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Discovery of a New Bacterial Polyketide
Biosynthetic Pathway
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Polyketides comprise a large family of
structurally diverse natural products that
possess broad ranges of biological activ-
ities.'! These therapeutically important
agents are synthesized by successive
Claisen condensations of extender units
derived from (methyl)malonyl-CoA with
an acyl-CoA starter unit in a manner
reminiscent of fatty acid synthesis. Up
until recently, two types of microbial
polyketide synthases (PKSs) were widely
recognized through molecular genetics.”?
In analogy to the fatty acid synthases
(FASs), the distinction between the phy-
logenetically related type | and the type I
PKSs is the organization of their various
catalytic sites. Type | describes a system
of one or more multifunctional proteins
that contain a different active site for
each enzyme-catalyzed reaction in poly-
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ketide carbon chain assembly and mod-
ification. These fall into two subgroups,
the modular typel PKSs of bacteria
(i.e., 6-deoxyerythronolide B synthase,
DEBS) and the iterative typel PKSs
of fungi (i.e., 6-methylsalicylic acid syn-
thase, MSAS). In contrast, the type Il PKS
system is comprised of individual pro-
teins largely carrying one enzymatic ac-
tivity that is used iteratively in the bio-
synthesis of bacterial multiaromatic prod-
ucts (i.e., actinorhodin and tetraceno-
mycin).

Recently, the groups of Horinouchi!
and Thomashow! independently charac-
terized a new polyketide biosynthetic
pathway in bacteria for the assembly of
small aromatic metabolites. These new
bacterial PKSs, which Bangera and Tho-
mashow classify as type III,* are members
of the chalcone synthase (CHS) and
stilbene synthase (STS) superfamily of
PKSs previously only found in plants.”!
These enzymes are structurally and mech-
anistically quite distinct from the typel
and type Il PKSs and use free CoA thio-
esters as substrates without the involve-

ment of 4’-phosphopantetheine residues
on acyl carrier proteins.

Members of the CHS/STS superfamily of
condensing enzymes are relatively mod-
est-sized proteins of 40-47kDa that
function as homodimers and typically
select a cinnamoyl-CoA starter unit and
carry out three successive extensions with
malonyl-CoA."! Release of the tetraketide
followed by cyclization and/or decarbox-
ylation yields a chalcone or a stilbene
(Figure 1a). 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 activities.
The X-ray crystal structure of CHS2 from
the legume Medicago sativa (alfalfa) was
recently determined and provides impor-
tant structural information on the reac-
tion mechanism of a plant PKS.®! Several
new additions to the CHS/STS superfamily
have emerged from plants and deviate
from the chalcone and stilbene biosyn-
thetic model by utilizing non-phenylpro-
panoid starter units, varying the number
of condensation reactions, and having
different cyclization patterns (e.g. acri-
done and 2-pyrone synthases).”? Thus,
plant enzymes in the CHS/STS superfamily
are growing in number and function and
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Figure 1. Proposed biosynthesis of a) chalcone and stilbene in higher plants, b) THN in Streptomyces griseus, ¢) MAPG and DAPG in Pseudomonas fluorescens, and
d) DHPG in Amycolatopsis orientalis. R = coenzyme-A (CoA) or the enzyme active-site cysteine thiol group.

are not limited in their substrate specific-
ity to plant-specific cinnamoyl-CoA starter
units.

The exciting discovery revealed by
Funa etal. at the University of Tokyo is
the characterization of a CHS-like enzyme
in the bacterium Streptomyces griseus.?!
The CHS-homologous gene rppA confers
red-brown pigmentation in S. griseus. In-
cubation of malonyl-CoA with recombi-
nant RppA carrying a poly-histidine tag
for convenience in protein purification
resulted in the formation of 1,3,6,8-tetra-
hydroxynaphthalene (THN; Figure 1b).
Air oxidation of THN vyielded flaviolin,
the precursor to the pigmented melanin
polymers. Co-incubation of malonyl-CoA
with either p-coumaroyl-CoA or acetyl-
CoA did not provide alternative products,
indicating that RppA is not a CHS and that
malonyl-CoA serves as the starter unit.
Funa etal. note that this scenario is
consistent with the proposed THN bio-
synthetic pathway in which the final ring
closure of the pentaketide may be assist-
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ed by the decarboxylation of the carboxy
group derived from the starter unit.
Amino acid alignment of RppA with CHSs
revealed the conserved cysteine residue
at position 138 within the active-site
motif. This residue was confirmed to
function as the active-site cysteine, as a
mutant enzyme with a serine replace-
ment at Cys138 was not enzymatically
active. Thus, as in plant CHSs and STSs,
RppA Cys 138 functions as the active site
of the condensing reaction that covalent-
ly binds the starter unit prior to conden-
sation. The in vivo function of rppA was
further correlated to melanin-like pig-
ments in a S.griseus rppA disruption
mutant that produced pigmented spores
only upon restoration with a plasmid
carrying the rppA gene. This pigmenta-
tion process differs from that in other
streptomycetes in which spore pigment
polyketides are generated by type
Il PKSs.l'®!

Washington State University research-
ers, Bangera and Thomashow, indepen-

dently reported that the bacterial polyke-
tide 2,4-diacetylphloroglucinol (DAPG) is
similarly synthesized by a CHS-like protein
(Figure 1¢).™ This broad-spectrum anti-
microbial agent is produced by plant-
associated fluorescent pseudomonads.
The CHS-homologous gene phlD is a
constituent of the biosynthetic operon
phlACBD that includes a set of three
genes conserved in bacteria and archaea.
In vivo expression studies in Escherichia
coli demonstrated that all four genes are
required for the synthesis of both mono-
acetylphloroglucinol (MAPG) and DAPG.
Further expression of individual genes or
the incomplete operon indicated that
PhID alone cannot catalyze the synthesis
of MAPG, but rather must function col-
lectively with PhIACB. PhlA and PhIC are
homologous to cysteine-deficient keto-
synthases and to thiolases, respectively,
whereas PhIB lacks homology to other
known proteins. Bangera and Thoma-
show speculate that these proteins are
responsible for generating the acetoace-
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tyl-CoA starter unit for PhID. Furthermore,
the PhIACB proteins collectively convert
MAPG to DAPG. In vitro expression stud-
ies with recombinant proteins are needed
to further investigate this proposed bio-
synthetic system.

Six additional bacterial CHS homo-
logues, or typelll PKSs, of unknown
functions have been deposited in genetic
databases and suggest that this new
polyketide biosynthetic pathway may be
widespread in bacteria. The biosynthetic
gene cluster for the vancomycin group
antibiotic chloroeremomycin contains a
CHS homologue (ORF27)M"! that is pre-
sumably involved in the assembly of the
3,5-dihydroxyphenylglycine (DHPG) resi-
due that Williams and co-workers dem-
onstrated in 1982 to be acetate-derived
(Figure 1d)."? Expression of a CHS-like
gene is regulated by the phytochrome
gene ppr in the purple photosynthetic
bacterium Rhodospirillum centenum.''
The photoactive yellow protein domain
of Ppr contains the chromophore 4-cou-

99/88

] Amycolatopsis orientalis ORF27 (T17474)

98/-

-/95

Streptomyces coelicolor Actl-ORF1 (Q02059)
Streptomyces glaucescens TemK (AAA67515)

Amycolatopsis mediterranei RifB (AAC01711)

Pseudomonas flucrescens PIC (AAC38076)
Penicillium patulum MSAS (P22367)

marate that functions in plant CHSs as the
CoA thioester starter unit. Although the
function of the R.centenum typelll PKS
has not yet been characterized, it is
tempting to speculate that it may operate
as a bona fide CHS, as this bacterium has
the rare ability to produce the phenyl-
propanoid p-coumarate. Genome se-
quencing of the bacteria Streptomyces
coelicolor, Mycobacterium tuberculosis, Ba-
cillus subtilis, and Deinococcus radiodurans
identified further CHS/STS homologues of
unknown functions.

The eight CHS-homologous bacterial
proteins in the database are clearly mem-
bers of the growing CHS/STS superfamily
of condensing enzymes and belong to a
third class of bacterial PKSs. These pro-
teins are phylogenetically unrelated to all
other microbial PKSs and FASs, including
those that are functionally equivalent
(RppA and the fungal type | PKS WA are
collectively THN synthases) or from the
same bacterial species (P. fluorescens con-
tains both type | (PItC) and type Il (PhID)

bacteriai
type Il PKSs
Streptomyces coelicolor WhiE-ORF3 (P23155) a
Saccharopolyspora erythrea EryA-DEBS2 (CAA44448) bacterial
Streptomyces venezuelae PikAIl-3 (AAC69330) type | PKSs
7] fungal
Aspergillus nidulans WA (Q03149) a type | PKSs
Pseudomonas fluorescens PhiD (AAB48106)
Streptomyces griseus RppA (BAA33495)
Streptomyces coelicolor A3(2) cosmid 25tG58 bacteriai
Mycobacteriumn tuberculosis (G70621) type il PKSs
Bacillus subtilis (AAA96613)
Deinococcus radiodurans (AAF11641)
Rhodospirillum centenum ChsA (AAD43969) |
Gerbera hybrida 2PS (CAA86219) ]
9s/92| (— Ruta graveolens ACS (860241)
r Petroselinum crispum CHS (P16107)
Oryza sativa CHS (CAA61955)
L Vitis sp. CHS (S53314) f;lfgs/STsS
r Lycopersicon esculentum CHS2 (P23419)
— Arachis hypogaea STS (AAA96434)
Glycine max CHS2 (JQ2249)
Pisum sativum CHS (BAA22045) B
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PKSs, while S. coelicolor has both type Il
(Actl and WhiE) and type lll PKSs) (Fig-
ure 2). The structural and functional sim-
ilarities of the bacterial type lll PKSs with
the plant CHSs imply a common evolu-
tionary origin that may have evolved
through horizontal gene transfer be-
tween plant-associated bacteria and
higher plants. These suggestions are
supported by distance matrix calculations
and maximum likelihood analysis (Fig-
ure 2).

On the basis of these studies, the
occurrence of bacterial type lll PKSs ap-
pears widespread. In that regard, Funa
etal. speculate that THN may be an
intermediate in the biosynthesis of a
small group of prenylated naphthoqui-
nones produced by several Streptomy-
ces spp. strains.® Such members include
the monoterpene-substituted naphtho-
quinones naphterpene!™ and furaquino-
cin A" the sesquiterpene-substituted
naphthoquinones marinone and neomar-
inone,™ and the dimethylallyl/monoter-

Figure 2. Phylogenetic tree of bacterial type Ill PKSs in
relation to ketosynthase domains from other types of
PKSs. Sequences were retrieved from GenBank (acces-
sion numbers given in parentheses) and aligned with
ClustalX. (The S. coelicolor sequence from cosmid
25tG58 was rather retrieved from http://sanger.ac.uk/
Projects/S_coelicolor/.) The tree was constructed by
applying maximum likelihood (Puzzle 4.0 and ProtMI
programs) and distance matrix methods (ProtDist from
the Phylip package) and using the PAM and JJT models.
The tree was rooted with a bacterial FAS sequence as
outgroup (not shown). Numbers at branching points are
quartet puzzling/ProtDist bootstrap support values.
Only values >70% are shown. Different groups of PKSs
form monophyletic clusters as shown by strong boot-
strap support values. Bacterial type Il PKSs and plant
CHSs/STSs appear to be of common ancestry. In contrast
to the above maximum likelihood tree, the distance
matrix/neighbor-joining tree (data not shown) places
the A. orientalis ORF27, P.fluorescens PhID, S. griseus
RppA and S. coelicolor sequences as sister taxa to the
plant CHSs/STSs.
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Figure 3. Structures of prenylated naphthoquinones from Streptomyces spp. The postulated THN-derived

units are depicted in red.

pene-disubstituted naphthoquinones be-
longing to the napyradiomycin family
(Figure 3).'7 Feeding experiments sup-
port this claim, as the naphthoquinone
core in naphterpene and furaquinocin A
is derived from a symmetrical naphtha-
lene unit that is acetate-derived.l'* '™
The seminal work by the groups of
Horinouchi and Thomashow in the func-
tional characterization of the bacterial
type lll PKSs RppA and PhID, respectively,
will undoubtedly heighten interest in
this new group of condensing enzymes
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in bacteria. The occurrence and func-
tional breadth of the typelll PKSs will
definitely be subjects of future commu-
nications.
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