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Summary

Bacterial type I polyketide synthases (PKSs) produce
a wide range of biomedically important secondary
metabolites. These enzymes possess a modular
structure that can be genetically re-engineered to
yield novel drug candidates not found in nature.
Recently, we have reported the putative pederin PKS
from an uncultured bacterial symbiont of 

 

Paederus
fuscipes

 

 beetles. It belongs to an architecturally
unusual PKS group, the members of which contain
iteratively acting acyltransferases that are not inte-
grated into the PKS modules but are encoded by iso-
lated genes. As these systems are rare, often contain
additional unusual features and are of smaller size
than regular PKSs, the development of a method for
the targeted isolation of new group members would
be of great interest. Here, we present a phylogenetic
approach to identify these systems rapidly in highly
complex metagenomic DNA samples. To demonstrate
its practical value, we located two pederin-type PKS
systems putatively involved in the biosynthesis of
antitumour polyketides in the metagenomic DNA of
beetles, sponges and their uncultivated bacterial
symbionts.

Introduction

 

Bacterial type I polyketide synthases (PKSs) generate a
vast array of pharmaceutically important natural products.
Clinically used examples are the antibiotic erythromycin,
the immunosuppressant FK506 or the antiparasitic aver-

mectin derivatives. During polyketide biosynthesis, the
giant, modular PKS enzymes serve as a scaffold to which
the growing polyketide chain is tethered (Rawlings, 2001).
Each PKS module carries out one chain elongation step
through attachment of a small acyl-CoA extension unit.
The chain is thus transferred from module to module until
it reaches its final size and is released from the enzyme.
Owing to this repetitive catalytic mechanism, PKS mod-
ules are architecturally similar to each other and usually
feature a ketosynthase (KS) domain catalysing the chain
elongation, an acyltransferase (AT) domain that selects
the correct acyl-CoA extender and an acyl carrier protein
domain (ACP) serving as anchor to the polyketide chain.
In addition to this minimal domain set, individual modules
can carry various domains performing reduction, dehydra-
tion or methylation reactions for further substrate modifi-
cation. The modular nature of the PKS biosynthetic
machinery permits a rational engineering of these
enzymes, yielding novel polyketides with largely predict-
able structures (Cane 

 

et al

 

., 1998).
Recently, we have isolated a PKS with an architecture

that deviates markedly from this general, erythromycin-
type scheme. In an investigation on the biotechnological
potential of uncultured bacterial symbionts of inverte-
brates, we have isolated the putative pederin biosynthe-
sis (

 

ped

 

) gene cluster from a symbiont of 

 

Paederus

 

 spp.
beetles (Piel, 2002). It encodes structurally unusual PKS
proteins, the modules of which are entirely devoid of AT
domains. Instead, the system contains two small
enzymes resembling monodomain ATs. We proposed
that these monofunctional ATs act 

 

in trans

 

 to acylate
each PKS module (Piel, 2002). These novel enzymes
would therefore be part of an unusual mixed iterative–
modular PKS (for examples of modular PKSs using other
types of iterative mechanisms, see Wilkinson 

 

et al

 

., 2000;
Gaitatzis 

 

et al

 

., 2002; Mochizuki 

 

et al

 

., 2003). Subse-
quently, the leinamycin biosynthesis gene cluster (

 

lnm

 

)
from 

 

Streptomyces globisporus

 

 (Cheng 

 

et al

 

., 2003), the
mupirocin system (

 

mup

 

) from 

 

Pseudomonas fluorescens

 

(El-Sayed 

 

et al

 

., 2003) and the lankacidin (

 

lkc

 

) cluster
from a 

 

Streptomyces

 

 sp. plasmid (Mochizuki 

 

et al

 

., 2003)
were reported as additional examples of a PKS with dis-
crete ATs, and functional studies of the 

 

lnm

 

 ATs verified
the 

 

trans

 

-acting mechanism (Cheng 

 

et al

 

., 2003). A sur-
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vey of GenBank entries and published partial gene clus-
ters reveals a more widespread occurrence of PKSs with
iterative ATs. Among such ‘

 

trans

 

-AT’, pederin-type sys-
tems are the 

 

pksX

 

 cluster from 

 

Bacillus subtilis

 

 with
unknown function (Scotti 

 

et al

 

., 1993), the TA
(

 

=

 

 myxovirescin) biosynthesis cluster (

 

ta

 

) from 

 

Myxococ-
cus xanthus

 

 (Paitan 

 

et al

 

., 1999) and most probably the
albicidin synthase (

 

xab

 

) from 

 

Xanthomonas albilineans

 

(Huang 

 

et al

 

., 2001). 

 

Trans

 

-AT clusters are therefore
found in a wide range of bacteria, including Gram-nega-
tive 

 

a

 

- and 

 

d

 

-proteobacteria and Gram-positive bacteria
of the low- and high-GC groups. In addition to the AT
architecture, these systems often contain further unusual
features not known from cis-AT, erythromycin-type PKSs.
Examples are enzymes catalysing the attachment of car-
bon units at the extender carbonyl position (

 

ta

 

, 

 

mup

 

 and

 

lnm

 

 clusters), novel or unusual sets of catalytic domains
(PedF module 5, LnmJ modules 3, 4 and 8, many 

 

pksX

 

modules) or extremely small-sized clusters with a highly
repetitive enzyme usage (

 

lkc

 

). Additionally, they are of
smaller size than regular PKSs. These systems should
therefore provide new insights into the enzymology of
PKS machineries and be useful tools in the production of
novel polyketides by genetic engineering of biosynthetic
pathways. A strategy for the targeted isolation of addi-
tional members of this rare type would thus be of great
interest.

As reported by Neilan and coworkers, phylogenetic data
from type I PKS systems reveal that the phylogeny of
erythromycin-type proteins largely mirrors that of their
host bacteria (Moffitt and Neilan, 2003). As 

 

trans

 

-AT sys-
tems were not included in the analysis, we were interested
in their evolutionary relationship to regular, ‘cis-AT’ PKSs.
Did the enzymes evolve independently in various bacterial
phyla or did this event take place only once, and species
barriers were overcome by horizontal gene transfer? In
the latter case, sequence information from a short PKS
gene fragment generated by polymerase chain reaction
(PCR) would probably be sufficient to identify a type I PKS
as 

 

cis

 

- or 

 

trans

 

-AT type.
As we exemplify in this study, the answer to this ques-

tion can indeed provide important guidance in the targeted
isolation of rare 

 

trans

 

-AT gene clusters. We demonstrate
that these systems can be located rapidly even within
highly complex and uncultivated microbial consortia. As a
practical application of this approach, we have studied two
associations of invertebrates and their bacterial sym-
bionts. Symbiotic bacteria are postulated to be the true
producers of a large number of drug candidates isolated
from animals (Haygood 

 

et al

 

., 1999; Proksch 

 

et al

 

., 2002),
but none of these producing microorganisms has so far
been cultivated successfully. Long-term supplies of ani-
mal-derived drug candidates could be generated by clon-
ing of biosynthetic gene clusters and their heterologous

expression in culturable bacteria (Haygood 

 

et al

 

., 1999;
Piel, 2002). However, the search for specific genes is
hampered by the biological and metabolic complexity of
invertebrate–bacterial communities. In the work presented
here, we have applied a phylogenetic approach to clone
genes putatively involved in the biosynthesis of antitumor
compounds from the metagenomic DNA of beetles and
sponges and their bacteria.

 

Results

 

Phylogenetic analysis reveals a monophyletic origin of 

 

trans

 

-AT PKSs

 

For the construction of phylogenetic trees, various PKS
sequences from 

 

cis

 

- and 

 

trans

 

-AT-type proteins of diverse
origin were retrieved from the GenBank database. The
sequences were truncated to the KS region between the
EPIAIV (corresponding to residues 31–36 of DEBS2 from

 

Saccharopolyspora erythraea

 

) and the HGTGT motifs
(DEBS2 residues 337–341). This region was chosen
because the KS domain exhibits the highest degree of
conservation with only a few hypervariable stretches. Fur-
thermore, it largely corresponds to the region that is usu-
ally amplified by PCR from genomic DNA as an initial step
in the isolation of novel PKS gene clusters (Beyer 

 

et al

 

.,
1999; Piel, 2002; Moffitt and Neilan, 2003). Newly
obtained PCR products can therefore be correlated
directly with the phylogenetic tree.

As shown in Fig. 1, the resulting tree shows two dis-
tinct clades containing exclusively 

 

cis

 

- or 

 

trans

 

-AT
sequences. The tight clustering of 

 

trans

 

-AT PKSs regard-
less of the bacterial phylum indicates that these enzymes
have a single evolutionary origin. As reported previously,

 

cis

 

-AT enzymes cluster into groups that largely mirror the
phylogeny of their host organism (Moffitt and Neilan,
2003). In unexpected contrast, the evolutionary gene tree
of 

 

trans

 

-AT enzymes does not correlate with the bacterial
species tree in spite of good bootstrapping values. For
example, the well-separated clade containing PksL3 and
LnmJ3 harbours KSs from a high-GC Gram-positive

 

Streptomyces

 

 sp., a low-GC Gram-positive 

 

Bacillus

 

 sp.
and two Gram-negative 

 

Pseudomonas

 

 spp. This may
indicate a higher rate of horizontal transfer and/or a
higher tendency of the proteins to be expressed and
folded correctly in new host strains after such transfers,
compared with proteins of the 

 

cis

 

-AT type. Nevertheless,
the distinct clustering of KS sequences into two PKS
clades now allows us to predict the PKS type of novel
gene fragments amplified by PCR without the necessity
to clone larger gene regions. In the following sections, we
applied this approach to the identification of 

 

trans

 

-AT sys-
tems in the metagenomic DNA of uncultured bacterial
symbionts.
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Identification of 

 

trans

 

-AT PKS genes from a metagenomic 
library of bacteria isolated from

 

 Paederus fuscipes

 

 beetles

 

We have recently cloned a set of putative pederin biosyn-
thesis genes from a metagenomic library of 

 

Paederus
fuscipes

 

 beetles and its associated bacteria (Piel, 2002).
The beetles use the antitumour agent pederin (Fig. 2) as
a chemical defence (Kellner and Dettner, 1996), but
sequence analysis revealed that the gene cluster resides
on the genome of an as yet unculturable 

 

Pseudomonas

 

sp. bacterium associated with the insects (Piel, 2002).
According to its architecture, the 

 

ped

 

 region does not
encode the three PKS modules necessary for the biosyn-
thesis of the starter triketide. Genes for this starter PKS
should therefore be found on a separate genomic region.
According to the strategy outlined above, we performed a
PCR analysis of the DNA of the bacterial community iso-
lated from 

 

P. fuscipes

 

 beetles. As the PKS should lack AT
domains like the remaining part of the system, any novel
PCR product that can be placed into the rare 

 

trans

 

-AT

clade would with high likelihood belong to the wanted
gene(s). Analysis of 35 cloned PCR products revealed
three novel sequences, designated PS1 to PS3, that did
not belong to the previously sequenced gene cluster.
Figure 3 shows the phylogenetic tree generated from an
alignment containing these sequences. As the PCR prod-
ucts were obtained with primers based on the DPQQRLL
(DEBS2 residues 118–124) and HGTGT motifs, they were
slightly shorter than the GenBank sequences. Although
the exclusion of several amino acids from the tree calcu-
lation resulted in lowered bootstrapping values, the tree
topology was almost identical to that of the previously
calculated tree. Therefore, the PKS type of even the short-
ened PCR products can be determined by phylogenetic
analysis.

According to the phylogenetic data, two of the three
KS fragments from beetle bacteria indeed clearly asso-
ciated with the 

 

trans

 

-AT clade (sequences PS1 and
PS2; Fig. 3), whereas the third (PS3) was more related
to 

 

cis

 

-AT PKSs. As the amplified PCR product did not
cover the region of an eventual AT domain, we wished
to verify the PKS type by cloning and sequencing of an
extended region of one of the pederin-type sequences,
PS2. To this purpose, we screened a metagenomic

 

Fig. 1.

 

 Phylogenetic analysis of bacterial type I KS domains. The 
bacterial origin of the sequence is designated as ACT, Actinobacteria; 
BAC, Bacilli; PSE, Pseudomonadales; CYA, Cyanobacteria; MYX, 
Myxococcales. The last digit of each entry specifies the module 
number from which the KS sequence was derived. Bootstrap values 
larger than 60% are shown. The type II KS ActI ORF1 was used as 
outgroup.

 

Fig. 2.

 

 Antitumour compounds isolated from 

 

Paederus

 

 spp. beetles 
and the sponge 

 

Theonella swinhoei

 

.
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cosmid library constructed from bacterial DNA and iso-
lated several cosmids containing the gene. As expected,
sequencing of a common 3.1 kb 

 

Sph

 

I fragment revealed
a KS next to a KR domain, but no homology to an AT
domain (Fig. 4). Preliminary sequence data indicate that
the PKS region is of small size and located close to
genes with high homology to 

 

Pseudomonas aeruginosa

 

(data not shown). The gene should therefore belong to
the same 

 

Pseudomonas

 

 sp. symbiont as the previously
identified 

 

ped

 

 cluster. Current studies will clarify whether
it encodes the PKS generating the pederin triketide
starter.

 

Localization of 

 

trans

 

-AT PKS genes in the highly complex 
metagenome of the sponge 

 

Theonella swinhoei

The sponge 

 

Theonella swinhoei

 

 is known for its extraor-
dinary diversity in bioactive complex polyketides and non-
ribosomal peptides (Narquizian and Kocienski, 2000; Mat-
sunaga and Fusetani, 2003). As these natural product
groups are typical of the microbial secondary metabolism,
it is likely that they are produced by bacteria rather than
by the sponge. Strikingly, some of these substances, the
onnamides and theopederins (Fig. 2) (Narquizian and
Kocienski, 2000), are structurally almost identical to ped-
erin from 

 

Paederus

 

 spp. beetles. We speculated that
metabolites of this complexity should have evolved from
a common biosynthetic pathway rather than by a conver-
gent mechanism. The onnamide PKS should therefore
represent a 

 

trans

 

-AT system.
For the study of natural product symbiosis in sponges,

 

T. swinhoei

 

 represents an ideal model, because the sim-
ilarity between the onnamide and pederin biosynthesis
pathways could provide a relatively rapid access to
sponge symbiont genes. We suspected, however, that the
physical separation of the pathways in beetles and
sponges over millions of years has resulted in a high
sequence divergence between the two PKS systems. This
would probably prohibit a direct PCR amplification of
onnamide genes relying on sequence similarity. In accor-
dance, PCR with various degenerate primer pairs specific

 

Fig. 3.

 

 Phylogenetic analysis of known KS domains and those ampli-
fied by PCR from metagenomic DNA. Entries starting with PS are 
derived from 

 

Paederus fuscipes

 

 bacteria; those starting with 
SPONGE are from the total DNA of 

 

Theonella swinhoei

 

. Eleven 
additional sponge sequences with very high sequence identity 
(

 

>

 

95%) to members of the group containing SPONGE11 and 
SPONGE17 were not included in the tree diagram.

 

Fig. 4.

 

 Local alignment of the erythromycin biosynthesis protein 
DEBS2 with the protein sequence encoded by the cloned 3.1 kb 

 

Sph

 

I 
fragment (PS2). Only the region around the AT domain is shown. The 
arrows mark the borders of the AT domain lacking in PS2. The 
conserved active site motif GHSxG is underlined. The amino acid 
numbering refers to DEBS2.
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to the 

 

ped

 

 PKS did not yield the expected products from
sponge DNA (data not shown). A more promising
approach is the phylogenetic analysis of PCR products
obtained with general PKS primers, which could reveal
sequences belonging to gene clusters of the 

 

trans

 

-AT
type. Owing to the scarcity of these clusters, the likelihood
is high that an identified 

 

trans

 

-AT sequence belongs to the
onnamide system.

As expected for a highly complex microbial community,
PCR with KS-specific primers amplified a large number of
different products from sponge metagenomic DNA.
Restriction fragment length polymorphism and sequence
analysis of 60 PCR products revealed 21 different
sequences, all of which exhibited the highest homology to
the KS domains of type I PKSs. When these were placed
into the general PKS tree, most located near the cyano-
bacterial/myxobacterial region of the 

 

cis

 

-AT clade (Fig. 3).
These sequences formed a distinct subgroup, the mem-
bers of which were often highly similar to each other.
However, three sequences, SPONGE3, SPONGE7 and
SPONGE8, clustered into the 

 

trans

 

-AT clade and associ-
ated close to sequences derived from beetle bacteria. The
metagenomic DNA of 

 

T. swinhoei

 

 should therefore contain
at least one rare 

 

trans

 

-AT PKS system, which can now be
isolated directly from a metagenomic library with the aid
of specific gene probes to determine its possible role in
onnamide biosynthesis.

 

Discussion

More than 99% of all bacteria are unculturable with exist-
ing techniques (Kaeberlein et al., 2002). These microor-
ganisms represent a vast and virtually unexplored
resource of pharmacologically active natural products.
However, because of the inherent technical difficulties,
only a few studies have successfully attempted to unlock
their enormous biosynthetic potential (Lorenz et al.,
2002). One approach is the random heterologous expres-
sion of gene clusters present on environmental DNA frag-
ments (Wang et al., 2000; Brady et al., 2001; Gillespie
et al., 2002). As the size of such fragments is currently
limited to around 70–80 kb (Rondon et al., 2000), medi-
cally important substance classes generated by large
gene clusters, such as complex polyketides or non-ribo-
somal peptides, have not yet been produced by such
expression libraries. A second strategy to target metabo-
lites of uncultured microbes is the amplification of PCR
products covering small gene fragments of a specific
enzyme family, followed by the isolation of the entire gene
clusters. Although even large PKS systems have been
isolated by this approach (Piel, 2002), the systematic
search for genes of interest is usually hampered by the
presence of numerous related genes in a metagenomic
DNA sample. In the case of PKSs, strategies have been

developed that permit a more directed search by classify-
ing a bacterial PCR product according to functional types
(PKS or hybrid PKS-non-ribosomal peptide synthetase,
type II PKS subgroups) and, to some extent, host lineages
(Metsa-Ketela et al., 1999; Moffitt and Neilan, 2003).
Here, we report that bacterial type I PKSs can be phylo-
genetically subdivided further into cis-AT and trans-AT
systems, allowing for the rapid identification of specific
and unusual PKS types. A preliminary phylogenetic com-
parison of such systems on the basis of a small set of AT
sequences has been reported recently (Cheng et al.,
2003). However, these enzymes lack suitable conserved
regions that could be used in PCR-based screenings.

At present, our phylogenetic data do not allow a con-
clusion regarding which group of PKS represents the evo-
lutionary older type. A general trend in the evolution of
metabolic enzymes is the formation of multidomain pro-
teins by fusion of separate genes (Snel et al., 2000). The
development of the PKS-related animal multidomain fatty
acid synthases from individual proteins, as found in
prokaryotes, is an example (McCarthy and Hardie, 1984).
Such fusion events lead to a balanced translation of cat-
alytic domains and optimize the spatial arrangement for
substrate shuttling. An insertion of an AT domain into a
PKS module could have resulted in similar evolutionary
advantages. Furthermore, all iterative trans-ATs known so
far incorporate exclusively malonyl-CoA into every posi-
tion of the polyketide chain, which is sometimes further
modified by methylation. Cis-ATs have a wider substrate
range and can control polyketide structure regiospecifi-
cally at every extension step. The resulting enhanced
structural diversity could have fostered an evolution of cis-
AT systems.

Type I PKSs are currently among the most important
enzymes that produce natural and rationally designed
drug candidates (Cane et al., 1998). Our data bear sev-
eral implications for drug discovery from bacteria. Trans-
AT systems deviate far more frequently from the general
PKS rules than cis-AT PKSs. Most of them contain
unusual and novel features that should not only be useful
tools in the generation of structural diversity through engi-
neered polyketides by combinatorial biosynthesis, but
should also improve our understanding of PKS enzymol-
ogy. The data presented in this work now allow for rapid
detection of such clusters in even complex, metagenomic
DNA mixtures as the initial step of a targeted isolation.

A further practical application has been demonstrated
in this work by the identification of trans-AT PKS candi-
dates involved in the biosynthesis of the symbiont antitu-
mour compound pederin. Various PKS sequences were
obtained by PCR from the microbial consortium of
Paederus spp. beetles. The phylogenetic analysis
revealed that these belong to at least two different PKS
systems, and that one of them should exhibit an architec-
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ture unrelated to pederin biosynthesis. Thus, genes of
interest were identified among related sequences without
the need to isolate and sequence larger portions of every
gene cluster present in the library. This approach was
taken one step further in the very large metagenomic
library of the sponge T. swinhoei. Sponges contain a
remarkable number of as yet uncultured bacteria
(Hentschel et al., 2002), which can comprise up to half
the total biomass (Vacelet, 1971). Several metabolites
from sponges that are currently in preclinical or clinical
trial phases are suspected symbiont products, such as
discodermolide or halichondrin (Proksch et al., 2002). The
isolation of biosynthesis gene clusters from sponge sym-
bionts in order to create a long-term supply by heterolo-
gous expression is therefore of great biomedical interest
(Haygood et al., 1999). Such an approach, however, is
severely complicated by the complexity of the sponge
metagenome. The method presented here has for the first
time permitted us to target a specific gene cluster from
sponge metagenomic DNA that could encode the biosyn-
thesis of a drug candidate. Future work aims at isolating
and sequencing the trans-AT PKS genes to study their
role in onnamide biosynthesis.

Experimental procedures

Cloning and sequencing of PKS gene fragments from P. 
fuscipes and T. swinhoei

Preparation and screening of a cosmid library prepared from
metagenomic DNA of P. fuscipes beetles collected in Aydın,
Turkey, was performed as described previously (Piel, 2002).
Metagenomic DNA from T. swinhoei sponges collected at
Hachijo-Jima, Japan, was prepared from an ethanol-stored
specimen using the QIAamp DNA mini kit (Qiagen) according
to the directions given in the tissue protocol. Alternatively,
bacteria were isolated by processing a freshly collected
sponge in Ca2+- Mg2+-free artificial sea water in a Panasonic
MJ-C28 juicer, centrifuging at 100 g for 10 min and passing
the supernatant through a 40 mm nylon mesh (Millipore).
Bacteria were then collected by centrifugation at 5000 g for
10 min. Genomic DNA from sponge bacteria was isolated
manually according to a standard SDS lysis protocol with
added lysozyme. KS sequences were amplified with the prim-
ers KSDPQQF (5¢-MGN GAR GCN NWN SMN ATG GAY
CCN CAR CAN MG-3¢) and KSHGTGR (5¢-GGR TCN CCN
ARN SWN GTN CCN GTN CCR TG-3¢) and Platinum Taq
DNA polymerase High Fidelity (Invitrogen). PCR products
were ligated into the pGEM-T Easy vector (Promega) and
digested with RsaI. Plasmids showing a unique restriction
pattern were sequenced using the BigDye Terminator Ready
Mix (Applied Biosystems) and an ABI 3700 sequencer
(Applied Biosystems).

Phylogenetic analysis

Protein sequences were retrieved from GenBank and trun-

cated manually to the KS domains between the EPIAIV and
the HGTGT motifs. From PCR-amplified sequences, the
regions were removed that corresponded to the primer
sequences. After alignment using CLUSTALX, manual correc-
tion with BIOEDIT and removal of gap columns, phylogenetic
trees were created using the neighbour-joining algorithm of
CLUSTALX, the maximum parsimony and maximum likelihood
algorithms of the PHYLIP package and the maximum likelihood
algorithm with quartet puzzling of TREE-PUZZLE. One thou-
sand bootstraps or 50 000 puzzling steps were performed to
assess tree robustness. The type II PKS ActI-ORF1 was used
as outgroup. Trees were visualized with the TREEVIEW

program.

Accession numbers

These sequence data have been submitted to the GenBank
database under accession numbers AY353960–AY353973.
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