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The international press acknowledges original research
contributions from natural sciences only in rare cases.
However, the story behind a recent publication in Nature
about the discovery of teixobactin (1)!"! experienced a world-
wide euphoric echo in the media (“super-antibiotic”). How
was this possible? In their contribution, Ling et al. not only
reported on the discovery of a new lead structure that displays
multiple modes of action, but also raised great hopes for the
emergence of future antibiotics without the potential to
develop resistance.

In the search for new antibacterial leads? against Gram-
positive pathogens, the appreciation of teixobactin as a new
milestone is very plausible. Based on a collaboration between
research groups from academia and the biotech industry,
a sophisticated cultivation technology allowed the discovery
of a new producing strain and a novel depsipeptide class
(German Centre for Infection Research at the University of
Bonn, Northeastern University Massachusetts, and Novo-
Biotic).

A number of new drugs against problematic Gram-
positive bacteria (daptomycin, oritavancin, telavancin) have
been approved in the past years. As a consequence, the
research focus is currently shifting toward Gram-negative
pathogens. Nevertheless, there remains a clear medical need
for new compound classes with new mechanisms of action
against Gram-positive bacteria. Still, it is questionable
whether antibiotics without the risk of emerging resistances
are a realistic scenario. Experience gained over decades
teaches us that antibiotics generally encounter bacterial
resistance, both because of false usage but also because of
their correct use. The emergence of resistance is unavoidable!
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This statement was valid for drugs with a single mode of
action, for example, rifampicin, as well as for those with
multiple modes of action, for example, glycopeptides. Even if
there is no experimental evidence for resistances against
teixobactin, there is a high probability that resistance will kick
in sooner or later. Indeed, resistances have been observed
earlier than initially anticipated for nearly all classes of
antibiotics.”!

The Nature publication reporting on the discovery of
teixobactin traces the complete development cascade of
an antibiotic from the isolation of the strain to initial
pharmacological compound profiling in animal models.
The cultivation of the bacterial producer, which originates
from soil, was based on the sophisticated iChip tech-
nology dedicated to the investigation of microorganisms
previously considered as ‘“uncultivable”. Bacterial cul-
tures were contained in a “non-natural” diffusion chamber,
but also had contact to their natural sediment environment
through a semipermeable membrane. This membrane
enabled the supply of natural nutrients and growth factors.
A sufficiently high dilution at the beginning of this proce-
dure secured the presence of only a single bacterial
cell per compartment of the chip. The extract of the pre-
viously unknown Gram-negative [-proteobacterium Elefthe-
ria terrae attracted attention, as it inhibited the growth of
the problematic pathogen Staphylococcus aureus. The sub-
sequent activity-based isolation led to the discovery of
teixobactin, the structure of which was elucidated by mass
spectrometry, amino acid analysis, and NMR-spectroscopy
(Scheme 1).

Teixobactin (1) is an undecapeptide of moderate struc-
tural complexity. The peptide is characterized by a cyclo-
tetradepsipeptide substructure formed by lactonization at the
C terminus of Thr®-Ile'’. Apart from D-amino acids and N-
Me-Phe, the uncommon amino acid enduracididin (End) is
present, which is also a constituent of the peptide antibiotic
mannopeptimycin (2).) The analysis of sequence data
allowed the assignment of a nonribosomal peptide synthesis
to teixobactin.

The relatively high molecular mass of teixobactin
(1242 gmol™') hints toward the cell-wall biosynthesis as
a likely molecular target. Indeed, in addition to lipid III (6),
a building block of the wall teichoic acid biosynthesis, namely
lipid IT (5), seems to be the main target of teixobactin
(Scheme 2). Remarkably, in this case it is not an enzyme that
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Scheme 1. Structural analogy between the natural lipid Il binders teixobactin (1), mannopeptimycin (2), and katanosin B (lysobactin, 3). Also
hypeptin (4) shows analogous structural motifs (target unknown).' While 1, 3, and 4 are cyclodepsipeptides, 2 is a cyclopeptide. Obviously,
nature has developed a certain structural archetype to address precursors of the bacterial cell wall biosynthesis: all structures are large ring
systems carrying a characteristic pattern of guanidine amino acids (blue), 3-hydroxy amino acids (red), p-amino acids (green), and branched
lipophilic amino acids (lle, Leu, Val, MePhe).
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Scheme 2. The cell-wall precursor lipid Il (5) and lipid Ill (6), a precursor of the wall teichoic acid synthesis, are molecular targets of teixobactin.
Apparently, lipid 11 is the biologically more relevant target.

is inhibited. Rather the biosynthetic precursor, lipidII, is Lipid IT consists of a polyprene membrane anchor, two
blocked by teixobactin based on a molecule-molecule central carbohydrate units (GIctNAc and MurNAc), and
interaction (teixobactin/lipid IT 2:1). a linear pentapeptide chain. During the biosynthesis of the
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bacterial cell wall, the disaccharide part undergoes polymer-
ization, followed by the cross-linking of the peptide side
chains to ensure stability of the exterior bacterial cell wall. As
the reaction rate of cell-wall synthesis seems to be controlled
by a continuously low lipid II concentration, lipid II has
already been exploited various times during evolution as
a valuable antibacterial target.[s] Hence, the antibacterial
effects of various highly potent antibiotics are based on the
interaction with lipid II, which apparently is a “landing
platform™® for large (cyclic) structures on the outer surface
of the bacterial cell wall for depsipeptide-like secondary
metabolites of a certain structural archetype, such as katano-
sin B, plusbacin, enduracidin, and ramoplanin. Regardless of
multiple investigations, the detailed nature of this interaction
remains elusive. It has been speculated whether formation of
pores ultimately leads to lethal lysis of the bacterial cell.”

It is not surprising that teixobactin displays a number of
structural characteristics that, in a similar or altered manner,
are also found in other lipid II-binding depsipeptides. In most
of these depsipeptides, the guanidine side chain secures
a positive charge and thus possibly plays an important role,
while interacting with the phosphate moiety of lipid II.
Further characteristic structural elements seem to be hydroxy
amino acids (Ser, Thr, or other unusual f-hydroxy amino
acids) and amino acids containing amide side chains, accom-
panied by aliphatic amino acids, mostly Val, Leu, and Ile.
Negatively charged amino acid side chains, with the exception
of plusbacin (compensated by Ca”>" binding), are fully absent.
The above-mentioned structural preconditions are particu-
larly noteworthy when comparing teixobactin and katano-
sin B (3):1¥ with regard to their molecular formulae, 1 and 3
differ only to a small extend (CsgHysN;sOq5 versus
CssHy;N;5047). However, teixobactin features a relatively
small ring.”) The structural resemblance to the antibiotic
hypeptin (4; Scheme 1), which shows activity against S. aur-
eus, is even more pronounced.'” Hypeptin displays a some-
how similar shape and the same ring size as teixobactin,
associated with a comparable amino acid pattern, including [3-
hydroxy amino acids and the positively charged Arg (instead
of End).

Teixobactin shows no cross-resistance with vancomycin,
which is also a lipid II binder. Moreover, in a direct compar-
ison with vancomycin in in vitro models, a faster killing of
S. aureus cultures has been observed for teixobactin. Fur-
thermore, in toxicological in vitro studies, teixobactin showed
no adverse effects (cytotoxicity, hemolysis, hAERG inhibition,
genotoxicity). Initial pharmacokinetic in vitro studies dis-
played a good half-life in plasma (rodents, dogs, humans).
These properties translated into invivo efficacy in three
rodent infection models with parenteral application. While in
a mouse-MRSA-sepsis model, efficacy was observed at
0.5 mgkg™", in the more challenging MRSA thigh infection
model with immunocompromised mice only higher doses of

2.5-5mgkg ' were efficacious. In both cases, vancomycin
showed comparable efficacy at slightly higher doses. Like-
wise, teixobactin was efficacious also in a Streptococcus
pneumoniae lung infection model at a dose comparable to
that of a standard therapy (amoxicillin).

Will teixobactin now give rise to a new class of clinically
relevant antibiotics? To answer this question, teixobactins
would have to prove invivo efficacy in animal models, in
which standard therapies fail. Furthermore, teixobactin would
have to be benchmarked with novel therapy options, such as
daptomycin or telavancin. Foremost, toxicological in vivo
studies have to be performed, which traditionally constitute
a high barrier for antibiotics. It should be considered to
further optimize the overall profile of teixobactin by semi-
synthesis or by de novo synthesis. Hence, the structure of
teixobactin could become a rewarding working platform for
synthetic chemists.

How to cite: Angew. Chem. Int. Ed. 2015, 54, 6684—-6686
Angew. Chem. 2015, 127, 6784—6786

[1] L. L. Ling, T. Schneider, A. J. Peoples, A. L. Spoering, I. Engels,
B.P. Conlon, A. Mueller, T.F. Schéaberle, D. E. Hughes, S.
Epstein, M. Jones, L. Lazarides, V. A. Steadman, D. R. Cohen,
C.R. Felix, K. A. Fetterman, W. P. Millett, A. G. Nitti, A. M.
Zullo, C. Chen, K. Lewis, Nature 2015, 517, 455—-459.

[2] a) P. M. Wright, L. B. Seiple, A. G. Myers, Angew. Chem. Int. Ed.
2014, 53, 8840-8869; Angew. Chem. 2014, 126, 89849014, b) F.
von Nussbaum, M. Brands, B. Hinzen, S. Weigand, D. Hébich,
Angew. Chem. Int. Ed. 2006, 45, 5072-5129; Angew. Chem.
2006, 718, 5194 -5254.

[3] J. Davies, D. Davies, Microbiol. Mol. Biol. Rev. 2010, 74, 417 -
433.

[4] M. P. Singh, P.J. Petersen, W. J. Weiss, J. E. Janso, S. W. Luck-
man, E. B. Lenoy, P. A. Bradford, R. T. Testa, M. Greenstein,
Antimicrob. Agents Chemother. 2003, 47, 62—69.

[5] E. Breukink, B. de Kruijff, Nat. Rev. Drug Discovery 2006, 5,
321-332.

[6] A. Chugunov, D. Pyrkova, D. Nolde, A. Polyansky, V. Pentkov-
sky, R. Efremoyv, Sci. Rep. 2013, 3, 1678, DOI: 10.1038/srep01678.

[7] I. Wiedemann, R. Benz, H.-G. Sahl, J. Bacteriol. 2004, 186,3259 -
3261.

[8] F. von Nussbaum, S. Anlauf, J. Benet-Buchholz, D. Hibich, J.
Kobberling, L. Musza, J. Telser, H. Riibsamen-Waigmann, N. A.
Brunner, Angew. Chem. Int. Ed. 2007, 46, 2039-2042; Angew.
Chem. 2007, 119, 2085-2088.

[9] In the case of teixobactin, a 28-membered katanosin-like ring
could also formally be constructed by lactonization of the C-
terminal Ile'" with Ser? instead of pD-Thr®.

[10] Based on the structural resemblance to teixobactin, hypeptin
might also target lipid II. For the structure of hypeptin, see: J.
Shoij, H. Hinoo, T. Hattori, K. Hirooka, Y. Kimura, T.J.
Yoshida, J. Antibiot. 1989, 42, 1460 —1464.

Received: February 13, 2015
Published online: May 12, 2015

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2015, 54, 6684—6686


http://dx.doi.org/10.1038/nature14098
http://dx.doi.org/10.1002/anie.201310843
http://dx.doi.org/10.1002/anie.201310843
http://dx.doi.org/10.1002/ange.201310843
http://dx.doi.org/10.1002/anie.200600350
http://dx.doi.org/10.1002/ange.200600350
http://dx.doi.org/10.1002/ange.200600350
http://dx.doi.org/10.1128/MMBR.00016-10
http://dx.doi.org/10.1128/MMBR.00016-10
http://dx.doi.org/10.1128/AAC.47.1.62-69.2003
http://dx.doi.org/10.1038/nrd2004
http://dx.doi.org/10.1038/nrd2004
http://dx.doi.org/10.1128/JB.186.10.3259-3261.2004
http://dx.doi.org/10.1128/JB.186.10.3259-3261.2004
http://www.angewandte.org

