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Abstract While glutamate and glutamate-rich compounds
are widely used for culturing Streptomyces sp., little is known
regarding glutamate catabolism at molecular level. Noting the
presence of two distinct putative glutamate dehydrogenases
(GDH), we constructed knockout mutants of each gene with
Streptomyces coelicolorM145 and examined the functionality
related to antibiotic production. Out of the two, the sco2999
knockout (ΔgdhB, NAD+-specific) showed outstanding ef-
fects; it decreased the growth sevenfold but initiated the
undecylprodigiosin (RED) production in complex Difco nu-
trient media which otherwise does not support the production
fromM145. With glucose supplementation, the growth differ-
ence byΔgdhB disappeared but we could obtain significantly
increased actinorhodin (ACT) and RED biosynthesis with the
mutant by limiting the glucose content (0.5∼1.0 %, w/v).
Complementing the gene to the knockout mutant inhibited
the production, confirming its gene specificity. Along with
the extended impacts on overall nitrogen metabolism based
on the intracellular metabolite analysis and enzyme assays,
GdhB and glutamate utilization were shown to interfere with
N-acetylglucosamine metabolism and the activity of its

associated global transcriptional regulator (DasR). Taken to-
gether, GdhB—subjected to the nutritional context-dependent
regulation—is proposed as a key member of central nitrogen
metabolism to control the secondary metabolism initiation in
exploiting the organic nitrogen sources.
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metabolism . Glucose . N-acetylglucosamine

Introduction

Streptomycetes are soil-inhabiting filamentous bacteria that
produce numerous therapeutic agents for treatment of bacteri-
al infection or cancer. They undergo a developmental cycle,
spanning the multi-nuclear stages (from the vegetative to ae-
rial mycelial growth stages) to a uni-nuclear sporulation stage.
Underlying the biological features, complex genetic regulato-
ry networks and signaling cascades operate with the interplay
of plural transcriptional factors (TFs; Swiatek et al. 2013) and
key metabolites. Streptomyces coelicolor A3(2) M145 is the
most well-studied model organism of the genus, and its ge-
nome has numerous gene clusters for secondary metabolites,
which include the characterized blue colored type-II polyke-
tide actinorhodin (ACT), the red colored hybrid polyketide-
tripyrrole undecylprodigiosin (RED), the lipopeptide calcium-
dependent antibiotic (CDA), and the cryptic yellow
pigmented type-I polykdetide (yCPK; Bentley et al. 2002;
Gottelt et al. 2010).

As profiles of secondary metabolites produced from an
organism depend on nutritional composition of the chosen
culture media, primary metabolism must pave ways to initiate
secondary metabolism. Still, many annotated components of
the genome sequences for the primary metabolism need to be
experimentally evaluated of their functions in the metabolism
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system. Traditionally, components of glucose metabolism and
the tricarboxylic acid (TCA) cycle have been studied, such as
glyceraldehyde 3-phosphate dehydrogenase citrate synthase,
aconitase, polyphosphate kinase, and phosphofructokinase
(Borodina et al. 2008; Chouayekh and Virolle 2002;
Li and Townsend 2006). Either deletion of the gene(s)
or overexpression was opted to direct metabolic flux
toward the secondary metabolism. For example, overex-
pression of acetyl-CoA carboxylase was aimed to in-
crease malonyl-CoA, the major building block of poly-
ketide compounds (Ryu et al. 2006). Similar approach
can be applied to the other primary metabolic processes,
and we have looked on the potential of manipulating
the glutamate utilization.

At the practical background of the study, streptomycetes
are routinely cultured with protein (or amino acids)-rich com-
plex media in which glutamate is most abundant. In addition,
glutamate is frequently supplemented to minimal media for
improving the cell growth. Inside the cells, it is also the most
abundant free intracellular metabolite in S. coelicolor
(Borodina et al. 2005; Nieselt et al. 2010; Wentzel 2012)
and becomes the direct precursor of many other important
metabolites. Its metabolic and physiological significance is
inseparable from its de-aminated product, α-ketoglutarate,
which is involved in diverse oxidation reactions and in oxygen
and nitrogen sensing (Ninfa and Jiang 2005; Ratcliffe 2013;
Velvizhi et al. 2002). Glutamate can be synthesized in vivo,
mainly by reductive glutamate dehydrogenase (GDH) and by
glutamine oxoglutarate amino transferase (GOGAT),·gluta-
mine synthetase (GS). Previous studies with Streptomyces
have been focused on the NADPH-dependent glutamate bio-
synthesis, since glutamate-mediated ammonium assimilation
is responsible for 85% of total nitrogen assimilation (Laycock
et al. 1985). By contrast, glutamate catabolism has been little
understood at the molecular level. Based on genome annota-
tion, we noticed the presence of two different types of GDH
for bidirectional conversion between α-ketoglutarate and glu-
tamate (Vancurova et al. 1989). We initiated this study with an
aim to distinguish the two distinct types of GDHs via in-frame
deletion mutants of each gene with S. coelicolorA3(2) M145.
And, this study reports the significant phenotypic and meta-
bolic changes observed with a knockout mutant of sco2999
for the NAD+-dependent GDH (to be called as GdhB,
EC.1.4.1.2) from the complex media-based cultures. We con-
firm GdhB as the active member of the central nitrogen me-
tabolism and show its importance in initiating secondary
metabolism.

Materials and methods

Bacterial cell culture S. coelicolor A3(2) M145 and its deriv-
atives are listed in Supplementary Table 1. Following the

general methods of Practical Streptomyces Genetics (Kieser
T et al. 2000) and our previous study, the bacterial cells and
spores were maintained and used. Difco™ nutrient medium
(DN, Becton, Dickinson and Company, France) is the chosen
complex medium. DN broth is made of 3-g beef extract and 5-
g peptone. DN agar contains 15 % agar in addition. For stable
cell growth and antibiotic production in broth, 50 g of poly-
ethylene glycol 6000, 25 mM TES buffer (2-[[1,3-dihydroxy-
2-(hydroxymethyl)propan-2-l]amino] ethanesulfonic acid),
trace element solution (equivalent to R5 media), and 0.5 %
(w/v) glucose were added (named as DN_Glc). Modifying the
supplemented liquid minimal medium (SMM; Strauch et al.
1991), we reduced the glucose content from 1.0 to 0.1 % (w/v)
but added 0.1 % N-acetylglucosamine (GlcNAc, w/v;
mSMM_GlcNAc). Without casamino acids and glucose, the
basic minimal medium (BMM) was prepared modifying
SMM. Solid basic minimal medium (BMM) was made with
10 g agar and 0.5 g K2HPO4, 0.2 g MgSO4·7H2O, and 0.01 g
FeSO4·7H2O per a liter of solution. Sterile stock solutions of
glucose, GlcNAc, casamino acids, ammonium sulfate, ala-
nine, glutamine, and glutamate were separately prepared and
combined to make each medium prior to cell cultivation. Cell
growth and the production of total ACT RED were measured
as previously described (Kim et al. 2012). Absorbance was
scanned in a 96-well plate format (Thermo Scientific, USA).

Gene manipulations Each of gdhB (sco2999) and gdhA
(sco4683) was deleted from the chromosome using
REDIRECT system (Gust et al. 2003). Successful
exconjugants were screened by antibiotic resistance against
apramycin and kanamycin (AprR KanS). Targeted open-
reading frame (ORF) and its vicinity were PCR amplified
and then sequenced (Cosmogenetech, Korea). For gdhB com-
plementation, pSETneo was used as previously reported and
the gdhB complemented strain, SK01, was maintained with
neomycin (10 μg/ml). Primers used in this study are listed in
Supplementary Table 2.

Preparation of the crude cell-free lysates for enzyme assays
S. coelicolor mycelia were collected by centrifugation.
Routinely, 50 mM phosphate-buffered saline (PBS, pH 7.2)
was used for washing and rupturing the cells with an excep-
tion of GS assay that was done with imidazole buffer solution
(25 mM, pH 7.2). Cells were broken by sonication in an ice
bath (repeated cycles of 2-s pulse and 2-s pause). Clear soluble
cell lysates were collected by removing the cell debris with
centrifugation (13,000× rpm, for 15min, at 4 °C) and filtration
(0.2 μm pore size). Protein concentration was determined by
Bradford assay (Bio-Rad).

Enzyme assays Reductive and oxidative changes of cofac-
tors were assessed by monitoring the absorbance at 340 nm.
Specifically, the increase rate of NADH for oxidative GdhB
was measured in the presence of 15 mM L-glutamate, NAD+

(2 mM), and essential activator AMP (1 mM) in PBS (pH 7.2)
(Brana et al. 1986). For NADH production from other amino
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acids, the GdhB assay was modified by replacing glutamate
with each of specific L-amino acids. For GdhA and GOGAT
assays, consumption rates of NADPH (5 mM α-ketoglutarate
and 0.25 mM NADPH) and NADH (5 mM α-ketoglutarate·
glutamine and 0.25 mM NADH) were calculated (Fisher
1989). The earlier method for the GS assay was followed
(Bressler SaA 1984) with an exception of Malachite Green
Phosphate Assay Kits (BioAssay Systems, USA) used for mea-
suring phosphate contents. To consider the autonomous chang-
es, each control reaction (without substrate) was prepared and
its value was subtracted from that of corresponding experimen-
tal reaction. Equal protein amounts of M145 and BG20 lysates
were used in each assay (within a range of 20∼200 μg).

Zymogram (in-gel dehydrogenase assay) Crude cell-free
lysates were separated in a 5 % non-denaturing acrylamide
gel by electrophoresis (at constant 100 V), and the dehydro-
genase reaction was visualized by color development after
immersing the gel in a reaction buffer (50 mM PBS (pH
7.2), 20 mM amino acid, nitroblue tetrazolium (0.3 mg/ml),
phenazine methosulfate (0.05 mg/ml), and 0.5 mM NAD+;
Han et al. 2012). Equal protein amounts of M145 and BG20
lysates were compared.

Intracellular quantitation Ten-milliliter S. coelicolor my-
celium pellets was collected at indicated time points (DN_Glc
broth) for analyzing 20 amino acids and the cofactors
NAD(P)H of different reducing status. Metabolic reactions
of the harvested cells were quenched with cold methanol
and washed with cold 60 % methanol (v/v) by centrifugation
(13,000× rpm, 1 min; de Koning and van Dam 1992).
Quenching and washing processes were completed within
10 min. Resuspended in 60 % ethanol, cells were ruptured
by repeated cycles of freezing and thawing, and particles were
removed by centrifugation (13000× rpm for 20 min at 4 °C).
To the clear extract, equal volume of chloroform was mixed
and the aqueous fraction was collected by centrifugation
(7 min, 13,000× rpm, 4 °C). The final aqueous fraction after
two more repeats of chloroform extraction was subjected to
hydrophilic interaction chromatography-tandem mass spec-
trometer (HILIC-MS/MS) analysis (Bajad et al. 2006).
Hypersil GOLD HILIC (dimension 100 × 2.1 mm; Thermo
Scientific, USA) was used as an ion exchange column. The
LC-MS/MS system was composed of Accela auto-sampler,
Accela 1250 pump, and triple-stage quadrupole (TSQ)
Quantum Access MASS. The glutamate peak (a parent ion
of 148.1 Da and its daughter ion of 84.2 Da) and
glucosamine-6-phosphate peak (GlcN6p, a parent ion of
260.1 Da and its daughter ion of 126.1 Da) were identified
from a positive mode run. For the liquid chromatography op-
eration, metabolites were separated through the linear gradient
flow of solvent A (95 % H2O, 5 % acetonitrile, and 20 mM
ammonium acetate, pH 9.0) and solvent B (acetonitrile
100 %) at 400 μl/min. Cell mass-normalized (wet weights)
fold changes were reported for BG20 compared to M145.

Reverse transcription and real-time quantitative PCRTotal
cellular RNA was obtained using acidic phenol and chloro-
form (Sigma). Quality of RNA and its concentration were
determined by A260 nm/A280 nm ratio (within the range of
1.9–2.1 in DEPC-treated water). NanoDrop spectrophotome-
ter was used (ND-1000, Thermo Scientific, USA). RNA in-
tegrity was confirmed with formaldehyde agarose gel electro-
phoresis. And, complementary DNA (cDNA) was obtained
by reverse transcription with Molony Murine Leukemia
Virus-RTase (MBiotech, Korea) and random hexameric nucle-
otides. The cDNA was properly diluted to ensure the linear
range of the following PCR reaction. Quantitative real-time
PCR was performed using TOPreal™ qPCR 2× PreMIX solu-
tion (Enzynomics, Korea). Bio-Rad C100 Thermocycler was
used (CFX96 Real-Time System, Bio-Rad). Triplicate reac-
tions for each gene expression were averaged and normalized
to the internal control of rrnB expression. The relative induc-
tion level in BG20 compared to M145 was calculated
(ΔΔCtBG20-M145; Livak and Schmittgen 2001) and reported
in log2 ratio.

Results

ACT·RED production by glutamate in minimal media and the
construction of gdhB knockoutWith M145 (wild-type strain),
glutamate was superior to the other amino acids as a boost for
ACT and RED production in a solid state of minimal media.
All 20 L- amino acids were used individually as a sole carbon
and nitrogen (C/N) source in the minimal medium (BMM;
Fig. 1a).

SCO2999 is annotated as the putative oxidative glutamate
dehydrogenase in S. coelicolor and is expected for glutamate
degradation based on its cofactor specificity (KEGG gene
ontology pathway). BG20 was obtained by PCR targeting
the gene, sco2999, using M145 as the parental strain (Gust
et al. 2003; Fig. 1b). With the crude cell lysate-based analysis,
gdhB knockout was found to decrease the NADH production
from the use of glutamate. However, the difference of M145
and BG20 in the catabolic GdhB activity could be detected
only when the cell growth stopped ca. 36 h in the glucose-
supplemented complex liquid media (DN_Gl, 0.5 %; Fig. 1c).
At earlier time points of growth, M145 and BG20 were not
significantly different each other in the activity. At 45 h after
growth, the mutant showed sixfold more of intracellular glu-
tamate than M145 (LC-MS/MS, Fig. 1d).

Glucose-dependent effects on growth and ACT·RED
production Growth of BG20 was inferior to M145 especially
in the sugar-free DN broth (Fig. 2a). Glucose supple-
mentation—as low as 0.2 % (w/v)—improved the growth of
BG20 and made it comparable to M145 in growth (Fig. 2b,
c). Still, BG20 yielded much less aerial mycelia than M145
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after more than 5 days of delay on the glucose-supplemented
DN agar (Fig. 2d).

Normally, DNmedia do not support the ACT·RED produc-
tion from M145. But, BG20 showed outstanding production
both on the solid and in the liquid DN media (Fig. 2d, e),
thereby contrasting itself with the gdhA knockout mutant.
Considering the 7-fold decreased growth (by wet-weight
gain), this equals to 60-fold increase of RED in terms of spe-
cific production. In general, ACT production from M145 and
BG20 proportionately increased with the glucose content in
the DN agar. Still, ACT production from BG20 was much
more significant and premature than M145. Liquid cultures
mitigated the effect of gdhB knockout on the ACT production,
compared to the solid state culture. And, glucose content over
2.0 % (w/v) in the broth showed no difference in the produc-
tion by the knockout (data not shown). We routinely added 0.5
or 1.0 % glucose to the DN broth to get the clear catabolic
GdhB activity as well as the difference in the production by
the gene knockout, while keeping the two strains’ cell mass
comparable.

The increased production by gdhB knockout was found to
be gene specific as we obtained the complemented strain with-
out the production in DN media (Fig. 2f).

Global impacts on nitrogen metabolism From a metabolic
perspective, the loss of function to deaminate glutamate by
ΔgdhB might be compensated by the use of other amino
acids so as to maintain the internal pools of nitrogen and
NADH. However, our observation described below did not
support this idea. Cells grown in the glucose-supplemented
complex medium (DN_Glc, 1 %) showed synchronous
decreases of amino acid usage in BG20 compared to
the parental strain, M145, at 40 h (transition phase).
According to the crude whole-cell lysate assay, BG20 made
less NADH from the amino acids (Fig. 3a). NADH from
BG20 with branched chain amino acids (BCAAs) was less
than M145, which does not parallel with the previous
finding of its positive relation to the ACT production
(Sprusansky et al. 2005). Decreased NADH production
from alanine was confirmed with in-gel activity staining
(Fig. 3a, insert). Supporting the changes of the enzyme
activities, comparative intracellular metabolite analysis
showed that BG20 yielded more free intracellular amino
acids than M145, particularly, glutamate (Fig. 3b). With
NAD+ being more prevalent than NADH (>average 1000-
fold) at the tested time point, the NADH content of BG20
was 13-fold less than that of M145 (Fig. 3c). Decreased
ammonium assimilation via glutamate and glutamine is
likely, since the substrate-dependent activities of GdhA
and GS were approximately 40 % less in BG20 than
M145 (p < 0.05 t test, ≥n = 3; Fig. 3d).

Association to GlcNAc metabolism via DasR Glutamate is
closely associated with N-acetylglucosamine (GlcNAc) me-
tabolism for cell wall and for the use of chitin in the environ-
ment (see Fig. 6). GlcNAc is a monomeric unit of chitin and
bacterial cell wall component. And, its metabolic intermedi-
ate, glucosamine-6-phophate (GlcN6p), modulates the DasR
activity to control GlcNAc uptake degradation and subsequent
ACT·RED production in a nutritional context-dependent man-
ner (Rigali et al. 2008). GlcN6p can affect the growth
(Kawada-Matsuo et al. 2012) and antibiotic production
(Rigali et al. 2008). To find out possible overlap or interference
of GdhB-mediated glutamate metabolism with the GlcNAc-
dependent production, we examined the key transcriptional
regulator DasR along with its effector, GlcN6p. Although
we could detect only a low level of GlcN6p in the cells, it
was present more in BG20 than M145 (Fig. 4a). Subsequent
de-repression (i.e., induction) of otherwise inhibitory DasR
activity was confirmed; DasR regulon was up-regulated in
BG20 compared to M145 (Fig. 4b). Quantitative real-time
PCR (qRT-PCR) was performed with nagE (for uptaking
GlcNAc), nagB (for de-amination of GlcN6p), and dasA
(neighboring gene of dasR) along with actII (the transcriptional
activator for ACT). The transcriptional level of difference was

A

B 

C D

A

Fig. 1 Boosted ACT·RED production by glutamate and the in-frame
deletion of gdhB. a ACT·RED production from M145 on the solid
minimal media (BMMs). Each amino acid was used as a sole C/N
source in each well. Image was acquired on day 3. b PCR confirmation
of sco2999ORF knockout. The 4962 bp was replaced with an apramycin
resistance cassette. Multiple isolates were obtained. c Decreased relative
specific activity of GdhB by gdhB knockout in DN_Glc broth. d
Increased intracellular glutamate by the knockout (TSQ metabolite
analysis). Y axis represents the cell mass-normalized fold change of
BG20 compared to M145. Inserted box is the standard curve of
glutamate for quantification. Three independent experimental
measurements of samples at 45 h were averaged
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manifested at later time points of examination. As a non-
member of DasR regulon, GlmS did differ in the expression
pattern from the others. GlmS is the enzymeworking in opposite
direction to NagB. Together, they decide the dynamics of cell
wall metabolism. Of the two glmS genes, one showed decreased
expression and the other showed no significant change by gdhB
knockout.

Further direct association of glutamate and GlcNAc metab-
olism was tested by using GlcNAc-supplemented minimal
defined media. Both M145 and BG20 showed GlcNAc-
dependent ACT·RED production on the solid state cultures
with the minimal media (1 %, BMMs_GlcNAc; Fig. 5b),
agreeing with the previous finding (Rigali et al. 2008).
However, they differed in response to the addition of gluta-
mate. When we added glutamate (4 mM or more) to the me-
dia, it resulted in the inhibited production from M145
(BMMs_GlcNAc + Glu; Fig. 5a, c). Alanine did not affect
the production by contrast (Fig. 5a). Interestingly, additional

overload of α-ketoglutarate (BMMs_Glu + GlcNAc + α-KG)
could restore the production fromM145, seemingly canceling
the inhibitory effect of glutamate. Pyruvate did not affect the
production, supporting the uniqueness of α-ketoglutarate in
counteracting the effect of glutamate over the GlcNAc usage
(Fig. 5d). Unlike M145, BG20 was immune to the glutamate-
mediated inhibition of the GlcNAc-dependent production on
the solid state (BMMs_GlcNAc + Glu; Fig. 5b, c). With a
liquid state culture, gdhB knockout also enhanced ACT·
RED production in a GlcNAc-supplementedminimal medium
if the glucose content was lowered to 0.1 % from the usual
1.0 % (mSMM_GlcNAc; Fig.5e).

Discussion

The ability to sense nutrient availability of carbon/nitrogen
(C/N) is essential to maintain life and appears to have evolved
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Fig. 2 Phenotypic characteristics
of BG20 (ΔgdhB) contrasting
with M145. a, b Growth curve of
M145 and BG20 in complex DN
broth (a −glucose and b +2 %
glucose). Reduced growth of
BG20 in the absence of glucose
was overcome with glucose
supplementation. c Comparison
of wet-weight gain (48 h, two
independent experiments). Of the
glucose supplementation, 0.2 %
was enough for improving the
growth of BG20 in the DN broth.
d Outstanding increase of
ACT·RED production, compared
to M145 (parental strain) and
BG40 (ΔgdhA) on the glucose-
supplemented DN agar. e
Increased production in DN_Glc
broth (0.5 % Glc). Three
independent cultures were
averaged. f The gdhB gene-
specific characteristics of
production in DN broth
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different adjustment mechanisms to harness networks of
genes. With functional characterization of gene knockout,
we propose that NAD+-dependent GdhB can play a dual role
on the growth and show the complex regulatory effects of the
nutritional context. Central nitrogen metabolism and the relat-
ed metabolites of glutamate/glutamine/α-ketoglutarate are
widely assumed to play key roles in initiating the production.
However, there is little supportive experimental evidence
pinpointing the responsible enzyme(s) for the direct metabolic
control over the secondary metabolism induction. Unlike the
assimilatory pathway of GDH/GOGAT/GS (D’Alia et al.

2010; Fink et al. 2002; Fisher and Wray 1989; Jin and Jiao
1998; Kormanec and Sevcikova 2002; Penyige et al. 2009;
Rexer et al. 2006; Sola-Landa et al. 2013), the two putative
GDHs likely for the reversible conversion between glutamate
and α-ketoglutarate have not been characterized in vivo and
remained functionally un defined regarding the glutamate ca-
tabolism with streptomycetes. Complexity of glutamate asso-
ciation in any biological system is challenging for describing
the physiological impacts of glutamate utilization. Although
Escherichia coli systems have far less capacity for secondary
metabolism as Streptomyces and do not have the enzyme as
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40 h, DN_Glc broth). a Decreased NADH production from the use of
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assayed with 15mM individual amino acid. Y axis indicates the
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zymogram for the alanine dehydrogenase activity. b Relative abundance
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GdhB, there are 64 glutamate-associated reactions compared
to 37 and 50 reactions associated with aspartate and alanine,
respectively (Metacyc.org).

GdhB of Streptomyces is very large with its monomer to be
∼180 kDa. And, it was firstly characterized in vitro with the
cloned gene of S. clavuligerus (Minambres et al. 2000). It is
highly conserved across Streptomyces and also found in
Mycobacterium, Pseudomonas, Caulobacter, and Vibrio. It
is an open question if GdhB can contribute to any of their
intriguing physiological features with the bacterial genera,
e.g., performing secondary metabolism or the ability to cellu-
lar differentiation or the interaction with higher eukaryotic
organism. And, this study is the first showing its impacts on
the secondary metabolism induction with the industrial
organism.

Using the crude whole-cell lysates, the success of detecting
the catabolic GdhB activity of S. coelicolor depends not only
on the composition of the media but also on the sampling time
points as previously described. This suggests yet-identified
regulatory mechanism(s) being implemented over the activity
and/or expression of the enzyme. While we are currently

hunting for additional regulatory mechanisms over GdhB
and its gene, glucose was the first nutritional factor that
showed up the physiological effects of the gdhB knockout
on growth and the production. And, the growth defect by the
gdhB knockout can be manifested in the absence of glucose.
We have observed the reduced gdhB transcription in the pres-
ence of glucose in the complex media (not reported data).
However, at the metabolic level, glucose and its metabolic
derivative(s) must minimize the requirement of GdhB in
growth regardless of its expression. As an alternative route
for nitrogen acquisition, transaminases are likely to replace
GdhB. Different from GdhB, they demand the organic acids
to transfer the released amine group from the substrates. GdhB
contributes significantly to the growth and is proposed to par-
ticipate in halting the productionmeanwhile. To remove such a
barrier to the production without affecting the growth, reducing
the glucose content in the media was effective. By limiting the
glucose content to 0.5∼1.0 %, clear catabolic GdhB activity
was demonstrated withM145 and contrasted with BG20. Only
after growth stopped, production of BG20 was dramatically
enhanced. With another commonly used complex media, R5,
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Fig. 5 Counteractive effects of glutamate and α-ketoglutarate over the
GlcANc-dependent production. a Glutamate (4 mM, the second well)
suppressed the GlcNAc-dependent induction of ACT·RED (BMMs_
GlcNAc, 1 %, the first well), while alanine did not (4 mM, the third
well). b, top GlcNAc-dependent production on the minimal agar.
bottom Glutamate (40 mM) repressed the production from M145 but
not from BG20. Each well of the media contains the twofold serially

diluted GlcNAc from 2.0 %. c Streaked cultures of M145 and BG20 on
BMMs with GlcNAc (1 %) and glutamate (40 mM). dM145 cultured in
the presence of excess exogenous α-KG (100–150 mM) to the minimal
medium, BMMs_1%GlcNAc + 40 mMGlu. Concentrations (mM) of α-
KG are indicated. e IncreasedACT·RED production by gdhB knockout in
the liquid minimal medium, mSMM_0.1 % GlcNAc + 0.1 % Glc. Two
independent experiments were averaged and represented
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we observed such a phenomenon with lowering its glucose
content to 0.5 % from the suggested 1.0 % (data not shown)
(Kieser T et al. 2000).

We consider several possibilities that explain the GdhB
association to the production.

First, gdhB knockout may cause Bnitrogen limitation,^when
the cells must depend on the organic nitrogen sources. Systemic
changes of the intracellular amino acid levels and enzyme ac-
tivities suggest the decreased ammonium assimilation to gluta-
mate and glutamine (Fig. 3). This agrees with the notion that
nitrogen limitation is better than carbon limitation for higher
specific ACT production rate with lower maintenance energy
(Avignone Rossa et al. 2002). Along with other central nitrogen
metabolism, the decreased GS activity should be sound and
reasonable, because it demands the use of both ammonium
ion and ATP energy. GS is known to be post-transcriptionally
modified in Streptomyces (Hesketh et al. 2002).

Second, the increased RED production can be amechanism
to relieve stress from untimely or excess intracellular accumu-
lation of glutamate. In vitro, glutamate is a competitive inhib-
itor to cysteine/aspartate/lysine/BCAA degradation as well as
the cell wall biosynthesis posing certain level of stress to the
cells depending on its concentration (product inhibition). The
threshold level of intracellular glutamate for such inhibition in
vivo is not known; the dramatic increase by the gdhB knock-
out must have crossed the line. Glutamate is converted to
proline by three successive reactions and further to RED.
Proline and serine are two amino acid precursors of RED.

And finally, GdhB directly relates with the GlcNAc metab-
olism for initiating the antibiotic production. As mentioned
above, the decreased central nitrogen metabolism may have
triggered the GlcNAc degradation pathway. From the

crisscross of glutamate and GlcNAc metabolism, the GntR-
type master regulator, DasR, is assumed to take part in the
control directly or indirectly (Fig. 4b). Recapitulating the pre-
vious study (Rigali et al. 2008), M145 does not produce the
antibiotics when GlcNAc is added to the rich complex media
(representing the Bfeast^ condition) but it does when GlcNAc
is added to minimal media (representing the Bfamine^ condi-
tion). The feast and famine for GlcNAc-dependent production
may be arbitrary terms, as we show here, and the production-
supportive medium can be switched to the non-supportive one
with the glutamate supplementation (BMMs_1% GlcNAc +
40 mM glutamate; Fig. 5b, c). Emphasizing the close link of
glutamate to the GlcNAc-dependent production, alanine did
not affect the production. And, this made a sharp contrast with
our earlier observation stating that glutamate can promote the
production promotion when used as the sole carbon/nitrogen
source (Fig. 1a). And, this inhibition shown with GlcNAc
therefore indicates its double-edged effects over the produc-
tion and raises a next question how coexisting organic nitro-
gen sources are metabolized and sensed in a complex media to
determine the production. With α-ketoglutarate counteracting
with glutamate-dependent production inhibition from M145
(Fig. 5d), the ratio of glutamate and α-ketoglutarate might be
important for the production. Or considering the possibility of
in vivo GdhB inhibition by α-ketoglutarate in line with its in
vitro inhibition by TCA intermediates (Minambres et al.
2000), the decreased GdhB activity per se may result in in-
ducing the ACT·RED production as found with the gdhB
knockout. Additional study should follow to unveil the
mechanism.

Taken together, NAD+-dependent GdhB (EC.1.4.1.2) a is
shown to have extended physiological impacts over the

Fig. 6 Proposed GdhB activity.
Inability to shunt glutamate to the
TCA cycle in complex media
leads to ACT·RED production in
the rich media (production from
the Bfeast^)
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nitrogen metabolism as a key member of the central nitrogen
metabolism and its glutamate shunt to the TCA cycle (Fig. 6;
Miflin and Habash 2002) affects the initiation of the second-
ary metabolism.
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