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The family of thiopeptide antibiotics is a large group of
highly modified macrocyclic peptides produced by bacteria
and comprises more than 80 members.! Micrococcin (1) was
the first thiopeptide to be isolated (in 1948), and the
prototypical and easily produced thiostrepton (3) has quickly
become the most studied compound of this group."? All
thiopeptides are united by their intriguing structures, which
always build on a common central pyridine-derived hetero-
cycle. This core forms a macrocyclic array with numerous
thiazole and oxazole rings and other specific residues, such as
dehydroamino acids. Many thiopeptides show impressive
bioactivity,'! most prominently a very high potency against
gram-positive bacteria, including multidrug-resistant Staph-
ylococcus aureus strains (MRSA). Their mode of action is
based on inhibition of bacterial protein translation by block-
ing the ribosomal GTPase-associated center'® or by inhibit-
ing the translation factor EF-Tu.! Neither of these two
cellular targets has yet led to drugs suitable for human
therapy, which is currently revitalizing interest in thiopeptides
for antibacterial applications.”!

Chemical synthesis has been richly inspired by the
intricate molecular architectures of thiopeptides,™® but the
biosynthesis of this fascinating compound class remained
obscure. Now four studies have been reported almost in
parallel,"% substantiating a unifying rationale: The struc-
tural complexity of all thiopeptides probably arises from
unforeseen posttranslational modifications of genetically
encoded and ribosomally translated peptides! These remark-
able findings push the limits of current biosynthesis para-
digms and will allow us to decipher and utilize the biosyn-
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thetic machinery behind this important class of peptide
natural products.

Two main pathways are known for the biosynthesis of
peptide natural products.'!!' A precursor peptide may be
synthesized by ribosomes through translation of genetically
encoded mRNA with subsequent posttranslational modifica-
tion of the linear chain.'' Alternatively, nonribosomal

6: Thiomuracin A
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peptide synthesis is carried out by enzyme complexes
(NRPSs: nonribosomal peptide synthetases) that assemble
amino acid precursors in a conveyor-belt-like fashion.'!!
Typical products of NRPSs are vastly modified molecules
with a high content of nonproteinogenic amino acids, whereas
ribosomally synthesized peptides are expected to feature a
much lower degree of modification. But with the new results
on thiopeptides, these general rules need to be revised.

A visionary hypothesis concerning the key transformation
for thiopeptide biosynthesis was drafted by Bycroft and
Gowland in 1978, who suggested that the central pyridine ring
“may be derived from the interaction of two dehydroalanine
units in a single peptide chain”."” This proposed transforma-
tion remained speculative for a long time, and it could occur
subsequent to either ribosomal or nonribosomal assembly.
Detailed investigations of the biosynthesis of thiopeptides
were then conducted by Floss and co-workers, who could
trace the origin of all structural elements in thiostrepton (3)
and nosiheptide to standard amino acids from primary
metabolism using isotope labeling experiments."* However,
the enzymatic machinery responsible for the assembly
remained elusive, and the identification of typical NRPS
gene clusters turned out to be difficult.!'*!4

Important evidence that complex heterocyclic peptides
can be ribosomally synthesized then emerged from the
biosynthetic pathway of the patellamides and cyanobactins.['”!
Undoubtedly, advancements in whole-genome sequencing
and the growth of bioinformatics data facilitated the identifi-
cation of crucial linear precursor peptides and their process-
ing factors. It could be shown that these processing factors
share homology to enzymes implicated in the heterocycliza-
tion of Ser/Thr/Cys residues to oxazoles and thiazoles'*! and
to macrolactam-forming enzymes!'® identified for other
natural products.

With this knowledge base and up-to-date sequencing
techniques at hand, four groups succeeded at the same time in
localizing the biosynthesis genes for the thiocillins (e.g. 2),"!
thiostrepton and siomycin (3 and 4; A=double bond),®’
GE2270A (5),'" as well as the newly identified thiomuracin
(6)." A direct entry was provided by the fully sequenced
genome of Bacillus cereus.”® For the producers Streptomyces
lividans'®* and Nonomurea sp.'" genomic libraries were used
in combination with partial sequencing. In every case,
analogous cluster architectures emerged (Scheme 1A) that
seem to be retained over species boundaries. Sequence
homology indicated the structural genes that encode linear
precursor peptides and are surrounded by modifying genes.
Four of the putative enzymes encoded by these genes were
identified as being responsible for the characteristic thiopep-
tide framework: a cyclodehydratase homologous to PatD of
the patellamide biosynthesis and a dehydrogenase that
resembles the microcin B17 biosynthesis enzyme McbC;
furthermore, two other enzymes with homology to the
lantibiotic dehydratase LanB seem to be responsible for
dehydroalanine and -butyrine formation.

All precursors contain the full peptide sequence of the
product and an N-terminal leader peptide (LP) that most
likely directs the ensuing modifications before the final
product or an advanced intermediate is liberated."”? Compar-
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ison between these structural genes reveals high similarity
(Scheme 1B); especially the highly conserved Ser/Cys place-
ment and the consistent distance between the two key Ser
residues is striking. The number of residues incorporated into
the final product varies, but it is assumed that for thiopeptides
with pyridine nuclei (e.g. 1, 2, 5, 6) all amino acids N-terminal
to the first pyridine-forming Ser residue are lost by elimi-
nation upon aromatization of the core.

The anticipated biosynthesis of thiostrepton (3) is based
on the ribosomal synthesis of the linear peptide precursor 7
encoded by the structural gene tsrA/tsrH (Scheme 1C). All
Ser/Thr residues of peptide 7 seem to become dehydrated to
dehydroalanines or -butyrines. Likewise, all cysteine residues
are converted into thiazolines by cyclodehydration and then
mostly oxidized to thiazoles (—8). The remarkable central
six-membered heterocycle is possibly formed through an
intramolecular reaction between two key dehydroalanines
and a neighboring carboxyl group (—9). This formal hetero-
Diels—Alder cycloaddition reaction could be promoted by
enzymatically activating a back-folded peptide chain and may
either be concerted or an asynchronous sequence of stepwise
1,2/1,4-additions.”) Nonetheless, these data fully confirm the
Bycroft-Gowland hypothesis for thiopeptide biosynthesis."?

That such a transformation may be feasible was also
suggested by chemical synthesis (Scheme 2). Nicolaou et al.
reported the formation of endo-dehydropiperidine 13 via 12
by dimerization of 2-azadiene 11 generated in situ from 10.0°!
This method was applied to the total synthesis of thiostrepton
(3™ and GE2270A (5).” Moody et al. realized a hetero-
Diels—Alder reaction of the thiopeptide dienophile 14 with
the 2-azadiene 15 to furnish pyridine 16 in one step, which
may be close to the anticipated biological process.”!! Whether
the putative biosynthesis enzymes really promote a similar
transformation of two crossing peptide strands remains to be
elucidated.

In addition to these framework-forming enzymes, several
other prospective tailoring and decorating enzymes were
identified by sequence similarity, for instance SAM-depen-
dent methyltransferases (TclO: thiocillin) or P450 monooxy-
genases (TpdJ: thiomuracin). However, assignment of the
protein factors responsible for the formation of the central
six-membered heterocycle will require additional research.
Further challenges remain, for example the incorporation of
thiostrepton’s second macrocycle (Scheme 1C). Apparently,
the precursor amino acid Trp for the quinaldic acid fragment
is not gene-encoded, which indicates that the intermediate
product of the initial ribosomal peptide biosynthesis must be
completed by further manipulations for the bicyclic thiopep-
tides thiostrepton and siomycin as well as nosiheptide and
nocathiacin.*?) Some evidence makes the incorporation of
the unique quinaldic acid into thiostrepton (3) by coenzyme A
activation® or NRPS-type adenylation domains®'*! likely
(—9). Furthermore, cloning and overexpression of the zsrV
gene by Kelly etal. gave a protein which transformed 2-
methyltryptophan (17) to a-keto acid 18 (Scheme 3),”
suggesting its involvement in the formation of quinaldic acid
20 via the putative diketone 19.13%

The discovery and analysis of thiopeptide gene clusters
significantly expands the range of known posttranslational
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Scheme 1. A) Architectures of the thiopeptide biosynthesis gene clusters of compounds 2,13 8% 5% and 6.'% Note the different numbering
schemes and slightly different assignments for the identical tsr genes suggested by Liu et al. (bottom)® and Kelly et al. (top).”! Black: structural
gene; green: dehydratase; blue: cyclodehydratase or dehydrogenase; orange: tailoring enzymes (monoxygenase, methyl transferase, protease,
deaminase, amidotransferase); colorless: other/unknown open reading frame; tc/=thiocillin genes, tsr=thiostrepton genes, tpd =thiopeptide
genes; bar: 2 kb. B) Partial alignment of thiopeptide structural gene sequences (ClustalW 2.0) for compounds 2-6. Leader peptides are
highlighted in gray, structural peptides are color-coded (see below). C) Emerging picture of thiostrepton structural peptide maturation (simplified).
Green: dehydratase-mediated dehydroalanine/-butyrine formation; blue: cyclodehydratase-initiated heterocycle formation; black: structurally
unmodified/peripherally decorated residues; red: dehydroamino acids involved in the formation of the aza-heterocyclic nucleus. R' =flanking
sequence, R>=OH, X=leaving group, potentially CoA or adenylate.
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modifications for ribosomal peptides. Moreover, numerous
thiopeptides have been described to contain further modifi-
cations, such as oxidations of alkyl side chains (berninamycin,
thiostrepton), O- and S-alkylations, oxidative transannular
bridgings (nocathiacin),?? and glycosylations (nocathiacin,
philipimycin).”®! Unbiased genome searches showed that
many more biosynthesis gene clusters of thiopeptide-like
metabolites can be identified."*!% It thus appears that yet
unknown thiopeptides still await discovery.

Various steps in the biosynthesis of thiopeptides as well as
the order of the modification reactions remain to be more
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clearly defined, but the principal findings"'"! that such
complex molecular architectures are tailored from ribosomal
peptides redefines the paradigms of natural-product biosyn-
thesis. These findings hold high promise for biotechnology
and combinatorial biosynthesis of diverse compound collec-
tions. Thiopeptides will hence surely continue to stimulate
exciting discoveries in chemical biology and natural-products
research.
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Scheme 2. Selected biomimetic chemical syntheses of thiopeptide aza-
heterocyclic cores. a) Ag,CO;, DBU, pyridine, BnNH,, —12—25°C;

b) toluene, microwave irradiation, 120°C, 12 h. DBU =1,8-diazabicyclo-
[5.4.0]undec-7-ene, Bn=benzyl, Boc =tert-butoxycarbonyl.

H,N, o}

=—COOH COOH Oy COOH
Me Me 1%
= TsrV = Me
NH — NH S NH,
+ H,0
17 18 19 20

Scheme 3. Involvement of TsrV in the biosynthesis of 20 from Trp.
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