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Abstract Polyketide antibiotics are among the most
important therapeutics used in human and animal health care.
Type II polyketides are composed primarily of acetate-
derived thioesters, and the subunits for the PKS are contained
in a single module that includes a ketosynthase, acyl carrier
protein, chain-length factor and sometimes a keto-reductase,
aromatase, cyclase and modifying enzymes, such as glycosy-
lases or hydroxylases. While the enzyme complexes that
make up the PKS have been the focus of intense study (Kho-
sla in Chem Rev 7:2577-2590, 1997), the pathways for pre-
cursor synthesis have not been established and predictions
are complicated by the fact that acetate may be derived from
a number of metabolic pathways. Here we show that 50% of
the acetate for synthesis of the Type II polyketide, actinorho-
din, in Streptomyces coelicolor, is derived from the catabo-
lism of the branched amino acids by pathways that are
nutrient dependent. The streptomycetes are apparently
unique in that they contain two BCDH gene clusters, each of
which is potentially capable of converting leucine, valine and
isoleucine to the corresponding thioesters, and contain at
least three different pathways for valine catabolism that are
differentially used in response to nutrient availability.

Introduction

Polyketide antibiotics are produced on large multi-enzyme
(PKS) complexes similar to those involved in fatty acid
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biosynthesis. The carbon backbones of the molecules are
assembled by the successive condensation of small organic
acids activated as thioesters. At each condensation, the
backbone grows by two carbon units and additional carbons
become side chains. Enzymes for Type I synthesis are con-
tained in a series of modular polypeptides each encoding a
separate PKS activity. Each condensation reaction is car-
ried out by a different ketosynthase and each thioester is
specified by a different acyltransferase similar to the Type
II fatty acid synthases in fungi and vertebrates. This organi-
zation allows for synthesis of complex products as the
starter unit, number of extender units, stereochemistry of
the side chains, pattern of cyclization and programming of
extender units vary from module to module. The PKS for
Type II synthesis is contained in a single module that
encodes a single complex used iteratively, similar in orga-
nization to bacterial and plant Type II fatty acid synthases.
Most Type II polyketides use either malonyl-CoA or
acetyl-CoA as starter units and acetate derived thioesters
for extension [16]. While a great deal is known about the
enzyme complexes that condense polyketides, relatively lit-
tle is known about the metabolic pathways that produce the
precursors for their synthesis.

The branched-chain amino acids have been implicated in
the generation of complex starter units for the Type I poly-
ketides virginiamycin, tautomycin, mananumycin, and
butyrolactols as well as for the Type II polyketide anthra-
quinones [16]. Type I polyketides are derived primarily
from malonyl-CoA, methylmalonyl-CoA, propionyl-CoA
and acetyl-CoA with more complex starter units that
include short chain and often branched carbonyl-CoA mol-
ecules such as isobutyryl, isovaleryl and 2-methulbutyryl-
CoA [16]. The most direct evidence for the role of
branched-chain amino acids as precursors for these com-
pounds comes from the fact that a deletion of the 5" end of
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the Streptomyces avermitilis bkdFGH gene cluster (which
corresponds to the bkdAIBIClIcluster in S. coelicolor,
shown in Fig. 1a) eliminated production of the Type I poly-
ketide antibiotic, avermectin [7]. This rather surprising
result suggested that some of the precursors for avermectin
biosynthesis derive exclusively from the degradation of
branched-chain amino acids and that the bkdFGH cluster
plays a key role in the generation of these precursors.
Strains containing a deletion of the bkdFGH cluster may be
fed alternative substrates to generate novel forms of aver-
mectin [7].

Synthesis of actinorhodin, a Type II polyketide produced
by S. coelicolor, begins with loading and decarboxylation
of a malonyl-CoA starter unit (derived from acetyl-CoA by
acetyl-CoA carboxylase during fatty acid biosynthesis) fol-
lowed by the repetitive condensation of malonyl-CoA for
elongation [4]. To determine if branched-chain amino acids
were precursors for actinorhodin biosynthesis, a deletion
mutant of the bkdA1B1C] cluster was constructed in S. coe-
licolor. Here we show that the bkdA1BICI mutant cannot
grow on branched-chain amino acids as sole carbon source,
fails to produce branched-chain fatty acids (BCFAs), and
shows a 50% reduction in actinorhodin production. Addi-
tion of isobutyrate (specific for valine catabolism), isovaler-
ate (specific for leucine catabolism) or a-methylbutyrate

A R A2 B2 (2 Al Bl Cl

D
SCO3823 SCO3831

SCO3830 SCO3829 SCO3817 SCO3816 SCO3815

P
AbkdAIBICI::acc(3)IV
A2/Al:
B2/B1:
C2/C1:

Elsewhere?:

Elo dehydrogenase
EIPB decarboxylase

E2 acyltransferase

E3 dehydrogenase

B VALINE ISOLEUCINE LEUCINE
vdh ¢ vdh ¢ vdh ‘
o-ketoisovaleric acid / o-keto-B-methylvaleric acid / a-ketoisocaproic acid

branched-chain o-keto acid dehydrogenase complex

isobutyryl-CoA a-methylbutyryl-CoA isovaleryl-CoA

icmA

methacrylyl -CoA tiglyl-CoA

B-methylcrotonyl-CoA
hutyryl CoA
B- hydroxymobulyryl -CoA o-methyl-

-methylglutaconyl-CoA
acelyl -CoA / \ B-hydroxybutyryl-CoA B y :1 y

oi- melhylaceloacelyl -CoA B-hydroxy-

B- hydroxylsobutyrlc acid B-methylglutaryl-CoA
methylmalonyl-CoA / \
semialdehyde acexyl -CoA
methylmalomc acid propionyl-CoA acetyl-CoA  acetoacetate
semialdehyde ¢
msdA i methylmalonyl-CoA acetyl CoA
propionyl-CoA

Fig. 1 a The two bkd clusters in S. coelicolor and the enzymes encod-
ed by each. The extent of the deletion in the AbkdAIBICI::aac(3)IV
mutant is indicated by the solid line below the cluster. b Pathways for
branched-chain amino acid catabolism in Streptomyces species
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(specific for isoleucine catabolism) restored actinorhodin
production on rich media, but only isovalerate was able to
rescue actinorhodin production in minimal medium. This
report provides direct experimental evidence that branched-
chain amino acids are a primary source of precursors for
this acetate-primed Type II polyketide and that only one of
the two BKD clusters participates in antibiotic biosynthesis.

Methods and materials
Bacterial strains and growth conditions

The S. coelicolor strains used in these studies were M 145
SCP1~ SCP2™ [10] and AbkdAIBICI::aac(3)IV (con-
structed in this study). Media and protocols for genetic
manipulation of Streptomyces [13] and Escherichia coli
[18] as well as techniques for isolation and manipulation of
nucleic acids were as described. Strepromyces strains were
grown in YEME medium [13] for genomic DNA isolation
and on MS agar [13] with the addition of 10 mM MgCl, for
conjugation experiments. Apramycin (50 pg/ml) was used
as the selection and applied by overlay with soft nutrient
agar. MYM agar medium [2] or MYM supplemented with
isovaleric acid, o-methylbutyric acid or isobutyric acid
(each 5 mM) were used in the analysis of actinohorodin
production on agar medium. To test for growth on leucine,
valine or isoleucine as sole carbon source, spores were inn-
oculated into 50 ml of NMMP liquid medium without casa-
mino acids and with 30 mM NH,SO,, and either 40 mM
valine, leucine or isoleucine, or no carbon source and incu-
bated for 6 days at 30°C shaking at 300 rpm. Samples were
taken at 24-h intervals and growth was assayed spectropho-
tometrically at 450 nm.

Construction of the bkdA1B1C1 mutant

A deletion of the bkdA1BICI gene cluster in the S. coeli-
color genome was constructed by replacing the coding
sequence for the three genes of the cluster with the apramy-
cin-resistance cassette (aac(3)IV) using the PCR-targeted
gene replacement method described by Gust et al. [8]. The
apramycin resistance replacement cassette was generated
by PCR using primers with a 39 nt gene-specific extension
and introduced into the S. coelicolor cosmid GC3, which
contains a kanamycin resistance marker on the cosmid
backbone, in E. coli BW25113. The mutagenized cosmid
was introduced into E. coli ET12567 [15] and then trans-
ferred to S. coelicolor by conjugation. Exconjugants were
selected by apramycin resistance and marker replacement
events were identified by screening for kanamycin sensitiv-
ity. The deletion extended from nucleotide 54 of the bkdA1
gene (SCO3817), through the bkdA2 gene (SCO3818) to
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the end of the bkdA3 gene (SCO3819) leaving the last
69 bp of that gene at the end of the cassette. The 3.5 kb
deletion in the S. coelicolor chromosome, as well as the fact
that the bkdA2B2C2 gene cluster was intact and not
affected, was confirmed by Southern hybridization.

Actinorhodin assays

Spores of S. coelicolor M145 and AbkdA1BI1CI::aac(3)IV
were grown for 6 hin 2 x YT medium [13] to allow germi-
nation, washed twice with modified NMMP medium [22],
and then used to inoculate 500 ml of NMMP medium alone
or supplemented with various compounds in the following
concentrations: valine, leucine or isoleucine (each 15 mM),
a-methylbutyric acid, isobutyric acid, isovaleric acid (each
0.5 mM). The cultures were grown at 30°C with shaking at
200 rpm, and samples were taken every 24 h for 192 h to
assess growth and actinorhodin production [22] by spectro-
photometric analysis at 450 and 608 nm, respectively.

Fatty acid analysis

Spores of S. coelicolor M145 and AbkdA1BI1Cl::aac(3)IV
were incubated in 50 ml of NMMP for 3 days at 30°C shak-
ing at 300 rpm. About 0.5 ml of this culture was used to
inoculate 10 ml of NMMP and allowed to grow for 2 days.
Cells were harvested by centrifugation and fatty acids from
the cell pellet were analyzed by GC-MS as previously
described [25]. An Agilent 19091 series gas chromato-
graph-mass selective detector equipped with a HP5 phenyl
methyl siloxane capillary column with 0.25 pm film thick-
ness was used for GC-MS analysis.

Results and discussion

There are two branched-chain amino acid dehydrogenase
complexes in S. coelicolor but only one allows growth on
valine or leucine as sole carbon source. The streptomycetes
are apparently unique among bacteria and even other acti-
nomycetes in that they contain two branched-chain a-keto
acid dehydrogenase (BCDH) gene clusters (Fig. 1a), each
of which encodes Ela (a dehydrogenase), E1f (a decarbox-
ylase), E2 (a dihydrolipoamide acyltransferase) and E3 (a
dihydrolipoamide dehydrogenase) subunits. In S. coelicolor
each cluster has been shown to be transcribed [21] and
homologues of these gene clusters have been found in the
genomes of all of the streptomycete species that have been
sequenced, including S. avermitilis (http://avermi-
tilis.Is.kitusato-u.ac.jp), S. griseus and S. scabies (http://
www.sanger.ac.uk). Other bacteria and even other actino-
mycetes such as mycobacteria (http://www.sanger.ac.uk),
corynebacteria (http://www.sanger.ac.uk) or nocardia species

(http://nocardia.nih.go.jp/blast) have a single cluster. In the
streptomycetes, the E3 subunit, a flavin containing protein
that participates in the donation of electrons, is not linked to
this cluster and likely resides elsewhere in the genome [20].
While a search of the S. coelicolor genome database
revealed several possibilities, including a dehydrogenase
associated with the pyruvate dehydrogenase complex, it is not
clear which might function in the BCDH enzyme complex.

Branched-chain amino acid catabolism begins with three
reactions that employ common enzymes (Fig. 1b): transam-
ination by valine dehydrogenase to the corresponding o-
keto acids; oxidative decarboxylation by the branched-
chain dehydrogenase complex to the corresponding acetyl-
CoA derivatives, a-ketoisovalerate from valine, a-keto-f-
methyvalerate from isoleucine and a-ketoisocaproate from
leucine; and dehydrogenation by FAD to form a double
bond. The remainder of the isoleucine degradation pathway
is the same as for fatty acid oxidation, common to most
bacteria, yielding one mole of acetyl-CoA and one mole of
propionyl-CoA, which is subsequently converted into suc-
cinyl-CoA. Three moles of acetyl-CoA are generated per
mole of leucine and valine degradation may proceed by
three different pathways yielding propionyl-CoA, methyl-
malonyl-CoA and acetyl-CoA. Streptomyces is unusual in
its ability to convert valine to acetyl-CoA by the intramo-
lecular conversion of isobutyryl-CoA to butyryl-CoA and
subsequent f-oxidation to form acetyl-CoA [19], allowing
the generation of acetyl-CoA as an end product of the
catabolism of each branched-chain amino acid.

A mutation of the bkdFGH cluster in S. avermitilis
(which corresponds to the bkdAIBICI cluster in S. coeli-
color) was previously reported to affect branched-chain
amino acid catabolism [7] but interpretations about the phe-
notypes of this mutant were compromised by the fact that
the mutant contained a deletion of only the Elo subunit and
extended into an upstream open reading frame. To further
investigate the role of the bkdA1BIC]I cluster in amino acid
catabolism, a deletion of this cluster was constructed in S.
coelicolor by replacing the Elo, E1f and E2 open reading
frames with an apramycin resistance cassette (Fig. la)
using the PCR-targeted gene replacement method of Gust
et al. [8]. The resulting strain, AbkdAIBICI::aac(3)IV was
tested for growth on valine, leucine, or isoleucine as sole
carbon source, with growth on alanine as a control, as well
as on a medium containing no carbon source. S. coelicolor
spores store carbon in the form of trehalose and glycogen
[1, 9] and are capable of germinating in liquid medium
without a carbon source. As shown in Fig. 2, both the wild
type M145 strain and the 4bkdA1BICI::aac(3)IV mutant
strain germinate in medium without a carbon source but
growth ceases once the storage carbohydrate is exhausted.
Both the mutant and wild type grow relatively well on ala-
nine as sole carbon source and to the same cell densities,
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Fig. 2 Growth of S. coelicolor M145 and the AbkdA1BIC1::aac(3)IV
mutant in NMMP liquid minimal medium replacing casamino acids
with 30 mM NH,SO, and 40 mM a alanine (Ala), b valine (Val), ¢ leu-
cine (Leu), or d isoleucine (Ile), as sole carbon source or no carbon
source. Samples were taken from liquid cultures incubated at 30°C
shaking at 300 rpm, at 24-h intervals for 6 days. Growth was measured
spectrophotometrically at 450 nm. Error bars indicate the standard
deviation of two independent trials

that are significantly above growth with no carbon source
(Fig. 2a). Growth yield of the wild type on valine is rela-
tively poor compared to that observed on alanine. Growth
of the AbkdA1BICI::aac(3)IV mutant on valine is reduced
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and indistinguishable from the wild type without a carbon
source, suggesting that the mutant cannot use valine as sole
carbon source (Fig. 2b). Growth of the wild type on leucine
is also relatively poor but is detectable above the no carbon
source control culture while growth of the AbkdAIBICI::
aac(3)IV mutant is less than the wild type without a carbon
source (Fig. 2c), suggesting that the mutant is unable to use
leucine as sole carbon source. Growth on isoleucine for
both the wild type and the mutant strain is indistinguishable
from growth without a carbon source, suggesting that even
the wild type S. coelicolor strain cannot use isoleucine as
sole carbon source (Fig. 2d). We conclude from these data
that the bkdA1BICI gene cluster alone is responsible for
the level of catabolism required for the ability of S. coeli-
color to grow on leucine or valine as sole carbon source.
Interestingly, wild type cultures with leucine as sole carbon
source produced more of the blue pigment associated with
actinorhodin production under these conditions.

A deletion of the bkdA1B1C1 cluster in S. coelicolor elim-
inated the ability to grow on valine or leucine as sole carbon
source even in the presence of a wild type copy of the
bkdA2B2C2 cluster. This observation might be explained, in
part, by the expression patterns of the two clusters [21]. RNA
transcribed from the bkdAIB21CI cluster was readily
detected throughout growth and development while tran-
script from the bkdA2B2C2 cluster is detected at relatively
low levels and increases only at the initiation of develop-
ment. Virtually no transcript from the bkdA2B2C2 cluster
was detected during the vegetative growth phase [21].

Deletion of the bkdAIBIC1 gene cluster in S. coelicolor
resulted in defects in actinorhodin production on rich solid
medium that were rescued by products of valine, leucine or
isoleucine catabolism. On relatively rich media (MYM)
with maltose as carbon source, the wild type strain pro-
duced the blue pigment associated with actinorhodin pro-
duction while the AbkdAIBICI::aac(3)IV mutant did not
(Fig. 3a). The mutant does produce the red pigment associ-
ated with the peptide antibiotic undecylprodigiosin suggest-
ing that it is not pleotropically defective in antibiotic
production.

To test whether the defects in actinorhodin production in
the AbkdA1BICI::aac(3)IV mutant resulted from defects in
valine, leucine or isoleucine catabolism on rich medium,
the mutant was grown on MYM agar plates supplemented
with isobutyrate (specific for valine catabolism), isovalerate
(specific for leucine catabolism) or a-methylbutyrate (spe-
cific for isoleucine catabolism). As shown in Fig. 3, the
addition of each of these compounds to the growth medium
restored actinorhodin production in the AbkdAIBICI::
aac(3)IV mutant suggesting that the defect in actinorhodin
synthesis by cells grown on rich medium results from the
failure of the mutant to catabolize these amino acids. Similar
results were obtained on MYM medium containing glucose
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Fig. 3 S. coelicolorM145 (wild
type) and the
AbkdA1BICI::aac(3)IV mutant
plated on MYM agar or MYM
agar supplemented with 5 mM
isobutyric (ISB), isovaleric (ISV)
or a-methylbutyric (aMB) acid.
Plates are viewed from the back
to best visualize the blue pig-
ment associated with actinorho-
din production

72h

9 h

M145 AAIBICI

as carbon source (data not shown). While isoleucine is not
catabolized at levels required for growth, it apparently
plays a role in antibiotic biosynthesis on solid rich medium.

Deletion of the bkdAIBIC1 gene cluster in S. coelicolor
results in defects in actinorhodin production in liquid mini-
mal medium that are rescued only by products of leucine
catabolism. While color intensity on agar medium is a good
indication of actinorhodin production, S. coelicolor grows
relatively poorly on minimal medium making comparisons
of the wild type and mutant strains less reliable. To test
whether the defects in actinorhodin production in the
AbkdA1BICI::aac(3)IV mutant resulted from defects in
valine, leucine or isoleucine catabolism on minimal
medium quantitative assays for actinorhodin production
were performed on cultures grown in liquid medium with
glucose as carbon source. As shown in Fig. 4, growth rates
and growth yields of the mutant were the same as those of
the wild type (shown as insets in each panel). The
AbkdAIBICl::aac(3)I[V mutant, however, produced
approximately 50% less actinorhodin than wild type S. coe-
licolor (Fig. 4a). Production of actinorhodin by wild type
supplemented with 15 mM valine (Fig.4b) or leucine
(Fig. 4c) increased actinorhodin production by 7.7% (from
96.2 to 104.2 pg/ml) and 13.3% (from 96.2 to 111 pg/ml),
respectively. Isoleucine (Fig. 4d) had virtually no effect on
actinorhodin in the wild type cultures. Actinorhodin pro-
duction in the AbkdA1BICI::aac(3)IV mutant (Fig. 4b, d,
f) decreased by approximately 25% when cells were
supplemented with either valine (from 53.5 to 40.3 pg/ml),

MYM +ISB

MYM
X
48 h
r,. .

MI145 AAIBICI

MYM + 1SV MYM + acMB

M145 AAIBICI MI145 AAIBICI
leucine (from 53.5 to 39.7 pg/ml) or isoleucine (from 53.5
to 42.1 pg/ml). One explanation for this observation is that
the inability to catabolize these amino acids might lead to
the accumulation of these compounds in the growth
medium and result in feedback inhibition of antibiotic pro-
duction. In fact, addition of valine to valine dehydrogenase
(vdh) mutants of S. fradiae and S. ambofacians, that are
defective in valine catabolism, partially restored antibiotic
production at low (10 mM) concentrations but decreased
production of tylosin and spiramycin, respectively, at high
(25 mM) concentrations [23].

To test whether defects in actinorhodin production
resulted directly from defects in the ability to catabolize
valine, leucine or isoleucine, cells were grown in liquid
minimal medium supplemented with isobutyric acid (spe-
cific for valine catabolism), isovaleric acid (specific for leu-
cine catabolism) or o-methylbutyric acid (specific for
isoleucine catabolism). Because excess amounts of these
compounds had been shown to cause inhibition of antibi-
otic production in some strains, various concentrations
were used to supplement the medium [23]. The plate assays
shown in Fig. 3 were supplemented with 5 mM of the indi-
cated keto-acid. The addition of various concentrations of
either isobutyric acid or «-methylbutyric acid, 0.5 mM
(Fig. 4c, e, respectively), 1, 5, or 10 mM, had no effect on
actinorhodin production by the AbkdAIBICI::aac(3)IV
mutant suggesting that the breakdown of valine or isoleu-
cine does not play a major role in providing the precursors
for actinorhodin production in liquid minimal medium with
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Fig. 4 Actinorhodin production
by the wild type M 145 and the
AbkdA1B1C1::aac(3)IV mutant
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glucose as carbon source. Addition of 0.5 mM isovaleric
acid to the mutant, however, resulted in a 27.4% increase in
actinorhodin production over that on minimal medium with
glucose alone (Fig. 4g), suggesting that leucine catabolism
provides some of the precursors for actinorhodin produc-
tion under these conditions.

These data are in agreement with the observation that
wild type cultures grown in minimal medium supplemented
with leucine but not valine or isoleucine as sole carbon source
produced the blue pigment associated with actinorhodin
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production and suggest that rescue of leucine catabolism in
the AbkdA1BICI::aac(3)IV mutant also rescues actinorho-
din production. Leucine was identified as a source of pre-
cursors for actinorhodin production on rich medium agar
plates as well as liquid minimal medium. The fact that
experiments using solid rich medium identified valine, leu-
cine and isoleucine as precursors while supplementation of
liquid minimal medium identified only leucine suggests
that use of these amino acids for actinorhodin production is
medium dependent.
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Differences in antibiotic production on solid versus lig-
uid medium, and rich versus poor media have been reported
for a number of streptomycete species suggesting different
pathways may be used under different growth conditions. In
addition, different species of streptomycetes apparently use
different pathways even under the same conditions. Valine
catabolism, for example, may be accomplished by at least
three different pathways (Fig. 1b) whose activities are
medium dependent. The most common pathway in micro-
organisms and mammals converts valine to propionyl-CoA
with 3-hydroxybutyryl-CoA and 2-methylmalonic acid
semialdehyde as intermediates. Evidence for the existence
of this pathway in S. coelicolor comes from the fact that
mutations in methylmalonic acid semialdeyde dehydroge-
nase, encoded by the msdA gene of S. coelicolor, cannot
use valine as sole carbon source on minimal medium [27].
An msdA mutant of S. cinnamonensis, however, was able to
utilize both valine and isobutyrate as sole carbon source
and showed no decrease in production of the polyketide
antibiotic monensin suggesting that this pathway is not
important for valine catabolism or anitbiotic production on
minimal medium in this species [14].

Valine can also be converted to methylmalonyl-CoA by
streptomycetes that utilize methylmalonyl-CoA as extender
units in polyketide synthesis via methylmalonyl-CoA semi-
aldehyde as the intermediate [14]. Precursor labeling stud-
ies in S. cinnamonensis have shown that methylmalonyl-
CoA from labeled valine is incorporated into the monensin
carbon framework and is produced via the direct oxidation
of p-hydroxybutyric acid to methylmalonyl-CoA [14].
Unlike the growth studies with msdA mutants, the labeling
studies were done in rich medium that promoted increased
production of the Type I polyketide, monensin. It was sug-
gested by the authors of these studies that pathways for pre-
cursors identified on minimal media may or may not be
important for antibiotic production in complex rich medium
[14].

A third potential pathway allows valine catabolism to
acetyl-CoA via the reversible intramolecular conversion of
isobutyryl-CoA to butyryl-CoA by isobutyryl-CoA mutase
(ICM), encoded by the icmA gene [17] followed by the f-
oxidation of butyryl-CoA to form acetyl-CoA [19]. While
ICM activity has not been studied in S. coelicolor specifi-
cally, an icmA gene homologous to those found in other
actinomycetes is present in the S. coelicolor genome. An
icmA mutant of S. cinnamonensis was unable to utilize
valine or isobutyrate as sole carbon source but could utilize
butyrate suggesting that this pathway allows valine catabo-
lism in minimal medium [24]. The phenotypes of these
mutants as well as precursor labeling studies suggest that
different pathways for valine catabolism are used in rich
versus minimal medium and provide a possible explanation
for the differences observed for actinorhodin production. It

is possible, if not likely, that S. coelicolor uses multiple
pathways for the breakdown of valine on rich medium but
is limited to a single pathway in minimal medium. We
speculate that the difference in rescue of actinohorodin pro-
duction in the AbkdAIBICI::aac(3)IV mutant with valine
catabolites may be due to the different activities of the path-
ways for valine catabolism on different media and under
different conditions.

Leucine, however, is apparently a precursor for actino-
rhodin production under all conditions. Leucine degrada-
tion yields one mole of acetyl-CoA and one mole of
acetoacetate, which may be converted stoichiometrically to
acetoacetyl-CoA by  3-oxoadipate-CoA  transferase
(SCO6702), which is converted to two moles of acetyl-
CoA by acetoacetyl-CoA thiolase (SCO5399) yielding a
total of three moles of acetyl-CoA per mole of leucine. Iso-
leucine is apparently degraded poorly in minimal medium
(Fig. 2) and one mole yields one mole of acetyl-CoA and
one mole of propionyl-CoA. Catabolism of one mole of
valine in most organisms yields one mole of propionyl-
CoA but in Streptomyces sp. valine can be converted to two
moles of acetyl-CoA through f-oxidation of butyryl-CoA.
The pathway for valine degradation acetyl-CoA is not used
by S. coelicolor on minimal medium [27] and taken
together these data suggest that leucine degradation is the
best source of precursors for actinorhodin biosynthesis in
minimal medium.

The AbkdA1BICImutant is defective in branched-chain
fatty acid production. Streptomycetes contain primarily
BCFAs [5, 25]. Most bacteria that contain predominately
BCFAs use them to maintain membrane fluidity even when
unsaturated fatty acids (UFAs) are also present [11]. In
Bacillus, branched-chain fatty acids are essential for mem-
brane fluidity and, therefore, cell viability [26]. Since
branched-chain fatty acids are derived from branched-chain
amino acid catabolism, if the bkdA1BICI cluster is the pri-
mary pathway for catabolism in S. coelicolor, deletion of
this cluster should also result in changes in fatty acid
metabolism. An analysis of the fatty acid content of the
AbkdAIBICI::aac(3)IV mutant was performed using GC-
MS. As shown in Fig. 5, the mutant showed a dramatic
change in branched-chain fatty acid content. Branched-
chain fatty acids decreased from 61 to 3% of the total fatty
acid content with an increase in straight chain fatty acids,
from 36% of the total in the wild type to 90% in the mutant.
UFAs also increased from 6% of the total in wild type to
34% in the mutant, perhaps allowing the mutant to maintain
membrane fluidity and grow without BCFA supplementa-
tion. These observations are consistent with previous
reports from fatty acid analysis of bkdFGH mutants of S.
avermitilis, which were reported to contain less than 1% of
the total fatty acids as branched-chain derivatives [5], and
suggest that the bkdAIBICI cluster is the primary cluster
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Fig. 5 GCMS profile of fatty- S. coelicolor
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involved in branched-chain fatty acid production in S. coe-
licolor.

Conclusions

Here we show that a mutant containing a constructed dele-
tion of one of the branched-chain amino acid dehydroge-
nase complexes of S. coelicolor, AbkdAIBICI::aac(3)IV,
was unable to grow on branched-chain amino acids as sole
carbon source and produced 50% less actinorhodin that the
wild type. This observation suggests that this gene cluster
alone is responsible for the levels of catabolism needed for
growth on these substrates and the fact that the defects in
actinorhodin production were rescued by the addition of
products specific to branched-chain amino acid catabolism
suggests that branched-chain amino acids serve as precur-
sors for this Type II polyketide. Amino acid catabolism
pathways are perhaps the most relevant for antibiotic pro-
duction in streptomycetes given the metabolic activity of
the organism at this stage in the life cycle. When vegetative
growth ceases, the cells enter stationary phase and rely on
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nutrients supplied by the lysing substrate mycelium. Pro-
tein is the primary source of carbon and branched-chain
amino acids are the most abundant amino acids in protein.
Another important conclusion from this and other work
is that different pathways for precursor synthesis may be
used under different growth conditions and results from the
analysis of antibiotic production using minimal media may
differ from those obtained using rich media. Moreover,
different pathways are apparently used by species even
under the same growth conditions. An understanding of
carbon flow from substrates such as the branched-chain
amino acids to the production of a class of antibiotics, such
as polyketides, will be critical for the metabolic engineering
of antibiotic production pathways in this important genus.
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