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Although phenylpropanoids and flavonoids are common plant natural products, these major classes of
biologically active secondary metabolites are largely absent from bacteria. The ubiquitous plant enzymes
phenylalanine ammonia-lyase (PAL) and chalcone synthase (CHS) are key biosynthetic catalysts in
phenylpropanoid and flavonoid assembly, respectively. Until recently, few bacterial counterparts were
known, thus reflecting the dearth of these plant natural products in bacteria. This review highlights our
progress on the biochemical and genetic characterization of recently identified streptomycete biosynthetic
pathways to benzoic acid and type III polyketide synthase (PKS)-derived products. The sediment-derived
bacterium “Streptomyces maritimus” produces benzoyl-CoA in a plant-like manner from phenylalanine
involving a PAL-mediated reaction through cinnamic acid during the biosynthesis of the polyketide
antibiotic enterocin. All but one of the genes encoding benzoyl-CoA biosynthesis in “S. maritimus” have
been cloned, sequenced, and inactivated, providing a model for benzoate biosynthesis not only in this
bacterium, but in plants where benzoic acid is an important constituent of many products. The recent
discovery that bacteria harbor homodimeric PKSs belonging to the plant CHS superfamily of condensing
enzymes has further linked the biosynthetic capabilities of plants and bacteria. A bioinformatics approach
led to the prediction that the model actinomycete Streptomyces coelicolor A3(2) contains up to three type
III PKSs. Biochemical analysis of one of the recombinant type III PKSs from S. coelicolor demonstrated
activity as a 1,3,6,8-tetrahydroxynaphthalene synthase (THNS). A homology model of THNS based upon
the known three-dimensional structure of CHS was constructed to explore the structural and mechanistic
details of this new subclass of bacterial PKSs.

Introduction
Phenylpropanoids and flavonoids are major classes of

natural products commonly associated with plants. These
secondary metabolites are structurally diverse, serve im-
portant physiological functions in plants, and exhibit
numerous pharmacological properties. The ubiquitous
plant enzymes phenylalanine ammonia-lyase (PAL, EC
4.3.1.5)2 and chalcone synthase (CHS)3 are key biosynthetic
catalysts in phenylpropanoid and flavonoid assembly,
respectively, and until recently were thought to be largely
restricted to plants. The absence of phenylpropanoids and
flavonoids in bacteria apparently mirrors the absence of
these two key enzymes.

Our laboratory recently characterized biosynthetic path-
ways closely related to these formerly plant-restricted

routes in actinomycetes. We discovered that the sediment-
derived bacterium “Streptomyces maritimus” produces ben-
zoyl-CoA in a plant-like manner from phenylalanine in-
volving a PAL-mediated reaction through cinnamic acid
during the biosynthesis of the polyketide bacteriostatic
agent enterocin.4-7 All but one of the genes encoding
benzoyl-CoA biosynthesis in “S. maritimus” have been
cloned, sequenced, and inactivated, providing a model for
benzoate biosynthesis not only in this bacterium, but in
plants, where it is an important constituent of numerous
natural products.

Although a bone fide CHS has not yet been characterized
in a bacterium, homologues belonging to the CHS super-
family of plant condensing enzymes called type III polyketide
synthases (PKSs) have recently been discovered.8 Total
genome sequencing of several bacteria has identified
numerous plant-like PKSs of unknown functions. For
instance, the model actinomycete Streptomyces coelicolor
A3(2) contains up to three copies of a type III PKS gene.
Thus far, type III PKSs have been shown to be responsible
for the biosynthesis of natural products such as 1,3,6,8-
tetrahydroxynaphthalene (THN)9,10 and the formation of
key components of more complex molecules such as the
antimicrobial agent vancomycin.11-13 Progress on the bio-
chemical and structural characterization of THN synthase
(THNS) in S. coelicolor, as well as its putative role in the
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biosynthesis of the prenylated naphthoquinone cytotoxin
marinone in a marine sediment-derived actinomycete,14 is
reported.

In this article, we highlight our progress on the bio-
chemical and genetic characterization of these recently
identified bacterial enzymes and pathways with ties to the
plant world.

Cloning, Sequencing, and Heterologous Expres-
sion of the Enterocin Biosynthesis Gene Cluster. The
bacteriostatic agents enterocin and the wailupemycins are
structurally diverse polyketides produced by “S. maritimus”
(Scheme 1).15 Classical feeding experiments by Seto and
co-workers demonstrated that enterocin is derived from an
uncommon benzoic acid starter unit and seven acetate
extensions.16 The biosynthetic pathway includes a rare
biological example of a Favorskii-like rearrangement. The
R-pyrone unit is reminiscent of a large number of mutant
and recombinant aromatic polyketides generated from
iterative type II PKSs17 and indicated that this family of
metabolites is probably synthesized via an aberrant type
II rather than a modular type I polyketide pathway.18,19

Southern blot analyses with type II PKS gene probes from
the actinorhodin biosynthesis gene set revealed three

distinct gene clusters in the “S. maritimus” genome.5 Spot
sequencing of cosmid clone pJP15F11 identified a minimal
PKS clustered with genes putatively involved in the
formation of the benzoate starter unit. The enterocin
biosynthesis gene cluster was unambiguously confirmed on
this cosmid by heterologous expression using the Escheri-
chia coli-Streptomyces shuttle cosmid pJP15F11 in the
engineered host strain Streptomyces lividans K4-114.4
LCMS analysis of organic extracts from the resulting
transformant verified enterocin as the major polyketide
metabolite and revealed a series of uncharacterized ana-
logues. We isolated and characterized wailupemycin D as
a new member of this structural family. Unlike other
members of this series, wailupemycin D is derived from a
linear polyketide intermediate. Identification of this me-
tabolite provided further support that the enterocin family
of polyketides originates from a carbon rearrangement of
a type II PKS-generated linear poly-â-ketide.

We next cloned and sequenced the 21.3 kb enterocin (enc)
biosynthesis gene cluster (Figure 1).5 Central to the 20 open
reading frame (ORF) cluster are encABCD, which encode
the minimal enc PKS (consisting of the ketosynthase
subunits KSR and KSâ and the acyl carrier protein) and

Figure 1. Organization of the enterocin biosynthetic gene cluster (enc). The orientation of the arrows indicates the direction of each ORF.

Scheme 1. Proposed Biosynthetic Pathway from Benzoyl-CoA to Enterocin and the Wailupemycins
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the ketoreductase. Noticeably absent from the octaketide-
homologous type II PKS gene cluster are cyclase or aro-
matase genes that typify aromatic PKS clusters. This
significant architectural difference between the enc cluster
and all other known type II PKS gene sets provided insight
into the observed product diversity of the pathway. Cycla-
ses not only function to direct regiospecific aldol condensa-
tions from a myriad of chemically feasible reactions on
highly reactive intermediates, but their unnatural removal
from their coupled minimal PKS can result in spontaneous
chemistry.17

Biosynthesis of Benzoyl-CoA, the Enterocin PKS
Starter Unit. One of the unusual features of the enc
pathway involves the benzoate-derived starter unit.20 Ben-
zoyl-CoA has been implicated as a PKS starter unit in only
one other bacterium, the myxobacterium Sorangium cel-
lulosum, which produces the macrolide soraphen A.21

Conversely, benzoic acid is a common metabolite in eu-
karyotic systems and is a component of many important
natural products, including salicylic acid, cocaine, and taxol
in plants and the zaragozic acids in fungi. Despite its
common occurrence in plant products, benzoic acid biosyn-
thesis is not well defined. Two pathways have been
proposed in plants that similarly involve conversion of
phenylalanine to cinnamic acid by PAL.22,23 The routes
diverge at cinnamate, one involving a â-oxidation pathway
and the second a retro-aldol path through benzaldehyde.
Until recently, the only known bacterial benzoate pathway
was anaerobic and involved transamination of phenyl-
alanine to phenylpyruvate followed by two successive
R-oxidative decarboxylations.24

Sequence analysis of the enc gene cluster suggested that
the benzoate starter unit is biosynthesized in a plant-like
manner.5 Genes putatively encoding benzoic acid biosyn-
thesis were arranged on either side of the minimal enc PKS
on four transcripts. The initial biosynthetic step was
proposed to involve a unique bacterial PAL catalyzed
conversion by the encP gene product (Scheme 2). Activation
of cinnamic acid to its coenzyme A (CoA) thioester by the
acyl-CoA ligase EncH followed by a series of â-oxidation
reactions would directly provide the benzoyl-CoA primer
unit. Two of the three â-oxidation enzymes were identified
on the sequenced fragment, a hypothetical enoyl-CoA
hydratase (EncI) and a â-ketothiolase (EncJ). A dedicated
â-hydroxyacyl-CoA dehydrogenase, however, is missing and
implied that this protein is encoded on an unsequenced
region of the cluster or chromosome. The aryltransferase
EncL presumably loads the benzoate unit onto the enc ACP
to initiate polyketide assembly.

Feeding experiments with a series of doubly labeled
[ring-2H5,1,2-13C2]phenylpropanoid biosynthetic intermedi-
ates were conducted to differentiate between â-oxidative

and retro-aldol routes and to establish whether â-ketophe-
nylpropionyl-CoA, a proposed intermediate, may serve as
an alternative primer unit, thus skipping the first malonate
extension.6 MS analysis indicated that all the intermedi-
ates were incorporated into enterocin, yet only after the
loss of the side chain 13C2-label. This result indicated that
the side chain is cleaved before incorporation of the phenyl
unit, confirming benzoyl-CoA and not â-ketophenylpropio-
nyl-CoA as the starter unit. Furthermore, the labeling
experiments supported the involvement of the â-oxidative
pathway as predicted by genetic analysis of the enc gene
cluster.

We next determined the absolute configuration of the
intermediate 3-hydroxy-3-phenylpropionyl-CoA by synthe-
sizing and feeding both enantiomers of the corresponding
[ring-d5]-labeled free acid.7 The wild-type strain preferen-
tially incorporated the (3R)-enantiomer 5:1 over the (3S)-
isomer. The absolute configuration of this intermediate was
identical to that observed in the benzoyl-CoA biosynthesis
pathway in the terrestrial plants Nicotiana attenuata7 and
Erythroxylum coca25 and in fatty acid â-oxidation. Fur-
thermore, there is considerable amino acid sequence ho-
mology between the “S. maritimus” cinnamoyl-CoA hy-
dratase EncI and fatty acid enoyl-CoA hydratases. In
particular, the EncI amino acid residues Gly-116, Glu-119,
and Glu-139, which are essential for catalytic activity in
homologous fatty acid-type hydratases,26 suggest that the
two enzyme systems operate by a common mechanism.

Mutational Analysis of the enc Benzoyl-CoA En-
coding Genes. To gain insight into the roles of enc genes
involved in benzoyl-CoA biosynthesis, we developed a
genetic system in “S. maritimus” and disrupted several
candidate genes via single-crossover homologous recombi-
nation.27,28 We employed an E. coli to “S. maritimus”
conjugal transfer of pKC1139-based temperature-sensitive
plasmids carrying internal regions of target enc genes. The
benzoyl-CoA biosynthesis genes encH, -I, -J, -N, and -P
were individually disrupted, and growth of the resulting
transconjugants under selective conditions resulted in the
mutant strains KH, KI, KJ, KN, and KP, respectively.

Inactivation of the unique PAL-encoding gene encP
completely abolished the biosynthesis of cinnamic acid and
the benzoate-primed enterocin family of polyketides in the
encP mutant strain KP.27 Enterocin biosynthesis could be
restored in this mutant by supplementing with cinnamic
or benzoic acid as well as complementing with wild-type
encP. Heterologous expression of the encP gene in S.
coelicolor yielded cinnamic acid, confirming that the gene
product EncP is a novel bacterial PAL. The bacterial PAL
EncP is a considerably smaller protein than plant PALs
(522 versus 680-720 amino acids). EncP more closely
resembles bacterial histidine ammonia-lyase (HAL, EC

Scheme 2. Proposed Biosynthesis of the Enterocin PKS Starter Unit Benzoyl-CoA in “S. maritimus”
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4.3.1.3) in size. One key difference between EncP and HAL
occurs at amino acid position 83. HALs harbor a conserved
histidine residue at this position which coordinates its
imidazole group through a hydrogen bond to that of the
bound histidine substrate.29 Plant PALs, on the other hand,
carry residues such as valine and isoleucine at this position,
which is analogous to Val83 of EncP, to provide a hydro-
phobic environment for the benzene ring of the substrate
phenylalanine.

The fatty acid â-oxidation related genes encH, -I, and -J
were similarly shown by target-directed mutagenesis to be
involved in, but not absolutely required for, the biosynthe-
sis of benzoyl-CoA.28 The yield of benzoyl-CoA-primed
enterocin dropped significantly below wild-type levels in
each mutant strain. We attributed the reduced benzoyl-
CoA formation in these specific mutants to functional
substitution and cross-talk between the products of genes
encH, -I, and -J and their corresponding fatty acid â-oxida-
tion homologues.

Missing from the sequenced enc cluster is a homologue
of â-hydroxyacyl-CoA dehydrogenase, the â-oxidation en-
zyme needed to catalyze the dehydrogenation of (3R)-3-
hydroxy-3-phenylpropionoyl-CoA and complete the oxida-
tive cycle. The search extended 2 kb upstream and
downstream of the 21.3 kb enc cluster.5 As heterologous
expression of the enc-containing E. coli-streptomycete
shuttle cosmid pJP15F11 was sufficient to produce entero-
cin, either a dedicated dehydrogenase gene is located
elsewhere on the cosmid or a dehydrogenase isoenzyme is
provided by the streptomycete host. This second scenario
is plausible, as inactivation of the enterocin ketothiolase
encJ gene in mutant KJ resulted in only a 25% loss in
enterocin production, suggesting strong complementation
by the corresponding ketothiolase associated with fatty acid
â-oxidation. The benzoyl-CoA pathway dehydrogenase may
be entirely supplied through primary metabolism.

As products of ketothiolases are acyl-CoAs, we predicted
that the homologous enc-encoded thiolase EncJ catalyzes
the conversion of â-oxophenylpropionyl-CoA directly to
benzoyl-CoA. This conversion, however, bypasses the need
to directly activate benzoic acid by a dedicated benzoyl-
CoA ligase such as EncN, whose encoding gene is present
in the enc gene cluster. Inactivation of the encN gene did
not disturb the production of benzoate-primed enterocin,
thereby confirming that encN is extraneous and that

benzoic acid is not a pathway intermediate.28 Supplemental
benzoic acid can efficiently enter the enterocin biosynthetic
pathway in the wild-type strain, but not in the correspond-
ing encN mutant KN. Hence, EncN rather serves as a
substitute pathway for utilizing exogenous benzoic acid.
This observation is consistent with our recent analysis of
the encMN mutant KM, in which the oxygenase encM as
well as the coupled encN were disrupted.30 Although
benzoate-primed polyketides were synthesized in this
mutant strain, they were not enriched with administered
d5-benzoic acid.

Bacterial Type III PKSs are Members of the Plant
CHS Superfamily of PKSs. A new polyketide biosyn-
thetic pathway for the assembly of small aromatic metabo-
lites has recently been characterized in bacteria.8 These
bacterial PKSs are termed type III PKSs and are members
of the CHS superfamily of condensing enzymes previously
found only in plants.31 These enzymes are structurally and
mechanistically quite different from the type I and type II
PKSs and use free CoA thioesters as substrates without
the involvement of 4′-phosphopantetheine residues on acyl
carrier proteins. Members of the CHS superfamily of
condensing enzymes are relatively modest-sized proteins
(40-47 kDa) that function as homodimers and typically
select a cinnamoyl-CoA starter unit and carry out three
successive extensions with malonyl-CoA. In the case of
CHS, release of the tetraketide followed by cyclization
yields chalcone (Scheme 3). CHSs appear to be ubiquitous
in higher plants and catalyze the first enzymatic reaction
to flavonoids, which exhibit a wide range of biochemical,
physiological, and ecological roles. The crystal structure of
CHS2 from Medicago sativa (alfalfa) was recently deter-
mined and provides important structural information on
the reaction mechanism of a plant PKS.3,32 Several new
additions to the CHS superfamily have emerged from
plants and deviate from the chalcone biosynthetic model
by utilizing non-phenylpropanoid starter units, varying the
number of condensation reactions, and having different
cyclization patterns (e.g., 2-pyrone and acridone syn-
thases).33,34 Thus, plant enzymes in the CHS superfamily
are growing in number and function and are not limited
to plant-specific cinnamoyl-CoA starter units.

Over the past several years, 12 CHS-homologous bacte-
rial proteins have been reported, suggesting that this new
polyketide biosynthetic pathway may be widespread in

Scheme 3. Biosynthesis of the Type III PKS Products: (a) Chalcone in Higher Plants, (b) THN in S. griseus and S. coelicolor, and (c)
DHPA in A. mediterranei and A. orientalis

Reviews Journal of Natural Products, 2002, Vol. 65, No. 12 1959



bacteria.8 Most of the type III PKS sequences deposited in
genetic databases were identified through total genome
sequencing efforts. The results suggest that this third type
of bacterial PKS is common, especially among the meta-
bolically rich Actinobacteria. Genome sequence analysis of
the model Gram-positive bacteria S. coelicolor and Bacillus
subtilis, the human pathogen Mycobacterium tuberculosis,
and Bacillus halodurans and Deinococcus radiodurans
revealed a number of CHS homologues of unknown func-
tion.8 Although none of the total genome-based type III
PKSs have been biochemically characterized to date, three
type III PKSs associated with secondary metabolic biosyn-
thesis gene clusters have been described. The type III PKSs
THNS from S. griseus9,10 and 3,5-dihydroxyphenylacetic
acid synthase (DHPAS) from several vancomycin group
Amycolatopsis strains11-13 have been characterized bio-
chemically. Those enzymes display an absolute require-
ment for several molecules of malonyl-CoA as substrate
(Scheme 3). The biosynthesis of the broad-spectrum anti-
microbial agent 2,4-diacetylphloroglucinol in plant-associ-
ated fluorescent pseudomonads involves the CHS homolo-
gous gene phlD.35,36 Expression of the four-gene cassette
phlACBD in E. coli led to the formation of 2,4-diacetylphlo-
roglucinol.

1,3,6,8-Tetrahydroxynaphthalene Synthase from S.
coelicolor. Streptomyces coelicolor A3(2) is a model acti-
nomycete that has served as a key genetic tool in Strep-
tomyces biology. Recently, the sequencing of the 8.7 Mbp
S. coelicolor genome was completed. Sequence analysis of
the deposited genome37 revealed three putative type III
PKS genes (accession numbers CAC01488, CAB94644, and
CAC17488), which in relation to S. griseus RppA (THNS)
had identity/similarity scores of 70/83, 27/39, and 29/43,
respectively. The putative S. coelicolor THNS encoding
gene (CAC01488) was PCR amplified with appropriate
restriction sites, cloned into the pHIS8 expression plasmid,
and overexpressed in E. coli (Izumikawa, M.; Shipley, P.
R.; O’Hare, T.; Hopke, J. N.; Moore, B. S., unpublished
observations). Upon induction with isopropyl 1-thio-â-D-
galactopyranoside, the E. coli transformant produced a
dark red pigment, which after treatment with acid was
extracted into ethyl acetate. Analytical HPLC analysis of
the crude organic extract verified the presence of flaviolin,
the autoxidation product of THN. MS and NMR analysis
of purified flaviolin further confirmed its structure.

Expression of the octahistidyl-tagged protein resulted in
large quantities of soluble protein of expected size. SDS-
PAGE analysis indicated that the fusion protein was
purified to greater than 80% following nickel-affinity
chromatography. Incubation with malonyl-CoA resulted in
the increase in absorbance at 340 nm, which is indicative
of THN. We additionally followed this reaction by HPLC,
which showed the complete consumption of malonyl-CoA
and the maximum production of THN within 1 h (Figure
2). Over time the amount of THN decreased with the
concomitant increase in its autoxidized product flaviolin.
The identity of CoA, malonyl-CoA, acetyl-CoA, and flaviolin
were confirmed by co-injection with authentic standards,
while THN was verified by HPLCMS.

While type III PKSs, including THNS, are architectur-
ally simple, they arguably represent the most sophisticated
PKSs mechanistically. Embodied within their homodimeric
architecture is the catalytic machinery necessary for starter
molecule recognition and loading, malonyl-CoA decarboxy-
lation and polyketide extension, and ultimately, multiple
pathways for termination. We have constructed a homology
model of THNS based upon the known three-dimensional

structure of CHS to explore structural and mechanistic
details of this new subclass of bacterial PKSs (Austin, M.
B.; Noel, J. P.; Moore, B. S., unpublished observations). Five
notable structural features not shared with CHS are
associated with this tentative THNS homology model and
labeled in Figure 3. An abbreviated N-terminus appears
to be a common feature among the bacterial type III PKSs,
which often appears at CHS residue 15. The C-terminal
extension is variable in other bacterial type III PKSs. For
instance, while S. griseus THNS is two amino acids shorter
than S. coelicolor THNS, other bacterial type III PKSs are
shorter or longer than CHS. To facilitate the alignment of
this region, we used an absolutely conserved structural
feature associated with all proteins possessing the CHS
fold, namely, the conserved GFGPGxTxE sequence starting
at CHS Gly 372 (Figure 3). Assuming the first nine THNS
residues following this conserved sequence in the C-
terminal sequence completes the beta strand as in CHS,
an additional 25 residue THNS C-terminal extension
remains, which is likely to form a structural motif distinct
from those found in the plant enzymes.

The gap labeled (4) in Figure 3 is the only buried change
and therefore the most suspect. This ambiguity is reflected
in the sequence alignment. Although the current model
reflects the best primary sequence alignment, the con-
served helical sequence between gaps (4) and (5) should
probably be shifted toward the active site, eliminating gap
(4) and increasing the size of gap (5). In other words,
contrary to what the sequence alignment predicts, area (4)
probably extends as a helix very much like CHS after
passing the active site. Soon after passing gap (5) the
conserved GFGPG loop begins, whereupon confidence in
the alignment picks up again.

Starting with CHS residue 16 and ending with CHS
residue 380, S. coelicolor THNS covers 340 residues of CHS
with gaps extending the alignment. Of the 340 residues
aligned, 88 are identical, resulting in 26% (88/340) identity
over the aligned portion. A number of active-site features
implied by the THNS homology model are currently being
explored by site-directed mutagenesis. It is notable that a
significant degree of ambiguity remains in this model. The
inherent lack of “atomic resolution” obtainable in any
homology modeling approach further supports the utility
of elucidating the three-dimensional structure of this model
bacterial type III PKS. To this end, we have removed the
affinity tag and purified the THNS protein to homogeneity.

Figure 2. Reaction profile of the conversion of malonyl-CoA to THN
and CoA by S. coelicolor THNS as monitored by reversed-phase HPLC.
Although the enzymatic reaction is complete by 1 h, as shown by the
total consumption of malonyl-CoA, THN is oxidized to flaviolin over
time. This nonenzymatic conversion can be inhibited when the reaction
is carried out under inert conditions.
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Crystals of THNS have been obtained and a structural
analysis is in progress.

Biosynthesis of the Mixed Polyketide-Terpenoid
Debromomarinone. The type III PKS product THN or a
derivative thereof may be an intermediate in the biosyn-
thesis of a group of prenylated naphthoquinone antibiotic
cytotoxins produced by several actinomycete strains. Such
members include the monoterpene-substituted naphtho-
quinones naphterpin and furaquinocin, the sesquiterpene-
substituted naphthoquinones marinone and neomarinone,
and the dimethylallyl/monoterpene-disubstituted naphtho-
quinones belonging to the napyradiomycin family.8 Feeding
experiments with singly and doubly 13C-labeled acetate
confirmed that the naphthoquinone moiety of debromo-
marinone is derived from a symmetrical pentaketide
intermediate such as THN in the sediment-derived acti-
nomycete strain CNH-099 (Scheme 4) (Nilsen, G.; Kalaitzis,
J. A.; Moore, B. S., unpublished observations). The mono-
terpenoid analogues naphterpin38 and furaquinocin A39

similarly derive from a symmetrical acetate-derived naph-
thalene unit. Although we consistently measured between
1 and 3% incorporation of labeled acetate into the penta-
ketide residue, the sesquiterpenoid unit of debromomar-
inone was not enriched. This observation implied that the
terpene is not made by the mevalonate pathway, but rather

by the recently established non-mevalonate pathway.40,41

This is in contrast to naphterpin biosynthesis, in which the
monoterpene unit is mainly derived from the mevalonate
pathway that operates during secondary growth in Strep-
tomyces aeriouvifer.42 Feeding experiments with 13C-labeled
glucose and glycerol as general precursors to provide
support for the non-mevalonate pathway were unsuccess-
ful, as these sugars suppressed debromomarinone produc-
tion. We therefore administered [3-13C]alanine to strain
CNH-099, which upon metabolism to [3-13C]pyruvate,
equally labeled the polyketide (via decarboxylation to
[2-13C]acetate) and sesquiterpene (solely via the non-
mevalonate pathway) units (Scheme 4).

Concluding Remarks. Two unusual plant-like en-
zymes have been characterized in streptomycetes, one
involved in the biosynthesis of the benzoate-derived moiety
of the antibiotic polyketide enterocin and the other in the
biosynthesis of small aromatic polyketides. It is tempting
to speculate that it may be possible to metabolically
engineer simple plant-like phenylpropanoids and flavonoids
by heterologously expressing these bacterial enzymes and
their derivatives. Work is underway to pathway engineer
plant-associated natural products by deploying bacterial
systems for the renewable production of small chemical
entities.

Figure 3. Overall homology model of the THNS monomer shown on the left panel as a yellow backbone trace. For reference, CHS is shown in
blue. Five notable differences relative to CHS are noted. The right panel illustrates the conserved features in the active sites of these diverse type
III PKSs. This comparison includes the catalytically essential catalytic triad consisting of Asn, His, and Cys.

Scheme 4. Incorporation of 13C-Labeled Acetates and Alanine into Debromomarinone in the Marine Actinomycete Strain CNH-099
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