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Topic: Anti-Infectives
Historically, microbial organisms have proven to be the most prolific sources
for anti-infective agents, leading to the discovery of numerous lead structures and marketed drugs. However, the number of new chemical entities
that have reached clinical development and subsequently the market has
substantially decreased over the past decades, despite the emerging resistance in human pathogenic bacteria against established antibiotics.
During the last decades academic research has focused on the development
of holistic “omics“- technologies as the basis for innovative tools that allow
the concise exploration of host-pathogen interactions (see Topics 1 and 2).
Moreover, the detailed understanding of the molecular basis of mechanisms
of action and of biosynthetic processes offer unprecedented options to mine
and manipulate microbial secondary metabolites. The long-term objective of
this Topic 3 is to translate initial anti-infective hits into therapeutic leads for
subsequent clinical evaluation.
Natural product research at the HZI and HIPS
The natural products departments at the HZI/HIPS together form one of the
world’s leading natural products research units. They provide resources, infrastructure and know-how for the discovery, production, isolation and modification of novel anti-infective drug candidates. This work is very much related to
basic and early exploratory research of the classical Hit-to-Lead evaluation process, which is indispensable in drug discovery. The HZI has successfully shown
that it is possible to develop a natural compound from academia to market.
Epothilone was detected in myxobacteria at the former GBF and launched into
the market as a drug against advanced breast cancer by BMS in 2007 and today
a variety of promising compounds are being developed in late preclinical trials.
The availability of highly diverse and well-selected strain and compound
libraries is an absolute prerequisite for successful pharmaceutical screening,
especially in the search for anti-infectives. The collection of gliding bacteria at
the HZI constitutes an invaluable asset for the current research programme.
Since 2009, strains are carefully pre-selected (exclusion of redundancies and
degenerates) for a re-screening of the HZI strain collection targeted to the
discovery of new anti-infectives. After growth optimization, microorganisms are
subjected to fermentation and extraction, using well-established methods that
have proven effective in the recent past. Various new and promising strains are
being continuously isolated de novo from the natural environment using special
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isolation methods. Connected to the bioactivity screening, these samples are
characterized in parallel using a globally accepted, unique and sophisticated
HPLC based de-replication methodology.
At the HZI, “classical” strain improvement methods (e.g. non-directed
mutagenesis, single colony productivity screening, media optimization) are
well established to prepare for scale-up of hit compounds. Skilled analytical
chemists in both the HIPS and HZI are in charge of bioassay-guided HPLC
fractionation and the isolation/structure elucidation of bioactive compounds.
The major contributions of the natural product groups to translational research
are related to the development of sustainable biotechnological and chemical
processes to make the lead compounds accessible (in optimized form) to late
preclinical and clinical research.
In addition to expertise in chemical derivatization and synthesis, the Topic has a
strong background with biotechnology driven efforts towards structural modifi cation and yield optimization of complex natural products, which are not easily
accessible by total synthesis (e.g. large molecules exhibiting various stereocentres). For such compounds, fermentation is the preferred mode of production.
Engineering technologies for microbial producers were implemented. Furthermore, systems biology studies on regulation of secondary metabolite biosynthesis in native and heterologous hosts provide information on the bottlenecks of
production and enable deliberate genetic engineering of producers to increase
production titers and change biosynthesis yielding optimized compounds for
further development processes.
Rational drug design
For rational design and development of bioactive compounds, structure- and
ligand-based optimization of lead structures, not only of their pharmacodynamics but also their ADME/T properties, is essential. The department of
drug-design and optimization at the HIPS has over 20 years of experience with
relevant protein targets in pertinent systems. The expertise gained, for instance,

Formation of stress granules is a strategy
of infected cells to arrest protein translation and viral propagation, but diverse
viruses interfere with this cellular defence
reaction. Some small molecules, like the
HIV inhibitor aetheramide B, also induce
stress granules (white arrows) and can
help to better understand the viral interference. HZI
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in assay development, synthesis of heterocyclic compounds and ComputerAided Drug Design (CADD), has been applied to targets of anti-infectives to
prevent the emergence of pathogens resistant to current antibiotics.
In a complementary effort, the department of medicinal chemistry at the HZI
has focused on natural products syntheses. Aside from myxobacterial metabolites, marine natural products (which are hardly accessible by fermentation) are
addressed. The challenge of the seen endeavours is to provide synthetic access
to natural products, to improve activity and enhance pharmacological characteristics. Consequently, a variety of analogues and variants of different natural
products have been synthesized, leading to improved selectivity, simplified
structures and a detailed understanding of the mode of action. Moreover, natural
product analogues and variants serve as molecular tools to probe their target
receptors, allowing a detailed structural as well as mechanistic biochemical
understanding.
Chemical biology
Low molecular weight chemical compounds are used as probes to modulate
proteins and thus, modify the activity of the respective pathways or functions.
The availability of known and specific inhibitors within the Topic allows the
elucidation of the relevance of respective targets for a phenotype of interest,
whereas access to chemical libraries allows the identification of substances
generating the phenotype of interest. These small molecule probes are potential
lead structures for new drugs; hence chemical biology approaches are directly
linked to pharmaceutical drug development.
Epothilone B –an approved anti-cancer
drug developed at the HZI. HZI
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The natural compound library comprising currently approximately 400
proprietary secondary metabolites and over 2,000 extracts is complemented by
a predominantly synthetic library of approximately 90,000 small molecules. It
is continuously expanded by chemical and biochemical synthesis, cooperation
with partners and inclusion of new isolated natural products and their derivatives. A robotics facility is established for screening campaigns mainly with
cell-based assays, which were historically more related to cancer and antimicrobial activity but will be predominantly related to infection relevant processes in
the future. Viral and microbial targets as well as host factors have been addressed. For in-depth analysis of the biological profile of compounds of interest,
phenotypic characterization by an automated fluorescence microscope and by
real-time impedance measurements has been established. Moreover, “omics”
profiling, with emphasis on gene expression analysis, allows further insights into
the biological effects of different compounds. Next to the experimental protocols, the respective bioinformatic tools have been developed for comprehensive
analysis of profiles and comparison to reference compounds by cluster analysis.
Drug delivery
To facilitate the translation of newly discovered compounds into the clinic, the
drug delivery group of the HIPS is investigating strategies to improve transport
across biological barriers, in particular of the gastro-intestinal tract, the skin
and the lung. Epithelial barriers may represent a serious delimiter for drug
molecules to become biologically available at their target site. Established
organ-specific in vitro models contribute to a more rapid translation of advanced
drug delivery technologies into the clinic, and may at the same time represent
superior alternatives to animal testing.

Taken together, the groups of Topic 3 together with their partners provide
all required expertise to first identify and then move early hits in antiinfective research into lead structures in clinical research. By close
interaction with Topics 1 and 2 prioritized targets can be addressed in a
wide array of screens.
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Biodiversity Mining, Secondary Metabolomics and Applied Microbiology of
Novel Anti-infective Natural Products
Our research focuses on the discovery of novel anti-infective natural compounds to overcome the innovation gap in anti-infective therapy. For this
purpose, the comprehensive in-house collection of myxobacteria is being
revived by the Research Group “Microbial Strain Collective” (MISG / see this
chapter pp 202/203) and subjected to a highly sophisticated screening
and dereplication process to simplify the discovery of novel anti-infective
lead candidates. In addition, the in-house strain collection and corresponding screening libraries are being substantially expanded by including fungi
and unusual bacteria, such as rare actinomycetes. Data from biodiversity
research (molecular phylogeny, chemical ecology, ethnopharmacology) are
utilized for pre-selection of the most suitable organisms for screening. An
international collaboration network and the implementation of standards
from industrial research scenarios facilitate the transfer of exploratory projects into translational research including production scale-up of candidate
compounds to multi-gram scale. The lead compounds are being evaluated
and optimised in close collaboration with the department “Microbial Natural
Products“ and other researchers at the HZI and associated institutions, as
well as with industrial partners.

Icumazoles and Noricumazoles from
Sorangium cellusosum HZI

Our major aim is to establish a sustainable pipeline of anti-infective candidate
compounds for translational anti-infective drug research.

Elansolids from Chitinophaga sancti

HZI
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Our ongoing screening has yielded numerous unprecedented natural products
with interesting biological effects, of which the proteasome inhibitors argyrins
and the tubulin-depolymerizing disorazols are currently in late preclinical
development as anticancer agents. One of our recent major accomplishments
was the elaboration of a production process to provide disorazol Z in multi-gram
scale to an industrial partner for late preclinical studies. Such laborious tasks
are indispensable in translational drug research, even though they may never
result in any publication in high-ranking scientific journals. The antifungal
icumazols and noricumazols are additional recent examples of our interdisciplinary work on novel natural product classes, whose structure elucidation was
published along with their biosynthesis and total synthesis. As exemplified by
the antibacterial elansolids, our current focus on anti-infectives from rarely
screened sources has already resulted in highly interesting lead compounds
with novel mode-of-action. While the natural elansolids - especially the reactive
quinone methide - proved too unstable in biological systems, their pharmacokinetic properties could be optimized using a precursor-directed biosynthesis
approach.
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As exemplified by the bottromycins, potent antibiotics from actinomycetes are
also being evaluated. As with the above mentioned myxobacterial metabolites,
elucidation of their biosynthesis and application of functional genomics have
opened interesting new avenues to optimize the target compounds and reach
a better understanding on how to improve productivity of biotechnological
processes.
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Structure of Disorazol Z

Following the rationale that chemical diversity of natural products parallels biodiversity, our work focuses on the isolation of novel producer
organisms, their pre-selection and fermentation for anti-infective screening, the isolation and characterisation of novel secondary metabolites
with interesting, selective bioactivities, and the sustainable production of
these compounds for translational research.

Publications
Barbier, J., Jansen, R., Irschik, H., Benson, S., Gerth, K.,
Böhlendorf, B., Höfle, G., Reichenbach, H., Wegner, J.,
Zeilinger, C., Kirschning, A., & Müller, R. (2012) Isolation and total synthesis of icumazoles and noricumazoles - antifungal antibiotics and cation-channel blockers
from Sorangium cellulosum. Angewandte Chemie – Int.
Ed. 51, 1256-1260.
Steinmetz, H., Zander, W., Shushni, M.A.M., Jansen, R.,
Gerth, K., Dehn, R., Dräger, G., Kirschning, A., & Müller,
R. (2012) Precursor-directed syntheses and biological
evaluation of new elansolid derivatives. ChemBioChem
13, 1813-1817.
Steinmetz, H., Gerth, K., Jansen, R., Dehn, R., Reinecke,
S., Kirschning, A., & Müller, R. (2011) Elansolid A, a
unique macrolide antibiotic from Chitinophaga sancti
isolated as two stable atropisomers. Angewandte
Chemie - Int. Ed. 50, 532-536.
Bills, G.F., González-Menéndez, V., Martín, J., Platas,
G., Fournier, J., Peršoh, D., & Stadler, M. (2012) Hypoxylon pulicicidum sp. nov. (Ascomycota, Xylariales), a
Pantropical Insecticide-Producing Endophyte. PLoS
ONE 7, e46687.
Huo L., Rachid S., Stadler M., Wenzel S.C., & Müller R.
(2012) Synthetic biotechnology to study and engineer
ribosomal bottromycin biosynthesis Chemistry &
Biology 19, 1278-1287.
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Development of Anti-Infectives with
Novel Modes of Action
Ligand-based drug design: Starting from
the signal molecule HHQ of P. aeruginosa,
the first PqsR antagonists were developed
and optimized regarding physicochemical
parameters. HZI

Development of anti-infectives with novel modes of action
The emergence and spread of bacteria resistant to current antibiotics are a
serious and growing health problem worldwide. The major objective of our
department is the rational development of novel antibacterial compounds.
Here, iterative cycles of rational design and synthesis of compounds followed
by biological evaluation are applied to optimize compounds to drug-like lead
structures with good pharmacodynamic (PD) and pharmacokinetic (PK)
properties. This is supported by computer-aided drug design approaches.
Currently the research group is working on two projects: synthesis of compounds targeting either the bacterial growth or the cell-to-cell communication.
Targeting RNA polymerase (RNAP)
RNAP is an essential enzyme and an attractive validated drug target. To
overcome existing resistance, we aim to develop inhibitors with alternative
modes of action. In a ligand-based approach, hit compounds showing moderate activity have been discovered and rationally optimized. The inhibitors were
active against bacteria such as Multi-resistant Staphylococcus aureus (MRSA)
strains. A structure-based approach is focused on compounds targeting the
“switch region” of RNAP to avoid cross-resistance with clinically used drugs.
Applying a pharmacophore-based virtual screening we identified novel bioactive

Structure-based drug design: The structural information of the binding mode of myxopyronin B (in yellow) within the RNAP, guided the
optimization of a hit compound (in green). After structural modifications, potent RNAP inhibitors with antibacterial activity were obtained.
HZI
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compounds, validated their binding mode and subsequently optimized their PD
and PK profile. Furthermore, small peptides have been designed based on the
structure of the interface of RNAP and σ, the dissociable factor responsible for
transcription initiation. Thus, potent RNAP inhibitors were obtained.

Targeting cell-to-cell communication in Pseudomonas aeruginosa
Another special focus is on P. aeruginosa that causes, among others, severe
pneumonia in people suffering from cystic fibrosis. It is difficult to be eradicated
especially when present in biofilm communities. Biofilm formation and virulence
factor production are regulated by intercellular signal molecules. A selective
blockade of this so called quorum sensing system is considered a novel therapeutic approach to limit pathogenicity and delay resistance development. Two
proteins are targeted, PqsD, the enzyme for biosynthesis of signal molecules,
and their receptor PqsR. In our group the first highly potent antagonists of PqsR
have been developed by structural modification of the natural ligand that were
further optimized regarding physicochemical properties. Furthermore, a rational
design strategy and surface plasmon resonance (SPR) biosensor experiments
led to the discovery of highly efficient PqsR binders with low molecular weights
including antagonists. Site-directed mutagenesis combined with isothermal
titration calorimetry led to insights into the binding mode. Both compound
classes can effectively reduce the production of the virulence factor pyocyanin.
In a ligand-based approach targeting PqsD we have designed the first inhibitors of this key enzyme. They were based on transition state analogues of the
enzymatic reaction. These small molecules inhibit the production of the signal
molecule PQS and reduce the biofilm formation of P. aeruginosa.

Using ligand- and structure-based design, as well as virtual and biophysical screening, novel RNAP inhibitors and compounds interfering with
P. aeruginosa cell-to-cell communication were discovered and rationally
optimized. They will serve as leads for further anti-infective drug development and as scientific tools to understand interbacterial processes.
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Biophysical Methods: An SPR based
fragment screening (a) followed by the
thermodynamic profiling of ligand binding
using ITC titration (b) led to the discovery
of novel lead compounds. HZI
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Storz, M.-P., Maurer, C.-K., Zimmer, C., Wagner, N.,
Brengel, C., de Jong, J.-C., Lucas, S., Müsken, M.,
Häussler, S., Steinbach, A., & Hartmann, R.W. (2012)
Validation of PqsD as an anti-biofilm target in Pseudomonas aeruginosa by development of small-molecule
inhibitors. Journal of the American Chemical Society
134, 16143-16146.
Klein, T., Henn, C., de Jong, J.-C., Zimmer, C., Kirsch,
B., Maurer, C.-K., Pistorius, D., Müller, R., Steinbach,
A., & Hartmann, R.W. (2012) Identification of smallmolecule antagonists of the Pseudomonas aeruginosa
transcriptional regulator PqsR: biophysically guided
hit discovery and optimization. ACS Chemical Biology
7, 1496-1501.
Lu, C., Kirsch, B., Zimmer, C., de Jong, J.-C., Henn, C.,
Maurer, C.-K., Müsken, M., Häussler, S., Steinbach, A.,
& Hartmann, R.W. (2012) Discovery of antagonists of
PqsR, a key player in 2-alkyl-4-quinolone-dependent
quorum sensing in Pseudomonas aeruginosa. Chemistry & Biology 19, 381-390.
Hüsecken, K., Negri, M., Fruth, M., Boettcher, S.,
Hartmann, R.W., & Haupenthal, J. (2013) Peptide-based
investigation of the Escherichia coli RNA polymerease σ70: core interface as target site. ACS Chemical
Biology, PubMed PMID: 233303640.
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Medicinal Chemistry of Natural Products
The quest for new antibiotics has emerged as one of the pivotal challenges
in anti-infectives research. New molecules addressing specific targets are
needed as well as their synthetic access and structure-activity relationship.
In this context, the unique architectures of natural products provide an entry
to potential new drugs. The task of medicinal chemistry is to probe whether
these compounds can be further developed into pharmaceutical drugs and to
probe their biological potential as well as their mode of action. Additionally,
natural products are pre-optimized by evolution and have “seen” a biological
target already. This background sets the starting point for natural products
to potentially become drugs at an entry level with high biological activity. In
contrast, compounds derived from chemical libraries need to be optimized to
reach the high biological activity that natural products naturally possess. The
research of the Medicinal Chemistry group is focused on providing synthetic
access of natural products in order to allow their pharmacodynamic, as well
as pharmacokinetic, optimization. To enable synthetic access to accomplish
these goals, efficient and selective syntheses are required. Because most of
the natural products isolated at the HZI are of polyketid or peptide origin, we
focus our synthetic contributions to specifically allow access to these natural products. Noteworthy are vinylogous strategies, which allow constructing
AI03_Kalesse_Abb-1
polyketides rapidly.

Corallopyronin and Myxopyronin
Corallopyronin und Myxopyronin

HZI
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The synthesis of three inhibitors of bacterial RNA-polymerases was one of our
primary goals and could be accomplished recently. With the natural products
corallopyronin, myxopyronin and ripostatin we can address a new binding site
and potentially overcome resistance. The future direction of this research will be
to produce more effective and stable analogues that unfold their activity in vivo
and exhibit improved pharmacokinetic properties.
AI03_Kalesse_Abb-2

Project Members
Christina Brünjes, Nicole Bruns,
Jan Geldsetzer, Prof. Dr. Markus Kalesse,
Hao Lu, Dr. Evgeny Prusov, Wufeng Tang,
Johanna Trenner, Anne Wodtke

Optimised
Ripostatin
The argyrins
were shown to address a new target in bacteria (FusA). In previous

contributions, we were able to provide the synthesis of the argyrins and to
establish a GMP protocol. FusA was found to be the target of the argyrins and to
AI03_Kalesse_Abb-3
coincide with fusidinic acid which inhibits bacterial translation. In collaboration
with Susanne Häußler (TWINCORE) we will unravel the structure-activity relaThe Argyrins
tionship of the argyrins for this new target and elaborate this hit to advanced
The Argyrins HZI
stages of drug development.

Optimized Ripostatin

HZI

Haprolid is a novel natural product isolated at the HZI. It shows antiviral effects
against hepatic virus C (HCV). No synthesis or SAR studies have put forward so
far and we, therefore, plan to provide a stereoselective synthesis that allows for
the rapid assembly of this natural compound and additionally of its isomers and
analogues. Most of the work will go into the polyketide portion. Vinylogous aldol
transformations could be the way to get the desired polyketide segment.

Our future research will also incorporate technological contribution to
advance polyketide synthesis to automation protocols. On these new
protocols, not only the argyrins but also the vioprolides and the haprolids
could be synthesized efficiently.

Publications
Rentsch, A., & Kalesse, M. (2012) The total synthesis
of corallopyronin a and myxopyronin B Angewandte
Chemie Int. Ed. 51, 11381-11384.
Jahns, C., Hoffmann, T., Müller, S., Gerth, K., Washausen, P., Höfle, G., Reichenbach, H., Kalesse, M., &
Müller, R. (2012) Pellasoren: Structure Elucidation,
Biosynthesis, and Total Synthesis of a Cytotoxic
Secondary Metabolite from Sorangium cellulosum
Angewandte Chemie Int. Ed. 51, 5239-5243.
Schäckel, R., Hinkelmann, B., Sasse, F., & Kalesse, M.
(2010) The synthesis of novel disorazoles Angewandte
Chemie Int. Ed. 49, 1619-1622.
Brodmann, T., Janssen, D., & Kalesse, M. (2010) Total
synthesis of chivosazole F Journal of the American
Chemical Society 132 (39), 13610–13611.
Eggert, U., Diestel, R., Sasse, F., Jansen, R., Kunze, B.,
Kalesse, M. (2008) Chondramide C: Synthesis, configurational assignment, and structure-activity relationship
studies Angewandte Chemie Int. Ed. 47, 6478-6482.
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Metabolomics and Synthetic
Biotechnology Tools for Novel and
Optimised Natural Products
Natural products of microbial origin continue to be very promising sources
for the development of pharmaceuticals. Natural products can exhibit
diverse biological activities and modes-of-action making them useful for
numerous therapeutic applications like the treatment of infections or cancer.
Research in the department “Microbial Natural Products” aims at exploiting
the rich biosynthetic potential of microorganisms, especially soil-dwelling
myxobacteria like Myxococcus xanthus or Sorangium cellulosum, for the
production of novel natural products. With a broad spectrum of techniques,
including microbiological, molecular-biological, genetic, biochemical, analytical and bioengineering methods, microbial natural products are exploited for
drug discovery and development approaches.

Left: Red/ET recombineering mediated
direct cloning and heterologous expression
for genomic-based bioprospecting. HZI
Right: Role of CinF in cinnabramide bioyn—
thesis with display of crystals of CinF. HZI

Results
Deciphering the genetic information of bacteria to obtain comprehensive insights into their theoretical metabolic capabilities currently represents the first
step in natural products research. However, genome sequencing of myxobacteria is still a formidable task due to the size, GC-richness and the occurrence
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In depth metabolome analysis
by straight forward analytical
methods for the discovery of
novel bioactive compounds.
HZI

of repeats in their DNA, just to name a few of the issues bringing complexity. In
general, genome analyses have shown that the hidden biosynthetic potential of
these bacteria is enormous and thus development of novel technology to harvest this treasure of hypothetical compounds is the focus of our work. Recently,
significant progress has been made on two aspects: Direct cloning of large biosynthetic pathways and subsequent heterologous expression plus biostatistics
based mass spectrometry analysis of secondary metabolomes to yield novel
natural products.
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Our results show that large secondary metabolite pathways can be cloned
directly from chromosomal DNA using advanced recombineering technologies.
The resulting DNA constructs can directly be engineered in E. coli to yield novel
and altered natural products in optimized host strains. This methodology circumvents tedious and difficult preparations of large insert libraries from which
target gene clusters previously had to be identified.
Moreover, we have shown that biostatistics can be used in a semi-automated
fashion to analyze complex secondary metabolomes for the presence of novel
natural product scaffolds, even if produced in very small amounts and if masked
by other metabolites. This strategy enabled the identification of three new
classes of compounds from Myxococcus xanthus alone.
In terms of biosynthesis and engineering perspectives we identified a novel
class of enzymes involved in the formation of extender units in secondary
metabolite biosynthesis. Based on the crystal structure of the crotonyl-CoA
carboxylase/reductase, the stage is now set to generate enzymes with altered
substrate promiscuity to supply novel extender units for polyketide biosynthesis. Introduction of such into the antifungal cinnabaramide scaffold already
yielded novel derivatives of this compound class.

Our work focuses on the identification of novel natural product scaffolds,
the elucidation of their structure and mode of action, as well as development of synthetic biotechnology based tools to increase yields and
optimize the pharmaceutical properties of natural products aiming at
translating early natural product hits into clinical application.

Publications
Quade, N., Huo, L., Rachid, S., Heinz, D.W.* & Müller,
R.* (2012) Unusual carbon fixation giving rise to diverse polyketide extender units. Nature Chemical Biology
8(1), 117-124.
Fu, J., Bian, X., Hu, S., Wang, H., Huang, F., Seibert,
P. M., Plaza, A., Xia, L., Müller, R.*, Stewart, A. F.* &
Zhang, Y.* (2012) Full-lenght RecE enhances linearlinear homologous recombination and facilitates direct
cloning for bioprospecting. Nature Biotechnology 30(5),
440-446.
Cortina, N.S., Krug, D., Plaza, A., Revermann, O. &
Müller, R.* (2012) Myxoprincomide: a natural product
from Myxococcus xanthus discovered by comprehensive analysis of the secondary metabolome. Angewandte
Chemie Int. Ed. 51(3), 811-816.
Katsuyama, Y., Harmrolfs, K., Pistorius, D., Li, Y. &
Müller, R.* (2012) A semipinacol rearrangement directed by an enzymatic system featuring dual-function
FAD-dependent monooxygenase. Angewandte Chemie
Int. Ed. 51(37), 9437-9440.
Jahns, C., Hoffmann, T, Müller, S., Gerth, K., Washausen, P., Höfle, G., Reichenbach, H., Kalesse, M.* &
Müller, R.* (2012) Pellasoren: structure elucidation,
biosynthesis, and total synthesis of a cytotoxic
secondary metabolite from Sorangium cellulosum.
Angewandte Chemie Int. Ed. 51(21), 5239-5243.
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Chemical Biology of Infectious Diseases
The aim of the project is to elucidate the molecular mechanisms of infection
processes by utilizing interfering small molecules. A library of 90,000 substances is available and can be screened for interesting biological activities
with especially designed assays. Active compounds are used as tools to get
deeper insights into infection mechanisms and can be lead structures for the
development of new anti-infectives.
Novel routes of chemo-enzymatic synthesis
In order to enhance our compound library, we converted so-called privileged
structures by bacterial enzymes to dihydroxylated molecules that possess a
cyclic diene structure. Cyclo-addition reactions resulted in many new products
that are of particular interest due to their rigid and space-filling bridged bicyclic
core structures. A high percentage of these molecules showed biological activity.
Novel DUB assays
Deubiquitinating enzymes (DUBs) regulate many cellular functions linked with
disease pathologies, thus representing promising therapeutic targets. We have
engineered novel branched Ubiquitin Isopeptide Activity Based Probes (UIPPs)
to profile ubiquitin linkage specificity of DUBs in cell extracts. The UIPPs
constitute the first activity-based probes to characterize substrate specificities
of DUBs in cell lysates. The technology is now applied to elucidate the role of
DUBs in infection processes.
New drugs to fight cholera
The diarrheal disease cholera, which is caused by the bacterium Vibrio cholerae,
is a severe health problem, especially in underdeveloped countries, causing
more than 100,000 deaths annually. Due to the development of resistances
of the bacterium against available antibiotics, treatment of heavily infected
Cycloaddition between dienes and Nsubstituted maleimides as reaction partner,
including protection and deprotection of
the hydroxyl groups. HZI
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patients is increasingly difficult. Using new assay systems we screened about
30,000 substances for growth- and pathogenicity inhibitors of the bacterium.
Several promising new structures were discovered. One compound inhibited
the production of cholera toxin, which is causing the massive diarrhea during
an infection. Another substance potently killed the bacteria by a new mode of
activity. Using whole genome sequencing of mutants resistant to the drug, the
target could be identified to be a histidine kinase, which is a promising new
target for further drug development.
New antiviral translation inhibitors
After identifying an interesting anti-infective activity we want to find out the
mode of action and the target of the active compound. Using newly developed
methods, we were able to elucidate the mode of action of four new antiviral
compounds. All substances inhibit the translation machinery of the host cell,
but they each do it in a different way. Each compound has its specific target.
These findings help to understand the interplay between translation and
viral infection. A primary antiviral response of host cells to viral infection is
to switch off the translation machinery, thereby globally inhibiting viral and
cellular protein synthesis. Many viruses have evolved strategies for antagonizing this emergency reaction of the host. One of the discovered substances,
gephyronic acid, inhibits the translation initiation by binding to eIF2α. It is the
first compound with this mode of activity. Inhibiting the eIF2 complex could be
a new way of breaking the viral infection strategies.
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Docking model of gephyronic acid binding
to the translational initiation factor eIF2α.
HZI

In summary, chemical biology can provide new compounds which help
to elucidate infection processes, finding new targets and lead structures.
Future research will show which of the compounds can be further
developed as anti-infectives.
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Vibrio cholerae, the causative agent of cholera.
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Identification of Molecular Targets
of Anti-Infectives

Fig. 1. Scheme showing the interaction
between epithelial cells and Candida
albicans (Ca) in the presence of neutrophils (PMN). Epithelial cells and PMNs
or macrophages express on the surface
similar receptors for the recognition of
pathogens, e.g. toll-like receptors and
C-type lectins. The basal expression level
of receptors is much lower in epithelial
cells than in PMNs / macrophages, but
this level is significantly enhanced when
pathogens are recognized which stimulates
the expression and secretion of cytokines
(OSM, TNFα), chemokines (IL8) and antimicrobial peptides (AMP), such as LL37.
The interaction of Ca with PMNs additionally activates signalling to the actin cytoskeleton so that pathogens are internalized
by phagocytosis and killed by reactive
oxygen species (ROS). HZI

The treatment of infectious diseases requires the identification of new antiinfectives with novel modes of action. Whereas classical screening relies on
growth inhibition in rich media, we take the adaptability of microorganisms
to current environmental conditions into account. Opportunistic pathogens,
such as the yeast Candida albicans and the bacterium Staphylococcus
aureus, are adapted to the presence of host cells and asymptomatically
colonize different body niches. These vary in pH, oxygen concentration, availability of nutrients and essential elements, or the presence of antimicrobial
compounds. Thus, the environment, to which these microorganisms are
usually exposed or which they experience during infection, is significantly
different from the conditions, which are used during screening. Thus, pathways and functions may be relevant during infection but are not essential
under classical screening conditions. Hence, we established cell culture
based infection models and also mimicked selected aspects of the infectious
situation in vitro to be able to identify respective inhibitors.
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Investigations on host-pathogen interactions, the example
Candida albicans
We used epithelial and macrophage cell lines as representatives of host cells, as
they are the ﬁrst cell types which interact with C. albicans in vivo during tissue
colonization and after cell layer penetration. Major phenotypic responses are
adhesion of pathogens on host cells and activation of immune defense reactions.
It had been shown that epithelial cells produce antimicrobial peptides, such as
the cathelicidin LL37, when incubated with neutrophils (PMNs) and C. albicans
[1] (Fig. 1). We proved antifungal properties of LL37, as it reduced growth rates
of C. albicans, but, surprisingly, also adhesion of C. albicans to epithelial cells
and secretion of the inflammation marker interleukin-8 by epithelial cells were
enhanced. However, these effects were also influenced by the presence of serum so that further studies on the physiological relevance are required.
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One of the prominent immune defense reactions of macrophages and PMNs is
the clearance of pathogens by phagocytosis (Fig. 1). Previously we had found
that compounds directly interfering with dynamics of the actin cytoskeleton
reduced the efﬁciency of C. albicans phagocytosis [2]. Using chemical inhibitors
targeting speciﬁc signal transduction cascades we identiﬁed previously unreported essential roles of the small G-protein rac1 and of glycogen synthase
kinase 3 for phagocytosis. Whereas these treatments inhibited immune functions, we found that phagocytosis efﬁciency could be enhanced by targeting
C. albicans. Some single gene deletion mutants had modiﬁed cell wall structures,
which correlated with enhanced activation of the C-type lectin dectin-1 and
enhanced phagocytosis [3]. We observed similar effects when we incubated the
fungus with the isoflavone genistein or the respiratory chain inhibitor antimycin A.
To improve understanding of the underlying regulatory mechanisms we constructed a ﬁrst draft of a signal transduction network model, largely based on
available literature information.

• Environmental conditions mimicking the infectious situation are used
during screening.
• The biological activity of chemical compounds is analyzed to discover
compounds with anti-infective properties and to elucidate underlying
modes of action.
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• Speciﬁc chemical inhibitors contribute to the knowledge on signaling
pathways, which are relevant for host-pathogen interactions.

Klippel, N., & Bilitewski, U. (2007) Phagocytosis assay
based on living Candida albicans for the detection of
effects of chemicals on macrophage function. Analytical Letters 40, 1400 – 1411.

• Network models will be constructed and further reﬁned to allow
prediction of putative drug targets.
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Deletion of the Candida albicans histidine kinase gene
CHK1 improves recognition by phagocytes through an
increased exposure of cell wall ß-glucans. Microbiology
156, 3432 – 3431.
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Actinobacteria Biosynthetic Potential:
Bridging in silico and in vivo
For a long time, actinobacteria were considered as an important source of
natural products, but nevertheless in the last years interest in them reduced
as a consequence of a decrease of new antibiotics of actinomycetal origin
introduced into the market. It was even regarded that actinomycetes are an
exhausted source of natural products; however the results of sequencing
data give completely opposite evidence. Genomes of actinobacteria contain
huge under-explored potential to produce secondary metabolites. Most
genomes contain more than twenty gene clusters responsible for production
of secondary metabolites with only few being active and explored. One of the
most important current tasks of streptomycetes genetics is to unveil their
full potential as a source of new biologically active compounds.
Host optimization
Since most streptomycetes species are rather difficult to manipulate genetically, the easiest and the most common way to discover products encoded by
“sleeping” cryptic secondary metabolite gene clusters is to express them in a
heterologous host. The host should have a well-developed system for genetic
manipulation for easy engineering of newly introduced biosynthetic pathways.
Among all streptomycetes strains used as heterologous hosts so far, Streptomyces albus J1074 seems to be one of the best and most widely used. The host
optimization process requires resolution of three main tasks: deletion of all
secondary metabolite clusters, overall genome minimization and its metabolic
engineering to meet all requirements for overproduction of target heterologous
compounds.
Such tasks are almost impossible to accomplish using traditional genome
engineering approaches. Here we use our “in-house” developed technology for
the DNA manipulations in actinomycetes exploiting recombinogenic engineering
(FLP-FRT, Cre-loxP, Dre-rox, Tn5, Himar1 and I-SceI systems).
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Standard biological parts for actinobacteria
Alias, ease of engineering and tuning the introduced biosynthetic pathways does
not come naturally. At the very least, controlling gene expression requires the
use of proper promoters, ribosome binding sites and terminators. This is where
the design and construction of standardized, modular biobrick libraries help
minimize routine efforts. Applying sensitive, reliable, and easy to use reporter
gene systems based on the synthetic β-glucuronidase, we have generated and
characterized several libraries of synthetic promoters, ribosome binding sites
and terminators for use in actinobacteria.
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The genomic era in Actinobacteria research unveiled enormous hidden
potential of these bacteria to produce multiple secondary metabolites
with new structures and biological activities. The first step to explore the
potential of these bacteria is the development of an effective toolbar of
genetic manipulations with the final goal of obtaining a universal host for
expression of heterologous secondary metabolites genes. This will open
new horizons in studying of cryptic secondary metabolites gene clusters
from different sources leading to production of novel biologically active
compounds.

Streptomyces sp. isolated in the Nikitsky
Botanical Garden of Crimea (Ukraine)
HIPS/Luzhetskyy

Publications
Herrmann, S., Siegl, T., Luzhetska, M., Petzke, L., Jilg,
C., Welle, E., Erb, A., Leadlay, P.F., Bechthold, A., & Luzhetskyy, A. (2012) Site-specific recombinase strategies
for engineering actinomycetes genome. Applied and
Environmental Microbiology 78, 1804-1812.
Bilyk, B., Weber, S., Myronovskyi, M., Bilyk, O., Petzke,
L., & Luzhetskyy, A. (2012) In vivo random mutagenesis
of streptomycetes using mariner-based transposon
Himar1. Applied Microbiology and Biotechnology 97,
351-359.
Myronovskyi, M., Welle, E., Fedorenko, V., & Luzhetskyy, A. (2011) Beta-glucuronidase as a sensitive
and versatile reporter in actinomycetes. Applied and
Environmental Microbiology 77, 5370-5383.
Petzke, L. & Luzhetskyy, A. (2009) In vivo Tn5-based
transposon mutagenesis of Streptomycetes. Applied
Microbiology and Biotechnology 83, 979-986.
Fedoryshyn, M., Petzke, L., Welle, E., Bechthold, A., &
Luzhetskyy, A. (2008) Marker removal from actinomycetes genome using Flp recombinase. Gene 419, 43-47.

200 | Anti-Infectives

Project Leader

Prof. Dr. Claus-Michael Lehr
Department of Drug Delivery, HIPS (DDEL)
claus-michael.lehr@helmholtz-hzi.de

Nanotechnology and Cell Culture Models
of Biological Barriers
Advances in molecular biotechnology and medicinal chemistry have led to
the discovery of new drug candidates. However, developing these molecules
into drug products requires investigating their biopharmaceutical properties
as well as novel formulation strategies. Our aim is to establish new technologies to ensure the safe and effective delivery of drug candidates to the site
of action, such as the site of infection or components of the immune system.
Thus, our main focus is on the exploration of the biological barriers between
the sites of drug administration and drug action, and on (nano)technologybased formulations to improve the delivery of biomolecules.

Rod-like nanoparticle assemblies from
silica for targeting the deep lung may facilitate the treatment of pulmonary infections.
M. Schneider/cc-NanoBioNet/Deutscher Verband

A cell culture model of the deep lung:
human primary alveolar epithelial cells.
(Green: distribution of tight junction
protein ZO-1, red: nuclei) HZI

Disease-relevant in vitro models to reduce animal experiments
The major routes for application of medicines are the oral, pulmonary and
dermal route. We are investigating cell culture models to study the epithelial
barriers of the lungs, the gastro-intestinal tract and the skin under controlled
conditions in vitro. Disease-relevant in vitro models for infections and/or inflammation of the respective barriers allow demonstrating therapeutic efficacy of
novel drug candidates via adequate bio-markers without animal experiments.
Such models are useful for pre-screening or high throughput screenings of drug
candidates as well as a detailed investigation of transport mechanisms in a less
complex environment compared to in vivo.
Our group has developed an in vitro co-culture model of the inflamed intestinal
mucosa. The model, distinguished by two animal welfare awards of the Federal
Ministry of Food, Agriculture and Consumer Protection (BMELV) and of the
state of Rheinland-Pfalz, was successfully applied to test first anti-inflammatory
formulations. Together with other groups at the HZI, this in vitro model will be
applied to identify epithelial inflammation markers and to study mechanisms of
bacterial adhesion and invasion of enteropathogens. Understanding and mimicking the bacterial invasion pathway will allow more effective targeting of diseased
areas and increased cellular internalization of drug carriers e.g. using invasin
decorated particles. Other complex disease relevant in vitro models, currently
under investigation, are concerned with the air-blood-barrier of the lungs and
pulmonary biofilms.
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Carrier systems crossing biological barriers
Our second major research line focuses on innovative drug carrier systems that
are capable of crossing biological barriers and thereby improving the delivery
of the active molecule to the target. This is particularly relevant in the context
of macromolecular biopharmaceuticals such as peptides, proteins, and RNA
or DNA based drugs. The carrier systems must be safely eliminated from the
body, preferably by biological degradation of its constituents. In this regard we
have developed biodegradable nanoparticles for transcutaneous vaccination.
Together with partners at the HZI (Department of Vaccinology, C.A. Guzmán) we
could demonstrate superior immunological activity and the needle free delivery
of the nano-encapsulated vaccine to the immune cells.
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Left: Bronchial Mucus builds up a non-cellular barrier towards drug delivery. Right: The interaction between mucus surfactant proteins
and nanoparticulate drug carriers may change the carrier properties and thus influence drug delivery. HZI

Publications
Mittal, A., Raber, A.S., Ebensen, T., Schulze, K., Weissmann, S., Guzmán, C.A., Schaefer, U.F., Lehr, C.-M., &
Hansen, S. (2013) Non-invasive delivery of nanoparticles to hair follicles - a perspective for transcutaneous
immunization. Vaccine 31(2013), 3442–3451

A 3D cell culture model of the inflamed intestinal epithelium to evaluate formulations of
anti-inflammatory drugs. HZI

In summary we are interested in a deeper understanding of the function
of biological barriers in healthy and diseased state as well as in their
interaction with (nano) particulate drug carriers. Furthermore, such
advanced formulation technologies may salvage molecules with promising anti-infective activity but difficult biopharmaceutical profile where
classical approaches from medicinal chemistry and bioengineering fail
and thus decrease the drop-out rate of drug candidates.
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Microbial Strain Collection

Myxobacteria from the GBF
Myxobacteria New Isolates (HIPS)
Actinomycetales Reference Strains
Actinomycetales New Isolates (HIPS)
400
2000

500

8500

The microbial strain collection of the HZI has its focus on Myxobacteria
and other uncommon microorganisms, especially rare Actinobacteria. Our
myxobacterial strain collection comprises approximately 8500 strains from
the GBF collection. In the course of an antimicrobial discovery programme,
the re-activation of nearly 2000 strains of a diverse, in terms of species
and global sampling sites, basic collection has already been accomplished.
Myxobacterial
extracts are prepared in standardized procedures and
Myxobacteriacrude
from the
GBF routine biological and chemical screening. In addition, we have
undergo
aboutMyxobacteria
500 new isolates
of Myxobacteria, isolated from various resources.
New
(HIPS)isolates represent unexplored genera and families in unexManyisolates
of these
pected
novel myxobacterial groups. Also the collection includes about 2000
Actinomycetales
Reference
Strainsof the class Actinobacteria and 400 new isolates of unreference
strains
common
genera. New
Actinomycetales
Isolates (HIPS)

Strains in our collection.
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Some examples of uncommon actinomycetes Wink / Compendium of Actinobacteria;
http://www.dsmz.de/bacterial-diversity/compendium-ofactinobacteria.html

1. Myxobacteria and Actinobacteria - Novel isolates as source for new
antibiotics
During the last decades many pharmaceutical companies have terminated
their antibiotic research activities and the general assumption that microorganisms exhibit only minor unexploited potential for antibiotic discovery
became entrenched. However, at the same time more and more of the so called
“neglected” genera which were previously difficult to cultivate have become
accessible by the use of new techniques enabling the screening and detection
of their secondary metabolite profiles. Also by use of new and uncommon isolation methods, new species can be extracted from biological samples. Despite
the tremendous developments originating from genomics, isolation of new
genera and subsequent screening for the production of new metabolites is still
the most successful way of finding novel antibiotic scaffolds that often exhibit
new modes of action.
2. Induction of „silent“ genes
Although the isolation of novel species and families significantly increases the
chances of the discovery of novel chemical entities, most of the already known
and well described species also harbor a huge “hidden” biosynthetic potential
in their genome. For the induction or enhancement of the production of these
potential metabolites, a wide spectrum of techniques has successfully been
used. Beside large media composition changes, single chemical inductors
like DMSO are found to act as production enhancers and rare earth elements
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activate secondary metabolite-biosynthetic gene clusters in Streptomyces
species. There is a wide range of external cues and stress factors that influence
secondary metabolite production. Also, microbial inductors play an important
role; many different approaches have shown the influence of living or dead cells
on potential metabolite producing microorganisms. Chemical signals from the
induced metabolite producing strain towards the stimulator strain have been
observed. Such signalling factors are widespread in microbial communication.
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Three examples of myxobacteria shown
with their fruiting bodies on the agar
surface belonging to the families where as
yet only one species is known or to new
families which await valid description. HZI

3. Extract Screening
For the extract screening the production of myxobacterial extracts by use of our
standardized process has to be continued and the use of incubation systems in
microtiter format for Myxobacteria and Actinomycetes will be established.
4. The strain collection database „Myxobase“
With Myxobase, we have an in-house developed database for the microbiological
and compound data of our strains. Especially the microbial part including
cultivation and the compiling of characterization data will be extended and the
data of Actinobacteria will be included.
Publications

Biodiversity guided expansion of existing microbial strain collections is
seen as one of the most promising ways forward for generating novel
antibiotic scaffolds. Coupled to more sophisticated screening efforts for
bioactivity and more comprehensive analysis of each species, bacterial
secondary metabolites offer great potential for the discovery and
development of leads in anti-infective research. Although intensively
studied, the actinomycetes, and the much less analyzed myxobacteria,
are far from being exhausted as resources of novel chemistry and
compounds exhibiting new modes of action. In contrast, recent research
has shown their enormous potential for future discoveries.

Gerth, K., Pradella, S., Perlova, O., Beyer, S., & Müller,
R. (2003) Myxobacteria: proficient producers of novel
natural products with various biological activities –
past and future biotechnological aspects with the
focus on the genus Sorangium. Journal of Biotechnology 106, 233-253.
Wink, J., Kroppenstedt, R.M.,Ganguli, B.N., Nadkarni,
S.R., Schumann, P., Seibert, G., & Stackebrandt, E.
(2003) Three New Antibiotic Producing Species of
the Genus Amycolatopsis, Amycolatopsisbalhimycina
sp. nov., A. tolypomycina sp. nov., A. vancoresmycina
sp. nov.and Description of Amycolatopsiskeratiniphila
subsp. keratiniphila subsp. nov.and A. keratiniphila
subsp. nogabecina subsp. nov.. Systematic and Applied
Microbiology 26, 38-46.
Wink, J. (2003) Polyphasic Taxonomy and Antibiotic
Formation in some Closely Related Genera of the Family Pseudonocardiaceae. In: Recent Research Developments in Antibiotics (Pandalai, S.G., ed.), Transworld
Research Network, Kerala India, pp. 97-140
Wink, J. (2011) How can Actinomycetes Taxonomy and
Natural Product Research work together? Microbiology
Australia 32, 81-85.
Müller, R. & Wink, J. (2013) Future Potential for AntiInfectives from Bacteria – How to exploit Biodiversity
and Genomic Potential. International Journal of Medical
Microbiology, submitted.

