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One of the key insights to arise from the large-scale sequencing H " OH o
. . . . . H N N o
of bacterial genomic DNA is that traditional culture-based strategies “; p p
used to discover natural products have only provided access to a - Ho om ?
. . . . . . . = s N
H

small fraction of the biosynthetic diversity encoded in bacterial

N* H +
genomes. The complete sequencing of many bacterial genomes & \\g s ¢ S
indicates that often only a subset of the biosynthetic gene clusters 1 2 8 4 N*
present in a genome is expressed under laboratory fermentation H ¢

conditions, and the sequencing of DNA extracted directly from

environmental samples suggests that the majority of bacteria present OH oH
in nature have not been cultured in the laboratoPyTo circumvent Ho

these limitations and more thoroughly explore the biosynthetic "
potential of bacteria, we used the sequence of a recently character- N Y'Y <"
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ized isonitrile synthasasnA to search fully sequenced bacterial
genomes as well as DNA extracted directly from environmental
samples (environmental DNA, eDNA) for operons that iseA Figure 1. Clone-specn‘lc metabohtes isolated from the culture broths of
homologues in the biosynthesis of structurally diverse natural Pacteria transformed witisnA-containing biosynthetic operons. Computer-

d Sch 1 Ei 1. Thi d ibesi generated perspective drawings are included for those metabolites that were
pro u_ct_s ( cheme 1, Figure ). This report describesighA- characterized by X-ray crystallography.
containing biosynthetic operons that we found and the compounds

that were produced from the expression of these operons in modelpredicted open reading frame (ORF). IsnA-containing operons range
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bacterial hosts. from simple systems with jussnA and isnB domains to larger
Scheme 1 operons that are predicted to encode the biosynthesis of more highly
" " " functionalized small molecules. The additional biosynthetic enzymes
“j on on “} ’j found in this collection of operons include prenyltransferases,
Q . kf)\foma e __©i; monooxygenases, dioxygenases, carboxylases, amidotransferases,
HO \H, O OH ona Hd S lsnB N/ reductases, a dehydrogenase, a glycosyltransferase, and a haloge-
\

W 1 nase.
To begin to access the molecules encoded by these gene clusters,

The first isonitrile synthasésnA,was recently cloned from DNA each predicte@snA-containing operon was PCR amplified, cloned
extracted from soil and was characterized inEstherichia coli into a variety of bacterial expression vectors (pGEX-3X, pMAL-
based heterologous expression systdmthis system, compound  C2 or pMMB67) and transformed into eithEr coli or Pseudomo-
1 is produced from the heterologous expression of two eDNA- nas aeruginosdor expression studies. Clone-specific metabolites
derived enzymes, IsnA and IsnB (Scheme 1). In a BLAST search were detected by silica gel thin layer chromatography of the organic
of fully sequenced bacterial genomes, eight poteigiah homo- extracts derived from cultures Bf colitransformed with pathways
logues were initially discovered, and an examination of the DNA from eDNA clone CSLG18% and 3), eDNA clone CLRW2-34
surrounding these predictéshA homologues suggested that each (5), Erwinia carotaora (4 and6), andBurkholderia mallei(8 and
was part of a small molecule biosynthetic opet8iThe identifica- 9), as well as cultures d®. aeruginosahat overexpress thenA-
tion of multiple, uniquésnA-containing operons in cultured bacteria  containing operon fron®. aeruginosa7) and the pathway from
suggested that additionahA-associated biosynthetic operons were eDNA clone CLOLII-7 @).1112The structures of compounds5,
also likely to be present in the genomes of uncultured bacteria. Toand 6 were inferred from a combination of NMR and MS
recoverisnA-containing biosynthetic gene clusters from uncultured experiments, while the structures of compouBdg, 8, and9 were
bacteriajsnA-specific degenerate primers were used to PCR-amplify determined by X-ray crystallograpAyAs predicted from examin-
isnArelated sequences from the DNA cloned in four eDNA cosmid ing the sequenced biosynthetic gene clusters, clone-specific com-
libraries® In total, twelve uniqueisnArelated sequences were pounds modified with an isoprene grod), (@ sugar), an oxidized
amplified from the approximately 400 000 cosmid clones that were aromatic ring {), and a new carbon nitrogen bor) (vere found
screened. These neisnArelated sequences were then used to in these heterologous expression studies. Some metabolites have
recover isnA-containing eDNA cosmid clones, and the DNA undergone additional transformations that result in the creation of
surrounding the cloneidnAhomologues was sequenced to reveal unexpected functional groups, including the nitrile in compo8nd
potential small molecule biosynthetic operons. and the heterocyclic ring systems in compouBdg, and9. The

All of the gene clusters we identified containianAhomologue identification of new metabolites from the expression of this family
and a relative ofsnB, the oxidative enzyme originally found with  of operons suggests that the activation of even simple, sequenced
isnA(Figure 2). In two cases, these domains are fused into a singlenatural product biosynthetic gene clusters using stanBarcbli
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AsnB - Amidotransferases

PheA, StyA - Monooxygenases
UGT - UDP-Glycosyltransferase
ChIG, NovQ - Prenyltransferases
TetR - Tet repressor QOR - Quinone oxidoreductase
HisK - His Kinase SDR - Dehydrogenase/reductase
AccC - Biotin carboxylase MFS, TonB , ABC - transporters
SBP - Sensory box protein PPS - polyprenyl synthetase

FC - Frankia sp. Ccl3
EC - E. carotovora

Mer - Reductase g

PL - Photorhabdus luminescens
M
A

PcaH - Dioxygenase
CtyC - Cytochrome C

HAL - Trp halogenase - B. mallei

PA - P. aeruginosa

BB - Bdellovibrio bacteriovorus

LP - Legionella pneumophila

VC- Vibrio Cholerea

CL - eDNA library clones

Figure 2. (A) IsnAcontaining operons range from simple systems with
justisnAandisnB domains to more complex operons that contain an array
of additional biosynthetic enzymes. Genes are annotated with either an
abbreviation for the general function prediction of an ORF or a commonly
used gene symbol for the family of genes that is most closely related to the
ORF. (B) ClustalwW phylogenetic tree &fnA sequence$.

protein expression vectors should be a rewarding and straightfor-

ward strategy for the discovery of structurally novel metabolites.
While it is easy to infer the biosynthesis of some metabolites

(1, 4, 6, and7) from the sequenced biosynthetic gene clusters, the

origin of other metabolites is less clear. For example, the two sulfur-

containing metabolite3 and9 were isolated from the culture broth

of clones that also produce compountisand 8, respectively.

Isothiocyanates are often isolated from the same organisms that

produce isonitrile-functionalized metabolit&és5 It is not known
if these sulfur-containing isonitrile derivatives arise enzymatically

or if they arise nonenzymatically as a consequence of the inherent (10)

reactivity of the isonitrile functional group. Neither the CSLG18
(12 and3) nor theB. mallei(8 and9) derived operons contain ORFs
that are predicted to add a sulfur to the heterologously produced
metabolite suggesting that these and other sulfur functionalized
isonitrile derivatives likely arise nonenzymatically from reactive
intermediates during the fermentation process.

The genesis of many new bacterial natural products likely results
from a process in which existing metabolites are modified by

enzymes present in a bacterial proteome. Through successive rounds

of natural selection, enzymes responsible for beneficial modifica-
tions are optimized for the biosynthesis of new metabolitézor

any one metabolite, or natural product substructure, this process

has likely occurred numerous times, leading to a collection of
evolutionarily related biosynthetic gene clusters that encode the
biosynthesis of structurally distinct metabolites (Figure 2). While
the recruitment of enzymes with new functions to existing gene

clusters appears to be an important step in the creation of this family

of isnA-containing operons, the ability of IsnA/lsnB homologues
to produce related but not identical intermediates also appears to
be an important contributor to the structural diversity seen in Figure
1. The structures derived from this family of gene clusters suggest
that IsnA enzymes can biosynthesize either isonitdled( 6, and

7) andN-formyl functional groupsZ and8) and that IsnB enzymes
either eliminate 1, 4, and6) or retain the carboxylic acid grouf (
and8).

Essentially all bacteria, from those that have not yet been cultured
to those whose genomes have been completely sequenced, are
potentially rich sources of, as yet, unstudied natural product
biosynthetic gene clusters. The large pool of new bacterial
biosynthetic clusters that can now be accessed using DNA-based
screening strategies should ensure that natural products remain a
productive source of structurally unique and biologically active
small molecules.
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