S. coelicolor A3(2) M145 (@) and glcP mutants BAP17 (AglcP1; A), BAP18 (AglcP2; B) and BAP19 (AglcP1AglcP2; ¢) on NMMP

plus 50 mM glucose.

B. Time-course of glucose uptake. Mycelia of S. coelicolor A3(2) M145 (@), BAP17 (A), BAP18 (H) and BAP19 (®) were grown in mineral
medium containing 0.1% casamino acids and 50 mM glycerol (closed symbols) or 50 mM glycerol plus 50 mM glucose (open symbols). Data

were reproduced by three experiments.

C. RT-PCR of glcP transcripts of S. coelicolor A3(2) M145 and glcP mutants. A 1% agarose gel shows RT-PCR ampilification products of glcP1/
2-mRNA after cycle 24. Total RNA was prepared from cultures grown on mineral medium supplemented with 0.1% casamino acids and 50 mM

glycerol in the presence (glc) and absence of 50 mM glucose (gly).

D. Identification of glcP2 and anti-sense transcripts by RT-PCR. Left: identification of glcP2 transcripts in RNA from S. coelicolor A3(2) M145,

using extended RT-PCR (35 cycles) and allele-specific primers. Lane 1

: saturated signal of glcP1 (primers GlcP1-RTF + GlcP-RTR); lane 2:

weaker signal for glcP2 (primers GlcP2-RTF + GlcP-RTR). Middle: RT-PCR using 25 cycles shows glcP1 transcripts present in RNA from S.

coelicolor A3(2) M145 (lane 3) and from glcP2 mutant BAP18 (lane 4)

. Lanes 5 and 6 present controls of lanes 3 and 4, respectively, showing

the absence of RT-PCR product when the cDNA synthesis (RT) step was omitted. Note that glcP1 transcripts are less abundant in the glcP2
mutant (probably because of the anti-sense transcript visualized in lane 7). Right: identification of anti-sense transcripts in the glcP2 mutant. Lane
7: anti-sense RNA product generated by RT-PCR from RNA from BAP18 (primers apra-up + GlcP2-RTF); lane 8: same as lane 7, but without

RT step (control to confirm the absence of genomic DNA); lane 9: same

as lane 7, but with RNA isolated from M145 instead of the glcP2 mutant.

To ascertain that only anti-sense transcripts could be identified, the cDNA synthesis step was carried out in the presence of only the glcP2-

specific (forward) primer. M: DNA size marker (from top to bottom: 517,

mutants to incorporate glucose, which was substantial in
the presence of an intact glcP1 gene and barely detect-
able in strains carrying a glcP1 deletion (Fig. 4B). Expect-
edly, glucose transport was negligibly low in the glcP1
mutant. Thus, we conclude that glcP1 alone accounts for
maintenance of the high growth rate on glucose, which is
in agreement with the growth analysis presented above.
Surprisingly, glucose transport in the glcP2 mutant was
only about 50-60% of the wild-type level, suggesting that
perhaps glcP1 is expressed at a lower level in the AglcP2
background as compared with the parental M145. This
was confirmed by our reverse transcription polymerase

396, 344, 298, and double band of 220/201 bp).

chain reaction (RT-PCR) data, and most probably results
from the production of an anti-sense transcript from the
apramycin resistance cassette inside the glcP2 gene (see
below).

Transcription analysis by RT-PCR

Total glcP (glcP1+ glcP2) transcript levels in M145 and
its glcP mutant derivatives were quantitatively determined
by semi-real-time RT-PCR, using primers GlcP-RT1 and
GIcP-RT2 that hybridized perfectly to both genes. As can
be inferred from Fig. 4C, glcP transcripts were readily

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 55, 624—636



detectable in glucose-grown M145 (total glcP-mRNA) and
in the glcP2 mutant BAP18 (allowing the detection of only
glcP1-mRNA), while only marginal glcP expression was
observed in glycerol-grown cultures. Under these condi-
tions, we failed to detect transcripts in the glcP1 mutant,
or — expectedly — in the double mutant BAP19.

Similar experiments were also carried out using gene-
specific primers, to allow discrimination between glcP1-
and glcP2-derived mRNA. Therefore, we used oligonucle-
otides GIcP1-RTF and GIcP2-RTF as forward primers,
which hybridized specifically to the region around nt posi-
tion —60 relative to the start of glcP1 or glcP2 respectively.
The reverse primer (GlcP-RTR) was chosen around nt
position +130, so as to recognize both genes. Considering
the expected difference in mRNA levels of glcP1- and
glcP2-derived transcripts, we performed semi-real-time
PCR, analysing samples at three-cycle intervals. After the
maximal 35 amplification cycles, a very strong and satu-
rated signal was observed for glcP1, and a weak band for
glcP2 (Fig. 4D, lanes 1 and 2). The intensity of the glcP2-
derived band obtained after 35 cycles corresponded to the
band obtained from glcP1-derived transcripts after only 21
cycles (data not shown), illustrating the large difference in
expression level (see also below). A control experiment
without reverse transcriptase did not show any PCR prod-
uct (lanes 5 and 6), showing that the bands were transcript
specific.

Interestingly, glcP1-derived transcripts were signifi-
cantly lower in the glcP2 mutant as compared with M145
(Fig. 4C and D). We anticipated the possibility that an anti-
sense transcript would be produced in the glcP2 mutant,
which would hybridize perfectly over a stretch of 64 nt to
nt positions —36/+28 of the glcP1-mRNA, and would there-
fore interfere with glcP1 expression (see also Fig. 2). To
test this, we performed an RT-PCR experiment using prim-
ers GlcP2-RTF and apra-up, which were specific for the
glcP2 upstream region and the start of the apramycin
resistance cassette respectively. cDNA was produced in
the presence of only GlcP2-RTF, reverse transcriptase
was inactivated, after which primer apra-up was added
and the PCR amplification was performed. In this way,
only anti-sense transcripts could be amplified. As can be
derived from Fig. 4D (lane 7), a clear and strong band was
produced, showing that indeed significant amounts of
anti-sense transcripts were present in the glcP2 mutant.
Control experiments using the same RNA without reverse
transcriptase (DNA control) or on RNA from the glcP1
mutant did not result in any product (Fig. 4D, lanes 8 and
9 respectively).

Transcription of glcP1 is induced by glucose

The promoter activities were analysed in vivo in a com-
plementary experiment by taking advantage of the redD

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 55, 624—636
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promoter probe system (van Wezel et al., 2000). For this
purpose, 242 bp DNA fragments containing either the
glcP1 or the glcP2 upstream region (nt positions —192/+49
relative to the start of the respective genes) were placed
in front of the promoterless redD gene. The resulting con-
structs plJ2587-glcP1p and plJ2587-glcP2p were intro-
duced in the non-pigmented indicator strain S. coelicolor
A3(2) M512, and grown on R2YE plates for 6 days (Sup-
plementary material, Fig. S1). Production of the red-pig-
mented undecylprodigiosin (Red) was strongly stimulated
by the presence of plJ2587-glcP1p in M512, while
no stimulation of Red production was observed in
M512(plJ2587-glcP2p). Hence, the data suggest that only
glcP1 was transcribed.

High resolution transcript analysis was used to study
transcription of glcP1 and glcP2 in more detail. Nuclease
S1 mapping experiments using probe GP1 revealed a
single nuclease-protected band of 134 nt, corresponding
to the glcP1 transcript, with the A residue at nt position
—86 (relative to the start of the gene) as the most likely
transcriptional start site (Fig. 5A). Appropriate consensus
—10 (TAGTCT) and -35 (TTGACT) sequences were found
at the expected positions (Supplementary material,
Fig. S1). These sequences corresponded well to the con-
sensus sequences recognized by the &”°-type major
sigma factor HrdB of S. coelicolor (Strohl, 1992). In the
reverse experiment, where we used a similar probe (called
GP2), now designed to hybridize to glcP2 mRNA, we
could only detect a very faint band on the gel after pro-
longed exposure on the phosphorimager plate, again
showing the very low transcriptional activity of the glcP2
promoter (data not shown).

The onset of glcP1 transcription was followed for 4 h
after mycelia of the exponential phase had been trans-
ferred from complex medium to mineral medium. The
inducibility of glcP1 by glucose is underlined by the obser-
vation that maximal transcript levels were observed within
15 min after transfer to glucose-containing mineral
medium (NMMP without casamino acids), with transcript
levels decreasing significantly in time points later than 1 h
(Fig. 4D). In contrast to in glucose-exposed cultures,
glcP1 transcription was only slightly elevated in mannitol-
exposed cultures, and for a much shorter time. These data
thus demonstrate the immediate expression of glcP1 in
response to glucose.

Discussion

Glucose is widely used in Streptomyces research as a
preferred nutrient to study carbon source-dependent phe-
nomena. lts utilization triggers CCR and delays the onset
of antibiotic production and development (Angell et al.,
1994; Kwakman and Postma, 1994; Bibb, 1996; Chater,
1998; Gagnat et al., 1999). Generally, transport and CCR
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Fig. 5. Transcriptional analysis of glcP.
A. Mapping of the glcP1 transcriptional start
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Mt site. TGCA, DNA sequence ladder; glcP1, tran-
script derived from the glcP1 promoter. The

12345 same sample was used as described in Fig. 5B
(lane 1, Glc). The most likely transcriptional
start sites are indicated by asterisks next to the
DNA sequence.
B. Onset of glcP1 transcription in S. coelicolor
A3(2) M145. Mycelium from an exponentially
— growing liquid-grown TSB culture was har-
vested at ODsso = 0.6 and resuspended in
NMMP with either glucose (Gilc) or mannitol
(Mtl) as the sole carbon source. RNA was iso-
lated at various time points and analysed by
nuclease S1 mapping. Lanes: M, molecular
size marker (nt; **P-radiolabelled 1 kb ladder,
Gibco BRL); 0, RNA isolated from TSB
(t=0 min); 1-5, samples corresponding to
RNA isolated 15, 30, 60, 120 and 240 min after
transfer from TSB to mineral medium respec-
tively. The length of the full-sized transcript
(approximately 134 nt) corresponds very well to
the transcription start site predicted from the
DNA sequence.

are closely linked, and to obtain more insight into the
glucose-related phenomena, identification of the high-
affinity transporter is a prerequisite (Brickner and Titge-
meyer, 2002). Furthermore, several industrial strepto-
mycetes, including the clavulanic acid producer S.
clavuligerus, are not able to utilize glucose, and this most
probably results from defective transport (Garcia-
Dominguez et al., 1989). Thus, a better insight into the
uptake of glucose by actinomycetes is important from both
a fundamental and a biotechnological perspective. We
here show that the glucose permease GIcP is a high-
affinity glucose transporter that is indispensable to main-
tain the high growth rate on this carbon source, and thus
constitutes the major glucose transporter. As a particular
feature, we found that the gene for GIcP is duplicated,
resulting in identical gene products.

Biochemical characterization of heterologously ex-
pressed GIcP suggests that the permease constitutes a
H*/symporter. A hydrophobicity analysis revealed a pre-
dicted topology of GIcP of six plus six transmembrane
segments interrupted by a large cytoplasmic loop (Sup-
plementary material, Fig. S2). These data are in accor-
dance with the classification of GlcP as a member of the
MFS, which includes either proton symporters or facilitator
proteins of such a topology (Pao etal, 1998). Beside
glucose, GicP efficiently recognized 2-deoxyglucose, but
not methyl a-glucoside, a feature also demonstrated for
the homologous chicken liver glucose transporter Ch-GT2
(Wang et al., 1994). Fructose is not transported by GicP,
which distinguishes it from the bacterial glucose per-
meases from Synechocystis and Z. mobilis that represent
the closest homologues (Zhang etal., 1989; Weisser

et al., 1995). The functional expression of glcP in E. coli
is to our knowledge the first demonstration of the produc-
tion of a streptomycete membrane protein in this host.

In the bacterial world the transport of glucose is, with
very few exceptions, mediated by glucose-specific PTSs
that couple transport to phosphorylation (Postma et al.,
1993). Previous studies indicated that S. coelicolor and
other Streptomyces species do not have a glucose PTS
(Titgemeyer et al., 1995; Parche et al., 2000). It was fur-
ther assumed that S. coelicolor should have at least two
transporters for glucose (see Introduction). Our data cor-
roborate this assumption. We conclude that GIcP repre-
sents an efficient glucose uptake system. Elimination of
GIcP leads to a significant reduction of the glucose growth
rate and to loss of high-affinity uptake. As the GlcP-neg-
ative double mutant BAP19 was able to utilize glucose —
although at a low rate — there should be at least one low-
affinity system present. We failed to detect such a system
in our transport assays, in which we measured so-called
‘true uptake’ that occurs in the range of seconds using
sugar concentrations up to 1 mM. A constitutive low-
affinity glucose transport activity (K, of 6.1 mM) has been
described earlier (Hodgson, 1982). The assay conditions
used in this work and the late time points taken (10—
60 min) were directed at monitoring slow uptake using
millimolar glucose concentrations, and hence the high-
affinity uptake system was not observed. Hurtubise et al.
(1995) reported the presence of both a high- (K, of
120 uM) and a low-affinity (K, of 6.2 mM) glucose trans-
port activity in S. lividans. The K, of the high-affinity trans-
port activity corresponded very well to what we have
measured in S. coelicolor A3(2) mycelia (K, of 137 uM).
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These data are further consistent with our detection of a
functional, almost identical glcP gene from S. lividans
TK24 (Accession No. AF352022) that has four silent base
substitutions compared with S. coelicolor A3(2) glcP1.
However, the determined K, of 41 uM for GIcP, when
expressed in an E. coli mutant that is free of intrinsic
glucose transport activity, was somewhat lower than the
high-affinity K, derived from S. coelicolor A3(2) mycelia.
This difference might be explained by the possibility that
the activity of GIcP differs slightly when expressed in the
two different bacterial species. As for the low-affinity
uptake, we propose that at least one permease perhaps
with another sugar specificity may account for residual
glucose incorporation. This is the case in E. coli that also
uses the mannose- and galactose-specific permease for
glucose import (Postma et al, 1993). Candidate genes
have been recently described (Bertram et al., 2004). One
of those could be encoded by the galactose permease
gene galP that exhibits significant similarity to the glucose
permease of Vibrio parahaemolyticus (Sarker etal.,
1996).

The glucose transport experiment depicted in Fig. 4B
showed an interesting feature that could not be explained
easily from the GIcP activity alone. Expectedly, strains
carrying a glcP1 deletion showed only very weak trans-
port. However, we did not anticipate that deletion of the
almost silent glcP2 should reproducibly result in a 40-50%
reduction of overall GIcP transport activity, suggesting that
glcP1 is expressed at a lower level in the glcP2 mutant.
The existence of a second efficient transport system can
be ruled out, as the glcP1/glcP2 double mutant failed to
transport glucose at an appreciable rate. This is further
consistent with the observed reduced growth rates on
glucose in strains lacking glcP1. Our RT-PCR data
showed that indeed glcP1 transcript levels were signifi-
cantly reduced in the glcP2 mutant. Intriguingly, we found
that the most likely explanation for this apparent inconsis-
tency was RNA interference, as we demonstrated that the
apramycin resistance cassette inside glcP2 generated
high levels of an anti-sense transcript. This anti-sense
transcript is complementary to glcP1 transcripts over a
stretch of 64 nt, allowing possible hybridization to the —36/
+28 section of the sense transcript. Obviously, this will not
only interfere with glcP1 transcription, but certainly also
with its efficient translation, as the ribosome binding site
would be blocked for binding to the 3" end of the 16S
rRNA.

Transcriptional analysis revealed that the expression of
glcP1 was strongly inducible by glucose. Almost no
expression of glcP2 was detectable under the conditions
tested, suggesting the latter is less important or plays a
role under different culturing conditions. The first possibil-
ity is supported by the finding that Streptomyces avermiti-
lis harbours only one glcP allele (SAV2657; annotated as
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a putative arabinose permease; 89% protein identity)
(Ikeda et al., 2003). Inspection of the surrounding genes
clearly shows that this is a homologue of glcP1 of S.
coelicolor A3(2). Moreover, glcP2 is situated within the
right variable arm of the S. coelicolor A3(2) genome, a
region of genetic instability (Bentley et al., 2002). The
possibility that glcP2 is an active gene is supported by the
facts that: (i) weak transcription of glcP2 was observed,
(ii) it encodes a functional product, and identical to GlcP1,
suggesting evolutionary pressure or perhaps a very recent
duplication event, and (iii) the glcP1 and glcP2 genes are
preceded by the same 36 bp inverted repeat, which com-
prises the ribosome binding site and constitutes a possi-
ble binding site for a transcriptional regulator.

Beside the presence of glcP homologues in several
Streptomyces species (89-100% protein identity), homo-
logues are found in Thermobifida fusca [Accession No.
ZP_00057880; 59% protein identity to GIcP of S. coeli-
color A3(2)] and in other (non-sporulating) actinomycetes
such as bifidobacteria, corynebacteria and mycobacteria.
We have evidence that the glcP homologue of Bifidobac-
terium longum is a specific glucose permease (our unpub-
lished results). For the others, experimental investigation
remains to be awaited to answer the question whether
glucose uptake via GlIcP is widely spread among this class
of bacteria.

In conclusion, the identification of GlcP as the main
glucose transporter in S. coelicolor A3(2) sheds new light
on the early stages of glucose-mediated processes in this
important model organism. We are currently studying
these relationships between glucose internalization via
GlcP and glucose signalling concerning carbon regula-
tion, antibiotic production and development.

Experimental procedures

Bacterial strains, plasmids, oligonucleotides and
culture conditions

All strains and plasmids described in this article are pre-
sented in Table 1. The oligonucleotides used in this study are
described in Supplementary material (Table S1). E. coli
DH50 served as host for standard cloning procedures. The
glucose transport-deficient E. coli strains LR2-175 and LM1
were used for heterologous complementation experiments
(Lengeler etal., 1981; Aulkemeyer etal, 1991). E. coli
ET12567(pUZ8002) was used for plasmid transfer via conju-
gation. S. coelicolor A3(2) strains M145 (SCP1~ SCP2") and
M512 (M145 AredD Aactll-ORFIV), and S. lividans TK24
were obtained from the John Innes Centre strain collection.
M512 was used as host for promoter probing experiments.
pSU2718 (Martinez et al., 1988) and pBluescript || SK(+)
were used for routine cloning experiments. pSET151, which
contains a pUC origin of replication but is non-replicative in
streptomycetes, was used for gene disruption experiments.
S. coelicolor A3(2) and S. lividans strains were grown in
tryptic soy broth without dextran (TSB; Difco) for isolation of
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Table 1. Strains and plasmids used in this study.

Strains/plasmids

Genotype/description

Reference

Strains
S. coelicolor A3(2)
M145

SCP1-, SCP2", prototroph

Hopwood et al. (1985)

M512 M145 AredD Aactll-ORF4 Floriano and Bibb (1996)
BAP18 M145 AglcP2::apr This work
BAP19 M145 AlcP1::hyg This work
BAP20 M145 AglcP1::apr AglcP2::hyg This work
S. lividans
TK24 Wild type Hopwood
E. coli
DH5a. SupE44 lacU109 (¢80lacZ A M15M) hsdR17 recA1 endA1 gqrA96 thi-1 relA1 Ausubel et al. (1990)
ET12567 F~dam13::Tn9 dcm6 hsdM hsd RrecF143 zjj201::Tn10 galK2 galT22 ara-14 lacY1 xyl-5 MacNeil et al. (1992)
leuB6 thi-1 tonA31 rpsL136 hisG4 tsx-78 mtl-1 ginV44
LMA1 tonA, galT, nagE, manAl, kbay, rpll, xyl, metB, thi, his, mgla-C, argG, crr Lengeler et al. (1981)
LR2-175 galP manA, nagE, giIcA, fruA, mak® Aulkemeyer et al. (1991)
Plasmids
pUZ8002 oriT kan, conjugation helper plasmid Sia et al. (1996)
pBluescript Il SK+ bla, high-copy cloning vector Stratagene
pSU2718 cat, low-copy cloning vector Martinez et al. (1988)
pFT76 pSU2718 with glcP2 S. coelicolor A3(2) This work
pHPQhyg hyg, Hyg resistance cassette M.-J. Virolle (unpubl.)
pHLW1 aacC4, Apr resistance cassette Parche et al. (1999)
pSET151 oriT RK2 bla tsr Hillemann et al. (1991)
pFT202 pBluescript Il SK+ with glcP1 downstream region This work
pFT204 pSET151 with glcP1 upstream region This work
pFT205 pSET151 with glcP2 upstream region This work
pFT206 pBluescript Il SK+ with glcP2 downstream region This work
pFT207 pFT204 with glcP1 downstream region This work
pFT209 pFT206 derivative, apr This work
pFT211 pFT207 AglcP1::hyg This work
pFT212 pFT205 AglcP2::aacC4 This work
plJ2587 Promoter probe vector containing promoterless redD gene van Wezel et al. (2000)
plJ2587-glcP1p plJ2587 with glcP1 promoter region (—192/+49 relative to the start of glcP1) This work
plJ2587-glcP2p plJ2587 with glcP2 promoter region (—192/+49 relative to the start of glcP2) This work

chromosomal DNA, and in mineral medium supplemented
with 0.1-0.2% (w/v) casamino acids and 50 mM carbon
source for growth curves and transport experiments (Kieser
et al., 2000; Mahr et al., 2000; Nothaft et al., 2003b). E. coli
strains were grown in Luria—Bertani (LB) broth at 37°C. The
antibiotics ampicillin (100 mg I'"), apramycin (25 mg I™"),
chloramphenicol (25 mg I”"), hygromycin (100 mg I* for S.
coelicolor, 200 mg I' for E. coli), kanamycin (60 mg ") or
thiostrepton (25 mg I”') were added where appropriate.

Cloning of glcP genes

Chromosomal DNA of S. coelicolor A3(2) M145 was isolated
as described (Parche et al., 1999). A 1487 bp DNA fragment
comprising the glcP-coding region of S. coelicolor A3(2) was
amplified from chromosomal DNA by PCR with Pfu DNA
polymerase using oligonucleotides GluT1 and GluT2. GluT1
was designed such as to provide stop codons in all three
reading frames preceding the ribosomal binding site. The
PCR fragment was digested with Pstl and cloned into
pSU2718 digested with Smal and Pstl in transcriptional
fusion to the plasmid-borne lacZ promoter. The insertion was
confirmed by DNA sequencing on an ABI PRISM 310
Genetic Analyzer (Perkin-Elmer) and the constructed plasmid
was designated pFT76 (glcP*).

Glucose transport assays

Transport assays for S. coelicolor A3(2) strains were per-
formed as described previously (Nothaft et al, 2003b). E.
coli strains were grown in LB supplemented with chloram-
phenicol (50 ug ml™") to an ODgy of 1.2-2.0. Cells were
harvested by centrifugation, washed twice in transport
buffer (50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 10 mM KCI)
and adjusted in the same buffer to an ODgy, of 1.0. Cells
were kept on ice and pre-incubated for 5 min at 37°C for
the uptake assay. Uptake was initiated by addition of [U-
C"]-glucose at a final concentration of 20 or 100 uM
(5 mCi mmol™"). Samples (1 ml) were taken at different time
points (10 s to 10 min) and treated as described (Nothaft
etal., 2003b). The initial velocity of glucose incorporation
was linear for at least 60s. K, and V., were calculated
from samples withdrawn after 10 s, using glucose concen-
trations ranging from 10 uM to 1 mM. Potential transport
inhibitors (CCCP, 50 uM; DNP, 1 mM; DCCD, 0.5 mM; all
purchased from Sigma) or non-radioactive sugars (10 mM)
for the test of substrate specificity were added 1 min before
addition of radio-labelled glucose (100 uM). Samples were
collected after 1 min. It should be noted that the absolute
transport activity of S. coelicolor A3(2) strains varied from
experiment to experiment because of variation in the dis-
persity of the mycelia. We found that data between strains
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were only comparable when grown in parallel in the same
batch of medium.

Construction of glcP1/glcP2 mutants

The deletion vectors pFT211 for glcP1 and pFT212 for glcP2
were constructed as described below. Amplifications were
performed with S. coelicolor A3(2) M145 chromosomal DNA.
All PCR products were checked by DNA sequencing.

(i) Construction of pFT211 (AglcP1): a 924 bp fragment
containing the glcP1 downstream region was amplified with
oligonucleotides GIcP1-1 and GicP1-2. This PCR product
was inserted as a BamHI—-EcoRI fragment into pBluescript ||
SK+, yielding pFT202. A 1007 bp fragment containing the
glcP1 upstream region was amplified with primers GlcP1-3
and GlcP1-4, and was cloned as a BamHI-Hindlll fragment
into pSET151, giving pFT204. The glcP1 downstream region
was further cloned as a BamHI—-EcoRl fragment from pFT202
into pFT204, yielding pFT207. The hygromycin resistance
cassette (hyg) was obtained from pHPQhyg (M.-J. Virolle,
unpubl.) and cloned as a BamHI fragment in the same tran-
scriptional orientation as glcP1 into pFT207, yielding pFT211.

(ii) Construction of pFT212 (AglcP2): a 986 bp fragment
containing the glcP2 downstream region was amplified using
oligonucleotides GilcP2-1 and GicP2-2, and inserted as a
BamHI-EcoRI fragment into pBluescript Il SK+ , yielding
pFT206. A 988 bp fragment containing the glcP2 upstream
region was obtained by PCR with primers GlcP2-3 and
GlcP2-4, and cloned as a Hindlll-Xbal fragment into
pSET151, giving plasmid pFT205. The apramycin resistance
cassette (aacC4) was obtained from pHLW1 (Parche et al.,
1999) and cloned in the same orientation as glcP2 as a
BamHI-Xbal fragment into pFT206, yielding pFT209. The
insert of pFT209 (glcP2 downstream region preceded by
aacC4) was then transferred as an Xbal-EcoRI fragment into
pFT205, giving the final glcP2 deletion vector pFT212.

Construction of the null mutants was achieved by conjuga-
tional transfer from ET12567(pUZ8002) harbouring pFT211
(AglcP1::hyg) or pFT212 (AglcP2::aacC4), respectively, to S.
coelicolor A(3)2 M145 (Kieser et al., 2000). Ex-conjugants
with the phenotype Hyg" Tsr® or Apr" Tsr® were clonally iso-
lated. Sensitivity to thiostrepton (Tsr®) was used as marker
for loss of the non-replicating gene disruption vector, while
resistance to hygromycin (Hyg") or apramycin (Apr’) was a
marker for the desired recombination event. The expected
gene replacements were verified by PCRs that revealed the
presence of the hygromycin and apramycin resistance cas-
settes (hyg and aacC4) and the correct chromosomal posi-
tion, using oligonucleotides that hybridized in the antibiotic
resistance gene and on the chromosome just outside the
recombination area. One mutant ex-conjugant was desig-
nated BAP17 (AglcP1::hyg) and one BAP18 (AglcP2::aacC4).
The same procedure was used to generate the double recom-
binant BAP20 (AglcP1::hyg AglcP2::aacC4) via conjugation
of pFT212 into BAP17. The deleted regions comprised nt
positions 34—1384 of glcP1 and nt 29-1399 of glcP2.

RT-PCR analyses

RNA was prepared from cultures of S. coelicolor M145 grown
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for 40 h in 50 ml of mineral medium supplemented with 0.1%
(w/v) casamino acids and with 50 mM glycerol or 50 mM
glucose (Nothaft et al., 2003b). RT-PCR analyses were car-
ried out with the one-step RT-PCR Kit (Qiagen) as described
previously (Bertram et al., 2004). The quality of the RNA
preparations was controlled by the presence of equal
amounts of constitutively expressed 16S rRNA with oligonu-
cleotides 16SRT-for and 16SRT-rev. RT-PCR experiments
without prior reverse transcription were performed to assure
exclusion of DNA contamination. For quantitative analysis,
samples were taken at three-cycle intervals between cycles
18-35 to compare non-saturated PCR product formation.
Data were verified in three independent experiments.

Streptomyces growth curves

Normal growth curves of S. coelicolor A3(2) M145 and its
glcP1, glcP2 and glcP1glcP2 mutant derivatives were per-
formed in 500 ml of NMMP cultures containing 50 mM glu-
cose as the sole carbon source, and reduced concentration
of casamino acids (0.2%). The strains were pre-grown for
16 h in NMMP + 50 mM mannitol; the mycelium was spun
down, washed in NMMP without carbon source, and used to
inoculate the main culture at a starting ODss, of 0.1. Cultures
were grown at 30°C, under constant shaking (300 r.p.m.), and
biomass accumulation was monitored by measuring the
ODss. In parallel, disappearance of glucose from the medium
was monitored qualitatively using a glucose assay kit (Sigma).

Promoter probing experiments

For general assessment of promoter activity, we used the
redD reporter system (van Wezel etal., 2000). The redD
gene encodes the activator of the pathway for the red-
pigmented tripyrrole undecylprodigiosine (Red). Promoter
activity of DNA fragments cloned upstream of redD in the
SCP2*-based plasmid plJ2587 (around five copies per chro-
mosome) results in accumulation of RedD and hence in rapid
activation of Red biosynthesis in the indicator strain, S. coeli-
color A3(2) M512; in the absence of promoter activity M512
is essentially unpigmented because of the absence of redD
as well as act/l-ORFIV, the activator for the act biosynthesis
cluster. For assessing the activity of the glcP71 and glcP2
promoters, we analysed the —192/+49 regions (relative to the
start of the respective genes). The glcP1 promoter fragment
was amplified by PCR using oligonucleotides GIcP11E and
GlcP11B, and the glcP2 promoter region was amplified using
oligonucleotides GlcP21E and GilcP11B. In both cases, the
oligonucleotides added an EcoRIl and a BamHI site to the
upstream and downstream end of the fragments, respec-
tively, allowing insertion of the fragment in the correct orien-
tation in front of the promoterless redD gene. The constructs
were named plJ2587-glcP1p and plJ2587-glcP2p for analy-
sis of the glcP1 and glcP2 promoters respectively. Red pro-
duction by the transformants on R2YE was monitored at
approximately 12 h intervals during 6 days.

Nuclease S1 mapping

Total RNA was purified from liquid-grown NMMP cultures as
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described (Kieser et al., 2000), except that DNase | treatment
was used in addition to salt precipitation to fully eliminate
DNA from the nucleic acid preparations. Appropriate primers
(below) were labelled at their 5" ends with [y-**P]-ATP with T4
polynucleotide kinase before DNA probes were produced by
PCR. High-resolution S1 nuclease mapping was carried out
as described previously (Kieser et al., 2000). For each RNA
protection assay, excess of probe was hybridized to 30 pg of
RNA. Protected fragments were analysed on denaturing 6%
polyacrylamide gels, alongside a DNA sequencing ladder.
Probes GP1 and GP2 were produced by PCR and used for
mapping glcP1 and glcP2 transcripts respectively. Both cor-
respond to the —192/+49 region. Probe GP1 was produced
using oligonucleotides GIcP11E and GlcP-S1, and probe
GP2 was produced using oligonucleotides GlcP21E and
GlcP-S1. For the glcP induction experiments, mycelium from
an exponentially growing TSB culture of S. coelicolor A3(2)
M145 was harvested at an ODs5, of 0.7 and resuspended in
NMMP (but without casamino acids) with 50 mM glucose or
50 mM mannitol. RNA was isolated after 0, 15, 30, 60, 120
and 240 min and subjected to nuclease S1 mapping.

Computer analyses

The LaserGene workstation software (DNASTAR) was
used to process DNA and protein sequence data. The glcP
genes were identified by BLAST analysis of the S.
coelicolor A3(2) genome (http://www.sanger.ac.uk/Projects/
S_coelicolor). Protein databank searches were performed
with the BLAST server of the National Center for Biotech-
nology Information at the National Institutes of Health
Bethesda, MD, USA (http://www.ncbi.nim.nih.gov). Hydro-
phobicity analysis was conducted using the TMPred algo-
rithm (http://www.ch.embnet.org).
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