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The Leibniz Institute for Natural Product Re-
search and Infection Biology – Hans Knöll 
Institute (HKI) – has made a considerable de-
velopment in the past two calendar years. Of 
major importance was the publication of the 
results of the institute’s evaluation in June 
2007 by the Leibniz Association. The Institute 
was evaluated between very good and excel-
lent. This impressive success encouraged us 
to further follow our scientific direction that 
also helps to develop a distinct scientific pro-
file in Jena. The most important project was 
the establishment and further development 
of the excellence graduate school “Jena School 
for Microbial Communication”, that was es-
tablished at the Friedrich Schiller University 
Jena in close collaboration with the HKI and 
the MPI for chemical Ecology which offers an 
umbrella for all scientists from all over Jena 

irrespective of their institutional basis. Also, 
an important contribution to the JSMC was 
made by our Leibniz graduate school “Interna-
tional Leibniz Research School for Microbial 
and Biomolecular Interactions Jena”. Another 
milestone for the Institute was the successful 
application for a Centre for Innovation Compe-
tence “Septomics” that has been established 
together with Prof. Konrad Reinhart (Clinic 
for Anaesthesiology and Intensive Therapy, 
University Hospital Jena) and Prof. Eberhard 
Straube (Institute for Medical Microbiology, 
University Hospital Jena). This centre is in-
tended to link basic research and clinical re-
search in Jena in the field of sepsis. It is a joint 
application of the Friedrich Schiller Univer-
sity, the university hospital and the HKI. Prof. 
Oliver Kurzai from Würzburg accepted the 
call for the professorship “Fungal Septomics” 

I N TRO DUC TI O N  |   VO RWO R T
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Das Leibniz-Institut für Naturstoff-Forschung 
und Infektionsbiologie – Hans-Knöll-Institut 
(HKI) – hat auch in den letzten beiden Ka-
lenderjahren eine stürmische Entwicklung 
genommen. Von größter Bedeutung war die 
Veröffentlichung des Bewertungsberichts des 
HKI durch die Leibniz-Gemeinschaft, der das 
HKI als sehr gut bis exzellent ausweist. Basie-
rend auf diesem großartigen Erfolg konnten 
wissenschaftliche und strukturelle Weiterent-
wicklungen in Angriff genommen werden, die 
insgesamt auch zur Profilbildung des Wissen-
schaftsstandorts Jena beitragen. Das wichtigs-
te Projekt in diesem Zusammenhang war die 
Etablierung und der Ausbau der Exzellenz-
Graduiertenschule „Jena School for Microbial 
Communication“, die durch die Friedrich-
Schiller-Universität Jena in enger Kooperati-
on mit dem HKI und dem MPI für chemische 
Ökologie erfolgreich eingeworben werden 

konnte und die Wissenschaftler in Jena über 
alle institutionellen Grenzen hinweg zusam-
menführt. Wesentlicher Bestandteil der JSMC 
ist unsere Leibniz-Graduiertenschule „Inter-
national Leibniz Research School for Microbial 
and Biomolecular Interactions Jena“, die sich 
inzwischen fest etabliert hat.

Ein weiterer Meilenstein für das Institut war 
die erfolgreiche Einwerbung des Zentrums für 
Innovationskompetenz „ZIK Septomics“ zu-
sammen mit Prof. Konrad Reinhart (Klinik für 
Anästhesiologie und Intensivtherapie, Univer-
sitätsklinikum Jena) und Prof. Eberhard Strau-
be (Institut für Medizinische Mikrobiologie, 
Universitätsklinikum Jena). Dieses Zentrum 
wird im Bereich Sepsis die Grundlagenfor-
schung am HKI und Instituten des Universi-
tätsklinikums mit der klinischen Forschung 
in Jena verknüpfen. Prof. Oliver Kurzai konnte 
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in this centre. Furthermore, the HKI contrib-
uted to the successful application for an inte-
grated research and treatment center (“Center 
for Sepsis Control and Care”) at the University 
Hospital that further strengthens the focus on 
sepsis and invasive fungal infections in Jena. 
We were glad to welcome at the HKI Dr. Pe-
ter Staib from Lausanne and Dr. Markus Nett 
from San Diego as heads of the independent 
Junior Research Groups “Fundamental Molec-
ular Biology of Pathogenic Fungi” and “Sec-
ondary Metabolism of Predatory Bacteria”, 
respectively. Furthermore, a number of new 
projects were granted to the HKI, such as the 
project “Genomics-Guided Discovery of New 
Antimicrobials using Microfluidic Devices”. In 
this project, in collaboration with the Institute 
for Photonic Technologies (IPHT), the classical 
research topic of the HKI, i.e., the search for 

new drugs, is combined with the application 
of novel microfluidic devices. The high quality 
of the Institute’s research is also documented 
by publications in Journals with a high impact 
factor such as “Nature”, “Nature Chemical 
Biology”, “Science”, “Nature Biotechnology”, 
“PLoS Pathogens”, “PNAS” or “Angewandte 
Chemie International Edition”, to mention a 
few. There is a close connection between this 
high quality research and the positive num-
ber of awards and prizes which were won by 
employees of the HKI in the reporting pe-
riod. The activities of the HKI also find their 
expression in the organization of numerous 
meetings and conferences. This also includes 
the application colloquium in the framework 
of the DFG priority programme 1160 “Colo-
nisation and Infection by human-pathogenic 
fungi”.
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als einer der beiden Gruppenleiter gewonnen 
werden. In einer gemeinsamen Berufung von 
FSU Jena mit dem HKI wurde er auf die Pro-
fessur Fungal Septomics berufen. Das HKI 
konnte auch zur Einwerbung eines Integrier-
ten Forschungs- und Behandlungszentrums 
(„Center for Sepsis Control and Care“) beitra-
gen, wodurch der Schwerpunkt Sepsis und 
invasive Pilzinfektionen in Jena wesentlich 
gestärkt wurde.

Im personellen Bereich konnte Dr. Peter Staib 
– vorher in Lausanne tätig – für die Leitung 
der Nachwuchsgruppe „Molekularbiologische 
Grundlagen pathogener Pilze“ gewonnen wer-
den. Dr. Markus Nett folgte dem Ruf auf die 
Leitung der Nachwuchsgruppe „Sekundärme-
tabolismus räuberischer Bakterien“ am HKI 
aus San Diego. Viele weitere Projekte berei-
chern die schon vorhandenen Forschungs-

arbeiten des Instituts, wie zum Beispiel das 
Vorhaben „Genomics-Guided Discovery of New 
Antimicrobials using Microfluidic Devices“, in 
dem ein klassischer Forschungsschwerpunkt 
des HKI – die Suche nach neuen Wirkstof-
fen – mit der Anwendung neuester mikro-
fluidischer Technologien in Kooperation mit 
dem Institut für Photonische Technologien 
Jena verbunden wird. Die hohe Qualität der 
Forschung des Hans-Knöll-Instituts äußert 
sich auch in Publikationen in den renommier-
testen Zeitschriften, wie „Nature“, „Nature 
Chemical Biology“, „Science“, „Nature bio-
technology“, „PLoS Pathogens“, „PNAS“ oder 
„Angewandte Chemie International Edition“, 
um nur einige zu nennen. Zusammenhän-
gend mit dieser qualitativ hochwertigen For-
schung ist die erfreuliche Zahl von Preisen, 
die im Berichtszeitraum an Mitarbeiter des 
Hans-Knöll-Instituts überreicht wurden. Die 
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I would like to thank all of my colleagues at 
the HKI. Only on the basis of intensive team 
work it is possible to maintain and increase 
the high level of science and application we 
have reached. I would also like to thank all 
employees for helping to write this report 
2008/2009, in particular Dr. Michael Ramm.

I would be glad if you enjoyed reading this 
report.

Jena, June 2010

Axel Brakhage
Director of the HKI

Aktivitäten des Hans-Knöll-Instituts äußern 
sich nicht zuletzt auch in der Ausrichtung 
einer großen Zahl von Tagungen und Kollo-
quien, z. B. das Antragskolloquium des DFG-
Schwerpunktprogramms 1160 „Kolonisation 
und Infektion durch human-pathogene Pilze“.

Für die ausgezeichnete Kooperation möchte 
ich mich bei allen Kolleginnen und Kollegen 
des HKI sehr herzlich bedanken. Nur durch 
die hervorragende Teamarbeit ist es mög-
lich, die hohe Qualität der wissenschaftlichen 
Leistung des HKI zu halten und weiter zu 
steigern. Für die Mitarbeit an diesem Report 
2008/2009 danke ich allen Mitarbeitern des 
HKI, insbesondere Dr. Michael Ramm.

Dem geneigten Leser wünsche ich viel Freude 
beim Lesen dieses Reports.

Jena, im Juni 2010

Prof. Dr. Axel A. Brakhage
Direktor des HKI
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Organization of the HKI
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Dr. W. Eberbach Thuringian Ministry of Culture (Head)
W. Mohr Medac GmbH, Wedel (Deputy Head)
Dr. M. Kölbel Federal Ministry of Education and Research, Bonn
Prof. Dr. H. Witte Vice-Rector of Friedrich-Schiller-University Jena
Prof. Dr. H. Sahm Research Centre Jülich (until 31.12.2008)
Prof. Dr. A. Zeeck Georg August University Göttingen (since 01.01.2009)
Dr. T. Maier Wacker Biotech Jena GmbH

Scientific Council  |  Wissenschaftlicher Beirat
Prof. Dr. H. Sahm Research Centre Jülich (Head until 31.12.2008)
Prof. Dr. A. Zeeck Georg August University Göttingen (Head since 01.01.2009)
Prof. Dr. U. Claussen Friedrich Schiller University Jena († 20.07.2008)
Prof. Dr. G. Diekert Friedrich Schiller University Jena (since 01.01.2009)
Prof. Dr. H. Haas Innsbruck Medical University (Austria, since 01.01.2009)
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Prof. Dr. Axel A. Brakhage Scientific director
Elke Jäcksch Administrative director
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Dr. Michael Ramm Scientific organization
Angelika Rauchmaul Assistant of the scientific director

Administration  |  Verwaltung
Elke Jäcksch
Renate Becher
Sandra Hartung
Eckhard Hemme
Jürgen Hermann (until 08/2009)
Sören Jehring
Monika Kelch
Michael Kind
Jan Kösling-Wettstaedt
Ilona Lux
Andrea Matthies
Martin Paris (01/2009 – 03/2009)
Frank Schebitz

Dorit Schmidt
Reinald Schorcht
Steve Seidel (06/2008 - 12/2009)
Kerstin Seiler (until 03/2008)
Christine Serfling
Kerstin Siegmund
Ekkehard Tittelbach
Tobias Ullmann (03/2009 - 04/2009)
Christian Weidhase
Matthias Wohlfeld (since 05/2009)
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In der Abteilung Biomolekulare Chemie ist 
die Forschungsgruppe Naturstoff-Screening 
verankert, die sich auf die Isolierung und 
Strukturaufklärung von Naturstoffen über 
Aktivitäts-basiertes Screening spezialisiert 
hat. Diese Arbeiten werden DBU- und BMBF-
gefördert und in zahlreichen Industrie-
kooperationen durchgeführt. Zudem führt 
die Forschungsgruppe die zentrale Substanz-
bibliothek des Instituts.

Zur Suche nach neuen Naturstoffen werden 
vorwiegend neue Organismentypen (Endo-
phythen, Symbionten, wenig untersuchte Mi-
kroorganismen) verwendet und Genome mi-
ning-Strategien eingesetzt. Ein Schwerpunkt 
der Abteilung Biomolekulare Chemie liegt 
in der Aufklärung von mikrobiellen Biosyn-

Department of Biomolecular Chemistry

The Department of Biomolecular Chemistry, 
headed by Prof. Christian Hertweck, focuses 
on various aspects of microbial secondary 
metabolism. The group covers the chemical 
and biochemical expertise in modern natural 
product research (structure elucidation, bio-
synthesis, enzymology, synthesis, interactions 
through biomolecules). In addition to the basic 
research projects, the department operates the 
institute’s state-of-the-art analytical facilities 
(NMR, MS-techniques, MALDI-TOF) and sup-
ports other HKI departments and FSU groups 
with metabolite and proteome analyses.

The department also harbors the natural 
product discovery group, which is specialized 

in the isolation and structural elucidation of 
natural products by bioactivity-guided screen-
ing. This work is funded by DBU and BMBF 
and supported by various collaborations with 
industrial partners. Furthermore, the research 
group maintains the institute’s central com-
pound library. For the discovery of new po-
tential therapeutics we investigate primarily 
novel types of microorganisms (endophytes, 
symbionts, little explored microorganisms) 
and apply genome-mining strategies (activa-
tion of silent gene clusters).

A major research area of the department is 
the investigation of biosynthetic pathways by 
a combination of chemical and biological me-

Die Abteilung Biomolekulare Chemie befasst 
sich unter der Leitung von Prof. Christian 
Hertweck mit der Chemie und Biologie des 
facettenreichen Sekundärmetabolismus von 
Mikroorganismen - Bakterien und Pilzen. In 
der Abteilung sind die chemischen und bio-
chemischen Arbeitsgebiete der modernen 
Naturstoff-Forschung integriert (Struktur-
aufklärung, Biosynthese, Enzymmechanis-
men, Synthese und Naturstoff-basierte Inter-
aktionen). Die für das Institut essentielle 
Hochleistungsanalytik (NMR, MS, MALDI-
TOF) wird in der Abteilung Biomolekulare 
Chemie betrieben. Sie verfügt über ein breites 
Methodenspektrum zur Strukturaufklärung 
von niedermolekularen Verbindungen und 
zur Proteomanalyse, durch die insbesondere 
die HKI-Abteilungen und FSU-Arbeitsgruppen 
unterstützt werden.

Head
Prof. Dr. Christian Hertweck

I N TRO DUC TI O N  |   E I N LE IT U N G
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thods. In nature, structural and functional 
diversity is governed by multienzyme pro-
cessing lines that lead to highly complex com-
pounds. To gain insights into the mechanisms 
and the evolution of the synthetic machineries 
the group investigates the functions of biosyn-
thesis gene clusters and mechanisms of se-
lected intriguing enzymes. For this purpose, 
we also do structural studies in collaboration. 
The majority of our projects is conducted in na-
tional and international scientific networks. In 
addition to understanding natural evolution of 
metabolic diversity we aim at harnessing the 
biosynthetic potential to produce novel natu-
ral product derivatives. In particular, biosyn-
thetic pathways of pharmacologically relevant 

polyketides are investigated. Modern organic 
synthetic methods complement the microbes’ 
biosynthetic capabilities.

Natural products represent mediators of bio-
logical communication, and their specific func-
tions have developed during evolution. They 
play a key role in the interaction of microorga-
nisms, in symbiosis and also in pathogenesis, 
e.g. in fungal infections. We have discovered 
the first cases, in which it is not the fungus 
that produces a mycotoxin, but bacterial sym-
bionts that live within the fungal mycelium. 
This unique alliance of bacteria (Burkholderia 
sp.) and fungi (Rhizopus microsporus) pro-
duces the antimitotic polyketide rhizoxin, the 

thesewegen über biologische und chemische 
Methoden. Die strukturelle und funktionelle 
Diversität entsteht in der Natur über Multi-
Enzym-Prozesslinien, die zu hochkomplexen 
Verbindungen führen. Um die Mechanismen 
und die Evolution der Synthesemaschinerien 
biologischer Systeme zu verstehen, studiert 
die Arbeitsgruppe die Biosynthese-Genclus-
ter und ausgewählte Enzyme. In Kollaboration 
werden hierzu auch strukturbiologische Pro-
jekte durchgeführt. Die meisten dieser inter-
disziplinären Arbeiten werden in überregio-
nalen Netzwerken bearbeitet. Die Projekte ha-
ben nicht nur zum Ziel, ein besseres Verständ-
nis von der Evolution metabolischer Diversität 
zu bekommen, sondern auch, das natürliche 
Biosynthesepotential zu nutzen, um neue Na-
turstoff-Derivate darzustellen. Bei den hierzu 

Department of Biomolecular Chemistry   HKI Research Report 2008 | 2009

angewandten biokombinatorischen Techniken 
stehen Biosynthesewege pharmakologisch re-
levanter Polyketide im Mittelpunkt. Moderne 
Synthesemethoden und Biotransformationen 
komplementieren die Biosyntheseleistung der 
Mikroorganismen.

Naturstoffe sind Mediatoren der biologischen 
Kommunikation, die im Laufe der Evolution 
auf biologische Aktivität selektioniert worden 
sind. Sie spielen in der Interaktion von Mikro-
organismen, bei Symbiosen und auch als Vi-
rulenzdeterminanten, zum Beispiel bei Pilz-
infektionen eine wichtige Rolle. Wir haben 
die ersten beiden Fälle beschrieben, in denen 
nicht der Pilz ein Mykotoxin bildet, sondern 
bakterielle Symbionten, die im Pilzmyzel le-
ben. Die einzigartige Allianz aus Bakterien 
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causative agent of rice seedling blight. In the 
department various aspects of this tripartite 
microbial interaction are being investigated, 
such as evolution of symbiosis and molecular 
basis of toxin biosynthesis. The biomolecular 
interactions in fungal-bacterial associations 
are jointly investigated with research groups 
at the HKI, the FSU, and the Max-Planck-Insti-
tute for Chemical Ecology in the context of the 
graduate schools ILRS and JSMC.

(Burkholderia sp.) und Pilzen (Rhizopus mi-
crosporus) bildet das antimitotisch wirksame 
Rhizoxin, das eine Schlüsselrolle bei der Reis-
keimlingsfäule spielt. In der Abteilung Biomo-
lekulare Chemie werden zahlreiche Aspekte 
dieser mikrobiellen Interaktion studiert, wie 
die Evolution der Symbiose und die moleku-
lare Grundlage der Toxin-Biosynthese. Die 
biomolekularen Interaktionen in Pilz-Bakte-
rien-Symbiosen sind Themen stark vernetzter 
Gemeinschaftprojekte der Arbeitsgruppen am 
HKI, der FSU und des Max-Planck-Instituts 
für chemische Ökologie im Rahmen der Gra-
duiertenschulen ILRS und JSMC.

HKI Research Report 2008 | 2009   Department of Biomolecular Chemistry
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Biosynthetic Mechanisms and
Processing Lines

Group Leader: Christian Hertweck 

Rhizoxin is a potent antimitotic macrolide that 
very efficiently binds to b-tubulin and due to 
its excellent in vitro antitumoral activities it 
has undergone extensive clinical trials as a 
potential anticancer drug candidate. We have 
located, cloned and sequenced the entire ~81 
kb gene locus encoding rhizoxin biosynthesis 
in the genome of the bacterial endosymbiont 
of the rice pathogenic fungus R. microsporus. 
Analyses of the deduced rhi gene functions pro-
vided valuable insights into the giant rhizoxin 
NRPS-PKS assembly line, which deviates from 
textbook type I PKS systems in various as-
pects. Most importantly, the module architec-
ture and the deduced pathway intermediates 
suggest that the rare b-branching results from 
an unprecedented conjugate addition of an acyl 
anion synthon to an intermediary enoyl moiety. 

Scientific Projects

Figure 1-1
Model for polyketide chain branch-
ing in the biosynthetic pathway of 
the antimitotic agent rhizoxin; Ange-
wandte Chemie cover art.

1 We have successfully engineered the rhizoxin 
biosynthetic assembly line to gain insight into 
the timing of polyketide chain branching and 
the module involved. The successful isolation 
and full structure elucidation of prematurely 
released pathway intermediates enabled the 
reconstruction of the final steps in polyketide 
assembly. Accordingly, the d-lactone branch is 
introduced by a conjugate addition of a malo-
nyl unit to an acryloyl precursor. Further mu-
tational experiments provided strong evidence 
that the “branching module”, consisting of 
KS, B (“branching”), and ACP domains, down-
stream of module 10 is involved in this non-
canonical enzymatic C-C coupling. Polyketide 
synthases generally catalyze Claisen conden-
sations for chain elongations, and to date, only 
three ways are known how nature introduces 
carbon branches into polyketides: by incor-
porating branched building blocks, by SAM-
dependent methylation or by an isoprenoid-
like mechanism. The Michael addition type 
b-branching mechanism in rhizoxin biosyn-
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new therapeutics. In collaboration with Prof. 
Elke Dittmann, HU Berlin, we found that mi-
croviridins are synthesized from a ribosomal 
precursor peptide in Microcystis by a unique 
pathway involving stand-alone ATP grasp type 
ligases for w-ester and w-amide bond forma-
tion, as well as a specialized transporter-pepti-
dase. The successful heterologous production 
of these unusual tricyclic depsipeptides in E. 
coli demonstrates for the first time that mi-
croviridins derive from a ribosomal peptide 
precursor. Reconstitution of the pathway in 
vivo and identification of microviridin variants 
shows that the leader peptide is processed by 
a transporter-peptidase and cyclized by two 
cyclases related to ATP grasp ligases. The uti-
lization of these novel biocatalysts for depsi-
peptide formation from ribosomally produced 
peptides represents a new addition to the vari-
ous known natural strategies for cyclopeptide 
biosynthesis and sets the ground for engineer-
ing microviridin variants.

thesis as proposed here is fully unprecedented 
and a novelty in the field of polyketides.

Various types of planctonic cyanobacteria such 
as Microcystis frequently form toxic blooms in 
freshwater lakes, leading to a dramatic de-
crease of biodiversity in these ecosystems. 
Some of the most remarkable cyanobacterial 
toxins belong to the microviridin family of tri-
cyclic depsipeptides. All microviridins feature 
an unparalleled cage-like architecture and 
specifically inhibit various proteases. Micro-
viridin J affects the molting process of Daph-
nia and is discussed as a feeding deterrent 
that may partly explain the enormous success 
of Microcystis species in the field. On the other 
hand, microviridin B has high therapeutic 
potential as an elastase inhibitor in the treat-
ment of lung emphysema. Thus knowledge of 
the molecular basis of microviridin biosynthe-
sis would not only allow monitoring of envi-
ronment-threatening cyanobacterial blooms 
but also open the door to engineering valuable 

Figure 1-2
Ribosomal biosynthesis of tricyclic 
depsipeptides in cyanobacteria; 
Angewandte Chemie International 
Edition cover art.
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Engineered Biosynthesis
of Aromatic Polyketides

Group Leaders: Zhongli Xu,
Christian Hertweck 

Bacterial aromatic polyketides represent a 
large group of structurally diverse natural 
products many of which are medicinally rele-
vant (e.g. tetracyclines, anthracyclines). With 
the advent of molecular tools and recombinant 
methods applicable to actinomycetes, it has 
become feasible to investigate bacterial aro-
matic polyketide biosynthesis at the genetic 
and biochemical levels, which has finally set 
the basis for engineering novel natural prod-
uct derivatives. We are exploring the biosyn-
thetic potential by rational mutagenesis and 
gene swapping and have applied this to vari-
ous antibiotic biosynthetic pathways leading 
to polyphenols such as resistomycin, char-
treusin and benastatin.

Figure 2-1
Formation of the antibiotic resisto-
mycin by a multienzyme complex.

Figure 2-2
Superposition of the amino acid 
sequence of BenQ (green) onto the 
structure of ZhuH (cyan) highlighting 
the putative binding pockets at loop 
3 (L3). The protrudent amino acid 
residues His86 and Met90 (from its 
counterpart of the dimer) of BenQ 
may be determinants for substrate 
specificity.

2 Resistomycin is a bacterial polyphenolic me-
tabolite from Streptomyces resistomycificus 
with a unique pentacyclic ‘discoid’ ring sys-
tem that clearly differs from the typical linear 
or angular architectures of aromatic polyke-
tides. The first comprehensive cyclase amino 
acid sequence – function correlation revealed 
that the enzymes directing the nascent pol-
yketide chain into a peri-fused system clearly 
differ from canonical linear and angular cy-
clases. All genes that are required and suffi-
cent for resistomycin (rem) biosynthesis were 
identified through systematic dissection and 
reconstitution of the type II polyketide syn-
thase (PKS) complex. The minimal rem PKS 
and the first cyclase were successfully cross-
complemented with orthologs from the linear 
tetracenomycin polyketide pathway, indicating 
that both dekaketide pathways share early bio-
synthetic steps. In total three cyclases that are 
involved in discoid cyclization (RemI, RemF, 
and RemL) were identified by mutational 
analyses and in vivo pathway reconstitution. 
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Analyses of the metabolic profiles of mutants 
expressing incomplete gene sets led to the dis-
covery of a novel tetracenomycin derivative, 
TcmR1. The most surprising finding is that 
only the concerted action of the PKS and all 
three cyclases leads to the discoid ring struc-
ture. These results provide strong support for 
a model according to which the multienzyme 
complex forms a cage in which the polyketide 
is shaped, rather than a sequential cyclization 
of the polyketide chain by individual enzymes.

Benastatins are aromatic polyketides from 
Streptomyces spp. that efficiently inhibit glu-
tathione-S-transferases and induce apoptosis. 
Their biosynthesis involves a type II polyke-
tide synthase, and a keto acyl synthase (KAS) 
III component (BenQ) similar to FabH that is 
crucial for providing and selecting the rare 
hexanoate PKS starter unit. The function of 
BenQ as a KAS III was experimentally proven 
by point mutation of the active site cysteine. In 
the mutant several novel short chain fatty acid 

derived penta- and hexacyclic benastatin de-
rivatives with antiprolieferative activities are 
formed. Strategies for engineering benasta-
tin biosynthesis were attempted. Synthetic 
starter unit surrogates were not incorporated 
by block mutants, suggesting that the primer 
needs to be enzyme-bound. Thus, on the ba-
sis of KAS III crystal structures the three-
dimensional structure of BenQ was modeled 
and the predicted substrate binding tunnel 
was altered by individual mutations of poten-
tial gatekeeping residues (H95A and M99A). 
However, no significant changes in substrate 
specificity were observed, indicating that 
there are other or additional gatekeeping ami-
no acid residues in BenQ or secondary factors 
including likely protein – protein interactions 
between BenQ and the PKS complex, and 
possible conformational changes in BenQ. Fi-
nally, a benQ null mutant was complemented 
with butyrate starter unit biosynthesis genes 
from the alnumycin biosynthesis gene cluster, 
which resulted in a great (10×) enhancement 

S-ACP

O

O OHOH

HO

HO

O O

R
OH

SCoA

O

O OO

O

O

O SEnz

OOO
O

O

O

O

BenABC
12 x MalCoA

BenQ

6-8

SCoA

O

S-ACP

O aln PKS, KR

7 x MalCoA

AlnIJK O

O

O O

O
H

OH

OH

HO

OO

OH

OOO

EnzS

O

Alnumycin (9)

X

O
SCoA

OH
O

SH

ACP

SS

ACPKSβKSα

S

ACP

O

OH
O

AT S

KSIII

O
S

ACP

O

FAS 
KR DH ER?

O

AT

S

KSIII

O

OH
O

O

benastatins
alnumycin

HKI Research Report 2008 | 2009   Department of Biomolecular Chemistry

Figure 2-3
Models for alnumycin biosynthesis 
involving the priming cassette
AlnIJK for butyryl-ACP formation and 
engineered a benastatin-alnumycin 
hybrid pathway by KAS III loading 
domain swapping.
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in the production of butyrate-primed hexa-
cyclic benastatin derivatives. The successful 
generation of a alnumycin-benastatin FAS-
PKS hybrid pathway highlights the potential 
of metabolic pathways, which may lead to nov-
el potential therapeutics and increased yields 
of desired natural products.

Chemobiosynthesis and Biocatalysis

Group Leaders: Robert Winkler,
Susanne Schneider, Christian Hertweck 

The synthesis of therapeutics by taking ad-
vantage of the synergism of synthetic and 
enzymatic transformations is an emerging 
field. Recently, we have accomplished the first 
asymmetric synthesis of the antiproliferative 
agent (+)-R-aureothin by a chemoenzymatic 
approach. Aureothin is a densely functional-
ized polyketide metabolite of Streptomyces 
thioluteus that efficiently stalls proliferation 

3

of va-rious tumor cells. A number of related 
bacterial natural products share the unusual 
nitroaryl and tetrahydrofurylpyrone moieties, 
such as the HIV protease inhibitor neoaureoth-
in (spectinabilin), and the immunosuppressant 
SNF 4435C/D. Notably, the preparation of the 
chiral furyl segment proved to be most chal-
lenging due to facile racemization and as of yet 
no enantioselective total synthesis of (+)-R-au-
reothin has been reported. In our chemoenzy-
matic approach, the polyketide backbone was 
assembled in a modular fashion by chemical 
synthesis and tailored enzymatically by the 
regioselective pyrone methyl transferase AurI 
and the bifunctional cytochrome P450 mo-
nooxygenase AurH that is capable of installing 
two C-O bridges. Besides deoxyaureothin we 
succeeded in introducing the oxa heterocycle 
into a bioisosteric vinyl iodide by asymmetric 
enzymatic oxygenation. The resulting synthe-
tic building block was successfully employed 
for a Stille coupling yielding (+)-R-aureothin, 
as confirmed by CD spectroscopy. Although 

Figure 3-1
The first asymmetric synthesis of the 
antiproliferative and antifungal pyrone 
metabolite (+)-R-aureothin from Strepto-
myces thioluteus was completed by taking 
advantage of synergizing synthetic and 
enzymatic transformations.

Figure 3-2
In vitro biotransformations using a cy-
tochrome P450 monooxygenase AurH 
from the aureothin pathway provide the 
first direct experimental evidence that 
a single monooxygenase is capable of 
sequentially installing two C-O-bonds 
forming a tetrahydrofuran ring.
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cytochrome P450 enzymes have been used ex-
tensively in biotransformations, to the best of 
our knowledge these results represent the first 
example for an asymmetric cytochrome P450–
mediated furan heterocyclization used in syn-
thesis. Our modular approach will set the basis 
for the synthesis of various analogues of the 
aureothin family of polyketides.

Biosynthetic pathways leading to complex 
secondary metabolites frequently involve en-
zymes with intriguing synthetic capabilities. 
A closer investigation of such enzymes may 
lead to novel biocatalysts that could comple-
ment the currently available synthetic rep-
ertoire. Complex polyketide metabolites like 
macrolides, polyenes, and polyethers are an 
important source of novel therapeutics or 
an inspiration for their development. Many 
of these compounds feature medium-sized 
heterocycles that lend rigidity to the carbon 
backbone and thus support a defined spatial 
arrangement of the substituents. Various bio-
synthetic routes to O-heterocycles have been 
reported. However, the tetrahydrofuran ring 
of aureothin is biosynthesized in a completely 
different manner. Through biochemical and 
chemical analyses we could provide direct 
experimental evidence that the sequential 
heterocycle formation is catalyzed by a single 
enzyme (AurH) both in in vivo and in vitro and 
reveal the stereochemical course and order of 
this unprecedented oxygenation reaction. We 
have overproduced and purified the unusual 
cytochrome P450 monooxygenase AurH in E. 
coli and reconstituted its activity in vitro. For 
the first time we have demonstrated by suc-
cessful in vitro biotransformations that a sin-
gle cytochrome P450 monooxygenase is capa-
ble of sequentially installing two C-O bonds. 
In trapping a chiral hydroxyl intermediate and 
elucidation of its absolute configuration we 
have established the order of the oxygenation 
reactions as well as the stereochemical course 
of the reaction. The unusual heterocyclization 
can be rationalized on the basis of current 
cytochrome P450 enzyme models. Even so, 
AurH is a novel biocatalyst that promotes a 
biotransformation that is as yet impossible to 
emulate by synthetic methods or other known 
enzymes.

Genome Mining for
Natural Product Discovery

Group Leaders: Kirstin Scherlach,
Keishi Ishida, Christian Hertweck 

Recent projects of whole genome sequencing 
of microorganisms revealed that the number 
of predicted biosynthesis genes is not reflec-
ted by the metabolic profile of these organisms 
observed under standard fermentation condi-
tions. As these “orphan” or “cryptic” genes 
might code for the biosynthesis of important 
drug candidates or virulence factors new strat-
egies are needed to make use of the hidden 
biosynthetic potential of microorganisms.

We found an unassigned PKS cluster in the 
genome of Burkholderia thailandensis, from 
which no polyketide has been reported to date. 
In collaboration with Prof. J. Piel, University 
of Bonn, we have analyzed the orphan locus, 
which encodes 16 PKS modules and one non-
ribosomal peptide synthetase (NRPS) module. 
Since KS analysis predicted an extended con-
jugated double bond system, we monitored 
the metabolic profile of B. thailandensis by 
HPLC-DAD-MS for nitrogen-containing poly-
enes. This revealed the transient occurrence 
of two compounds with a characteristic poly-
ene absorption exclusively in the early growth 
phase. The isolation from an upscaled culture 
was challenging due to rapid temperature- and 
light-induced decomposition. Careful workup 
provided a pure sample of thailandamide A, 
and NMR analysis allowed its full structure 
elucidation. Thailandamide A exhibits novel 
structures with an unprecedented 4-hydroxy-
phenylacetate starter unit, and represents a 
rare example of a polyketide from bacteria of 
the genus Burkholderia.

Fungi produce numerous low-molecular 
weight molecules endowed with a multitude 
of biological activities. However, mining the 
full genome sequences of fungi indicates that 
their potential to produce secondary metabo-
lites is greatly underestimated. Since most 
of the biosynthesis gene clusters are silent 
under laboratory conditions, one of the major 
challenges is to understand the physiological 

4
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Figure 4-1
Structure of thailandamide A and key 
1H-1H COSY (bold lines) and HMBC 
(arrows) correlations.

Figure 4-2
Induction of fungal metabolite 
production through bacterial inter-
action.
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acid, the typical lichen metabolite lecanoric 
acid, and the cathepsin K inhibitors F-9775A 
and F-9775B. A phylogenetic analysis demon-
strates that orthologs of this polyketide syn-
thase are widespread in nature, in all major 
fungal groups including mycobionts of lichens. 
These results provide evidence of specific in-
teraction between microorganisms belonging 
to different domains and support the hypoth-
esis that not only diffusible signals, but also 
intimate physical interactions contribute to 
the communication between microorganisms 
and induction of otherwise silent biosynthesis 
genes.

conditions under which these genes are acti-
vated. In collaboration with the Department of 
Molecular and Applied Microbiology, Prof. A. 
Brakhage, we searched for ways to bring cryp-
tic fungal metabolited to light. For this pur-
pose, the important model fungus Aspergillus 
nidulans was cocultivated with a collection 
of 58 soil-dwelling actinomycetes. By micro-
array analyses of both Aspergillus secondary 
metabolism and full genome arrays, Northern 
blot and qRT-PCR analyses we demonstrate 
for the first time at the molecular level that 
a distinct fungal-bacterial interaction leads 
to the specific activation of fungal secondary 
metabolism genes. Most surprisingly, dialysis 
experiments and electron microscopy indi-
cated that an intimate physical interaction of 
the bacterial and fungal mycelia is required to 
elicit the specific response. Gene knock out ex-
periments provided evidence that one induced 
gene cluster codes for the long sought-after 
polyketide synthase required for the biosyn-
thesis of the archetypal polyketide orsellinic 
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The key COSY (bold lines) and HMBC 
(arrows) correlations of microcycla-
mide 7806A (1) and 7806B (2).
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In collaboration with Prof. E. Dittmann, HU 
Berlin, we were able to apply a genome min-
ing approach to detect novel members of the 
microviridin family of cyanobacterial me-
tabolites. In the freshwater cyanobacterium 
Microcystis aeruginosa NIES 298 the cytotoxic 
peptide is formed by a ribosomal pathway. Ge-
nome mining of a Microcystis aeruginosa PCC 
7806 guided the discovery and structural elu-
cidation of two novel cyclopeptides, microcy-
clamide 7806A and 7806B.

Microbial Interactions: Investi-
gations of Endofungal Bacteria

Group Leaders: Laila P. Partida Martinez, 
Christian Hertweck 

Mycotoxins are compounds of fungal origin 
that can adversely affect human, animal and 
plant health through food spoilage or infec-
tion, even to the point of epidemics such as tur-

key X disease and ergotism. The biosynthetic 
pathways of various mycotoxins (such as afla-
toxin and fumonisins) are generally well un-
derstood. However, we have discovered two  
examples where a mycotoxin is not synthe-
sized by the fungus itself but by bacteria resid-
ing within the fungal cytosol. These discover-
ies have implications in various fields, in par-
ticular ecology, medicine and food processing.

The rice seedling blight fungus Rhizopus mi-
crosporus harbors endosymbiotic Burkholde-
ria spp. for the production of the virulence 
factor, the antimitotic agent rhizoxin. Since 
the toxin highly efficiently blocks mitosis in 
most eukaryotes, it remained elusive how self- 
resistance emerged in the fungal host. We have 
systematically correlated rhizoxin sensitivity 
with the nature of b-tubulin sequences in the 
kingdom fungi. 49 new b-tubulin sequences 
were generated for representative species of 
Ascomycota, Basidiomycota and Zygomycota. 
Rhizoxin sensitivity assays revealed two fur-

Figure 5-1
Confocal laser scanning micrographs 
of rhizoxin-producing bacterial en-
dosymbionts (Burkholderia rhizoxini-
ca, labeled with GFP) in the mycelium 
of Rhizopus microsporus (main image) 
and in spores (inset). Bars: 10 mm 
(main image), 5 mm (inset).

5

Figure 5-2
Modeled rhizoxin binding to 
β-tubulin at the interface of the 
a,b-heterodimer. Position Asn100 is 
marked in yellow.
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ther amino acids at position 100 (Ser-100 and 
Ala-100), in addition to the known Ile-100 and 
Val-100, which convey rhizoxin resistance. All 
sensitive strains feature Asn-100. This hotspot 
was verified by modeling studies, which sup-
port the finding that rhizoxin preferentially 
interacts with the tubulin molecule in a cavity 
near position 100. Ancestral character state re-
constructions conducted in a Bayesian frame-
work suggest that rhizoxin sensitivity repre-
sents the ancestral character state in fungi, 
and that evolution of rhizoxin resistance took 
place in the ancestor of extant resistant Zygo-
mycota. These findings support a model ac-
cording to which endosymbiosis became pos-
sible through a parasitism – mutualism shift 
in insensitive fungi.

To investigate the global distribution of the 
toxinogenic fungal-bacterial symbiosis, we 
studied eight bacterial endosymbiont strains 
isolated from toxinogenic Rhizopus micro-
sporus strains in pure culture. All isolates are 
representatives of the same unique “endofun-
gal” ecotype, albeit the hosts’ origins cover all 
five continents and occur in highly diverse 
niches. The bacterial endosymbionts share 
characteristic phenotypic traits like second-
ary metabolite production and protein profile, 
as demonstrated by HPLC-MS and MALDI-
TOF, respectively. Phylogenetic analyses (16S 
rDNA) provide strong evidence that all sym-
biont strains originate from a common ances-
tor and form a new complex within the genus 
Burkholderia. This observation is strongly 
supported by multilocus sequence typing, ac-
cording to which all eight symbiont isolates 
can be grouped into continental branches. 
Results revealing both similar and deviating 
geographical grouping of fungal isolates in 
comparison to bacterial endosymbionts allow 
hypothesizing about possible cospeciation 
of fungal and bacterial symbionts and some 
extent of horizontal transmission events. All 
bacterial strains investigated seem to have 
evolved mainly separately from each other, not 
showing extensive recombination. In addition, 
we present preliminary evidence that there 
might be a mutational bias towards higher AT-
contents, as it is known from other endosym-
biotic bacteria.

Mass Spectrometry Based Protein 
and Peptide Analysis

Group Leader: Robert Winkler 

The department of Biomolecular Chemistry 
operates the institute’s peptide and protein 
analysis platform. The department is equipped 
with a MALDI-TOF/TOF, an ESI-QTOF and a 
nanoLC-ESi-ion trap with ETD option (Figure 
6-1). Up to 200 proteomics samples can be 
measured per day on the MALDI-TOF/TOF. 
The analysis of the data is performed on in-
house servers, which also allows the usage 
of unpublished genomic databases. We have 
established a set-up that allows the measure-
ment of proteomic samples with extremely low 
peptide concentrations or peptide mixtures by 
nanoLC-MS.

This technique has been applied in various in 
house and external collaborations (FSU). Im-
portant examples include the generation of a 

Figure 5-3
Hypothetical lifecycle of endofungal 
bacteria and their hosts. Endobac-
teria replicate within the fungal my-
celium. During vertical transmission 
they enter vegetative spores and are 
transferred to the next generation. 
Horizontal transmission involves 
release from the host cell and infec-
tion of another compatible host 
organism.

6
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two-dimensional proteome reference map for 
the human pathogenic filamentous fungus 
Aspergillus fumigatus, as well as the identifica-
tion of pyomelanin in this organisms. Protein 
MS also supported the discovery of a novel 
immune evasion strategy of Candida albicans 
involving proteolytic cleavage of a salivary an-
timicrobial peptide. Furthermore, we assisted 
in the identification of thioredoxin and epider-
mal-fatty acid binding protein as up-regulated 
protein markers in microdissected tumor tis-
sue. In addition, we have studied protein and 
peptide modifications, such as protease degra-
dation of peptide antibiotics, phosphorylation/
dephosphorylation, cofactors of proteins, as 
well as artificial modification of proteins. For 
quick identification of microorganisms we now 
also use a modern MALDI-TOF based approach 
(biotyping).

Screening for Bioactive
Natural Products

Group Leaders: Isabel Sattler, Ling Ding, 
Christian Hertweck 

The research group “Natural Products Discov-
ery” focuses on the exploitation of structural 
diversity from a broad spectrum of natural 
sources for providing new compounds for un-
derstanding biosynthetic capacities of the pro-
ducing organisms and for biological charac-
terization, e.g. in drug discovery. We are rely-
ing on a number of different resources for bio-
prospecting. In the last two years, our major 
natural products screening programs involve 
extremophilic and rare actinomycetes, as well 
as filamentous fungi, from unusual habitats 
from the southwest of China (provided by Key 
Laboratory for Microbial Resources, Yunnan 
University, Kunming, P.R. China), endophytes 
from mangrove plants from southeast China 
(plant material provided by National Research 

Figure 6-1
Mass spectrometers used for protein 
and peptide analysis: ESI-QTOF, 
nanoLC-MS and MALDI-TOF/TOF

7
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Laboratories of Natural and Biomimetic 
Drugs, Peking University Beijing, P.R. China), 
and rare actinomyces from heavy-metal con-
taminated habitats, e.g. from the Feengrot-
ten, a former alum slate mine near Saalfeld 
(Thuringia) and former uranium mining area 
around Ronneburg, Thuringia (together with 
Institute of Microbiology, Friedrich Schiller 
University Jena).

In the search for new natural products, we 
efficiently intertwine biologically driven ap-
proaches, e.g. antimicrobial and cytotoxicity 
screening, with the physico-chemical analysis 
of the complex compound mixtures extracted 
from the producing organisms. Combined 
with the particular scientific objectives of our 
projects, we continuously thrive to optimize 
our screening procedures in order to improve 
methods for the effective exploitation of natu-
ral products. A particular focus on advancing 
our screening routines is set on improving 
dereplication by HPLC/MSn-analysis, includ-

ing a database with HPLC/UV/MS data of over 
four thousand natural products, and HPLC/
MS-driven separation on the analytical and 
preparative scale. For biological testing we 
rely on our colleagues of the IPL team and ex-
ternal collaboration partners. Our major goal 
is to access meaningful, and best, structurally 
new compounds in the subsequent chemical 
projects including chromatographic isolation 
and structure elucidation. In our screening 
program on endophytic microorganisms form 
mangrove trees, we identified several seco-
oleane-type triterpenes from Phomopsis sp. 
isolated from Hibiscus tiliaceus. Epicoccalone, 
a coumarin-type chymotrypsin inhibitor was 
obtained from an Epicoccum sp. associated 
with a tree fungus. Analysis of the Aspergil-
lus terreus metabolome revealed unusual bu-
tyrolactone I derivatives from carrying sulfate 
moieties.

Cytotoxic, anti-proliferative and antimicrobial 
furanoditerpenoids (voucapane, voucapane-

Figure 7-1
Structures of selected biologically 
active compounds published in 
2008-2009
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6a,7a-diol, voucapane-18,19-diol and 18-hy-
droxyvoucapan-19-al) were isolated from Stuh-
lmania moavi. Investigation of Streptomyces 
polyformus showed a surprising plasticity in 
gilvocarcin-type C-glycoside pathways. Cy-
totoxicity profiling of polycarcin V in a panel 
of 37 tumor cell lines indicated significant cy-
totoxic activity with a pronounced selectivity 
for non-small cell lung cancer, breast cancer 
and melanoma cells. Six novel isoflavone de-
rivatives along with four known isoflavones 
were isolated from a culture of a highly nickel-
resistant strain of Streptomyces mirabilis from 
a former uranium mining area. The unpre- 
cedented types of non-aromatic, hydroxylated 
B rings result from plant isoflavone biotrans-
formation. All new compounds display weak 
cytotoxic but potent antiproliferative activi-
ties. The anti-oestrogenic properties of one 
congener against MCF-7 human breast cancer 
cell line (GI

50: 6 µM) is even higher than the 
reference compound genistein. Perhaps one of 
the most unusual of our recent discoveries is 

benzopyrenomycin from of Streptomyces laven-
dulae. Benzopyrenomycin represents the first 
natural product with a carbacyclic benzo[a]
pyrene ring system. Four angucyclic conge-
ners were identified in the broth of S. laven-
dulae, out of which rubiginone A2 shows an 
identical exocyclic substitution pattern. This 
finding provides strong evidence for a model 
according to which benzopyrenomycin is bio-
synthesized by condensation of an angucyclic 
anthrone precursor with a C3/C4 building 
block such as oxaloacetate. A biological evalu-
ation of the novel compound revealed a signifi-
cant activity against various tumor cell lines.
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Department of Infection Biology

The department of Infection Biology character-
izes the role of the complement system, an es-
sential and central immune surveillance sys-
tem for the elimination of infectious microbes 
and for the clearance of altered self cells. Hu-
man regulators restrict complement activa-
tion and are essential for maintaining tissue 
integrity and homeostasis. Human pathogenic 
fungi, like many pathogenic microbes evade 
host immune and complement attack by ex-
pressing surface proteins that bind human 
complement and innate immune regulators. 
The identification of such microbial surface 
proteins and the molecular characterization 
of these evasion strategies, reveals general 
immune escape mechanisms and identifies 

novel virulence factors that represent interest-
ing vaccine candidates and new targets for im-
mune intervention.

The same human immune regulators, that are 
utilized by pathogenic microbes for comple-
ment evasion are central players and effectors 
that maintain tissue integrity and homeosta-
sis. The inhibitor Factor H protects human 
cells during immune stress, and consequently 
mutations and genomic deletions result in dys-
function that cause autoimmune diseases. We 
have identified important disease mechanisms 
and define how Factor H gene mutations and 
deletion of the CFHR1/CFHR3 genes cause kid-
ney and retinal disorders. Diseases that are as-

Die Abteilung Infektionsbiologie beschäftigt 
sich mit der Rolle des Komplementsystems bei 
der Immunevasion von pathogenen Mikroor-
ganismen und der Immundysfunktion bei Au-
toimmunerkrankungen. Pathogene Mikroor-
ganismen exprimieren Oberflächenproteine, 
die als Rezeptoren für lösliche Immun- und 
Komplementregulatoren des Wirtes dienen, 
und die eine wichtige Funktion bei der Im-
munevasion spielen. Die Identifizierung und 
funktionelle Charakterisierung dieser mikro-
biellen Proteine zeigt einen generellen Me-
chanismus der Immunevasion und führt zur 
Identifizierung von neuen Virulenzfaktoren, 
welche für das Überleben des Pathogens im 
Menschen als immunkompetentem Wirt ent-
scheidend sind. Die von pathogenen Mikroor-
ganismen genutzten Komplementregulatoren 
des Wirtes spielen eine zentrale Rolle bei der 
Aufrechterhaltung der Gewebsintegrität im 

menschlichen Organismus. Mutationen in die-
sen Regulatorproteinen führen zur Immun-
dysfunktion und Autoimmunerkrankungen 
der Niere, wie Membranoproliferativer Glome-
rulonephritis, der atypischen Form des Hämo-
lytisch Urämischen Syndroms und definierte 
Sequenzvariationen einzelner Gene erhöhen 
das Risiko für die altersabhängige Makulade-
generation des Auges (AMD). Dieser Ansatz 
erlaubte es eine neue autoimmune Form von 
HUS zu definieren, die als DEAP-HUS (defizi-
ent für CFHR-Proteine und positiv für Autoan-
tikörper) bezeichnet wird. Die meist jugendli-
chen DEAP-HUS Patienten benötigen eine be-
sondere Diagnose und spezielle Therapie. Bei 
frühzeitiger und geeigneter immunsuppres-
siver Behandlung können diese jugendlichen 
Patienten in der Regel vor Nierenversagen 
und einer langjährigen Dialysebehandlung 
bewahrt werden.

I N TRO DUC TI O N  |   E I N LE IT U N G
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sociated with defective complement regulation 
include hemolytic uremic syndrome (HUS) 
and membranoproliferative glomerulonephri-
tis (MPGN) and also the retinal disease age 
related macular degeneration (AMD) that rep-
resents a common form of blindness in the el-
derly population. This approach allowed to de-
fine a novel autoimmune form of HUS termed 
DEAP-HUS (Deficient for CFHR-proteins and 
autoantibody positive HUS). DEAP-HUS pa-
tients require diagnosis and therapy and when 
properly treated kidney defects and long term 
dialyses can be prevented in these mostly ju-
venile patients.
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Immune evasion of human
pathogenic yeasts and fungi

Group Leader: Peter F. Zipfel

Human pathogenic yeasts use sophisticated 
strategies to evade host innate immune and 
complement attack. These mechanisms are 
both common and unique and the members of 
the Department of Infection Biology have iden-
tified novel immune evasion proteins that are 
used by different pathogenic microbes such 
as Candida albicans as well as by other patho-
genic yeasts and fungi (Figure 1). In addition 
a second, novel and timely separated evasion 
mechanism for control of the host comple-
ment attack was identified which is shared 
by Candida albicans, Arthroderma benhamiae 
and Aspergillus fumigatus. The three patho-
genic fungi secrete complement degrading 
proteases that degrade central components of 
the complement cascade and block host com-
plement activation.

Scientific Projects

1 A novel immune evasion protein of the hu-
man pathogenic yeast C. albicans was iden-
tified. This CaCRASP2, that is also termed 
Pra1 (pH regulated antigen1) represents a 
fungal Factor H, FHL1 and plasminogen bind-
ing surface protein. CaCRASP2 is a 56 kDa 
glycosylated protein, composed of 299 amino 
acids that displays multiple functions and 
that has different sites of action. As a surface 
protein, expressed both by yeast and hyphae, 
Candida CRASP2 acquires several human 
plasma proteins and thus aids in complement 
and immune evasion. CaCRASP2 is also se-
creted by both yeast cells and hyphae and in 
the direct surroundings of the fungal cell se-
creted CaCRASP2 controls complement acti-
vation by enhancing Factor H mediated cofac-
tor activity and by inhibiting C3 inactivation. 
In addition secreted CaCRASP2 also binds to 
the surface of human immune cells and spe-
cifically binds to the human integrin receptor 
CR3 (also termed CD11b/CD18 or a

MbII), that 
is expressed on the surface of human maro-

Figure 1
The benefits and risk of
complement.
Complement is a central immune
surveillance system that protects the 
surface of host cells and biomem-
branes, assists in the removal of 
altered self cells such as apoptotic 
cells and particles as well as necrotic 
debris and is relevant for the elimina-
tion of infectious microbes. Defects 
in this central pathway by gene 
mutations or by pathogenic surface 
structures results in damage of self 
and in disease.
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phages. CaCRASP2 bound to human CR3 
receptor influences the host response for im-
mune defense (Figure 2).

An additional, second immune evasion strat-
egy, secretion of host complement degrading 
and inactivating proteases, was identified for 
C. albicans. In cooperation with Prof. B. Hube, 
Department Microbial Pathogenicity Mecha-
nisms, we showed that C. albicans uses three 
secreted aspartic proteases (Saps) Sap1, Sap2 
and Sap3 to degrade the human complement 
components C3b, C4b and C5 and to inhibit 
terminal complement complex (TCC) forma-
tion (Figure 3). This proteolytic activity is 
specific to the three Sap proteins. The triple 
knock out C. albicans strain Delta sap1-3 and 
also the non-pathogenic yeast S. cerevisiae 
lack such degrading activity.

Proteolytic degradation and inactivation of 
human complement components is a rather 
conserved mechanism and in collaboration 

with Prof. Axel Brakhage, Dept. Molecular 
and Applied Microbiology a very similar eva-
sion strategy was shown for the human der-
matophyte A. benhamiae and for Aspergillus 
fumigatus. The human dermatophyte A. ben-
hamiae secretes proteases that degrade hu-
man complement components C3, C5, C6, and 
C7 and inhibit complement mediated hemoly-
sis. For the human dermatophyte the timing 
of the two evasion strategies for controlling 
host complement attack was defined. The two 
mechanisms are relevant at different phases 
of infection. During the first and initial phase, 
i.e. immediately upon contact with human 
plasma and body fluids, the pathogen exploits 
the acquired human regulators and inhibi-
tors for complement evasion (Figure 3). This 
immediate phase is relevant during the first 
seconds and minutes of infection and allows 
the pathogen to survive in the hostile envi-
ronment. Then the second, the early phase is 
initiated. The pathogen secretes endogenous 
proteases that degrade host complement com-

Figure 2
The human pathogenic yeast Can-
dida albicans uses specific surface 
proteins to acquire human regula-
tors and effector proteins. 
Candida expresses several surface 
proteins that are termed CRASP1 
– CRASP5 (Complement Regulator 
Acquiring Surface Proteins) that bind 
human complement regulators Factor 
H, FHL1, C4binding protein (C4BP) 
and also Plasminogen. The confocal 
image reveals that the bound proteins 
(shown in green) attach distant to the 
cell wall (shown in blue colour).

Department of Infection Biology   HKI Research Report 2008 | 2009



34

ponents and thus inactivate complement and 
inhibit formation of dangerous effector prod-
ucts (Figure 3).

Similarly to Candida, also the opportunistic 
human pathogenic fungus Aspergillus fumiga-
tus secretes proteases that control complement 
activation and block release of damaging effec-
tor compounds. Culture supernatant derived 
from A. fumigatus efficiently cleaves the hu-
man complement components C3, C4, C5, C1q 
as well as immunoglobulin G. The Aspergillus 
encoded alkaline protease Alp1, which is se-
creted at high levels in the culture superna-
tant was identified as the central molecule 
responsible for this cleavage. The role of Alp1 
was confirmed by generating an alp1 dele-
tion strain which exerts minimal complement 
degrading activity. Thus, Aspergillus Alp1 
cleaves and degrades multiple host immune 
and complement effector components.

The human complement system and the 
newly generated activation compounds form 
a central and important immune barrier for 
pathogenic fungi, as well as for all infectious 
microbes and for microbial pathogens. There-
fore any pathogen that aims to establish an 
infection and that aims to survive in an im-
munocompetent host has to cross and control 
this important immune barrier. The molecular 
identification of the multiple, timely separated 
evasion strategies highlights the complex in-
teraction of pathogenic yeast and of the host 
immune response. The identification of micro-
bial proteins that are central and relevant for 
infection and virulence provide interesting 
and promising candidates for immune inter-
vention.

Figure 3
The human pathogenic yeast Can-
dida albicans uses two separate 
mechanisms to inactivate human 
complement components. 
The two mechanisms act at different 
phases of the infection. In the im-
mediate phase of an infection (1, left 
panel) Candida acquires host regula-
tors. These acquired host regulators 
inhibit complement and inactivate 
C3b. Bound plasminogen can be 
activated to the active protease 
plasmin that cleaves extracellular 
matrix components as well as immu-
noglobulins (IgG).

The second, early phase (2, right 
panel) is characterized by the secre-
tion of aspartyl proteases (SAP). In 
particular SAP proteins (SAP1, SAP2 
and SAP3) degrade the human com-
plement proteins C3, C4 and C5 and 
block complement activation.

This type of combined immune 
evasion seems common to human 
pathogenic yeast and has also been 
detected for the dermatophyte 
Arthroderma benhamiae and Aspergil-
lus fumigatus.
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Immune evasion of human
pathogenic microbes

Group Leader: Peter F. Zipfel

Complement evasion is a common strategy 
used by multiple different pathogenic mi-
crobes including Gram positive bacteria, such 
as Streptococcus pyogenes, S. pneumoniae and 
Staphylococcus aureus, as well as Gram nega-
tive bacteria including Borrelia burgdorferi, 
related Borrelia species and Pseudomonas 
aeruginosa. The characterization of the vari-
ous complement regulator binding proteins 
reveals patterns of similarity and identity, 
as well as diversity. The concept is emerging 
that individual CRAS proteins (complement 
regulator acquiring surface protein) that are 
derived from the various pathogenic bacteria 
and fungi bind several human plasma pro-
teins and inhibitors including Factor H, FHL1, 
CFHR1, plasminogen, as well as extracellular 

matrix components such as fibronectin and fi-
brinogen at the same time.

The staphylococcal surface protein and secre-
ted protein Sbi (staphylococcal binder of im-
munoglobulins) is a recently identified bacte-
rial Factor H binding surface protein. Sbi also 
binds C3 and C3a, as well as immunoglobu-
lins and the human plasma component beta2 
glycoprotein (Figure 4). This bacterial surface 
protein binds Factor H together with C3 in a 
novel manner and forms a tripartite complex 
between Sbi, C3 and Factor H. Factor H toge-
ther with C3b is bound to the staphylococcal 
protein via the C-terminal surface attachment 
region and is thus orientated in a way that 
leaves the N-terminal regulatory region ex-
posed and accessible. This allows control and 
inhibition of complement activation and block-
ade of toxic complement effector functions at 
or close to the bacterial surface. Consequently, 
the pathogen can survive, evade and control 
host complement attack.

2

Figure 4
Sbi protein of the Gram positive
bacterium Streptococcus pyogenes 
binds multiple host proteins. 
Sbi (staphylococcal binder of immu-
noglobulin) binds multiple human 
soluble proteins such as IgG, ApoH 
and binds Factor H together with C3b 
to form a tripartite complex. Factor H 
is bound with the C-terminus together 
with C3b to Sbi domains III and IV. 
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Group ImmunoRegulation

Group Leader: Christine Skerka

The activated complement system exerts im-
mune effector functions and modulates the 
intensity of the response in a self-controlling 
manner. An appropriate innate immune re-
sponse is needed for recognition and removal 
of infectious agents and also for elimination of 
modified self cells.

Several complement regulatory proteins that 
are distributed in body fluids as well as an-
chored on self cell surfaces allow this type of 
self-control. The regulators control activation 
and progression of the cascade and ensure ef-
ficient inhibition of activated complement com-
ponents on self tissues and further terminate 
complement activation. The importance of this 
regulation is reflected by the fact that several 
autoimmune diseases develop due to defective 
or absent complement regulators. Hemolytic 
Uremic Syndrome (HUS) and Membranoprolif-
erative Glomerulonephritis (MPGN) are severe 
kidney diseases which are associated with im-
paired complement control. Similarly Age Re-
lated Macular Degeneration (AMD), a frequent 
disease in elderly people, is caused by defec-
tive complement regulation.

The aim of the research group ImmunoRegu-
lation is to identify novel human complement 
regulators, to characterize their specific func-
tions, and also to identify their role in autoim-
mune diseases, as well as their role upon in-
fection.

The Factor H family includes the complement 
regulator Factor H and five additional Fac-
tor H related proteins (CFHR1 – CFHR5). All 
CFHR proteins are encoded by unique, sepa-
rate genes, which are located in the Factor 
H-CFHR gene cluster, adjacent to the Factor H 
gene. The common feature of this family of se-
creted proteins is their exclusive composition 
of individual domains called short consensus 
repeats (SCR). The individual SCR domains of 
the various CFHR proteins show different de-
grees of sequence identity to each other and 

The emerging theme of redundancy shows that 
most pathogenic microbes, such as Gram nega-
tive, Gram positive bacteria, human patho-
genic fungi, viruses as well as multicellular 
parasites express surface proteins that bind 
single human regulators. Thus a pathogenic 
microbe uses multiple Factor H-, as well as 
multiple plasminogen binding proteins. In ad-
dition individual microbial CRAS proteins are 
highly polymorphic which can be explained by 
antigenic variation.

CRAS proteins are identified in many patho-
genic microbes and are likely present in all 
pathogens. Based on their binding character-
istics for human complement inhibitors, CRAS 
proteins of such pathogenic microbes are di-
vided into two groups. The first group, rep-
resenting Type I proteins, bind Factor H and 
FHL1, but do not bind CFHR1. These proteins 
bind the two regulators via the major contact 
region, domain SCR 7. The second group, Type 
II proteins, bind Factor H and CFHR1, but do 
not bind FHL-1. Their major binding domain 
is contained in the C-terminal surface bind-
ing and attachment region of Factor H and 
CFHR1. Such unique binding characteristics 
are for example demonstrated for the type 
II Borrelia proteins CRASP3, CRASP4, and 
CRASP5. These three bacterial surface pro-
teins bind the C3 convertase inhibitor Factor 
H and the terminal pathway inhibitor CFHR1 
at the same time. Each of the three borrelial 
proteins has unique binding properties and 
in particular CRASP5 selects for CFHR1 and 
binds CFHR1 with higher intensity, as com-
pared to Factor H. The effect of CRASP bound 
human regulators is at least two fold. The two 
human plasma proteins CFHR1 and Factor H 
bind simultaneously to the same site and com-
pete for binding. Thus binding of CFHR1 is at 
the expense of Factor H mediated inhibitory 
activity on the C3 convertase level and for the 
gain of the CFHR1 mediated inhibitory effects 
on the C5 convertase and on the terminal 
pathway. This pattern of recruitment indicates 
that during bacterial infection also binding of 
the terminal pathway regulator CFHR1 is ben-
eficial for the pathogen. Thus controlling and 
inhibiting the terminal phase of complement 
is relevant for infection.

3
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to Factor H, indicating complement regulatory 
functions. The function of each plasma pro-
tein in complement activation and regulation 
is currently poorly understood.

Interestingly a homozygous chromosomal 
deletion of the CFHR1 and CFHR3 genes, is 
a predisposing factor for the development of 
atypical HUS. In the Jena cohort of 147 HUS 
patients, 15 percent of the patients are ho-
mozygous deficient for CFHR1 and CFHR3, as 
compared to 2 % in healthy control cohort indi-
viduals. We have identified the chromosomal 
breakpoints in the genome of these patients 
and showed that a 84 kbp genomic fragment 
that is positioned downstream of the Factor H 
gene is deleted. About 75 % of patients with the 
homozygous deletion of CFHR1 and CFHR3 
are also positive for autoantibodies to Factor 
H. This correlation shows that deficiency of 
CFHR1 and CFHR3 is a predisposing factor for 
the development of autoantibodies in HUS. The 
presence of the autoantibodies leads to the dis-

ease. Based on the common features of these 
patients this subgroup was termed DEAP-HUS 
(deficient of CFHR proteins and autoantibody 
positive, Figure 5). How exactly CFHR1 and 
CFHR3 deficiency causes a break of tolerance 
and enables autoantibody formation to Factor 
H is currently unclear and subject to further 
investigations.
As the chromosomal deletion results in a com-
plete loss of CFHR1 and CFHR3 proteins as 
well as to generation of autoantibodies, our in-
terest was to identify the function of CFHR1. 
CFHR1 is a novel human complement regu-
lator, that inhibits the C5 convertase activity 
and that blocks the assembly of the terminal 
complement pathway (Figure 6). Thus the ab-
sence of CFHR1 in plasma due to deletion of 
the CFHR1 gene results in a loss of comple-
ment regulatory activity (Figure 7).

These results have implications for diagnosis 
and therapy of DEAP-HUS patients, who need 
supplementation of the CFHR1 and CFHR3 pro-

Figure 5
Gene mutations in different complement 
genes cause various subforms of Hemo-
lytic Uremic Syndrome (HUS). 
Gene mutations in several complement genes 
cause the renal disease Hemolytic Uremic 
Syndrome (HUS). The atypical form (aHUS) is 
associated with gene mutations that affect 
the regulators of the central complement 
convertase, such as Factor H, Factor I, MCP or 

thrombomodulin and also components of 
the convertase C3 and Factor B. The new form 
DEAP-HUS (deficient for CFHR plasma proteins 
and positive for autoantibodies to Factor H) is 
an autoimmune form where autoantibodies to 
Factor H are formed on the basis of a genetic 
deficiency. This autoimmune form is frequent 
in children and when properly diagnosed and 
treated has a rather good prognosis.

Department of Infection Biology   HKI Research Report 2008 | 2009



38

Figure 6
Model of coordinated comple-
ment regulation by factor H and 
CFHR1 on the cell surface. 
Factor H inhibits the C3 convertase 
C3bBb by decay activity as well as 
cofactor functions for proteolytic 
cleavage by the serine protease Factor 
I. Factor H binds to C3b and to self cell 
surfaces. CFHR1 acts downstream of 
factor H and blocks the C5 convertase 
C3bBbC3b by inhibition of C5 activa-
tion to C5b and C5a, as well as deposi-
tion of C5b6(7) to the membrane. 
CFHR1 binds to C3b and self cell 
surfaces and competes with factor H 
for binding sites.

Figure 7
Expression of CFHR1 in renal
and retinal tissue. 
Immunofluorescence staining of 
CFHR1 (green fluorescence) in renal 
and retinal human tissue. CFHR1 is 
detected at the lining of renal (upper 
panels) and occular (lower panels) 
blood vessels including large arteries, 
afferent and efferent arterioles associ-
ated with glomeruli (upper panel), or 
the choriocapillaries (lower panel) as 
well as Bruch’s membrane (nuclear 
counterstain: propidium iodide; origi-
nal magnification ×100). Thus CFHR1 
is present at the surface of endothelial 
cells and at the Bruch’s membrane. 
Autofluorescence of lipofuscin con-
taining cells appears yellow.
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teins in combination with immune suppressive 
therapy to reduce autoantibody titers. The re-
sults were directly translated into therapy and 
several patients were treated in collaboration 
with docent Dr. Müller from the Department of 
Pediatric Nephrology, Charité in Berlin.

Also the gene coding for CFHR2, an additional 
member of the Factor H family is associated 
with a renal disease with Membranoprolifera-
tive Glomerulonephritis type II. An MPGN pa-
tient was identified who showed a chromosom-
al rearrangement in the Factor H gene locus, 
that resulted into a duplication of the CFHR2 
gene. In order to determine the physiological 
relevance of this duplication the CFHR2 pro-
tein was recombinantly expressed and used 
for detailed functional characterization. Re-
combinant CFHR2 binds to the central com-
plement component C3b and to heparin. This 
binding preference indicates a role of CFHR2 
as human complement regulator, that likely 
also differentiates between self and non self 
surfaces. Further characterization of CFHR2 
will define the specific role of this protein.

Complement dysfunction in
human diseases

Group Leaders: Christine Skerka,
Peter F. Zipfel

Complement has a major and central role in 
maintaining tissue and cell integrity and 
homeostasis. Consequently genetic modifica-
tions of central complement inhibitors and 
components affect this delicate balance and 
lead to disease.

Several genetic scenarios, including gene mu-
tations, gene deletion and copy number vari-
ations of complement genes result in human 
diseases. Gene mutations in the Factor H gene 
develop into multiple disorders manifesting 
in the kidney such as Hemolytic Uremic Syn-
drome (HUS) and Membranoproliferative Glo-
merulonephritis type II (MPGN II) or in the 
retina of the eye causing Age Related Macular 
Degeneration (AMD).

Factor H gene mutations are frequently ob-
served in the rare disorder Atypical Hemo-
lytic Uremic Syndrome (aHUS). For this dis-
ease, the identified mutations cluster in the C-
terminal surface recognition and attachment 
region of the Factor H protein and the majority 
of mutations occur in heterozygous setting. 
This genetic predisposition shows for the ma-
jority of patients one intact and one defective 
allele resulting in reduced Factor H plasma 
and functional levels. Apparently these condi-
tions result in almost normal fluid phase com-
plement control, but in situations of immune 
stress and local cell damage when soluble 
regulators are required at the cell surface, the 
defective function or reduced protective level 
affects tissue and cell homeostasis (Figure 8). 
We have established a large registry for atypi-
cal HUS patients and a European based regis-
try for the autoimmune form DEAP-HUS.

Factor H gene mutations in the severe renal 
disease Membranoproliferative Gomerulo-
nephritis type II (MPGN II) affect both alleles 
and most frequently cause a block of protein 
secretion. Defective Factor H secretion is fre-
quently reported for mutations which affect 
central, architectural relevant Cys residues. 
Exchange of these conserved residues causes 
defective protein folding and intracellular pro-
cessing and leads to block of protein secretion. 
Most of the patients lack Factor H in plasma 
and this results in uncontrolled complement 
activation in the fluid phase, consumption of 
C3 and low levels of active C3 molecules in the 
circulation. Patients develop kidney damage 
due to thickening of the glomerular basement 
with deposits within the lamina densa of the 
glomerular basement membrane. In addition 
to several human cases this type of mutation 
has been confirmed in animal models, such as 
Factor H deficient pigs, which represent nat-
ural mutants and the first animal model for 
MPGN, and in Factor H knock out mice, which 
were genetically designed.
 
A European MPGN registry was established, 
which includes more than 50 MPGN patients 
from different European countries. About 
65 % of the individuals show defective com-
plement activation or control and genetic 
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analysis of the Factor H gene revealed one 
mutation in two sisters from a consanguin-
eous family who lack one single amino acid 
in SCR4 of Factor H (DLys224) which is con-
tained in the complement regulatory region 
of the protein and which affects the comple-
ment inhibitory functions. In addition two 
sequence variations were identified in the 
Factor B gene which are more frequent in 
the MPGN cohort as compared to the control 
group. Similarly a novel allele was identified 
in the gene coding for CFHR1. This particular 
SNP occurs at low levels and is detected with 
similar frequencies in the MPGN cohort and 
in the control group (Figure 6). In summary 
complement genes are associated with severe 
renal diseases and apparently the fine tuned 
regulation of complement in renal tissue is 
important for tissue homeostasis. Defective 
regulation at levels of the C3 and C5 con-
vertase apparently affects homeostasis and 
develops into pathology.

For the retinal disease Age Related Macu-
lar Degeneration (AMD), which is a common 
form of blindness in the elderly population of 
the Western World, a common polymorphism, 
resulting in the exchange of a Tyrosine to His-
tidine residue at position 402 of Factor H is 
associated with the disease.

The various Factor H mutations and amino 
acid exchanges within this multifunctional 
protein cause defects that manifest in differ-
ent organs, like the kidney and the retina. 
Thus complement Factor H plays a central role 
for organ and cell homeostasis and different 
regions of this multifunctional protein are 
required for local activity in different organs. 
In summary mutations or chromosomal dele-
tions within the Factor H-CFHR gene cluster 
affect local control of complement at surfaces 
and result in autoimmune diseases. Under-
standing the molecular processes in comple-
ment regulation helps to define the underly-
ing pathomechanisms of diverse diseases 

Figure 8
Chromosomal deletion of a 84 kbp
fragment in the Factor H gene. 
Genetic deletion of the two genes in
the Factor H gene cluster CFHR1 and
CFHR3 are associated with the kidney 
disease HUS, but at the same time 
show a protective effect for AMD.
Different genetic variants were identi-
fied which show that non homo-
logues recombination causes deletion 
in the Factor H gene cluster on hu-
man chromosome 1.
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blocks generation of inflammatory mediators, 
such as anaphylactic peptide C5a.

Factor H mediated clearance and removal of 
modified and altered self material is further 
affected and controlled by the acute phase re-
actant C-reactive protein (CRP). Factor H binds 
in a calcium independent manner to mono-
meric CRP (mCRP), but not to pentameric CRP 
(pCRP). Factor H has three major binding sites 
for mCRP. We recently identified an additional, 
novel binding site. This third binding site is 
located within the C-terminal SCRs 18-20, that 
forms the central recognition and cell attach-
ment site of Factor H. On the surface of altered 
self cells, phosphorylcholine represents a ma-
jor ligand for mCRP and mCRP directs Factor 
H to the surface of damaged and modified hu-
man cells, like apoptotic endothelial cells. Fac-
tor H - mCRP complexes enhance C3b inactiva-
tion both in fluid phase and in particular on the 
surface of damaged cells and inhibit produc-
tion of pro-inflammatory cytokines like TNF-a 
and IL-8. By recruiting the soluble complement 
inhibitor Factor H to the surface of damaged 
cells, mCRP inhibits progression of the comple-
ment cascade beyond the C3 convertase level 
and prevents formation of inflammatory activa-
tion products. Thus mCRP-Factor H complexes 
contribute to the safe removal of opsonized 
damaged cells and particles.

Technical Support Unit

Group Leader: Susanne Lorenz

Technical Support Unit for Media Produc-
tion and Waste Management
The Technical Support Unit provides media 
and basic research material for all depart-
ments and research groups of the institute. In 
addition, waste management for inactivation 
of hazardous biological compounds is a major 
area of responsibility of this unit.

including HUS, MPGN and AMD. This allows 
to establish novel diagnostic approaches and 
new concepts for therapy.

Role of complement and of
Factor H in apoptosis

Group Leader: Peter F. Zipfel

Every day billions of cells are generated in 
any vertebrate as part of development, tissue 
remodeling, cellular senescence or as non pro-
ductive or selected immune cells that need to 
be eliminated. Efficient clearance and rapid 
elimination of such unwanted cells, cellular 
debris and particles is central for homeostasis. 
Complement has a major role in the recogni-
tion and removal of modified self cells, includ-
ing necrotic cells, as well as apoptotic cells 
and apoptotic particles (Figure 1). Apoptotic 
cells, apoptotic particles, as well as necrotic 
debris and also cytoplasmic components re-
leased during the process of necrosis, need to 
be eliminated in a fast, safe and non inflam-
matory manner. Rapid and efficiently removal 
of such material occurs by phagocytosis. Com-
plement is central in these steps as comple-
ment tags modified self cells and material to 
enhance phagocytosis in an immunologically 
silent, efficient and non inflammatory manner.

Recent evidence shows that the complement 
regulator Factor H is actively involved in the 
removal of cellular debris and modified self 
cells. Factor H binds specifically to the surface 
of apoptotic particles or necrotic cells and as-
sists in the efficient removal of such particles. 
This process apparently requires a fine tuned 
and regulated activation of the complement 
cascade to the level of C3 convertase. This ac-
tivation leads to controlled and moderate ac-
tivity of C3 convertase to allow opsonization 
of altered self surfaces and particles with C3b 
and C3d. Surface bound C3d enhances op-
sonization and uptake by phagocytic cells. For 
these regulated events Factor H inhibits down-
stream steps and to ensure that further activa-
tion and progression of the C5 convertase and 
of the terminal pathway is restricted. Control 
at this level ensures efficient opsonization and 

5
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Department of Microbial Pathogenicity Mechanisms

The Department of Microbial Pathogenicity 
Mechanisms (MPM) is concerned with the in-
vestigation of infections caused by human 
pathogenic fungi. Research is focused on the 
pathogenesis of mycoses due to the yeasts Can-
dida albicans and Candida glabrata.
The scientific work of MPM includes several 
projects based on close collaborations with 
other departments of the Hans Knöll Institute 
and a number of established national and in-
ternational research groups. 
Members and projects of MPM are supported 
by several national and international pro-
grammes and research funding organisations 
such as: Netzwerk Grundlagenforschung (of 
the HKI), Jena School for Microbial Communi-
cation (JSMC), International Leibniz Research 

School (ILRS), Deutsche Forschungsgemein-
schaft (DFG), Coordenação de Aperfeiçoa-
mento de Pessoal de Nível Superior (CAPES, 
Brasil), Studienstiftung des Deutschen Volkes, 
Federal Ministry of Education and Research 
(BMBF), and the Framework 7 programme of 
the European Union. Projects are integrated 
into networks such as the FunPath consor-
tium, the FINSysB network, or the DFG Prior-
ity Programme SPP1160 “Colonisation and In-
fection by Human Pathogenic Fungi”. Finally, 
research is supported in parts by companies 
such as Bayer Vital GmbH or Biolitec AG.

Candida infections
In contrast to most pathogenic fungi of hu-
mans, such as Aspergillus fumigatus, Cryptococ-

Die Abteilung Mikrobielle Pathogenitäts-
mechanismen (MPM) wurde im Frühjahr 
2007 gegründet und erforscht die Ursache 
und Entwicklung von Infektionen durch 
humanpathogene Pilze. Die Untersuchungen 
konzentrieren sich dabei auf die Pathogenese 
von Pilzinfektionen durch Hefen, insbesondere 
Candida albicans und Candida glabrata.
Die wissenschaftliche Arbeit der Abteilung 
MPM beinhaltet verschiedene Projekte und 
basiert auf engen Kooperationen mit anderen 
Abteilungen des Hans-Knöll-Instituts und 
etablierten nationalen und zahlreichen inter-
nationalen Forschungsgruppen. 
Die Mitglieder und deren Projekte werden von 
verschiedenen nationalen und internationalen 
Programmen und Forschungsförderungsinsti-
tutionen unterstützt, wie beispielsweise durch 
das Netzwerk Grundlagenforschung (HKI), 
die Jena School for Microbial Communication 

(JSMC), International Leibniz Research School 
(ILRS), die Deutsche Forschungsgemeinschaft 
(DFG), Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior (CAPES, Brasilien), 
die Studienstiftung des Deutschen Volkes, 
das Bundesministerium für Bildung und For-
schung (BMBF) und Framework 7, ein Pro-
gramm der Europäischen Union. Die Projekte 
sind integriert in Netzwerke wie die FunPath-
Initiative, FinSysB oder das DFG-Schwerpunkt-
programm SPP1160 “Colonisation and Infec-
tion by Human Pathogenic Fungi”. Teilweise 
werden die Projekte auch durch Firmen wie 
Bayer Vital GmbH und Biolitec AG unterstützt.

Candida-Infektionen
Im Gegensatz zu vielen anderen krankheits-
erregenden Pilzen des Menschen, wie zum 
Beispiel Aspergillus fumigatus, Cryptococcus 
neoformans und Histoplasma capsulatum, 

Head:
Prof. Dr. Bernhard Hube
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cus neoformans and Histoplasma capsulatum, 
which are found in the environment, Candida 
albicans and C. glabrata belong to the normal 
microbial flora of the skin, intestinal tract or 
other mucosal surfaces, and are regarded as 
harmless commensals under most circum-
stances. In fact, these commensal yeasts can 
be detected in up to 71 % of the healthy popula-
tion depending on the methods of sample col-
lection and the body sites (Ruhnke, 2001).
An intact immune system and a balanced mi-
crobial flora are normally sufficient to protect 
an individual from Candida infections. How-
ever, certain critical events such as extensive 
antibacterial treatment or immune system 
dysfunction may enable these fungi to over-
grow the microbial flora on mucosal surfaces 

(superficial candidosis). In hospital settings, 
Candida species may cause life-threatening 
systemic and invasive infections in a grow-
ing population of vulnerable patients. In fact, 
bloodstream infections due to Candida (candi-
daemia) are associated with the highest crude 
mortality rate of all bloodstream infections, 
even higher than those caused by bacteria 
(Perlroth et al., 2007). Candida cells may en-
ter the bloodstream by direct penetration from 
epithelial tissues, due to damage of barriers 
in the body caused by surgery, polytrauma or 
drug treatment, or may spread from biofilms 
produced on medical devices (e. g. catheter). 
From the bloodstream, cells can infect every 
organ of the body (invasive candidosis), but ap-
pear to prefer certain organs depending upon 

welche normalerweise nur in der Umwelt zu 
finden sind, zählen Candida albicans und Can-
dida glabrata zur normalen mikrobiellen Flora 
der Haut, des Verdauungstraktes oder anderer 
Oberflächen mit Schleimhäuten, und gelten in 
der Regel als harmlose Kommensale. Tatsäch-
lich können diese kommensalen Hefen bei bis 
zu 71 % der gesunden Bevölkerung gefunden 
werden, abhängig von den Untersuchungsme-
thoden und der Körperregion (Ruhnke, 2001).
Ein intaktes Immunsystem und eine gesunde 
mikrobielle Flora sind normalerweise aus-
reichend, um einen Menschen vor einer 
Candida-Infektion zu schützen. Unter be-
stimmten Umständen, zum Beispiel nach 
antibakteriellen Behandlungen oder bei Fehl-
funktionen des Immunsystems, kann der Pilz 
die normale mikrobielle Flora auf Schleim-
hautoberflächen überwuchern (oberflächliche 
Candidosen). In einer stetig anwachsenden 

Anzahl von gefährdeten Patienten, die in 
Krankenhäusern behandelt werden, können 
Candida-Arten sogar lebensbedrohliche 
systemische und invasive Infektionen ver-
ursachen. Tatsächlich ist die Letalitätsrate bei 
Blutinfektionen durch Candida (Candidämie) 
höher als bei bakteriellen Infektionen (Perlroth 
et al., 2007). Candida-Zellen können das Blut-
gefäß-System durch direkte Penetration 
von den Epithelschichten, nach Zerstörung 
physikalischer Barrieren durch chirurgische 
Eingriffe, Polytrauma oder medikamentöse 
Behandlungen, oder durch Verbreitung aus-
gehend von Biofilmen auf implantierten 
medizinischen Hilfsmitteln (z. B. Katheter), er-
reichen. Von den Blutgefäßen aus können die 
Pilzzellen praktisch jedes Organ des Menschen 
infizieren (invasive Candidosen), sie scheinen 
jedoch, je nach Infektionsroute, bestimmte 
Organe zu bevorzugen (Kullberg et al., 2002). 
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penetrates into deeper tissue and may enter 
the bloodstream. From the bloodstream, the 
fungus has the potential to invade almost all 
body sites and organs, causing life-threaten-
ing systemic infections that require the ad-
aptation to a variety of different environmen-
tal stresses. Therefore, C. albicans is able to 
survive and proliferate in radically changing 
environments with drastic changes in oxygen 
and carbon dioxide, pH, osmolarity, availabil-
ity of nutrients and temperature. In addition 
it has to resist the constant surveillance of the 
immune system. Few pathogenic microorgan-
isms have the potential to cause infections at 
such a broad range of body sites.
The availability of the C. albicans genome 
sequence and whole-genome microarrays, 

the route of infection (Kullberg et al., 2002). 
Only relatively minor immunosuppression is 
required to predispose to invasive Candida 
infections, and Candida is by far the most com-
mon cause of nosocomial (hospital acquired) 
fungal infections (Perlroth et al., 2007).

Candida albicans
The yeast Candida albicans is regarded as the 
most important of all medically relevant fungi 
and is an extremely successful pathogen of 
human beings. C. albicans is a polymorphic 
yeast which belongs to the normal microbial 
flora of human beings. Oral and vaginal infec-
tions with C. albicans are extremely common 
in even mildly immunocompromised individu-
als. Furthermore, in severe cases, C. albicans 

Bereits relativ geringe Immunosuppressionen 
reichen aus, um einen Menschen für eine in-
vasive Candidose empfänglich zu machen 
und Candida gilt als der bei weitem häufigste 
Erreger von nosokomialen (im Krankenhaus 
erworbenen) Pilzinfektionen (Perlroth et al., 
2007).

Candida albicans
Candida albicans gilt als der medizinisch 
wichtigste Pilz und ist ein extrem erfolg-
reicher Pathogen des Menschen. C. albicans 
ist eine polymorphe Hefe, die zur normalen 
mikrobiellen Flora des Menschen gehört. 
Selbst bei Menschen mit einem nur gering 
geschwächten Immunsystem kommen häufig 
orale und vaginale C. albicans-Infektionen 
vor. Bei stärkeren Störungen kann es dazu 
kommen, dass C. albicans in tiefere Gewebe-
schichten vordringt und von dort sogar das 

Blutsystem erreicht. Aus dem Blut kann C. 
albicans in die meisten Organe eindringen und 
so lebensbedrohliche systemische Infektionen 
hervorrufen. Während dieses Prozesses 
muss sich C. albicans an unterschiedlichste 
Umweltbedingungen anpassen – dazu gehören 
Schwankungen im Sauerstoff- und Kohlendi-
oxidgehalt, dem pH-Wert, der Osmolarität, den 
verfügbaren Nährstoffen und der Temperatur. 
Außerdem muss der Pilz den Angriffen des 
Immunsystems widerstehen. Nur wenige 
Mikroorganismen sind wie C. albicans in der 
Lage, an so vielen verschiedenen Stellen des 
Körpers Infektionen hervorzurufen. 
Durch die Verfügbarkeit der Sequenz des 
C. albicans-Genoms und von genomweiten 
Mikroarray-Chips, sowie der Entwicklung 
von Techniken, die relativ einfach schnelle 
molekularbiologische Manipulationen des C. 
albicans-Genoms ermöglichen, wurden in den 
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as well as the development of tools for rapid 
molecular-genetic manipulations of the C. albi-
cans genome are generating an explosion of in-
formation about the intriguing biology of this 
pathogen and about its virulence mechanisms 
(Berman et al., 2002). In addition, a number of 
infection models have been established to in-
vestigate aspects of Candida infections includ-
ing genome wide gene expression and the con-
tribution of selected genes during experimen-
tal infection (Zakikhany et al., 2007; Schaller 
et al., 2006; Thewes et al., 2007).

Candida glabrata
C. glabrata has been recognised as an emerg-
ing pathogen, with increasing numbers of 
clinical isolates. In many cases C. glabrata is 

letzten Jahren eine Fülle von Informationen 
über die faszinierende Biologie und die 
Virulenzmechanismen dieses Pathogens 
generiert (Berman et al., 2002). Darüber hinaus 
wurde eine Reihe von Infektionsmodellen 
etabliert, um genomweite Genexpressionen 
oder die Beteiligung von ausgesuchten Genen 
bei Infektionen untersuchen zu können 
(Zakikhany et al., 2007; Schaller et al., 2006; 
Thewes et al., 2007).

Candida glabrata 
C. glabrata gilt als “emerging pathogen”, der 
immer häufiger in Kliniken isoliert wird. In 
vielen Fällen ist C. glabrata nach C. albicans 
mittlerweile die zweithäufigste pathogene 
Hefe, die beim Menschen gefunden wird. Ein 
wichtiger Faktor dabei dürfte die natürliche 
hohe Resistenz gegen die meisten gebräuch-
lichen Antimykotika sein. Trotzdem gibt 

es relativ wenig Studien, die sich mit den 
Pathogenitäts-Mechanismen von C. glabrata 
befassen. 
Drei Eigenschaften machen C. glabrata zu ei-
nem attraktiven Modellorganismus für Pilzin-
fektionen: C. glabrata ist ein nicht-filamentöser 
Pilz, hat ein haploides Genom und ist ein na-
her Verwandter der klassischen Bäckerhefe 
Saccharomyces cerevisiae. Die Sequenzierung 
des C. glabrata-Genoms brachte verblüffende 
Ähnlichkeiten mit S. cerevisiae zutage (Dujon 
et al., 2004). Viele genomische und molekular-
biologische Werkzeuge, wie z. B. Promotoren, 
Markergene, Reportergene und selbst Plasmi-
de können in beiden Hefen verwendet werden. 
Die bekannte Genomsequenz von C. glabrata, 
eine Transposon-Insertions-Bibliothek und 
Mikroarray-Chip-Techniken, bilden eine soli-
de Basis für die molekulare Analyse der Patho-
genitätsmechaismen.

the second most prevalent pathogenic yeast 
in humans after C. albicans. Importantly, this 
fungus has a naturally high resistance to most 
commonly used antifungal agents. Yet, rela-
tively few studies have dealt with the pathoge-
nicity mechanisms of C. glabrata.
Three attributes make C. glabrata an attractive 
model organism for fungal infections: C. gla-
brata is non-filamentous, has a haploid genome 
and is very closely related to the non-patho-
genic baker’s yeast Saccharomyces cerevisiae. 
In fact, the sequencing of the C. glabrata ge-
nome uncovered many striking similarities 
to S. cerevisiae (Dujon et al., 2004). Many ge-
nomic and molecular biology tools such as pro-
moters, markers, reporters and even plasmids 
are interchangeable between the two yeasts. 
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The known genome sequence of C. glabrata, a 
transposon insertion library and microarray 
techniques provide a solid basis for advanced 
molecular analysis of pathogenicity traits and 
mechanisms.

Analysis of the pathogenicity mechanisms 
of Candida
Using cellular, microbial, molecular and bio-
chemical methods and C. albicans or C. glabra-
ta as model organisms, the goal of the depart-
ment of MPM is to identify factors which fun-
gal pathogens needs in order to cause disease. 
In addition to these efforts to increase our 
understanding of the basics of pathogenesis of 
fungal infections, the department also seeks 
to identify new potential targets for antimy-
cotic drug development.

Infection models for fungal infections
Integrated into the department of MPM is a re-
search group which carries out experimental 
fungal infections using in vitro, ex vivo and in 
vivo infection models.
Infection models in mice are routinely used 
to study virulence of Aspergillus fumigatus 
and Candida albicans mutant strains. Murine 
models for A. terreus and C. glabrata, two ad-
ditional fungal pathogens studied by groups 
of the HKI, are further developed. Survival is 
the traditional readout parameter for most in 
vivo models; however, in depth post mortem 
analysis is necessary to dissect the under-
lying mechanisms leading to attenuation of 
defined mutants. Histopathology is a useful 
way to gain information on the cellular pro-

Untersuchungen zu Pathogenitäts-
mechanismen von Candida
Ziel der Forschungen der Abteilung MPM ist 
es, am Beispiel von Candida-Hefen aufzuklä-
ren, welche Faktoren krankheitserregende Pil-
ze benötigen, um Infektionen zu verursachen, 
und welche Mechanismen bei den Interaktio-
nen von C. albicans und C. glabrata mit dem 
Wirt Krankheiten auslösen. Dabei kommen 
zelluläre, mikrobiologische, molekulare und 
biochemische Methoden zum Einsatz. Durch 
die Erforschung der Ursachen der Pathogeni-
tät sollen nicht nur die Pathogenitätsmecha-
nismen besser verstanden, sondern auch An-
satzpunkte für neue Medikamente gefunden 
werden.

Infektionsmodelle zur Untersuchung pa-
thogener Pilze
Eingebettet in die Abteilung MPM ist die 
Forschungsgruppe Infektionsmodelle und 

Wirkstoffprüfung. Forschungsschwerpunkte 
dieser Gruppe liegen auf der experimentellen 
Infektionsbiologie.
Zur Untersuchung der Virulenz von Aspergil-
lus fumigatus und Candida albicans setzt die 
Gruppe etablierte Mausmodelle ein. Murine 
Infektionsmodelle für A. terreus und C. glab-
rata, zwei weitere humanpathogene Pilze, an 
denen am HKI geforscht wird, werden zur Zeit 
weiterentwickelt. Traditionell wird die Viru-
lenz von Pilzmutanten anhand der Mortalität 
infizierter Versuchstiere beurteilt. Um jedoch 
zu verstehen, warum bestimmte Mutationen 
die Virulenz vermindern, sind tiefergehende 
Untersuchungen notwendig. Mittels Histopa-
thologie können auf zellulärer Ebene Einblicke 
in den Infektionsprozess gewonnen werden. In 
Kooperation mit dem am Beutenberg-Campus 
ansässigen Fritz-Lipmann-Institut werden aus 
Gewebeproben histologische Präparate ange-
fertigt, die dann von der Gruppe ausgewertet 
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cesses during infection. In collaboration with 
the Fritz-Lipmann-Institute (FLI) at the Beu-
tenberg Campus we process tissue samples 
for histopathology. Additionally, organ dam-
age is monitored by measuring blood levels of 
marker enzymes.
Embryonated hen’s eggs are another valuable 
alternative model for studying host-fungal 
interactions. This model is being further im-
proved to study the infection process of fungal 
pathogens.
A tool to reduce and refine animal models is in 
vivo imaging. It can be used to directly moni-
tor the progression of infections and inflam-
mation in animals over time. We are currently 
establishing positron emission tomography/
computer tomography (PET/CT) to study the 

progression and magnitude of inflammation 
and fungal burden during invasive aspergillo-
sis and disseminated candidiasis in mice. 
As an essential part of the “Internal Product 
Line” the group also performs toxicological, 
pharmacological and immuno-pharmacolog-
ical assays with novel natural products and 
their synthetic derivatives. The group thereby 
contributes to the biological profiling of these 
substances.
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werden. Als zusätzliche Informationsquelle 
über die Prozesse in vivo werden Parameter 
der klinischen Chemie und Blutenzymwerte 
herangezogen. 
Als Alternative zu Tierversuchen wird das 
Modell des embryonierten Hühnereis ver-
wendet. Dieses Modell wird zur Zeit gezielt 
weiterentwickelt, um es zur Untersuchung der 
Pathogenese von Pilzinfektionen einsetzen zu 
können.
Eine Möglichkeit, um Tierversuche zu ver-
ringen und zu verbessern, ist die bildliche in 
vivo-Darstellung. Dadurch kann der Infek-ti-
onsverlauf direkt überwacht werden. Zur Zeit 
etablieren wir eine Methode der Positronen-
Emissions-Tomograpie/Computer-Tomogra-
phy (PET/CT), um Verlauf und Ausmaß der 
Entzündung sowie den Pilzbefall während 
invasiver Aspergillose und Candidiasis zu un-
tersuchen. 

Innerhalb des HKI trägt die Gruppe zu-
dem zur Durchgehenden Bearbeitungslinie 
(DBL) bei. In diesem Rahmen werden toxi-
kologische, pharmakologische und immuno- 
logisch-pharmakologische Untersuchungen 
durchgeführt, die der biologischen Charakte-
risierung neuartiger Naturstoffe und ihrer 
Derivate dienen.
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Scientific Projects

Candida albicans interactions with 
human epithelial cells

Group Leaders: Betty Wächtler,
Bernhard Hube

The yeast Candida albicans is both, a harm-
less commensal and an aggressive pathogen. 
The fungus frequently causes superficial in-
fections by invading and damaging epithelial 
cells, but may also cause systemic infections 
by penetrating through epithelial barriers. 
During the most common type of oral infec-
tions – oropharyngeal candidosis, the fungus 
invades the oral mucosa and persists within 
the epithelium causing superfical lesions. 
However, the main reservoir of C. albicans is 
the gastro-intestinal tract, and systemic infec-
tions predominantly originate from this niche. 
Within healthy individuals, fungal prolifera-
tion, colonization and invasion are hindered 
by dense epithelial layers with high turnover 
rates and innate defence mechanisms such as 
secretion of antimicrobial compounds. How-
ever, C. albicans has developed strategies to 
overcome these defence mechanisms for both 
commensal growth and infection. One of the 
strategies includes the morphological switch 
from yeast cells to filamentous hyphae and 
the virulence attributes associated with the 
transition.

In this project we study the interactions be-
tween C. albicans and oral epithelial cells as 
well as enterocytes during early infections to 
identify mechanisms, by which C. albicans en-
ters these cells. One already described process 
during interaction with epithelial cells is the 
induction of its own endocytosis. In this pro-
cess, the hyphal associated GPI-protein Als3 
plays a key role in the up-take of the fungus by 
epithelial or endothelial cells via the host re-
ceptors E- and N-cadherin (Phan et al., 2007). 
A second mechanism is an active physical pen-
etration, supported by extracellular hydrolytic 

1 activity of the fungus. In vitro it is possible to 
clearly differentiate between these two pro-
cesses and in our studies we have begun to 
search for fungal factors which are involved 
in one or both routes of invasion. In collabora-
tion with Frederic Dalle (University of Dijon) 
we examined the interactions between C. al-
bicans and epithelial cells (cell line TR-146) 
and enterocytes (cell line Caco-2). The fungus 
is able to adhere to, invade into and damage 
these cells, however, to a different extent. This 
indicates that adhesion, invasion and damage 
by C. albicans depends on the host cell type 
and the differentiation stage of epithelial cells, 
demonstrating that host cells differ in their 
susceptibility to the fungus (Dalle et al., 2009). 
Furthermore, invasion into oral epithelial cells 
can occur via both distinct invasion routes: 
Induced endocytosis significantly contributes 
to early stages of invasion, while the major 
route at later stages is active penetration. In 
contrast, invasion into enterocytes occurs via 
active penetration only (Dalle et al., 2009). Sur-
prisingly, secreted aspartic proteases (Saps) of 
C. albicans seem to contribute to both induced 
endocytosis and active penetration. 

Furthermore, we investigated the molecular 
basis and further dissected the stages of C. albi-
cans interactions with epithelial cells by using 
a series of selected fungal mutants. Analysis 
of mutants defective in certain factors and/or 
activities showed that adhesion relies on regu-
lators of hyphal formation, hyphal orientation/
thigmotropism and cell wall integrity, a vacu-
olar sorting protein, and cell surface adhesins. 
Overall adhesion was found to be an important 
activity for subsequent invasion, as most mu-
tants with reduced adhesion properties also 
showed reduced invasion and damage of epi-
thelial cells. All steps of interaction required 
regulators of hyphal development, whereas 
hyphal orientation/thigmotropism, glycerol 
content, glycosylation, cell wall integrity and 
hyphal extension were specifically required 
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for invasion and damage. Moreover, host se-
rum factors influence adhesion, invasion and 
damage, whereas several tested extracellu-
lar matrix proteins have only a minor effect 
on these processes. Finally, invasion was not 
restricted to the initial invaded host cell and 
hyphae frequently penetrated adjacent cells, 
which can be considered as an additional stage 
of invasion. Therefore, distinct sets of fungal 
genes, factors and activities are necessary for 
the individual stages of C. albicans interacting 
with epithelial cells from attachment to inva-
sion and to damage.

Functional analysis of genes
associated with oral candidosis

Group Leaders: Ronny Martin,
Bernhard Hube

In this DFG-funded project (Hu528/10 “Iden-
tification and characterisation of virulence 

associated genes during oral infections with 
Candida albicans” within the priority pro-
gamme SPP 1160 “Colonisation and infec-
tion with human pathogenic fungi”) we have 
analysed the expression of C. albicans genes 
during experimental oral infection. To this 
end, we have used a model based on recon-
stituted human oral epithelium (RHE), a mul-
tilayer of the cell line TR146, which mimics 
epithelial tissue of the oral cavity (for details 
see Schaller et al., 2006). During infections of 
RHE with C. albicans we have identified three 
distinct stages: (i) attachment of fungal cells 
to the surface of the host tissue, (ii) invasion of 
C. albicans germ tubes into the superfical cell 
layer and (iii) dissemination of hyphae into 
the deeper parts of the tissue which corre-
lated with strong increasement of cell damage 
and ended in tissue destruction (Zakikhany 
et al., 2007). Transciptional profiling of C. al-
bicans during RHE infection identified stage-
specific gene expression. Attachment was 
characterized by expression of genes involved 

Figure 1
Transmission electron microscopic picture (TEM) of epithelial 
cells invaded by viable C. albicans hyphae. The fungal cells 
are tightly surrounded by the epithelial membrane and the 
epithelial cells show typical membrane ruffles.

Figure 2
Overlay picture of the interaction of C. albicans with oral 
epithelial cells. Invasion of C. albicans hyphae is clearly visible 
after differential staining. Bright field shows the epithelial 
and C. albicans cells. Fluorescence staining in red (ConA) 
after immunodetection of C. albicans before permeabilisa-
tion and in blue (CW) after permeabilisation for all C. albicans 
cells (extracellular and internalised).

2
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in the morphological change from yeast cells 
to germ tubes. During initial invasion, when 
germ tubes extended into elongated hyphae, 
we observed further strong expression of hy-
phae-associated genes. For example, ALS3, a 
gene encoding the first discovered C. albicans 
invasin involved in epithelial up-take of hy-
phae (induced endocytosis) (Phan et al., 2007), 
was strongly up-regulated during the first 
two phases of infection. The dissemination 
phase, however, was characterised by the up-
regulation of genes involved in the response 
to several stresses such as carbon starvation, 
limited nitrogen and phosphate sources and 
nitrosative stress. These data show that the 
fungus is challenged with strong environ-
mental changes during invasion and damage 
of human oral epithelial host cells (Zakikhany 
et al., 2007). A previously unknown function 
gene was up-regulated in these experimental 
oral infections as well as in oral samples iso-
lated from patients suffering from oral can-
didosis. A deletion mutant lacking this gene 
showed an interesting phenotype: after initial 
contact with human host cells it formed germ 
tubes and was able to invade the superfical 
layers of RHE. Inside host cells however, the 
mutant did not extent germ tubes into hyphae 
and switched back to yeast-like growth. These 
yeast cells remained trapped inside the su-
perfical RHE layers and did not disseminate 
into the deeper tissue parts. Therefore, the 
gene was called EED1 (Epithelial Escape and 
Dissemination 1) (Zakikhany et al., 2007). 
Further experiments have shown that Eed1 is 
an unique key regulator of hyphal extension 
in C. albicans and plays an essential role in 
the maintenance of filamentous growth and 
virulence in several infection models (Martin 
et al., revised).

This work is financed in part by the Deutsche 
Forschungsgemeinschaft (DFG) priority pro-
gram 1160 (Hu528/10).

Infection-associated Genes
of Candida albicans

Group Leaders: François Mayer,
Duncan Wilson, Bernhard Hube

Infection-associated genes
Transcriptional profiling is a powerful tool for 
dissecting the molecular mechanisms that an 
organism employs in response to specific en-
vironments. We have taken advantage of this 
technology to unravel the biology underlying 
Candida albicans infections; by analysing the 
transcriptome of this pathogen during various 
types of infection, we have begun to dissect 
which genes, regulons and biological process-
es are relevant during the infection process. 
Gene expression data has provided evidence 
about the types of microenvironments that 
the fungus encounters during infection of 
the host. For example, during liver infection, 
key enzymes of glycolysis, acetyl-CoA biosyn-
thesis and the TCA cycle were up-regulated, 
suggesting that C. albicans is able to utilise 
sugars during infection of this organ. On the 
other hand, within oral tissue, it appears that 
glucose is not available, as indicated by the 
up-regulation of components of gluconeogene-
sis and the glyoxylate cycle. Although capable 
of providing such detailed evidence about the 
pathogen’s behaviour in vivo, a major problem 
still exists in the interpretation of such data-
sets: usually, a large proportion of significant-
ly regulated genes are of unknown function. 
This problem is compounded by the fact that 
most annotations of the C. albicans genome 
have been achieved based on homology with 
the non-pathogenic yeast, Saccharomyces cer-
evisiae. We therefore hypothesised that genes 
of unknown function, which are specifically 
expressed during infection (“infection-as-
sociated genes”) are strong virulence factor 
candidates. Therefore, in this project, “infec-
tion-associated genes” were scrutinised in 
silico using bioinformatics tools to search for 
functional domains, localisation signals and 
relatedness to other species. Based on these 
analyses, a set of 50 genes with a high likeli-
hood of involvement in host-pathogen interac-
tions were selected for further investigation. 
In order to gather detailed information about 
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the roles of these genes during host-pathogen 
interactions, a number of approaches were 
taken. Primarily, expression of infection as-
sociated genes under different conditions was 
analysed in detail using GeneSpring software. 
Using this technique, we were able to define 
the transcriptional modularity of C. albicans 
during clinically relevant events and charac-
terise gene sets that are co-expressed under 
specific subsets of conditions. By combining 
information derived from these regulons with 
additional functional genomic data, we were 
able to begin to assign novel functional anno-
tations for uncharacterised genes. For further 
characterisation, mutants were generated with 
specific inactivations of infection-associated 
genes. Because C. albicans is diploid and lacks 
a fully defined sexual cycle, classical genet-
ics cannot be performed with this organism 
and advanced molecular biology approaches 
are required for genetic characterisation. The 
disruption strategy we employ is based on a 
rapid PCR method (Gola et al., 2003) using 

strain BWP17, which is auxotrophic for argi-
nine, histidine and uridine. First, ARG4- and 
HIS1-disruption cassettes were generated us-
ing primers containing approximately 100 
bp homology to the immediate upstream and 
downstream sequences of the relevant tar-
get gene. The ARG-disruption cassettes were 
then used in a primary transformation event 
to disrupt the first copy of the relevant gene 
of interest by homologous recombination. Het-
erozygotes were then transformed in a second 
transformation process with the HIS-disrup-
tion cassettes. Correct deletion of both alleles 
of the target gene was verified by diagnostic 
PCR and Southern blot analysis. In the final 
step, the remaining uridine auxotrophy of the 
homozygous mutant is used to restore a wild 
type copy of the gene of interest, thus satisfy-
ing Molecular Koch’s postulates.

Unlike certain bacterial pathogens, where 
production of a single toxin is sufficient for 
disease manifestation, the pathogenicity of 

Figure 3
Distinct stages of candidosis. Can-
dida albicans can cause superficial 
infections of mucosal surfaces (A); 
but this fungus can also gain access 
to the bloodstream (B) and from 
there disseminate to and infect 
internal organs such as the liver (C). 
For infection of solid organs/tissue, 
the fungus first adheres to host cells 
before invading and causing dam-
age. In the blood stream the fungus 
must deal with host immune cells 
such as polymorphonuclear (PMN) 
and mononuclear (MNC) cells.
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C. albicans relies on a range of virulence fac-
tors and fitness attributes such as the yeast-
to-hyphal transition, expression of adhesins, 
expression of invasins, secretion of hydro-
lytic enzymes, cell wall biogenesis, essential 
nutrient acquisition, together with metabolic 
flexibility and adaptation to stress. For these 
reasons, our set of infection associated gene 
mutants were first tested in vitro for their abil-
ity to form hyphae, invade agar, utilise alter-
native nutrient sources and respond appropri-
ately to various stresses. Next, mutants were 
assayed in defined infection models for their 
ability to adhere to and damage various types 
of human cells. By analysing the behaviour of 
our mutants in both classical in vitro condi-
tions and in defined infection models we are 
able to both assign biological function whilst 
simultaneously determining the role of the 
gene product during infection. We have begun 
to unravel the biological function of some of 
these genes and define their role during infec-
tion. In addition, we have developed a novel 
in vitro model for analysing a key step during 
systemic candidosis.

BIS1 mediates stress adaptation
and virulence
This gene was chosen for further investigation 
as it featured a strong upregulation during liv-
er infection, interaction with neutrophils and 
macrophages and under oxidative stress. In sil-
ico analysis revealed that this uncharacterised 
gene encodes a putative small heat shock pro-
tein (sHSP). Based on its strong upregulation in 
the blood infection model and the function as a 
possible sHSP, the gene was named BIS1 (blood 
induced stress protein 1). A primary screen for 
growth of a bis1D knock out mutant revealed 
that this gene is required for tolerance against 
specific stresses including thermal, oxidative, 
DTT and ethanol stress. Interestingly, osmotic 
stress bypassed BIS1 dependent thermal tol-
erance. The bis1D mutant displayed reduced 
survival during interaction with neutrophils. 
Moreover, BIS1 was required for full virulence 
in an in ovo infection model and demonstrated 
to be important for damage of both epithelial 
and endothelial cells. Taken together these re-
sults provide novel links between stress adap-
tation and fungal pathogenicity.

OCS2 encodes a predicted membrane pro-
tein required for invasive hyphal develop-
ment and oral epithelial tissue damage
This gene was identified due to its high ex-
pression late in experimental oral infection 
and in vivo samples from HIV patients suffer-
ing from oral candidosis, suggesting a role for 
this gene in the persistence of oral infections. 
In silico analysis predicted the presence of 
eight transmembrane helices. Its deletion re-
sulted in no apparent growth defects and nor-
mal hyphal development was observed under 
a number of induction conditions; however, 
the mutant was unable to produce invasive 
hyphae upon embedding in an agar matrix 
and was significantly attenuated in its ability 
to damage an oral epithelial monolayer. Taken 
together, these results suggests that OCS2 en-
codes an integral membrane protein required 
for invasive growth within host tissue.

An in vitro model of the circulatory system
The most serious form of candidosis occurs 
when this fungus gains access to the blood 
system. However, before infection of internal 
organs can occur, C. albicans must first adhere 
to and then traverse the endothelial lining of 
blood vessels under conditions of physiologi-
cal pressure. We therefore have developed an 
in vitro model for studying this key step. We 
discovered that a distinct stage in the yeast to 
hypha transition, mediated by the G1 cyclin 
Hgc1, is critical for endothelial adhesion un-
der such conditions of physiological flow.

This work is financed in part by the Inter-
national Leibniz Research School (ILRS) and 
the Marie Curie Intra-European Fellowship 
project “Interaction of fungal pathogens with 
host cells: a post-genomic approach”.

Localized virulence associated
gene expression pattern of
Candida albicans 

Group Leaders: Anja Lüttich, Sascha Brunke, 
Ilse Jacobsen, Bernhard Hube

Candida albicans is both a successful commen-
sal and a pathogen of humans that can infect a 
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broad range of body sites. The transition from 
commensalism to parasitism requires a sus-
ceptible host, but it is also an active process. 
Gene expression of C. albicans is regulated by 
an interplay between host and pathogen and, 
most likely, distinct transcriptional programs. 
Factors which determine the virulence of C. 
albicans are e. g. the expression of metabolic 
enzymes, mechanisms for the uptake of ami-
no acids and dimorphism (Barelle et al., 2006, 
Lorenz et al., 2001, Lo et al., 1997). However, 
there are many more factors which remain to 
be investigated or even discovered. Evolution-
ary adaptation of pathogens during interaction 
with host cells or within host environments 
occurs through the accumulation of mutations 
that improve the reproductive success of an 
organism. Studies on C. albicans resistance to 
antifungals have shown that the fungus can 
very rapidly (within weeks) adapt genetically 
to changing microenvironments (Cowen et al., 
2000). Serial passage experiments display a 
form of experimental evolution to monitor mo-
lecular and phenotypic evolution in real time 
(Ebert et al.,1998).

In this project we focus on two related topics: 
(1) Identification of virulence associated gene 
expression pattern and virulence associated 
genes during interaction with host cells using 
infection models, laser capture technologies 
and microarrays; and (2) identification of viru-
lence associated gene expression pattern and 
virulence associated genes using infection 
models and microevolution experiments.

Identification of virulence associated gene 
expression pattern and virulence associat-
ed genes using laser capture technologies
The capability to become a pathogen or the 
success of a pathogen relies on a rapid tran-
scriptional response to the constantly chang-
ing microenvironments on or within the host. 
Therefore, C. albicans possesses different tran-
scription programs and consequently express-
es several virulence associated genes during 
the different stages of infection (Wilson et al., 
2009). Elucidating the genes expressed dur-
ing infection may help to identify new puta-
tive drug targets or diagnostic markers.

The project aims to overcome one key limita-
tion of all current available transcriptional 
technologies for in vitro and in vivo transcrip-
tional profiling: that they are based on the 
transcript profile of populations of cells. The 
microdissection technology allows monitor-
ing of local gene expression pattern (single 
cell profiling) during interaction with host 
cells and, consequently, may help to detect 
genes specifically expressed during distinct 
stages of Candida albicans-host interactions 
on a cellular level. The laser capture process 
does not alter or damage the morphology and 
chemistry of the sample collected, nor of the 
surrounding cells. Thus the isolated cells can 
be used directly for RNA isolation. We started 
to establish an RNA isolation protocol using 
very low numbers of fungal cells followed by 
RNA-amplification. Currently, we are able to 
isolate RNA from a minimum of 1000 Candida 
cells, and to amplify these low RNA amounts 
to obtain sufficient starting material for 
microarray analysis. Furthermore, we aim to 
establish suitable infection models and sam-
ple collection protocols for our in vitro and in 
vivo microdissection technologies.

Identification of virulence associated gene 
expression pattern and virulence associ-
ated genes using microevolution experi-
ments
During the infection process, C. albicans has 
the potential to adapt to different host niches 
and to survive the attack of phagocytes, such 
as macrophages (Barelle et al., 2006; Enjalbert 
et al., 2007; Hube et al., 2004).
We use an experimental in vitro microevolu-
tion approach to identify factors and activities 
necessary for survival within, and escape 
from, macrophages. The advantage of in vitro 
evolution compared to analysing in vivo adap-
tations in patient samples is that experiments 
are subject to strict control of conditions (e. g. 
population size, strength of selection) and are 
easy to repeat and to reproduce. To monitor 
microevolutionary changes during interaction 
with host cells, we established a protocol for C. 
albicans-macrophage interactions. From a col-
lection of existing hyphal-deficient mutants, 
we identified one strain which cannot escape 
from macrophages, while the wild type can 

References
Barelle CJ et al. (2006)
Cell Microbiol 8, 961–971.

Cheng S et al. (2007) Cell Microbiol 9, 
492–501.

Cowen LE et al. (2000) J Bacteriol 182, 
1515–1522.

Ebert D (1998) Science 282, 1432–1435.

Enjalbert B et al. (2007) Infect Immun, 
2143–2151.

Hube B (2004) Curr Opin Microbiol 7, 
336–341.

Lo HJ et al. (1997) Cell 90, 939–949.

Lockhart SR et al. (1995) J Clin Micro-
biol 33, 1501–1509.

Lorenz MC, Fink GR (2001) Nature 412, 
83–86.

Mavor AL et al. (2005) Curr Drug 
Targets 6, 863–874.

Shin HJ et al. (2004) J Clin Microbiol 42, 
4025–4031.

Wilson D et al. (2009)
FEMS Yeast Res 9, 688–700.

Department of Microbial Pathogenicity Mechanisms   HKI Research Report 2008 | 2009



58

escape and kill macrophages. Eight mutants 
lacking regulators of hyphal formation were 
tested for their behavior during co-incubation 
with macrophages as compared to wild type 
cells. Four hours after infection, more than 
half of wild type cells escaped from the mac-
rophages. In contrast, none of the tested mu-
tants achieved such high escape rates. Since 
the efg1Δ/cph1Δ mutant is unable to produce 
hyphae under almost all tested conditions and 
unable to escape from macrophages, we chose 
this mutant for our microevolution experi-
ment and investigated the adaptation of this 
mutant within macrophages during a series 
of passages. 
After several passages, efg1Δ/cph1Δ exhib-
ited a dramatic phenotypic alteration and 
started to form filaments. These filaments 
enabled the evolved strain to escape from 
macrophages. Interestingly, this strain also 
formed filaments under several other tested 
hyphal inducing conditions, in contrast to the 
original efg1Δ/cph1Δ mutant. This phenotype 

was stable, indicating that a microevolution-
ary event has bypassed the mutations of the 
two key hyphal regulators CPH1 and EFG1. We 
have begun to elucidate the genetically stable 
modifications of the evolved strain by using 
microarrays and karyotype analysis.
 
Similarly, we are preparing to conduct an in 
vivo microevolution experiment to identify 
factors necessary for survival, immune eva-
sion and/or tissue destruction in the host. 
To date, only few studies have performed 
such microevolution experiments in vivo. The 
mechanisms and rates by which phenotypic 
and genotypic variation are generated during 
growth in the host are not well understood.
 
In the past, different groups showed micro-
evolution in a series of C. albicans isolates 
from patients using pulsed-field gel electro-
phoresis, DNA fingerprinting methods and 
restriction endonuclease analysis of genomic 
DNA (Lockhart et al., 1995; Shin et al., 2004). 

Figure 4
Quality of Candida albicans total RNA 
measured by BioAnalyzer.
(Red: high quality / Blue: low quality 
RNA sample / FU: fluorescence /
s: seconds)

Figure 5
Morphology of Candida albicans 
wild-type cells in macrophages (red)
a) Calcofluor-white staining (extracel-
lular + internalized cell),
b) Concanavalin-A staining (extracel-
lular cell),
c) merged; white lines show piercing 
of the macrophage by C. albicans 
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Others have found that C. albicans can become 
attenuated by continued in vivo passages 
through murine spleens (Cheng et al., 2007). 
Since the kidneys are main target organs dur-
ing invasive candidosis (Mavor et al., 2005), 
and C. albicans can persist in these organs 
despite a pronounced immune defence, we 
focussed on isolates from this organ for our 
microevolution experiments.

This project is financed in part by the Jena 
School for Microbial Communication (JSMC).

Infection-associated genes and
molecular biology of pigment
production of Candida glabrata

Group Leaders: Katja Seider,
Sascha Brunke, Bernhard Hube

The principal aim of this projects is to study 
the increasingly important human fungal 
pathogen, Candida glabrata, to better under-
stand the molecular mechanisms of its patho-
genicity.

C. glabrata is part of the typical microflora on 
human mucosal surfaces. Like C. albicans, it 
is considered to be a normally benign human 
commensal, but can turn into a successful op-
portunistic pathogen, which causes up to 20 % 
of mycoses in the clinical setting – by now it 
has become the second most frequent cause 
for candidemia after C. albicans. The high risk 
of C. glabrata infections arises from the intrin-
sically high resistance to widely used anti-
fungal drugs. During antimycotic treatment, 
it can thereby outcompete and replace other 
Candida species in the patient. Indeed, treat-
ment efficacy of C. glabrata infections has not 
improved during the last decade.

Besides its relative resistance to antifungal 
drugs, only few virulence attributes, such 
as adhesion factors and phenotypic switch-
ing, have been described for this fungus, 
and infection mechanisms remain poorly un-
derstood. Furthermore, key aspects in C. al-
bicans tissue invasion and persistence, most 
notably filamentation by hyphal formation 

and secretion of proteases, have no parallels 
in C. glabrata. Nevertheless, despite its lack of 
filaments, C. glabrata is still invasive in vivo 
and can cause severe infections, mainly in 
immunocompromised patients.

Candida glabrata interactions with human 
cells of the innate immunity
Although we still do not know how C. gla-
brata disseminates in immunocompromised 
patients, there are ways – either through di-
rect penetration from epithelial tissues or due 
to damage of barriers in the body caused by 
surgery, polytrauma or drug treatment – to 
enter the bloodstream, to distribute and to in-
fect other organs. In consequence C. glabrata 
must have developed strategies to counteract 
or bypass mammalian host defence systems, 
thereby enabling the fungus to cause systemic 
disease.

Interestingly, in a systemic mouse model, 
which was established in our group, colonisa-
tion within organs causes very little inflam-
mation. Nevertheless, yeast cells can be re-
isolated over a surprisingly long period from 
infected animals. This suggests that immune 
evasion strategies might play a key role during 
infection with C. glabrata. Additionally, it has 
been proposed that C. glabrata can survive the 
attack of phagocytes and can even replicate 
within macrophages after engulfment (Kaur et 
al. 2007; Roetzer et al. 2009).
 
Due to these observations we aim to dissect 
the interaction between C. glabrata and hu-
man monocyte-derived macrophages (MDM). 
We started to look at the general phagocytic 
pathway of C. glabrata in primary macrophag-
es and confirmed that C. glabrata survives and 
replicates in a membrane-surrounded phago-
some. Our data equally suggest that the nor-
mal events of phagosome maturation, which 
normally lead to the killing of phagocytosed 
microbes, are actively disrupted by this patho-
gen. In particular, phagosomal acidification 
and the recruitment of the lysosomal enzyme 
cathepsin D is blocked by viable, but not killed 
fungi. Genome-wide transcriptional profiles of 
C. glabrata cells exposed to media with differ-
ent pH values or of phagocytosed cells support 
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Figure 6
C. glabrata (green) phagocytosed by human
monocyte-derived macrophages (red).

the view that C. glabrata cells within MDMs 
were not exposed to an acidic pH. Despite sig-
nificant intracellular proliferation of fungal 
cells, apoptosis or damage of macrophages 
was not apparent and reactive oxygen species, 
produced by macrophages, were either scav-
enged by fungal acitivites or their production 
inhibited by the fungus. In addition, levels of 
the pro-inflammatory cytokines IL-1b, IL-6, 
IL-8, IFNγ and TNF-a compared to uninfect-
ed controls were only marginally increased. 
In conclusion, it is possible that C. glabrata 
evades attacks by other immune cells, such 
as neutrophil granulocytes, by hiding within 
macrophages.

A second part of this project deals with 
the identification of genes and activities of 
C. glabrata necessary to avoid killing by mac-
rophages as well as the elucidation of fungal 
strategies to suppress an inflammatory re-
sponse. To this end, we screened a library of 
C. glabrata mutants for their ability to survive 

inside the phagocyte. Mutants that do show 
an altered survival rate, will be further char-
acterized in a number of in vitro, ex vivo as 
well as in vivo models to investigate the physi-
ological relevance of the lacking gene. 

Molecular biology of pigment production 
of Candida glabrata
Pigment production is a common phenomenon 
in fungi, and many important fungal patho-
gens of humans are pigmented. Aspergillus 
species, Cryptococcus neoformans, and His-
toplasma capsulatum, to name just a few, all 
produce dark brown or black melanin. Its pro-
tective functions against oxidants, hydrolytic 
enzymes and other detrimental environmen-
tal factors play important roles for these fungi 
in surviving the human immune response.

The pathogenic yeast C. glabrata produces a 
different reddish-brown pigment, consisting 
of a complex mixture of indolic compounds. 
It is induced by the presence of tryptophan, 
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Figure 7
C. glabrata deletion mutants of Ehrlich pathway genes.
Top: wild type and aro9Δ mutant; bottom: aro10Δ and
aro8Δ mutants. Deletion mutants lacking the ARO8 gene 
produce no pigments, while those lacking ARO10 are
hyperpigmented.
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and has been found in several other fungi like 
C. neoformans or M. furfur. We are interested 
in the possible biological roles of this pigment 
and the biosynthetic pathway of its formation.

Pigment synthesis in C. glabrata seems to be 
regulated by a multitude of factors, with the 
presence of tryptophan being the only abso-
lute prerequisite. Synthesis is influenced for 
example by the presence of different nitrogen 
sources, like ammonium or other amino acids. 
Depending on the nitrogen source, pigmenta-
tion can be delayed or inhibited completely. 
Also, cell density has a strong effect on syn-
thesis, with high cell numbers suppressing 
pigment production. Furthermore, we were 
able to show that cAMP is involved in at least 
some of these regulatory processes. Pigmenta-
tion protects C. glabrata from the detrimental 
effects of UV light and oxidants like hydrogen 
peroxide, and the pigment reduces the ability 
of neutrophils to damage C. glabrata yeasts. 
This implies a role of pigmentation in patho-
genesis, for example by supporting the fungus 
to survive encounters with immune effector 
cells. In these respects, the properties of the 
pigment are similar to the established func-
tions of fungal melanins, commonly called 
“fungal shield”. Furthermore, we could dem-
onstrate that culture supernatant containing 
soluble pigment is able to suppress the yeast-
to-hypha transition of C. albicans, which plays 
a significant role in the pathogenesis of this 
fungus. While this cross-species effect may in 
part be explained by the synthesis of trypto-
phol as a by-product of the pigment, further 
pigment constituents are involved.

In an effort to elucidate the synthesis pathway 
of the pigment, we used a transposon inser-
tion library of random mutants and transcrip-
tional profiling of pigment producing C. gla-
brata cells. With these methods, we were able 
to localize the central biochemical processes 
of pigment synthesis to the Ehrlich pathway, 
the catabolic reactions necessary for degrada-
tion of aromatic amino acids. In fact, deletion 
of a single gene, the aromatic aminotrans-
ferase ARO8, led to a nearly complete loss of 
pigmentation. When we expressed this gene 
heterologously in E. coli, we found that the en-

coded enzyme alone is sufficient for in vitro 
synthesis of the pigment.
 
Thus, pigmentation in C. glabrata is a by-prod-
uct of a single enzymatic step involved in the 
catabolism of tryptophan, but has a multitude 
of possible biological functions for this fungus.

This work is financed in part by the Federal 
Ministry of Education and Research (BMBF) 
and the EU ERA-NET PathoGenoMics Pro-
gramm “Genomic Approaches to unravel the 
molecular basis of pathogenicity in the Hu-
man Fungal Pathogen C. glabrata – FunPath-
CaGla”.

Iron sources during oral infections

Group Leaders: Ricardo Sergio Couto
de Almeida, Bernhard Hube

Iron is an essential element for the vast major-
ity of all organisms from microbes to multicel-
lular animals. Using high affinity iron-bind-
ing molecules, higher organisms can keep 
compartments almost free of iron causing a 
natural resistance to infections which can be 
described as “nutritional immunity”. There-
fore, pathogenic microbes are forced to utilize 
iron from host molecules during infection. For 
example, within the oral cavity, extracellular 
iron is mostly bound to lactoferrin found in 
saliva and intracellular iron is stored by fer-
ritin.

Ferritin is the main intracellular storage pro-
tein for iron containing thirteen percent of 
the total human body iron (66 % are bound in 
hemoglobin). Ferritin consists of a 24-subunit 
protein shell of approximately 500 kDa. One 
ferritin molecule can contain up to 4,500 hy-
drolyzed Fe3+ ions. The quaternary structure 
of ferritin is dissociated at acidic pH. Under 
iron-limiting conditions, cytosolic ferritin is 
autophagocytosed and subsequently degrad-
ed within the acidic lysosomes and the iron is 
allocated to the cell. Outside of lysosomes, fer-
ritin is an extremly robust and stable protein 
which seems to be resistant to all known mi-
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crobial activities. In fact, the only microorgan-
ism that has so far been shown experimen-
tally to exploit holoferritin as an iron source 
during interaction with host cells is Neisseria 
meningitidis.

Candida albicans is a polymorphic yeast which 
belongs to the normal microbial flora of hu-
man beings. The fungus lives as a harmless 
commensal on mucosal surfaces in healthy in-
dividuals but can cause several types of infec-
tions in predisposed patients, ranging from 
superficial to life threatening disease. To ac-
quire iron, C. albicans possesses three known 
iron up-take pathways:
(1) Up-take and usage of iron from hemoglob-
in. This pathway is composed of a hemoglobin 
receptor (Rbt5) and a hem oxygenase (Hmx1) 
which degrades hemoglobin to release the 
iron.
(2) The siderophore receptor Sit1 can mediate 
up-take of a range of siderophores (iron chela-
tors produced by microorganisms) from other 
organisms and other iron complexes.
(3) To use free iron from the environment or 
iron from transferrin and maybe other so far 
unknown iron sources, C. albicans uses the re-
ductive up-take system. This system is located 
in the plasma membrane and consists of three 
activities. Firstly, insoluble extracellular fer-
ric (Fe3+) chelates can be reduced into soluble 
Fe2+ ions by reductases. Since reduced ferrous 
iron generated by surface reductase can be 
toxic by spontaneous generation of free radi-
cals, the Fe2+ ion is subsequently oxidized to 
Fe3+ and transported into the cell by a protein 
complex consisting of a multicopper oxidase 
and an iron permease.

Therefore, during oral infections, C. albicans 
must be able to exploit the host iron resources. 
Since we observed that the ferritin concentra-
tion within oral epithelial cells was directly re-
lated to their susceptibility to damage by C. al-
bicans, we hypothesized that host ferritin may 
be used as an iron source by this organism.

By using an iron chelator to remove free iron 
from the media we could show that C. albicans 
can use ferritin as the sole source of iron in 
vitro. This is mediated by acidification of the 

medium and requires the reductive pathway.
 
Because C. albicans can use ferritin as a sole 
source of iron, we investigated whether C. al-
bicans can bind ferritin on its surface. For this 
C.albicans wild type and mutant cells lacking 
key genes required for hyphal formation were 
incubated under hyphal-inducing conditions. 
Using fluorescent stained anti-ferritin an-
tibodies we could show that hyphal, but not 
yeast cells of C. albicans can bind ferritin.
 
Transcriptional profiling of C. albicans cells 
binding ferritin identified putative genes nec-
essary for ferritin binding. One of them ALS3 
(Agglutinin-Like Sequence) encodes a hyphal-
specific cell wall protein which belongs to a 
family of adhesins (ALS family) (Hoyer, 2001) 
and plays a crucial role in epithelial and en-
dothelial adhesion and invasion (Phan et al., 
2007). Deletion of ALS3 precludes ferritin 
binding which suggests that ALS3 plays a cru-
cial role in ferritin binding and may in fact be 
the hyphal-specific ferritin receptor.

To elucidate whether Als3 itself can bind fer-
ritin without an additional C. albicans surface 
factor, we tested the ferritin binding capacity 
of a strain of S. cerevisiae that expressed C. 
albicans ALS3 (Sheppard et al., 2004). Because 
ALS3 is a member of a large gene family en-
coding similar proteins, we also analyzed two 
additional S. cerevisiae strains that expressed 
ALS1 or ALS5, two closely related ALS genes. 
The strain that expressed ALS3 strongly bound 
ferritin, whereas the strains that expressed 
ALS1 or ALS5 did not. This result supports the 
hypothesis that Als3 is a ferritin receptor.
 
Next we investigated whether ferritin bind-
ing via Als3 occurs when C. albicans interacts 
with host cells. For this oral epithelial cells 
were loaded with iron and then incubated 
with wild-type C. albicans, the als3D mu-
tant, or the als3D (ALS3) re-integrant strain. 
We could show that hyphae of wild type and 
als3D (ALS3) re-integrant strains invaded the 
epithelial cells and were surrounded by fer-
ritin. Very little ferritin accumulated around 
wild type hyphae that had not invaded the epi-
thelial cells. In contrast, the few hyphae of the 
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als3D mutant that invaded the epithelial cells 
displayed no accumulation of ferritin. These 
results indicate that C. albicans hyphae bind 
to ferritin in an Als3-dependent manner while 
invading epithelial cells.

In addition to that the als3D mutant was un-
able to damage epithelial cells in vitro.

Therefore we can proclaim that Als3 has an 
additional function. Beside its known adhe-
sion properties and function as invasin we 
made the intriguing observation that Als3 
plays a role in iron acquisition by binding to 
host ferritin, indicating that this single mem-
ber of a protein family has multiple virulence-
associated functions.

This work was financed in part by “CAPES Co-
ordenação de Aperfeiçoamento de Pessoal de 
Nível Superior project” Candida albicans oral 
infections and the role of genes involved in 
iron metabolism.

Proteases as virulence factors

Group Leaders: Lydia Schild, Antje Heyken, 
Bernhard Hube

Proteolytic enzymes fulfil multiple cellular 
functions such as protein degradation, activa-
tion of protein precursors and digestion of nu-
trients. Moreover, in pathogenic microorgan-
isms secreted proteases can act as important 
virulence factors. They enable pathogens to 
invade host tissues or to evade the host im-
mune system. We work on the family of se-
creted aspartic proteases (Saps), one major 
group of virulence factors which contribute to 
pathogenicity of Candida albicans. Among the 
ten described Sap proteases, Sap9 and Sap10 
take an exceptional position (Albrecht et al., 
2006).
 
SAP9 and SAP10 code for preproenzymes with 
a signal peptide removed in the endoplasmic 
reticulum and a propeptide with Lys-Arg resi-
dues, known as proteolytic processing sites 
for Kex2. Like all other members of the Sap 

family, the mature Sap9 and Sap10 proteins 
possess four conserved cysteine residues and 
two conserved aspartate residues. Sequence 
comparisons revealed that C. albicans Sap9 
and Sap10 differ from the other Sap1-8 iso-
enzymes not only by sequence similarity but 
also by multiple N-glycosylation sites and pu-
tative Glycosylphosphatidylinositol (GPI)-an-
chor attachment sequences at their C-termini 
(Eisenhaber et al., 2004), a recognized struc-
tural property of yapsins.

Sap9 and Sap10 are highly glycosylated 
proteases, which are GPI-anchored on the 
cell surface
To determine whether Sap9 and Sap10 are 
in fact GPI proteins, we used a series of con-
structs to express native and C-terminal trun-
cated versions of Sap9 and Sap10 in the yeast 
Pichia pastoris. While expression of native 
Sap9 and Sap10 prevented secretion of these 
proteases, secretion was observed when parts 
of the C-terminal sequences of the GPI anchor 
consensus sequence were deleted.

For determination of cellular localization of 
the two proteases, we constructed Sap9- and 
Sap10-Gfp fusion proteins. Immunoelectron 
microscopy using an anti-Gfp antibody re-
vealed that both fusion proteins are located on 
the cell surface of C. albicans; Sap9-Gfp was 
predominantly located in cell membranes, 
whereas Sap10-Gfp was located in both the 
cell membrane and the cell wall.

In contrast to other members of the Sap fam-
ily, which possess a maximum of one potential 
N-glycosylation site within the sequence of the 
mature enzyme, Sap9 and Sap10 contain, re-
spectively, five and eight such sites. Treatment 
of Sap9 and Sap10 with N-glycosidase F caused 
a clear band shift for both proteases, suggest-
ing that Sap9 and Sap10 are N-glycosylated.

Sap9 and Sap10 function in cell surface
integrity
To determine the possible functions of the two 
proteases, we constructed sap9D and sap10D 
single mutants and a sap9D/sap10D double 
mutant. All mutant strains grew normally on 
media containing different carbon sources, at 
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different pH values, on hyphal inducing media 
or when incubated at different temperatures. 
However, components that directly or indirect-
ly target the fungal cell surface such as hygro-
mycin B, amorolfine, calcofluor, Congo red, and 
itraconazole caused significant growth defects 
for all mutants. Furthermore, all three mutants 
exhibited an abnormal budding phenotype, as 
daughter cells did not separate from mother 
cells and remained associated in cell chains. 
Because it is known that blockage of protein 
activities involved in cell membrane or cell 
wall maintenance can be compensated for by 
production of alternative structural elements, 
we quantified the protein and chitin levels in 
the cell walls of the mutants. Chitin levels of 
the sap9D mutant were significantly increased 
whereas the sap10D mutant showed increased 
levels of both protein and chitin as compared 
with the parental strain.

Role of Sap9 and Sap10 in C. albicans host 
interaction
To investigate whether dysfunctions resulting 
from SAP9 or SAP10 deletion influenced viru-
lence of C. albicans, we and others investigated 
the interaction of sap9D and sap10D mutants 
with epithelial cells and immune cells.
 
Both sap9D and sap10D mutants had a signifi-
cantly reduced ability to invade and damage 
epithelial cells in a model of oral infection 
based on RHE (Reconstituted human epithe-
lium). In the case of sap10D, this attenuation 
is likely to be caused by a reduced ability to 
adhere to epithelial cells. However, since adhe-
sion of the sap9D mutant was increased, prop-
erties other than adhesion must be responsi-
ble for the decreased epithelial cell damage 
of sap9D. Summarized, activity of Sap9 and 
Sap10 is necessary for wild type adhesion 
properties and invasion and cell damage of 
oral epithelial cells.
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Figure 7
Localization of Sap9- and Sap10-Gfp fusion proteins as 
shown by immunoelectron microscopy and gold-labeled 
anti-Gfp antibodies. Sap9-Gfp is predominantly located in 
cell membranes, whereas Sap10-Gfp is located in both the 
cell membrane and the cell wall.
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Since the cell surface is the major contact point 
between C. albicans and the immune system, 
we expect that Sap9 and Sap10 activities influ-
ence C. albicans immune cell interactions and 
immune evasion. Unmasking of fungal cell 
wall components due to lack of SAP9 or SAP10 
could cause an enhanced recognition and in-
gestion of C. albicans by phagocytes. We have 
therefore begun to analyse the interaction of 
sap9D and sap10D mutants with human mac-
rophages.
 
During interaction with human neutrophils, 
Sap9 plays an important role for the recogni-
tion and killing of C. albicans. SAP9 is required 
for the induction of neutrophil chemotaxis to-
ward C. albicans filaments. Deletion of SAP9 
leads to a mitigated release of reactive oxygen 
intermediates (ROI) by human neutrophils and 
increased survival of the fungus (Hornbach et 
al., 2009).

In addition to direct interaction with immune 
cells, C. albicans proteases may evade host de-
fenses by directly degrading molecules such 
as antimicrobial peptides and complement fac-
tors (Naglik et al., 2003). Sap9 has been shown 
to cleave and inactivate the antimicrobial pep-
tide histatin 5, which is secreted by epithelial 
cells (Meiller et al., 2009). In contrast to Sap1, 
Sap2 and Sap3, Sap9 seems to be dispensable 
for immune evasion by degradation of host 
complement components (Gropp et al., 2009). 

Proteolytic properties and substrates of 
Sap9 and Sap10
To characterize attributes of Sap9 and Sap10 
proteolytic cleavage, we monitored specific 
activity of the proteases by quantifying the 
cleavage of a fluorogenic peptide. Both pro-
teases showed highest activity in a pH-range 
of 6 to 7 and were only incompletely inhibited 
by the aspartic protease inhibitor Pepstatin A.
 
Sap9 and Sap10 cleavage preferences were 
determined using proteases heterologously ex-
pressed in Pichia pastoris in cleavage assays 
with synthetic peptides. Peptides containing 
basic or dibasic amino acid motifs were di-
gested by Sap9 or Sap10 or by both proteases. 
Digests were similar to the activity of S. cerevi-

siae yapsins or Kex2 regulatory proteases with 
hydrolysis at KR, KK, or single Lys (K) sites. 
Sap9 and Sap10 preferred cleavage after diba-
sic (KR, KK) or monobasic (Lys, Arg) residues, 
similar to yapsin 1 and 2, whereas the Kex2 
protease cleaves only C terminally to clusters 
of dibasic residues (Komano et al., 1999; Olsen 
et al., 1998; Rockwell et al., 1998). In addition, 
Sap10 digested at sites previously unknown 
for yapsin-like aspartic proteases (between 
Phe-Ser and His-Asn). Further studies showed 
that dibasic residues are common but not ex-
clusive motifs in Sap9 and Sap10-digested 
peptides and amino acids surrounding dibasic 
residues are important determinants of cleav-
age preference.

Because Sap9 and Sap10 are exposed to the 
extracellular space, but attached to the cell 
membrane or cell wall, we concluded that 
proteolysis by Sap9 and Sap10 must mainly 
take place on the cell surface and that puta-
tive substrates of these proteases may be of 
fungal origin. To identify possible target pro-
teins of Sap9 and Sap10, we digested isolated 
cell walls with recombinant Saps. Using LC/
MS/MS we detected the release of seven GPI-
anchored proteins following protease diges-
tion: Cht2, Ywp1, Als2, Rbt5, Ecm33, Pga4 and 
Pga29. These potential target proteins have 
distinct functions from cell wall remodelling 
to host cell adhesion. For one candidate, Cht2, 
a cell-associated chitinase, functional assays 
revealed that protein activity is reduced in the 
absence of Sap9 and Sap10.

This work is financed in part by the Deutsche 
Forschungsgemeinschaft (DFG, Hu528/14).

Interaction of Candida albicans
with neutrophils

Group Leaders: Antje Heyken, Pedro
Miramón, Ines Leonhardt, Bernhard Hube

Granulocytes govern Candida albicans 
transcriptional response
The gene expression patterns of Candida al-
bicans cells exposed to whole blood or to neu-
trophils are similar. Thus, neutrophils govern 

8
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the transcriptional response of C. albicans in 
human blood, whereas red cells, mononuclear 
cells, and plasma have only a minor influence. 
Gene expression profiles reflect the physiolog-
ical condition of cells and the micro-environ-
ment to which they are exposed. For example, 
when cells were exposed to red cells, mononu-
clear cells, or plasma, C. albicans genes asso-
ciated with protein synthesis, glycolysis, and 
hyphal formation are up-regulated. In con-
trast, when cells were exposed to neutrophils, 
genes associated with detoxification of reac-
tive oxygen species, the glyoxylate cycle, and 
amino acid metabolism are up-regulated. The 
transcript profile of C. albicans in blood re-
veals two populations of cells, some of which 
are in contact with neutrophils while the oth-
ers are not.

How do neutrophils arrest growth and induce 
oxidative stress? Phagocytosis may lead to 
the release of antifungal components such 
as lactoferrin, elastase, defensins, and reac-

tive oxygen species into the phagolysosome. 
Alternatively, these components could be se-
creted. Although phagocytosis would seem to 
explain the starvation response, only 38 % of 
C. albicans cells are phagocytosed. However, 
exposure to neutrophils strongly up-regulates 
genes linked to oxidative stress, including 
genes encoding catalases and superoxide 
dismutases. These enzymes eliminate endog-
enous reactive oxygen species accidentally 
generated during respiration. In pathogenic 
microbes, they may have an additional func-
tion in detoxifying reactive oxygen species 
caused by the oxidative burst of phagocytic 
cells.

C. albicans contains as many as six genes 
(SOD1-SOD6) encoding superoxide dismutas-
es, three of which have C-terminal sequences 
that are typical for proteins attached to the 
cell membrane or the cell wall. Possibly these 
enzymes detoxify reactive oxygen species re-
leased by phagocytic cells. Our finding that 

Figure 9
Differential staining of Candida albicans phagocytosed by 
polymorphonuclear granulocytes. Fluorescence labelled 
C. albicans cells appear green inside the neutrophils (nuclei 
stained with DAPI). Fluorescence of fungal cells outside the 
phagocyte is quenched with trypan blue (red, false colour 
image).
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Figure 10
Differential staining of Gfp reporter C. albicans strains. Phago-
cytosed cells are stained with Calcofluor White (CFW, blue) 
only, while fungal cells outside the phagocyte are stained by 
both Concanavalin A - Alexa Fluor® 647 (red) and CFW. 
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the surface-associated Sod5 is induced when 
yeast cells contact or are phagocytosed by 
neutrophils supports this view.

Transcript profiling shows that neutrophils 
dominate the host response by confronting 
C. albicans cells with a hostile environment. 
To survive, the fungus induces genes involved 
in amino acid biosynthesis pathways, nitrogen 
metabolism, the glyoxylate cycle, and oxida-
tive stress response. In this case, neutrophils 
are the key to the host defence against invad-
ing C. albicans cells. However, the fungus in-
duces a large number of genes to counteract 
the neutrophils.

The early transcriptional response of human 
granulocytes to infection with C. albicans is 
not essential for killing but reflects cellular 
communications. To compare the transcrip-
tional response of leukocytes exposed to 
C. albicans, we investigated the expression of 
key cytokine genes in polymorphonuclear and 
mononuclear leukocytes after incubation with 
C. albicans for 1 h. Isolated mononuclear cells 
expressed high levels of genes encoding pro-
inflammatory signalling molecules, whereas 
neutrophils exhibited much lower levels, simi-
lar to those observed in whole blood. The glob-
al transcriptional profile of neutrophils was 
examined by using an immunology-biased 
human microarray to determine whether dif-
ferent morphological forms or the viability of 
C. albicans altered the transcriptome. Hyphal 
cells appeared to have the broadest effect, 
although the most strongly induced genes 
were regulated independently of morphol-
ogy or viability. These genes were involved 
in proinflammatory cell-cell signalling, cell 
signal transduction, and cell growth. Gener-
ally, genes encoding known components of 
neutrophil granules showed no up-regulation 
at this time point; however, lactoferrin, a well 
known candidacidal peptide, was secreted by 
neutrophils. Addition of inhibitors of RNA or 
protein de novo synthesis did not influence 
the killing activity within 30 min. These 
results support the general notion that neu-
trophils do not require gene transcription to 
mount an immediate and direct attack against 
microbes. However, neutrophils exposed to 

C. albicans express genes involved in com-
munication with other immune cells (Fradin 
et al., 2005). 

Investigating interactions of C. albicans 
with neutrophils using mutants and GFP-
reporter strains
Neutrophils play a major role as a first line 
of defence against any microbial pathogen. 
Despite that blood is a hostile environment, 
C. albicans can disseminate in the host via the 
bloodstream and can cause life threatening 
systemic infections and sepsis in immunocom-
promised individuals. Previous results have 
shown that neutrophils govern the transcrip-
tional response, morphology and proliferation 
of C. albicans in human blood. Neutrophils 
evoke a carbohydrate- and nitrogen-starvation 
and induce genes involved in reactive oxygen- 
and nitrogen-species detoxification.

We aim to elucidate how C. albicans is recog-
nised, attacked and killed by neutrophils and 
how the fungus responds to overcome the 
attack by neutrophils. To identify genes and 
factors necessary to counteract neutrophils, 
several selected mutants have been tested in 
their response towards neutrophils by means 
of a set of damage assays (XTT; propidium 
iodide-based) and CFU counting.

By screening our mutant collection with the 
XTT assay, we identified several mutants with 
modified sensitivity towards neutrophils. For 
example, mutants als3Δ, hgc1Δ, pra1Δ ex-
hibited increased sensitivity when grown as 
yeast cells, and rim101Δ both during yeast and 
hyphal growth. In contrast, bud2Δ, ecm33Δ, 
eed1Δ, pmt2Δ/PMT2 were more sensitive to-
wards neutrophils both as yeast and hyphae, 
while pra1Δ and tec1Δ only as hyphae.

Production of reactive nitrogen species is 
one of several ways neutrophils attack patho-
gens. From our transcriptional profiling of 
C. albicans during interaction with blood com-
ponents, we monitored a transcriptional re-
sponse to overcome nitrosative stress. YHB1 
encodes a scavenging flavohaemoglobin that 
transforms toxic nitric oxide into harmless 
nitrate (Ullmann et al., 2004; Hromatka et 
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al., 2005), whereas CTA4 codes for the tran-
scription factor that controls the expression of 
YHB1 (Chiranand et al. 2008). Therefore, we 
investigated whether mutants lacking these 
components of the nitrosative stress response 
(cta4Δ and yhb1Δ) exhibit increased sensitiv-
ity towards neutrophils. Using our propidium 
iodide-based viability protocol, we observed 
that these mutants have modified sensitivity 
towards neutrophils. To further confirm these 
findings, these mutants were tested in a kill-
ing assay and survival was tested by counting 
CFUs. Surprisingly, cta4Δ was not more sensi-
tive than the wild type strain SC5314, while 
yhb1Δ exhibited increased sensitivity.

Phagocytosis is extremely important for the 
clearance of pathogens by phagocytes. There-
fore, we have established a set of differential 
staining protocols to monitor phagocytosis.

Furthermore, we use Gfp reporter strains to 
monitor the transcriptional response of C. albi-
cans in response to either extracellular attack 
or phagocytosis on a single cell level, indicat-
ing the expression of marker genes known to 
be up-regulated during carbohydrate starva-
tion (ICL1, MLS1), nitrogen starvation (GCN4, 
MEP2), oxidative stress (CTA1, SOD5, TTR1, 
TRX1), nitrosative stress (CTA4, YHB1), or pH 
changes (PRA1, PHR1, PHR2). Using MEP2- 
and PRA1-driven Gfp reporter strains, we 
could show that expression of these genes 
during interaction with neutrophils is contact 
dependent, confirming the up regulation of 
ammonium uptake systems during interac-
tion with neutrophils, as well as changes in 
the pH sensed by C. albicans. Further work 
will focus on discerning whether phagocyto-
sis is needed to induce Gfp expression or con-
tact is sufficient in these and relevant reporter 
strains.

This work is financed in part by the European 
Union (EU) FinSysB network.

In vivo infection models

Group Leaders: Ilse Jacobsen, Katharina 
Große, Silvia Slesiona

The use of suitable models for the analysis of 
virulence and pathogenicity is an important 
part in the investigation of pathogenic fungi 
and other microbial pathogens.

Murine models are the gold standard for 
testing fungal pathogenesis to date and are 
commonly used to study the role of individ-
ual fungal genes during infection. Therefore, 
mice are infected with defined fungal knock-
out mutants. However, before fungal mutants 
are tested in vivo, selected in vitro and ex vivo 
models should be used to gain some insight 
into the phenotypic characteristics of these 
mutants. This allows us to choose the right 
model to test attenuation of mutants.
 
Animal experiments entail careful ethical 
considerations by the involved researchers. 
It is mandatory to design experiments such 
that distress for the animals is minimized. 
One way to improve well being of laboratory 
rodents is to provide an appropriate environ-
ment that is in accord with the animals behav-
ioural needs without influencing the results 
of the experiment. We use autoclavable mouse 
houses to provide mice with a nest-like struc-
ture for resting and an additional level in the 
cage for explorative behaviour. We found this 
simple addition to greatly increase differen-
tial behaviour and well being of our animals 
without influencing the experiments results.

In survival experiments humane endpoints 
are an important way to minimise suffering 
of animals. In addition to the general clinical 
condition of animals we use body weight and 
non-invasive measurement of body tempera-
ture to predict imminent death of an animal. 
Animals are then euthanised. This approach 
not only decreases distress for the animals 
but also allows sampling of body fluids and 
tissues for further analysis.

9
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To enable in-depth analysis of in vivo experi-
ments, we established methods to monitor 
blood parameters, analyse cytokine respons-
es and routinely perform histology to evalu-
ate fungal morphology, quality of tissue dam-
age and the immune response of the host. 
Processing of tissue samples for histopathol-
ogy is done in collaboration with the Fritz-
Lippmann-Institute (FLI) at the Beutenberg 
campus. 

Invasive Aspergillosis in mice
Invasive aspergillosis is a life-threatening 
disease in immunocompromised patients. In 
order to elucidate pathogenicity mechanisms 
of both the host and the pathogen, murine 
models have been developed. Mice are only 
susceptible to Aspergillus infections if immu-
nocompromised. We use both immunosuppre-
sion by cyclophosphamide (panleukopenic) 
and by cortisone (reduced phagocyte func-
tion) to mimic different kinds of immunosup-
pression that put human patients at risk for in-
vasive apergillosis. The animals are infected 
intranasally under general anaesthesia. 

Infections with Candida albicans 
C. albicans infections can manifest at different 
body sites and range from inconvenient but 
comparably harmless local infections to severe 
and life threatening disseminated candidiasis. 
To adress these different manifestations, dif-
ferent murine models have been developed.

To study invasion properties of C. albicans mu-
tants, which were demonstrated to be reduced 
in invasion in vitro, we use intraperitoneal in-
fections. This model causes little distress for 
the animals and is therefore a valuable substi-
tute for mortality studies.

Since the pathogenesis of disseminated candi-
diasis is very complex, effects of some fungal 
mutations can only be studied in survival-
based models, like intravenous infection of 
mice. To minimize the suffering of animals 
in these studies, infected animals are closely 
monitored. Clinical symptoms, weight loss 
and drop in body surface temperature are 
used as quantitative parameters for humane 
endpoints.

Development of systemic a Candida gla-
brata infection model in mice
Disseminated infections with C. glabrata are 
less common than infections with C. albicans 
but due to the higher resistance of C. glabrata 
to azoles more difficult to treat. Furthermore, 
the pathogenesis of C. glabrata infections is 
only poorly understood. Mammalian infection 
models are crucial for understanding patho-
genesis of C. glabrata. However, no standard-
ised infection model for C. glabrata has been 
described yet. The murine C. glabrata models 
described in the literature vary greatly in re-
spect to mice strains, infectious dose and im-
munosuppression. The common feature of all 
literature reports is that C. glabrata does not 
cause clinical disease in wild type mice. Ana-
lysis of infection experiments therefore relies 
on quantitative reisolation and histology.

We recently established a protocol for system-
ic murine C. glabrata – infection as part of a 
work package of the ERA-NET PathoGenoM-
ics Program: “Genomic Approaches to unravel 
the molecular basis of pathogenicity in the 
Human Fungal Pathogen Candida glabrata 
– FunPathCaGla”. In this study (Jacobsen et 
al., 2009) we showed that leucopenia, but not 
treatment with corticosteroids, leads to tran-
siently increased fungal burdens in compari-
son to immunocompetent mice. However, even 
immunocompetent mice were not capable of 
clearing infections within four weeks. Tissue 
damage and immune responses to microab-
scesses were mild as monitored by clinical pa-
rameters, including blood enzyme levels, his-
tology, myeloperoxidase and cytokines levels. 
Furthermore, we investigated the suitability 
of amino acid auxotrophic C. glabrata strains 
for in vitro and in vivo studies on fitness and 
or virulence. Histidine, leucine or tryptophan 
auxotrophy, as well as a combination of these 
auxotrophies, did not influence in vitro growth 
in rich medium. Survival of all auxotrophic 
strains in immunocompetent mice was simi-
lar to the parental wild type strain during the 
first week of infection and only mildly reduced 
four weeks after infection, suggesting that 
C. glabrata is capable of utilizing a broad 
range of host-derived nutrients during in-
fection. These data suggest that C. glabrata 
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histidine, leucine or tryptophan auxotrophic 
strains are suitable for generation of knock-
out mutants for in vivo studies. Notably, our 
work indicates that C. glabrata has success-
fully developed immune evasion strategies to 
survive, disseminate and persist within mam-
malian hosts.

Development of murine infection models 
for Aspergillus terreus
In contrast to A. fumigatus, no well character-
ized murine infection models for A. terreus 
have been described. As part of a collabora-
tion project with the Junior research group 
Microbial Biochemistry and Physiology (Mat-
thias Brock) at the HKI we established a leu-
copenic and a cortisone based pulmonary 
infection model for A. terreus. Initial charac-
terization indicates interesting differences in 
pathogenesis of A. fumigatus and A. terreus. 
We currently perform in-depth characteriza-
tion of infections caused by these two related 
fungi.

In vivo imaging as a tool to reduce and re-
fine animal models
In vivo imaging can be used to directly moni-
tor the progression of infections and inflam-
mation in animals over time. By using such 
methods it is no longer necessary to sacrifice 
animals at given time points, thus reducing 
the number of animals needed to analyse the 
infection progress over time. We are currently 
establishing positron emission tomography/ 
computer tomography (PET/CT) to study the 
progression and magnitude of inflammation 
and fungal burden during invasive aspergil-
losis and disseminated candidiasis in mice.
 
In both animal models, the host’s inflamma-
tory response, especially immune cell infiltra-
tions in target organs, contributes significant-
ly to pathogenesis. Therefore, we analysed the 
suitability of a radioactive tracer which accu-
mulates in metabolically active cells, e. g. im-
mune cells, to visualize the immune response 
during infection in vivo. We were able to detect 

Figure 11
Histological kidney section from a mouse infected
with Candida glabrata. Fungal cells are visible in pink
as a microcolony within the tubuli.
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Figure 12
PET/CT image of a mouse experimentally infected with 
Aspergillus fumigatus. Immune cell infiltration is visualized
by enrichment of the radioactive tracer in the right lung 
(white arrow). 
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PET signals in the affected organs of infected 
mice and are currently determining whether 
this accumulation can be used quantitatively 
to measure the immune response. Therefore, 
the PET/CT data is compared with molecular 
markers of infection such as myeloperoxidase 
and various cytokines.

The second approach is to visualize the fungal 
burden in vivo using PET/CT. For this purpose, 
radioactively labelled compounds which bind 
to the surface of fungal cells are currently 
developed by Peter Gebhard from the Depart-
ment of Cell and Molecular Biology (Hans-
Peter Saluz).

Alternative infection models
Several in vitro and ex vivo alternative models 
have been established in our department and 
are used routinely, for example Reconstituted 
Human Epithelium (RHE) and primary human 
blood cells. These models are extremely use-
ful to study certain aspects of pathogenesis 
but do not provide the complex environment 
which fungi encounter during mammalian 
infection.

Embryonated eggs are used as an alternative 
model providing a highly complex environ-
ment, including phagocytic cells, to study 
fungal host-pathogen interaction, but are of 
a lower developmental stage than adult mice. 
We could show that embryonated eggs are 
suitable to test the virulence of A. fumigatus 
and C. albicans mutants with good correlation 
to the gold standard mouse models. The model 
can be analysed using re-isolation, macro-
scopic and microscopic analysis of pathologi-
cal alterations and the analysis of the hosts 
immune response by determining the tran-
scription levels of cytokines and chemokines.
 
Using these techniques, we found strong in-
dications that the main cause of death in em-
bryos infected by A. fumigatus is invasion and 
destruction of host tissue at the site of infec-
tion. The susceptibility to infection depends 
on the age of the embryo at the time of infec-
tion – older embryos are more resistant. This 
is likely due to the maturation of the immune 
system. As embryos are highly susceptible 

to infection, immunosuppressive regimens 
are not required in this model; however, by 
choosing embryos at a different age, the dif-
ferent immunosuppressed mouse models can 
be mimicked.

In systemic murine C. albicans infection mod-
els the host’s immune response contributes 
significantly to the outcome of infection. Viru-
lent C. albicans strains induce a septic shock 
which leads to death. We could recently show 
that similar mechanisms determine the out-
come in infected embryos. The induction of 
cytokine storm in embryos is linked to the 
strain’s ability to invade the host tissue. Thus, 
the embryonated egg model can be used to in-
vestigate the ability of C. albicans mutants to 
invade and induce excessive cytokine produc-
tion in vivo.

This work is financed in part by Netzwerk 
Grundlagenforschung (HKI), Federal Minis-
try of Education and Research (BMBF) PET/
CT, BMBF FunPath, Deutsche Forschungsge-
meinschaft (DFG).
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Department Molecular and Applied Microbiology

The Department of Molecular and Applied 
Microbiology is devoted to research in the two 
main areas of the Leibniz Institute of Natural 
Product Research and Infection Biology (HKI), 
i.e., infection biology of fungi and natural 
product research. Furthermore, for the first 
time genomes of dermatophytic fungi were se-
quenced and characterised.

1. Pathobiology of Aspergillus fumigatus

During the past 20 years, the incidence of fun-
gal infections in humans has risen consider-
ably. This increase in infections is associated 
with excessive morbidity and mortality and 
is directly related to increasing patient popu-
lations at risk for the development of serious 

fungal infections, which includes individuals 
undergoing solid-organ transplantation, blood 
and marrow transplantation, major surgery, 
and those with AIDS, neoplastic disease, im-
munosuppressive therapy, advanced age, and 
premature birth. Fungal infections are catego-
rised in two groups: topical and systemic in-
fections. Topical fungal infections affect body 
surfaces and can be chronic. Systemic fungal 
infections can occur in an organ or in the whole 
body and are transferred via the bloodstream. 
Compared to other microbial infections, sys-
temic fungal infections are characterised by 
lower frequencies but generally high mortality 
rates (30–90%).
Aspergillus fumigatus has become the most 
important airborne fungal pathogen of hu-

Die Abteilung Molekulare und Angewandte 
Mikrobiologie befasst sich mit den beiden 
Forschungsschwerpunkten des HKI, der 
Naturstoff-Forschung und Infektionsbiologie. 
Die Abteilung konzentriert sich dabei auf die 
beiden Pilzspezies Aspergillus nidulans und 
A. fumigatus. Außerdem wurden erstmalig 
Genome von Dermatophyten sequenziert und 
charakterisiert.

1. Pathobiologie von Aspergillus fumigatus

In den letzten 20 Jahren ist ein beachtlicher An-
stieg an Pilzinfektionen beim Menschen zu be-
obachten. Dieser Anstieg und die damit einher-
gehende erhöhte Letalität ist im wesentlichen 
auf eine wachsende Zahl an Risikopatienten 
zurückzuführen, die auf Grund drastischer 
medizinischer Eingriffe oder bestimmter Vor-
erkrankungen besonders empfänglich für Pilz-

infektionen mit einem schwerwiegenden Ver-
lauf sind. Zu den prädisponierenden Faktoren 
gehören insbesondere Organtransplantationen, 
die Übertragung von Blut und Knochenmark 
und andere schwere chirurgische Eingriffe 
mit anschließender immunsuppressiver 
Therapie, AIDS-Erkrankungen, Tumoren, aber 
auch Frühgeburt oder ein fortgeschrittenes 
Alter. Pilzinfektionen treten als topische oder 
systemische Erkrankungen in Erscheinung. 
Topische fungale Infekte betreffen in erster 
Linie Körperoberflächen, sie können chronisch 
verlaufen. Systemische Infektionen betreffen 
einzelne Organe oder den Gesamtorganismus. 
Sie werden durch den Blutstrom im Körper 
verbreitet. Verglichen mit anderen mikrobiell 
bedingten Infektionen treten systemische Pilz-
infektionen zwar seltener auf, sie sind jedoch 
durch eine sehr hohe Letalität gekennzeichnet, 
die je nach untersuchter Fallgruppe zwischen 
30 und 90% liegt. 
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mans. Diseases caused by A. fumigatus can be 
divided into three categories: allergic reactions 
and colonisation with restricted invasiveness 
are observed in immunocompetent individuals 
while systemic infections with high mortality 
rates occur in immunocompromised patients. 
Specific diagnostics are still limited as are the 
possibilities of therapeutic intervention, lead-
ing to the disappointing fact that invasive as-
pergillosis is still associated with a high mor-
tality rate that ranges from 30 % to 90 %. 
Research at the Department covers all relevant 
aspects of the pathobiology A. fumigatus. Re-
search includes the areas of signal transduc-
tion, elucidation of unusual pathways like 
the biosynthesis of melanins, improvement 
of genetic tools, genomics, proteomics, tran-

scriptomics, pathogen / host (immune effector 
cells) interaction with emphasis on alveolar 
macrophages and neutrophilic granulocytes. 
Furthermore an animal model is available. 
Based on results obtained in the Department, 
the identified proteins involved in virulence 
will be evaluated as target proteins for anti-
fungal drugs or the development of immune 
therapies.

2. Microbial communication and activa-
tion of silent fungal secondary metabolism 
gene clusters

Fungi produce numerous of secondary me-
tabolites. Some of these compounds are used 
as antibiotics such as the b-lactams penicillin 

Aspergillus fumigatus ist heute das 
wichtigste über die Luft verbreitete pilzliche 
Pathogen. Die durch A. fumigatus ausgelösten 
Krankheiten gliedern sich in drei Gruppen: 
Während allergische Reaktionen und Infekte 
mit schwacher Invasivität bei Personen mit 
intakter Immunabwehr auftreten, kommt es vor 
allem bei immunkompromittierten Patienten 
zu systemischen Verläufen. Die spezifische 
Diagnose ist schwierig, die Möglichkeiten 
einer Therapie sind begrenzt, so dass die in-
vasive Aspergillose nach wie vor durch eine 
sehr hohe Letalitätsrate gekennzeichnet ist.
Die Mitarbeiter der Abteilung beschäftigen 
sich mit allen Aspekten der Pathobiologie 
von A. fumigatus. Die Forschungsarbeiten 
beinhalten die Gebiete Signaltransduktion, 
spezielle Stoffwechselwege wie Melaninbio-
synthesen, die Verbesserung gentechnischer 
Analysemethoden, Genomik, Proteomik, 

Transkriptomik sowie das Studium von 
Pathogen / Wirt-Wechselbeziehungen, wie der 
Interaktion von A. fumigatus mit alveolaren 
Makrophagen und neutrophilen Granulozyten. 
Für Infektionsstudien ist ein Tiermodell ver-
fügbar. Identifizierten Proteine werden als 
potentielle Targets für neue antifungale 
Wirkstoffe oder die Entwicklung von Immun-
therapien intensiv untersucht.

2. Mikrobielle Kommunikation und Akti-
vierung stiller pilzlicher Sekundärmeta-
bolismus-Gencluster

Pilze produzieren eine Vielzahl sekundärer 
Stoffwechselprodukte, von denen viele als Anti-
biotika genutzt werden, wie zum Beispiel die 
b–Lactame Penicillin und Cephalosporin oder 
Immunsuppressiva wie Cyclosporin. Andere 
Metabolite scheinen für die Virulenz human-
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and cephalosporin, or as immunosuppressants 
like cyclosporin. Others have been proposed to 
be important for virulence e.g. of the human-
pathogenic fungus A. fumigatus. 

In collaboration with the Department of Biomo-
lecular Chemistry, the Bio Pilot Plant and the 
research group Systems Biology / Bioinformat-
ics, genome mining technologies have been 
applied to identify and discover silent fungal 
secondary metabolism gene clusters. This led 
to the discovery of novel compounds. Recently, 
we elucidated a novel principle of activation 
based on the interaction of a fungus and a bac-
terium. Cocultivation of A. nidulans with Strep-
tomyces hygroscopicus led to the activation of 
a silent gene cluster and the production of a 
novel compound by the fungus. 

Research has been aimed at the elucidation 
of regulatory circuits, extra- and intracellular 
signals and mechanisms leading to the acti-
vation of distinct areas on the chromosomes 
encoding secondary metabolism gene clusters. 
These technologies will have a major impact 
on future drug discovery programs.

3. Eukaryotic transcription factors

Some projects of the Department focus on the 
elucidation of molecular mechanisms regulat-
ing transcription factors with emphasis on 
transcription factors involved in fungal sec-
ondary metabolism. This research led to the 
discovery of a novel mechanism of iron and 
redox regulation in eukaryotes based on the 
CCAAT binding complex and a novel subunit 

pathogener Pilze bedeutsam zu sein. Mit Hilfe 
von neuartigen „Genome mining“-Strategien 
werden in Kooperation mit der Abteilung Bio-
molekulare Chemie, dem Biotechnikum und 
der Forschungsgruppe Systembiologie / Bio-
informatik stille Gencluster von A. nidulans 
aktiviert und neue Wirkstoffe charakterisiert. 
Besonders wichtig in diesem Zusammen-
hang ist das Ergebnis, dass die Interaktion 
von Pilzen mit Bakterien zur Aktivierung 
stiller Gencluster und zur Bildung neuer 
Substanzen durch den Pilz führt. Der Signal-
austausch, die Signaltransduktion sowie die 
Mechanismen der Aktivierung bestimmter 
chromosomaler Abschnitte stehen im Vorder-
grund der laufenden Untersuchungen, 
sowie die Isolierung neuer Substanzen 
durch die Kombination von genome mining 
und Genaktivierungsstrategien. Insgesamt 

handelt es sich dabei um ein spannendes, sich 
schnell entwickelndes Wissenschaftsfeld zur 
Identifizierung neuer Wirkstoffe.

3. Eukaryotische Trankriptionsfaktoren

Einige Projekte der Abteilung befassen sich mit 
der Aufklärung neuer molekularer Mechanis-
men der Regulation insbesondere von pilz-
lichen Sekundärmetabolismus-Genclustern. 
So konnte der CCAAT-Bindekomplex weiter 
charakterisiert und neue Mechanismen 
der Eisen- und Redoxregulation konnten in 
Eukaryoten entdeckt werden. Dazu werden 
Oberf lächen-Plasmon-Resonanz-Analysen 
zur Untersuchung von Protein / Protein- und 
Protein / DNA-Wechselwirkungen, und um-
fangreiche proteinchemische Methoden in-
klusive Proteomanalysen eingesetzt.
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designated as HapX. Surface plasmon reso-
nance analyses have been applied for the in-
vestigation of protein / protein and protein /
DNA interactions as well as comprehensive 
protein chemical techniques including pro-
teome analyses.
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Proteomics of filamentous fungi

Group Leaders: Olaf Kniemeyer,
Axel A. Brakhage

Analysis of the fungal proteome of
Aspergillus fumigatus, Aspergillus nidulans 
and Arthroderma benhamiae
In the Department of Molecular and Applied 
Microbiology we have focused our research on 
Aspergillus nidulans and Aspergillus fumiga-
tus. Species of Aspergillus are medically and 
commercially very important. For example, 
A. fumigatus has become the most important 
airborne fungal pathogen and A. nidulans has 
been used as model organism in microbiology 
and cell biology for many years. After sequenc-
ing of the genomes of both fungal species it is 
possible to study protein regulation on a global 
scale. One of the most suitable protein sepa-
ration techniques is 2D-gel electrophoresis, 
which is based on separation of proteins by 
charge and size in a gel matrix. This method 
enables the separation and visualisation of a 
substantial fraction of an organism’s complete 
set of proteins, the proteome. We use this 
method to gain a comprehensive overview 
about the proteins present or induced during 
environmental changes and stress conditions 
which are relevant for important biological 
regulation circuits and pathogenicity. For ex-
ample, the acquisition of iron is known to be 
an essential step in microbial infections due 
to iron-limiting conditions in the human host. 
To understand the cellular processes induced 
by iron starvation, we analysed the proteome 
of A. fumigatus grown under iron-deficiency 
conditions. Many enzymes containing iron as 
cofactor were down-regulated, whereas among 
the up-regulated proteins two so far uncharac-
terised proteins were found. Molecular biology 
experiments are under way to elucidate their 
roles during iron depletion.

Scientific Projects

1 In 2007, the sequencing of the zoophilic der-
matophyte Arthroderma benhamiae has been 
initiated at the HKI in close collaboration with 
the Leibniz Institute for Age Research, Jena, 
and the Friedrich Schiller University Jena and 
was completed in 2009. It is estimated that 30 % 
of all humans are infected by dermatophytes, a 
group of fungi which infect keratinised tissue 
such as skin and nails. Knowledge about the 
biology and pathobiology of this group of fungi 
is very limited. Therefore, we have extended 
the scope of our research on the proteome of 
this important dermatophyte. In the follow-
ing paragraphs we report some exemplary re-
search projects of the Research group “Fungal 
Proteomics”.

Two-dimensional proteome reference
maps for the human pathogenic
filamentous fungus Aspergillus fumigatus.
In recent years, A. fumigatus has attracted 
more and more attention as the major cause 
of life-threatening lung infections in immuno-
compromised patients, known as invasive as-
pergillosis (IA). IA is still associated with mor-
tality rates up to 60–90 %. The mechanisms 
leading to pathogenicity of A. fumigatus are 
poorly understood. No single clear and obvious 
virulence factors could be detected yet, but it is 
generally accepted that A. fumigatus obviously 
possesses higher stress tolerance and better 
mechanisms to adapt to the host environment 
in comparison to other fungi. We established a 
2-D reference map for A. fumigatus. Such type 
of proteome maps provide information about 
all the proteins, which are synthesized under 
standard cultivation conditions and which are 
accessible to 2D-gel electrophoresis. After 2D-
gel electrophoresis, all visible protein spots 
were excised, cleaved in smaller peptides by 
the protease trypsin and were further analyzed 
by mass spectrometry using MALDI-TOF-MS/
MS. Altogether, we identified 381 spots rep-
resenting 334 different proteins. Proteins 
involved in cellular metabolism, protein syn-
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thesis, transport processes and cell cycle were 
most abundant. Furthermore, we established a 
protocol for the isolation of mitochondria of A. 
fumigatus and developed a mitochondrial pro-
teome reference map as well. Mitochondria are 
the “cellular power plants” which generate the 
cell’s chemical energy. In addition, they are 
also involved in many other important cellular 
functions, such as signaling, cell growth and 
cell death. 147 proteins represented by 234 
spots were identified. These proteome maps 
constitute powerful tools for further biological 
studies of A. fumigatus stress response, patho-
genicity and the characterization of A. fumiga-
tus antigens.

Surface hydrophobin prevents immune
recognition of airborne fungal spores.
The air we breathe is filled with thousands of 
fungal spores, the reproductive structure of 
fungi. The spore surface is often covered by a 
thin layer of regularly arranged rodlets. These 
rodlets are composed of specific proteins, 

which are designated rodlet proteins. The rod-
let layer confers water repellency and probably 
protects the spores against dehydration. In A. 
fumigatus, this rodlet layer is composed of the 
RodA protein, which is covalently bound to the 
conidial cell wall. In collaboration with the In-
stitute Pasteur (Jean-Paul Latgé), the Univer-
sity of Perugia (Luigia Romani) and University 
Paris Descartes we could assign an additional 
function to the rodlet layer. It masks the rec-
ognition of the spore surface structures by the 
immune system and hence prevents an im-
mune response. When the RodA protein was 
extracted from the spore surface by chemical 
cleavage using fluoric acid and incubated with 
phagocytic cells of the immune system (alveo-
lar macrophages and dendritic cells) it did not 
trigger an immune response. In contrast, mu-
tants with a deletion in the rodA gene induced 
an immune activation. Taken together, these 
observations showed that the rodlet layer of 
the spore surface immunologically silences 
airborne moulds and thus do not activate the 

Figure 1
Proteome map of A. fumigatus 
mitochondrial proteins.

Figure 2
Scanning electron microscopy (SEM) 
micrograph of A. fumigatus hyphae trapped 
in neutrophil extracellular traps (NETs)
(Bruns et al. 2010).
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host innate immune cells continuously and do 
not induce detrimental inflammatory respons-
es upon inhalation. The avoidance of immune 
activation has benefits for A. fumigatus as well 
as the host. For the host it prevents chronic in-
flammation in the lungs, whereas for the fun-
gus it impedes rapid elimination by the host’s 
immune system.

Neutrophil extracellular traps
Inhaled A. fumigatus spores (conidia) are in 
general cleared in the human host by phago-
cytic cells of the innate immune system, 
which provides an immediate, but non-specific 
response. The phagocytes, such as macrophag-
es or neutrophils, recognize, engulf and subse-
quently kill fungal conidia. Hyphae, the veg-
etative growth form of a fungus, are too large 
to be engulfed. Neutrophils play presumably 
the major role in attacking the large and long 
hyphae of filamentous fungi through close 
contact and secretion of anti-microbials. How-
ever, the extracellular killing mechanisms of 
A. fumigatus hyphae by neutrophils have not 
been clarified yet. The recently discovered 
neutrophil extracellular traps (NETs) may be 
another important factor for the clearance of 
pathogenic filamentous fungi. NETs consist 
of nuclear DNA, which forms an extracellu-
lar fibril matrix decorated with antimicrobial 
proteins. Upon stimulation by a pathogen, a 
cell death program is activated: the nuclei of 
neutrophils loose their shape, first the nuclear 
envelope and finally the cell membrane disin-
tegrate and DNA is released into the extracel-
lular space. When we started our project on 
NET formation in response to A. fumigatus the 
importance of neutrophils for their production 
in vivo was unclear and the molecular mecha-
nisms of the fungus to avoid or at least reduce 
NET-formation was hardly known. We showed 
in confrontation assays that human neutro-
phils produce NETs in vitro when encountering 
A. fumigatus. In close collaboration with the 
University of Magdeburg (Matthias Gunzer) 
we produced time-lapse movies which showed 
that NET production was a highly dynamic 
process which, however, was only exhibited by 
a sub-population of cells. NETosis was maxi-
mal against hyphae, but reduced against rest-
ing and swollen conidia. In a newly developed 

mouse model we demonstrated the existence 
and measured the kinetics of NET-formation 
in vivo by 2-photon microscopy of Aspergillus-
infected lungs. The two-photon excitation mi-
croscopy is a fluorescence imaging technique 
that allows imaging living tissue. Neutrophil 
depletion in mice by specific antibodies almost 
completely inhibited NET-formation in lungs, 
thus providing direct evidence that indeed 
neutrophils form NETs in vivo during infec-
tion with A. fumigatus. We also demonstrated 
that the above mentioned conidial rodlet layer 
consisting of the surface protein RodA inhibits 
NET formation when neutrophils encounter As-
pergillus fungal elements. Altogether, our data 
suggest that NETs may have a fungistatic ef-
fect, but do not directly affect killing of fungal 
hyphae at least in the first 8 hours. 

Virulence of Aspergillus fumigatus

Group Leaders: Thorsten Heinekamp,
Axel A. Brakhage

Characterisation of G protein-coupled 
receptors of Aspergillus fumigatus
The filamentous fungus Aspergillus fumi-
gatus normally grows on compost or hay but 
is also able to colonise environments such 
as the human lung. In order to survive, this 
organism needs to react to a multitude of ex-
ternal stimuli. Although extensive work has 
been carried out to investigate intracellular 
signal transduction in A. fumigatus, little is 
known about the specific stimuli and the cor-
responding receptors activating these signal-
ing cascades. We characterised two putative 
G protein-coupled receptors, GprC and GprD, 
with respect to their cellular functions. Dele-
tion of the corresponding genes resulted in 
drastic growth defects as hyphal extension 
was reduced, germination was retarded and 
hyphae showed elevated levels of branching. 
The growth defect was found to be tempera-
ture dependent. The higher the temperature 
the more pronounced was the growth defect. 
Furthermore, compared with the wild type 
the sensitivity of the mutant strains towards 
environmental stress caused by reactive oxy-
gen intermediates was increased and they dis-

2
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played an attenuation of virulence in a murine 
infection model. Transcriptome analyses indi-
cated that in the deletion mutants of both gprC 
and gprD, transcripts of primary metabolism 
genes were less abundant, whereas transcrip-
tion of several secondary metabolism gene 
clusters was upregulated. Our data suggest 
the receptors are involved in integrating and 
processing stress signals.

Cell wall integrity signalling and
pyomelanin formation 
Mitogen-activated protein kinase (MAPK) 
signalling pathways are involved in the regu-
lation of various cellular responses to envi-
ronmental changes in eukaryotes. Genome 
Blast analysis revealed that the central core 
of the cell wall integrity signalling pathway 
in A. fumigatus is composed of three protein 
kinases designated Bck1, Mkk2 and MpkA. 
This pathway is of particular interest because 
it represents a possible target for new antifun-
gal drugs. Deletion of these genes resulted 

in severe sensitivity of the mutants against 
cell wall disturbing compounds and drastic 
alterations of the fungal morphology. West-
ern blot analysis demonstrated that Bck1 and 
Mkk2 directly activate MpkA during vegeta-
tive growth and under cell wall stress condi-
tions further confirming that Bck1, Mkk2 and 
MpkA form a MAP kinase module. Interest-
ingly, this MAP kinase module affects the for-
mation of pyomelanin derived from tyrosine 
degradation.
 
Melanins are implicated in the pathobiology 
of a broad range of human and plant patho-
genic fungi. Apart from dihydroxynaphtha-
lene (DHN)-melanin, A. fumigatus is able to 
synthesise a brown pigment, when L-tyrosine 
is present in the media. A proteomic approach 
implied that the formation of this L-tyrosine 
derived brown compound is related to pro-
teins involved in the tyrosine /phenylalanine 
degradation pathway, in which homogentisate 
is the major intermediate. Homogentisic acid 

Figure 3
Tyrosine degradation pathway and 
pigment formation in A. fumigatus. 
For pyomelanin formation the wild 
type was grown for 3 days with (+Tyr) 
and without (-Tyr) addition of 10 mM 
L-tyrosine. Pigment was observed in 
the mycelium and in the medium. 
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is the primary precursor of melanin in a broad 
range of microorganisms. Therefore, we ana-
lysed the homogentisate degradation pathway 
in A. fumigatus. The genes, coding for en-
zymes involved in the homogentisate degra-
dation pathway form a cluster. Deletion of the 
genes coding for central enzymes of the path-
way, i.e., homogentisate dioxygenase (hmgA) 
and 4-hydroxyphenylpyruvate dioxygenase 
(hppD), led to the identification of pyomelanin 
that is formed as brown pigment by polymeri-
zation of homogentisic acid. In a DhmgA strain, 
homogentisic acid accumulates and pyomela-
nin production is increased in contrast to the 
DhppD mutant strain that does not produce 
homogentisic acid. We showed that HppD and 
HmgA are involved in scavenging of reactive 
oxygen species (ROS), which implies that ac-
cumulation of homogentisate in A. fumigatus 
plays an important role not only for production 
of pyomelanin, but also for the virulence of 
this fungal pathogen. 

Interaction of Aspergillus fumigatus
with the immune system 
Innate immunity plays an important role in 
the defense against infections. The comple-
ment system represents an essential part of 
the innate immune system. This cascade sys-
tem is activated on the surface of A. fumigatus 
conidia and hyphae and enhances phagocyto-
sis of conidia. A. fumigatus conidia but not hy-
phae bind host complement regulators factor 
H, FHL-1 and CFHR-1 to their surface which 
control complement activation. In close col-
laboration with the group of P. Zipfel (Depart-
ment of Infection Biology, HKI) we showed that 
A. fumigatus hyphae possess an additional 
endogenous activity to control complement ac-
tivation. A. fumigatus culture supernatant ef-
ficiently cleaved complement components C3, 
C4, C5, C1q as well as immunoglobulin G. Se-
cretome analysis and protease inhibitor stud-
ies identified the secreted alkaline protease 
Alp1, which is present in high amounts in the 
culture supernatant, as the central molecule 
responsible for this cleavage. An alp1 deletion 
strain was generated and the culture superna-
tant possessed minimal complement degrad-
ing activity. Thus, Alp1 is responsible for the 

observed cleavage and degrades a broad range 
of different substrates. This novel mechanism 
further enables A. fumigatus to evade from the 
host complement attack.

Transcription factors and signal 
transduction / Protein-protein
interactions

Group Leaders: Peter Hortschansky,
Axel A. Brakhage

Regulation of fungal transcription factor 
complexes
The filamentous fungus Aspergillus nidulans is 
an excellent model to study many fundamen-
tal biological questions which includes devel-
opment, hyphal growth or the production of 
secondary metabolites. The fungus propagates 
sexually via the formation of cleistothecia and 
ascospores or asexually by production of co-
nidia (spores). In addition, the fungus is char-
acterised by vegetative, hyphal growth. Since 
we have been interested in redox regulation 
and cellular differentiation, signal transduc-
tion cascades comprising receptors and MAP 
kinase modules as well as transcription fac-
tors mediating ROS (reactive oxygen species) 
signaling have been characterized.

Very recently, however, we discovered that 
the ubiquitously distributed CCAAT-binding 
factor plays a key role in the coordination of 
oxidative stress response, growth and both 
sexual and asexual development. This heterot-
rimeric complex is evolutionary conserved in 
eukaryotic organisms including fungi, plants 
and mammals. In A. nidulans, the correspond-
ing complex was designated AnCF (A. nidu-
lans CCAAT-binding factor) and consists of 
the subunits HapB, HapC and HapE. All three 
subunits are necessary for DNA binding. Dele-
tion mutants in either of the subunits showed 
reduced growth, production of reduced num-
bers of conidia and were unable to propagate 
sexually. Hence, AnCF is a central transcrip-
tional regulator of the cell affecting all major 
differentiation processes. For long, it remained 
a mystery how the complex is regulated.

3
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The CCAAT-binding complex coordinates 
the oxidative stress response in Aspergillus 
nidulans
Surprisingly, the core AnCF is regulated via 
the redox status of the cell mediated by the 
thioredoxin A system. In detail, we found that 
the core AnCF senses the redox status of the 
cell via oxidative modification of thiol groups 
in HapC. All HapC orthologs from eukaryotes 
contain three conserved cysteine residues in 
their core histone fold motif. Oxidized HapC is 
unable to participate in AnCF assembly and 
located in the cytoplasm, but can be recycled 
in vitro and in vivo by the thioredoxin system, 
which was characterized by us as well. Mu-
tational and in vitro interaction analysis re-
vealed that two of these cysteine residues are 
indispensable for stable HapC/HapE subcom-
plex formation and high affinity DNA-binding 
of AnCF (Figure 4).

By Northern blot analysis we confirmed that 
several genes/proteins involved in redox reg-

ulation and detoxification of ROS like catalase 
B, thioredoxin, thioredoxin reductase, peroxi-
redoxin, glutathione peroxidase, glutathione 
reductase and γ-glutamylcysteine synthetase 
are activated by the peroxide sensor NapA. 
Paradoxically, our data revealed that AnCF 
acts as a repressor of napA and in parallel as 
an indispensable activator of catB expression. 
Therefore, based on our findings about redox 
regulation of AnCF, cellular ROS accumulation 
leads to increased cytoplasmic localization of 
oxidized HapC and consequently, derepres-
sion of napA and repression of catB. Activa-
tion of NapA allows for increased production 
of thioredoxin and thioredoxin reductase, 
which are both required for reduction of oxi-
dized HapC. Supported by the known AnCF-
mediated auto-regulation of the hapB gene, 
i.e., a mechanism controlling AnCF levels in 
the nucleus by a piggy-back transport, hapB 
expression is derepressed as well under oxida-
tive stress conditions. As hapC and hapE are 
constitutively expressed, increased cellular 

Figure 4
HapC cysteine residues contribute 
to stability and high affinity DNA 
binding of AnCF. (A) Surface Plasmon 
Resonance analysis of AnCF binding 
to DNA containing a CCAAT box 
from the A. nidulans napA promoter. 
(B) Native PAGE analysis of HapC/
HapE heterodimer formation using 
all possible HapC cysteine to serine 
mutants.
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HapB levels result in a higher nuclear AnCF 
concentration allowing for successive induc-
tion of catalase B production (Figure 5).
Taken together, the CCAAT-binding complex 
is one of the major redox sensors of the cell 
and a member of a fine-tuned mechanism for 
the adaptation to different levels of oxidative 
stress. AnCF and NapA are controlled by in-
terconnected feedback loops. ROS inactivate 
AnCF via oxidation of HapC, which increases 
expression of napA and NapA target genes 
directly via release of AnCF repression and 
indirectly via NapA activation. This response 
includes the activation of the thioredoxin sys-
tem, which represses NapA activity and reac-
tivates AnCF. The coordinated activation and 
deactivation of antioxidative defense mecha-
nisms, i.e., production of enzymes such as 
catalase, thioredoxin or peroxiredoxin, and 
maintenance of a distinct glutathione home-
ostasis very likely represents an evolutionary 
conserved regulatory feature of the CCAAT-
binding complex in eukaryotes.

Regulation of fungal secondary
metabolism genes

Group Leader: Axel A. Brakhage

Activation of silent gene clusters: Intimate 
bacterial-fungal interaction triggers
biosynthesis of archetypal polyketides
in Aspergillus nidulans 

Fungi produce numerous low molecular 
weight molecules endowed with a multitude 
of biological activities. However, mining the 
full genome sequences of fungi indicates 
that their potential to produce secondary me-
tabolites is greatly underestimated. Sequence 
alignments suggest that A. nidulans has the 
potential to generate up to 32 polyketides, 
14 nonribosomal peptides and 2 indole alka-
loids (in close collaboration with the Research 
Group Bioinformatics / Systems Biology, Rein-
hard Guthke). This high number of putative 
metabolite biosynthesis gene clusters is great-
er than the known metabolites ascribed to 

4

Figure 5
Proposed mechanism for adaptation 
to oxidative stress in A. nidulans. The 
bold numbers in the figure refer 
to the following steps. (1) Reduced 
HapC stabilizes the HapE subunit 
by interaction through the histone 
fold motifs localized in each subunit. 
(2) HapB-mediated piggy back 
transport of AnCF into the nucleus 
and AnCF-mediated auto-regulation 
(repression) of the hapB gene. (3) 
AnCF represses full expression of 
napA and some NapA target genes, 
but is required for basal expression 
of catB. (5) Reactive oxygen species 
(ROS) inactivate AnCF via oxidation 
of HapC and (6) activate NapA by the 
redox transducer GpxA (glutathione 
peroxidase-like protein A), leading to 
(7) increased expression of napA and 
NapA target genes. (8) ROS trigger  
the activation of the thioredoxin 
system which leads to inactivation 
of NapA activity and (9) reactivates 
AnCF in a feedback loop. This (4) 
enables production of CatB.
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this species, and it may be a reflection of fail-
ure of many clusters to be expressed, at least 
under the culture conditions commonly used 
in laboratories. Recently, we reported a novel 
method to activate such silent gene clusters by 
genetic engineering, i.e., by overexpression of 
a pathway specific transcription factor which 
led to the production of so far not identified 
metabolites in A. nidulans.

One of the major challenges in microbiology, 
however, is to understand the physiological 
conditions under which these genes are acti-
vated. We reasoned that natural products are 
important for communication between micro-
organisms. Therefore, to examine the impact 
of microbial interplay on the expression of 
silent fungal biosynthesis gene clusters, in 
close collaboration with the Department of 
Biomolecular Chemistry (Christian Hertweck) 
we cocultured A. nidulans with a collection of 
soil-dwelling bacterial strains that share the 
same habitat. In total, 58 different actinomyc-

etes that included different genera and spe-
cies were probed. By microarray analyses of 
both Aspergillus secondary metabolism and 
full-genome arrays, Northern blot and quanti-
tative RT-PCR analyses, we could demonstrate 
at the molecular level that only a single strain, 
designated Streptomyces rapamycinicus [ATCC 
29253], specifically induced fungal biosynthe-
sis genes. According to the microarray data, 2 
putative polyketide synthase (PKS, AN7909) 
and non-ribosomal peptide synthetase (NRPS, 
AN7884) gene clusters were clearly up-regu-
lated. Most surprisingly, dialysis experiments 
and electron microscopy indicated that an 
intimate physical interaction of the bacterial 
and fungal mycelia is required to elicit the 
specific response. Such a tight association, 
as in S. rapamycinicus and A. nidulans, with a 
concomitant specific metabolic response is yet 
unprecedented.
 
Gene knock out experiments provided evi-
dence that one induced gene cluster codes 

Figure 6
The intimate trans domain 
interaction of A. nidulans and
S. rapamycinicus (background) 
triggers in the formation of the 
secondary metabolites orsellinic
acid (A), lecanoric acid (B) and 
F-9775A (C) and F-9775B by the 
fungus (Schroeckh et al., 2009).

Department of Molecular and Applied Microbiology   HKI Research Report 2008 | 2009



88

for the long-sought after PKS required for 
the biosynthesis of the archetypal polyketide 
orsellinic acid and the typical lichen metabo-
lite lecanoric acid. Yet, there was only a single 
report on filamentous fungi producing this 
ATP synthesis and electron transfer inhibitor. 
It is intriguing that this compound is usually 
found in a fungal /bacterial mutualism, and 
thus likely plays a role in microbial commu-
nication. On the other hand, because leca-
noric acid inhibits ATP synthesis and electron 
transfer, it is also conceivable that the bacte-
rium has elicited a fungal defense strategy 
affecting organisms that are susceptible to 
lecanoric acid mediated energy breakdown. 
Because the inducing bacterium is not affect-
ed, one may even speculate about a symbiotic 
fungal bacterial relation. In addition, the two 
yellow-orange pigments F-9775A and F-9775B 
are produced as minor compounds. Both com-
pounds were originally isolated from Paecilo-
myces carneus and are inhibitors of cathepsin 
K, thus damping osteoporosis.

Furthermore, a phylogenetic analysis dem-
onstrates that orthologs of the specifically 
induced PKS are widespread in nature in all 
major fungal groups, including mycobionts of 
lichens.

The obtained results provide evidence of spe-
cific interaction among microorganisms be-
longing to different domains and support the 
hypothesis that not only diffusible signals but 
intimate physical interactions contribute to 
the communication among microorganisms 
and induction of otherwise silent biosynthesis 
genes.

Identification of the novel penicillin bio-
synthesis gene aatB of Aspergillus nidulans 
and its putative evolutionary relationship 
to this fungal secondary metabolism gene 
cluster
Penicillins and cephalosporins are b-lactam 
antibiotics. The formation of hydrophobic pen-
icillins has been reported in fungi only, no-

Figure 7
Model of the evolution of the 
penicillin biosynthesis gene cluster 
in a putative ancestor of A. nidulans 
(Brakhage et al., 2009).
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tably Penicillium chrysogenum and Aspergillus 
(Emericella) nidulans, whereas the hydrophilic 
cephalosporins are produced by both fungi, 
e.g., Acremonium chrysogenum (cephalosporin 
C), and bacteria. The producing bacteria in-
clude Gram-negatives and Gram-positives, 
e.g., Streptomyces clavuligerus (cephamycin C) 
and Lysobacter lactamgenus (cephabacins), re-
spectively. The evolutionary origin of ß-lactam 
biosynthesis genes has been the subject of dis-
cussion for many years, and two main hypoth-
eses have been proposed: (i) horizontal gene 
transfer (HGT) from bacteria to fungi or (ii) 
vertical decent. There are strong arguments 
in favour of HGT, e.g. unlike most other fungal 
genes, b-lactam biosynthesis genes are clus-
tered and some of these genes lack introns. 
In contrast to S. clavuligerus, all regulators of 
fungal b-lactam biosynthesis genes represent 
wide-domain regulators that are not part of 
the gene cluster. If bacterial regulators were 
co-transferred with the gene cluster from 
bacteria to fungi, most likely they would have 
been non-functional in eukaryotes and lost 
during evolution. Recently, we discovered a 
novel penicillin biosynthesis gene aatB, which 
is not part of the penicillin biosynthesis gene 
cluster and is even located on a different chro-
mosome. The aatB gene is regulated by the 
same regulators AnCF and AnBH1 as the pen-
icillin biosynthesis gene aatA(penDE). Data 
suggest that aatA and aatB are paralogues 
derived by duplication of a common ancestor 
gene. This data supports a model in which 
part of the b-lactam biosynthesis gene cluster 
was transferred to some fungi, i.e. the acvA 
and ipnA gene without a regulatory gene. We 
propose that during the assembly of aatA and 
acvA-ipnA into a single gene cluster, recruit-
ment of transcriptional regulators occurred 
along with acquisition of the duplicated aatA 
ancestor gene and its cis-acting sites.
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Head:
Prof. Dr. Hans Peter Saluz

Department of Cell and Molecular Biology

Research in the Department of Cell and Mo-
lecular Biology is devoted to the flow of mo-
lecular information during host-pathogen 
interactions. As model hosts we are using 
human cell lines, mice and chick embryos 
in ovo, and the pathogens of our main inter-
est are Chlamydiales and pathogenic fungi. 
To broaden information-solving abilities we 
have set out to adopt and to develop highly ad-
vanced micro- and nanosytems, which allow 
the simultaneous handling of multiple sam-
ples within sets of different biomolecules un-
der nearly identical experimental conditions. 
At present we are focussing on parallel Rapid 
PCR, in vivo biopolymer-interaction technolo-
gies and multicolor hyperspectral imaging of 
biomolecules on solid body surfaces.
Within the framework of our biological pro-

jects, we aim at the elucidation of how infec-
tions proceed in living organisms (imaging) 
and how infected organs react on a molecular 
level (e.g. comparative transcriptomics and in-
teractomics). Imaging is performed by means 
of our latest generation positron emission 
tomography-computed tomography (PET-CT) 
instrument that provides co-registered imag-
es, ie. it combines the high spatial resolution 
and anatomical detail of CT with the molecu-
lar, quantifiable images obtained by PET. Both 
comparative transcriptomics and interactom-
ics involve massively parallel sequencing.
Micro- and nanosystems, which we have been 
developing, are also ideally suited for the ap-
plication in other departments of our institute, 
as well as within the entire “Beutenberg Cam-
pus” in Jena, where research interests in dif-

Die Abteilung Zell- und Molekularbiologie 
beschäftigt sich mit dem Fluss molekularer 
Information bei Wirt/Pathogen-Interaktionen. 
Als Modellwirte setzen wir menschliche 
Zellen, Mäuse und Hühnerembryonen im 
Ei ein und die Pathogene, die für uns eine 
zentrale Rolle spielen, sind Chlamydien und 
pathogene Pilze. Um die verschiedenen, wirts-
spezifischen Antworten wirkungsvoll erfassen 
zu können, entwickeln wir hochmoderne 
Mikro- und Nano Systeme. Mit ihnen können 
jeweils mehrere tausend Proben aus einer 
Reihe unterschiedlicher Biomoleküle gleich-
zeitig und unter nahezu identischen Versuchs-
bedingungen untersucht werden. Zur Zeit be-
schäftigen wir uns mit Paralleler Rapid PCR, 
in vivo Biopolymerinteraktionstechnologien 
und mit hyperspektralem Vielfarben-Imaging 
von Biomolekülen auf Festkörperoberflächen.

Im Rahmen der biologischen Projekte erfor-

schen wir Infektionsabläufe in lebenden 
Organismen (Imaging) und auch wie die 
infizierten Organe auf molekularer Ebene 
reagieren (z. B. komparative Transcriptomics 
und Interactomics). Imaging führen wir vor 
allem mit einem modernen kombinierten 
PET-CT (Positron Emission Tomography-
Computed Tomography) Instrument durch, 
was die sehr hohe räumliche Auflösung und 
anatomischen Details des CT mit molekular 
quantifizierbaren Bildern des PET kombiniert. 
Sowohl die Transkriptom- wie auch die 
Interaktomanalysen involvieren Hochdurch-
satzsequenzierung.

Mikro- und Nanosysteme eignen sich auch zur 
Anwendung in anderen Abteilungen unseres 
Institutes, sowie auf dem gesamten Beuten-
berg Campus in Jena, wo die Forschungs-
interessen aus so verschiedenen Gebieten wie 
Physik, Chemie und Biologie in einzigartiger 
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ferent fields, such as physics, chemistry, and 
biology meet. Combined with the automation 
of techniques, these systems will also provide 
effective tools for the rapid realization of prod-
ucts and instruments - an important aspect in 
the context of the “BioRegio” Jena network.
To expand optimum access to the most ad-
vanced scientific know-how and technical 
equipment we also cooperate with several 
institutions and industries, locally and inter-
nationally. Experience and knowledge gained 
from our projects allow us to teach and con-
front students in the university theoretically 
and practically with modern aspects of basic 
and applied research.
During the last two years, several diploma 
and doctoral students have graduated success-
fully from our department. Within our tech-

nological framework, we have had some real 
success related to rapid heat block thermocy-
cling of small samples. The ability to rapidly 
amplify nucleic acids has been particularly 
important for pathogen detection in diagnos-
tic applications, as well as in life science re-
search and industrial applications. Addition-
ally developments concerning in vivo ChIPSeq 
are currently providing novel and unexpected 
information on regulatory protein-DNA inter-
actions in promoter, intron, and exon regions 
of the human genome. Finally, our home-made 
hyperspectral imager coupled with multivari-
ate data analysis provides a powerful new tool 
for understanding complex biological and the 
analysis of biomedical samples.

Weise aufeinander treffen. Außerdem liefern 
diese Systeme, kombiniert mit der Möglichkeit 
zur Automatisierung, eine Voraussetzung für 
die effiziente Realisierung von Produkten und 
Instrumenten, was ein nicht unwesentlicher 
Aspekt für die „BioRegio“ in Jena ist.

Um eine optimale Erweiterung durch 
neueste wissenschaftliche Erkenntnisse und 
technische Mittel zu haben, kooperieren wir 
mit mehreren lokalen und internationalen 
Instituten und der Industrie. Die Erfahrungen 
und Kenntnisse, die wir aus unseren Arbeiten 
gewinnen, erlauben es uns, Studenten 
theoretisch und praktisch mit modernsten 
Aspekten der Grundlagenforschung und an-
gewandten Wissenschaft vertraut zu machen. 
So betreuten wir in den vergangenen beiden 
Jahren wiederum mehrere Diplomanden 
und Doktoranden in unserer Abteilung, am 
Friedrich-Löffler-Institut und am Max Planck 

Institut für chemische Ökologie in Jena, die 
ihre Studien mit Erfolg abschließen konnten.

Was unsere technischen Projekte anbetrifft, 
konnten wir guten Erfolg in Hinblick auf Rapid 
PCR verzeichnen. Die Möglichkeit, Nuklein-
säuren sehr rasch und präzise amplifizieren 
zu können, war vor allem für den Nachweis von 
Pathogenen bei diagnostischen Anwendungen 
– aber auch für Forschungs- und Industriean-
wendungen – wichtig. Andererseits ergaben 
die Interaktomanalysen neuartige und un-
erwartete Informationen über die Interaktionen 
von regulatorischen Proteinen mit DNA in 
allen Promoter-, Intron- und Exonregionen 
des menschlichen Genoms. Schließlich er-
möglicht das selbstgebaute hyperspektrale 
Imaging Instrument, kombiniert mit multi-
variater Datenanalyse, neue Möglichkeiten 
zum Verständnis von biologischer und bio-
medizinischer Materialien.
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Conidia of Aspergillus fumigatus 
inhibit staurosporine-induced apop-
tosis of alveolar macrophages

Group Leader: Hans Peter Saluz
(cooperation with A. Brakhage, HKI, Jena)

Infections with mold pathogens have emerged 
as an increasing risk faced by patients un-
der sustained immunosuppression. Species 
of the Aspergillus genus account for most of 
these infections, and in particular Aspergillus 
fumigatus (Af) can be regarded as the most 
important airborne pathogenic fungus. The 
improvement in transplant medicine and the 
therapy of hematological malignancies are of-
ten complicated by the threat of invasive as-
pergillosis (IA). Specific diagnostics are still 
limited, as are the possibilities of therapeutic 
intervention. Hence, IA is still associated with 
a high mortality rate that ranges from 30 % to 
90 %. Recognition of invading microorganisms 
by the innate immune system is a first and 
essential step in their successful elimination. 
Alveolar macrophages are the major resident 
cells of the lung alveoli; they, along with neu-
trophils (which are actively recruited dur-
ing inflammation), are the major cells in the 
phagocytosis and clearance of Af. Many extra- 
and intracellular pathogens evolved different 
mechanisms to escape the innate immune 
system by directly interfering with apoptotic 
pathways of phagocytic cells. Unfortunately, 
there is still little data on the processing of 
conidia by the host and the effect of conidia on 
apoptosis of immune cells. Therefore, the aim 
of this study is to investigate the interaction 
between Af conidia and alveolar macrophages 
and the effect on macrophage apoptosis in par-
ticular. In previous experiments, we showed 
that Af conidia inhibit staurosporine induced 
apoptosis of murine alveolar macrophages in 
a caspase-3-dependent manner. In order to 
elucidate the molecular mechanism of this 
anti-apoptotic effect, proteomic (two-dimen-

Scientific Projects

1 sional gel electrophoresis) and transcriptomic 
(Microarray and Digital Gene Expression Pro-
filing) approaches are performed.

Two-laser, large field hyperspectral 
microarray scanner for the analysis 
of multicolour microarrays

Group Leader: Hans Peter Saluz
(cooperation with GMBU, Jena)

As part of a comprehensive multicolour geno-
typing microarray research program, we have 
developed in cooperation with GMBU (Jena) a 
two-laser large field hyperspectral multicol-
our microarray scanning system (Erfurth et 
al., 2008). In contrast to other systems, the 
hyperspectral microarray scanner detects 
mixed signals from several dyes at once and 
then unmixes the signals by computational 
means, thus eliminating the need for fixed 
narrow band optical filters for each dye. Hy-
perspectral microarray scanners potentially 
enable the use of a broad range of spectrally 
overlapping dyes. Our system was designed to 
enable the simple exchange of lasers covering 
different spectral regions. We tested it for a 
wide range of different glass substrates, fluo-
rescent labels, and imaging conditions, such 
as dry surfaces and PBS/glycerol aqueous en-
vironments.

Of the multiple existing methods for genotyp-
ing, those based on the application of microar-
ray technology offer the greatest potential for 
cost-effective analysis of many genetic mark-
ers at one time. Fluorescence-based single-
base extension (SBE), sometimes referred as 
minisequencing, is used in a broad range of 
microarray formats ranging from ultra-high 
density bead arrays to in-house spotted fo-
cussed microarrays oriented toward the anal-
ysis of a limited number of mutations. Small 
focussed arrays are finding direct application 
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in the diagnosis of genetic diseases, genotyp-
ing of viruses, genotyping of bacteria, geno-
typing of fungi, and in forensic applications. 
These arrays are produced by the spotting of 
short oligonucleotides on activated substrate 
surfaces in formats such as individual arrays, 
“array-of-arrays”, or in 96-well and 384-well 
glass bottom microplates. Alternatively, uni-
versal high-density tag arrays containing 
thousands of anti-tag probes can be produced 
by in situ synthesis. These assays, which gen-
erally utilize between one and four fluores-
cently labelled dideoxy terminators (ddNTPs) 
for performing SBE reactions and various 
commercial scanners containing up to four 
lasers, have been described in the context of 
genotyping via microarray. A four-colour la-
belling strategy maximizes the multiplexing 
ability of SBE reactions, thereby allowing all 
possible allele combinations to be analysed si-
multaneously. This strategy has been applied 
in SNaPshot assays using subsequent size 
separation via capillary gel electrophoresis, in 
arrayed primer extension (APEX), and in spot-
ted tag arrays generated in house. SNaPShot 
assays use terminators labelled by four dichlo-
rorhodamine dyes. The dyes are separated 
from conjugation to ddNTPs by ethylene oxide 
linkers, which improves nucleotide incorpora-
tion efficiency by polymerases. In addition, 
they have narrow spectral emission band-
widths that improve their spectral separation 
by capillary electrophoresis systems equipped 
with a spectrograph and a cooled CCD camera. 
They occupy, however, a visible spectral range 
from 540 nm to 615 nm, and their spectra are 
separated by only 25 nm to 30 nm. On the 
other hand, a commercial confocal four-laser 
microarray scanner described by other au-
thors is equipped with a blue argon (488 nm) 
laser, a green HeNe (544 nm) laser, a yellow 
HeNe (594 nm) laser and a red HeNe (633 nm) 
laser, and the corresponding narrow bandpass 
filters. It is clear that the scanner cannot op-
timally separate dichlororhodamine dyes be-
cause of their 25 nm to 30 nm spectral sepa-
ration; such a device would require dye sets 
with a spectral separation of approximately 
50 nm. In addition, the excitation spectra of d-
rhodamine dyes do not match the lasers in the 
scanner described. In recent years, numerous 

terminators labelled with infrared cyanine 
dyes were developed for capillary electro-
phoresis sequencing, e.g. WellRED dyes from 
Beckman. It was demonstrated that these 
dyes can be efficiently excited by 635 nm, 675 
nm, 750 nm and 810 nm lasers in capillary 
electrophoresis sequencing applications. The 
use of these novel dye-labelled terminators in 
multicolour genotyping experiments has been 
impossible due to the lack of appropriate scan-
ners working in the infrared spectral region; 
poor sensitivity of the photomultipliers (PMT) 
in infrared has been the chief barrier to im-
plementation. Therefore, the performance of 
infrared dyes in the context of microarrays 
has never been fully evaluated. Unfortunately, 
some new four-dye sets of labelled termina-
tors are commercially available only in mix-
tures with unlabelled dNTPs which prevent 
their use in SBE-minisequencing reactions. 
The present strategy of testing various com-
mercially available dye-ddNTP combinations 
in four-colour microarray genotyping is 
mainly predicated upon finding dyes that will 
match the optical parameters of commercial 
four-laser scanners rather than upon charac-
teristics such as incorporation efficiency of 
labelled ddNTPs, chemical and photostability 
of the dyes, quantum yield, etc. Actually, in 
practice it is impossible to find commercially 
available sets of four dyes that do not show 
optical crosstalk between the channels. This 
problem invariably results in complicated 
numerical signal corrections being required 
downstream following their use. At present, 
four-dye sets used in microarray genotyp-

Figure 1
Spectral signatures of single fluo-
rescent sources on a 4-dye-labelled 
microarray: Cy3 (bold solid), Cy3.5
(thin solid), Cy5 (bold dashed), Cy5.5 
(thin dashed), and spot-localised 
contamination (bold dotted).
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ing usually contain mixtures of chemically 
and structurally different dyes, such as fluo-
resceins, rhodamines and cyanines (Erfurth 
et al., 2008). Different dyes require different 
scanning environments, however. For exam-
ple, it was shown that fluorescein demon-
strates considerable fluorescence quenching 
and non-linear response on dry microarray 
surfaces. The quantum yield of Cy3 is de-
pendent on viscosity of microenvironment, 
and Cy5 is sensitive to ozone and can change 
spectral properties depending on the micro-
array substrate used. The aforementioned dif-
ferences in dye performance can affect the 
accuracy of four-colour genotyping microar-
rays. In addition, considerable differences in 
incorporation efficiency of labelled ddNTPs 
are considered to be another source of vari-
ability in four-colour microarray genotyping 
experiments. Currently, the four-colour geno-
typing microarrays have been produced by in-
house contact spotting frequently exhibit poor 
spot morphology, irregular contours, non-
uniform pixel signal intensity (donut-shaped 
spots), etc. Generally, such artefacts need to 
be removed from analysis, e.g. by sophisti-
cated image-analysis algorithms. It has been 
reported that poor-quality genotyping arrays 
demonstrating non-uniform spots yielded less 
robust genotyping results. Another source of 
variability concerns non-linear signal inten-
sities due to dye/scanner response. Signal-
dependent non-linear bias between channels 
of cDNA gene expression arrays is corrected 
by non-linear normalization methods. These 
methods are based on the assumption that the 
majority of genes are not differentially regu-
lated. It is clear that these methods cannot be 
applied to four-colour microarray genotyping 
experiments. All methods of data analysis in 
four-colour microarray genotyping experi-
ments use linear normalization thus introduc-
ing an additional source of variability due to 
dye bias.

3 Rapid heat block thermocycling of 
small samples: Diagnostics of micro-
bial, viral and fungal pathogens in 
humans and marine organisms

Group Leader: Alexander Tretiakov

From its first-published account, polymerase 
chain reaction (PCR) has become a standard 
research tool in a wide range of laboratories, 
and its enormous impact has been felt in basic 
molecular biology, clinical research, evolution-
ary studies and the various genome sequenc-
ing projects. Yet, the demands on PCR are 
still increasing, and the need for rapid, inex-
pensive, and efficient high-throughput ther-
mocycling systems that can be easily coupled 
with post-PCR processing of multiple samples 
becomes more and more apparent. In keeping 
up with those demands we have developed a 
PCR machine, that is able to perform very rap-
id switches in heat block temperature for the 
parallel amplification of DNA, combined with 
a novel type of miniaturized ultrathin-walled 
microwell plates. The cycler and correspond-
ing consumables have been commercialized by 
Analytik Jena AG and are commercially avail-
able. Based on the above instrument, we es-
tablished rapid and sensitive 1-step singleplex 
and multiplex PCR-based diagnostics for the 
detection of microbial, viral, and fungal patho-
gens in humans and marine organisms (Sell et 
al., 2008). The main difference between this 
thermocycler and conventional instruments 
is that it rapidly and accurately changes and 
holds the temperature of small volume reaction 
mixtures during thermocycling. For example, 
it cools a reaction mixture between 95° C and 
55° C in 14 seconds only (Tretiakov and Saluz, 
US Pat 6,556,940), while conventional thermo-
cyclers need approximately 40 seconds for 50 
µl reactions. The advantage of rapid cooling 
of reaction mixtures during PCR cycling are 
well known, i.e. rapid cooling of the reaction 
mixtures from 95° C to 55° C and short holds 
at 55° C minimize mis-priming and reduces 
the generation of unspecific products. In addi-
tion, rapid cooling prevents rehybridization of 
PCR products that causes the so called “pla-
teau effect” in conventional PCR reactions. Re-
hybridization limits the accumulation of spe-
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cific PCR products during conventional PCR 
reactions and reduces the total product yield. 
Rapid cycle PCR accumulates much more prod-
uct per 1µl of reaction than conventional PCR. 
Finally, we combined the above unique prop-
erties of rapid cycle PCR with new ultra-fast 
and ultra-sensitive methods for separation and 
detection of PCR products in agarose gels in 
order to develop a 1-step PCR-based technique 
capable to detect less than 3 viral copies per 
reaction in 30-40 minutes. We evaluated our 
new technique by using purified shrimp DNA 
samples and crude DNA extracts. In addition, 
we developed a rapid and efficient method for 
crude DNA extract preparation using the latest 
generation shaker bead mill from PeqLab.

4 Fabrication and evaluation of a 
sequence-specific oligonucleotide 
miniarray for molecular genotyping

Group Leader: Hans Peter Saluz
(cooperation with Javeed Iqbal, Omaha, 
USA, and Matthias Dürst, Jena, Germany)

Epidemiological studies have increasingly 
shown a strong association of human papillo-
maviruses (HPVs) with cervical cancers and 
benign lesions. Genital HPV infections appear 
to be the most common sexually transmitted 
disease, and a majority of them are induced by 
two HPV types: 6 and 11. In addition, a group 
of at least 15-18 HPV subtypes (e.g. HPV 16, 
18, 31, 33 and 45) are detected in about 80 % of 
all cervical cancers and most precancerous le-
sions (cervical intraepithelial neoplasias, CIN 
2/3). However, the Pap smear test or hybrid 
capture II assay (HCA-II), which is the com-
mon screening program for HPV-related infec-
tion, is limited in its ability by the number of 

Figure 2
cDNA diagnostics of crustacean 
pathogens (MBV, WSSV, IHHNV).
+ and – stands for pathogen positive 
and negative samples, respectively.
m: size markers; c: control
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DNA double-helix formation and therefore pro-
vides a precise analytical power. In our study, 
the DNA microchip assay was optimized to 
detect a single mismatch, and various specifi-
city and sensitivity issues were addressed in 
miniaturized conditions. To assess the applica-
tion of this simplified assay, the procedure was 
also employed for HPV genotyping using a 149 
basepair (bp) region of L1 ORF from different 
cell lines and clinical specimens. The HPV 
subtypes were identified by hybridization with 
a fabricated oligonucleotide array immobilized 
with DNA sequence specific for different HPV 
subtypes. This simplified procedure can be 
easily adapted for the identification of other 
pathogens with high sensitivity and specifi-
city a reasonably low cost.

The DNA chips have chemically active groups, 
such as aldehyde, poly L-lysine, epoxy, or si-
lane deposited on a non porous glass surface 
on which DNA molecules are immobilized. Dif-
ferent substrate chemistries are the focus, and 

identified subtypes. HPV subtype detection 
requires the amplification of the E1 or L1 open 
reading frame (ORF) of the genome and gene 
identification by sequencing, restriction endo-
nuclease digestion, or by hybridization using 
sequence-specific radiolabeled probes.

Recently, the DNA chip assay has been intro-
duced in HPV detection using different DNA 
microarray platforms, including a few com-
mercial assays e.g. PapilloCheck (Greiner Bio-
One, Germany), PreTect HPV proofer (NorChip; 
Norway), and HPVDNAChip (Biomedlab Co., 
South Korea). To substantiate and further ex-
tend the investigation, we studied some of the 
technical and specificity and sensitivity issues 
of DNA oligo-array for genotyping. Recogniz-
ing the potential of the DNA microarray tech-
nology, we studied the fundamental features of 
this technology and evaluated its significance 
in molecular subtyping of HPV (Iqbal et al., 
2008). The fundamental principle involves the 
highly selective nature of the complementary 

Figure 3
Hybridization pattern with HPV 30-
mer oligomers containing 15-mers as 
confirmatory markers. Probes gener-
ated from (A) cloned LI ORF HPV 16 (B) 
HeLa cell line and (C) HPV 6-positive 
clinical sample (D) MS 751 cell line as 
negative control, confirm the specifi-
city of hybridization.
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methods are being developed for efficient bind-
ing of oligonucleotides to different kinds of 
substrate. In our studies, the aldehyde reactive 
surface showed maximum binding capacity 
for amino linked oligonucleotides. In addition, 
the use of dT

(15) spacer overcomes the steric 
hindrance of the surface structure and solvent 
layer due to its charge, hydrophobicity, and de-
gree of solvation. The composition of spotting 
solution, humidity, and hybridization tempera-
ture also play an essential and significant role 
in optimal performance of a microarray assay.

The specificity of a single mismatch discrimi-
nation in microarray assay provides signifi-
cant evidence for using this procedure for 
HPV genotyping. In our mini array, eight HPV 
genotypes were selected. They represent ma-
jor HPV subtypes prevalent globally, including 
low-risk types of HPV (6 and 11); intermedi-
ate risk (33, 35 and 39) and high-risk types 
(16, 18 and 31). The broad spectrum of HPV 
genotypes by use of GP5+/GP6+ primer set for 
amplification, and combined sequence specifi-
city of microarray assay makes this attractive 
tool for diagnostic procedures. However, the 
origin of the labeled probe remains a critical 
criterion for specificity. The probes generated 
from cloned genes or cell lines provide specific 
signal to noise ratio, whereas the probes from 
the pathological samples may results in cross 
hybridization. However, oligonucleotides with 
high diversity in their sequences can essen-
tially overcome cross hybridization in geno-
typing assays as shown in HPV microarray.

In our HPV mini array we were able to detect 
specific genotypes with high accuracy, by both 
a 15-mer and a 30-mer target oligonucleotide, 
therefore demonstrating the potential of this 
technology for broad diagnostic procedures.

In conclusion, our study addressed fabrication 
and sensitivity issues of targeted DNA array 
assay and further improvements need to be 
implemented for the detection of other patho-
gens and make the use of microarray screen-
ing programs more feasible in diagnostic labo-
ratories.

Protein-protein interaction
networks during infection and
cellular stress

Group Leader: Frank Hänel (cooperation 
with Frank Grosse, FLI, Jena, Germany)

Interactions of typeIII-secreted chlamydial 
proteins with host proteins
Chlamydiae are obligate intracellular bacte-
rial pathogens that infect a broad range of 
cell types, including those of the eye, lung 
and genital tract epithelia. Several species, 
particularly Chlamydophila (Cp.) psittaci and 
Cp. abortus, are transmissible from animals 
to humans, causing relevant zoonotic infec-
tions. The most important animal chlamydio-
sis of zoonotic character is psittacosis, a sys-
temic disease in psittacine birds of acute, pro-
tracted, chronic, or subclinical manifestation. 
Chlamydiaceae develop in a host cell within 
a membranbound compartment, termed an 
inclusion, that does not fuse with lysosomes. 
The membrane of the inclusion is initially 
formed by the invagination of the plasma 
membrane and pinching off of a vesicle con-
taining the infectious form of the bacterium, 
the elementary body (EB). Thereafter, EBs dif-
ferentiate into noninfectious but metabolically 
active reticulate bodies (RB), which proliferate 
within the expanding inclusion, giving rise to 
1000 or more progeny per host cell. The infec-
tious cycle ends after 2-3 days depending on 
the strain, when bacteria that have differen-
tiated back to EBs are released in the extra-
cellular medium. During this unique bipha-
sic developmental cycle replicating bacteria 
acquire energy and biosynthetic precursors 
from the infected cell. Furthermore, during 
the infectious cycle, Chlamydiaceae modulate 
cellular functions such as apoptotic programs 
and immune response (Ying et al.,2007). 
Studies with inhibitors of bacterial protein 
synthesis suggest that the modulation of the 
host cellular functions requires the activity of 
chlamydial proteins. All Chlamydiaceae code 
for the core components of a Type III Secre-
tion (TTS) apparatus, a protein transport sys-
tem used by Gram-negative bacteria to trans-
locate proteins into the cytoplasm of the host 
cell. Therefore, it is commonly accepted that 
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chlamydial effector proteins are targeted by 
the TTS to the inclusion membrane (Figure 4). 
The ability of these microorganisms to express 
and secrete host-interactive proteins capable 
of directly modulating relevant eukaryotic 
pathways represents an important adaptation 
strategy. Despite our current inability to ge-
netically manipulate Chlamydiaceae, charac-
terization of these effector proteins enables 
chlamydiologists to elucidate molecular mech-
anisms essential for chlamydial pathogenesis 
(Betts et al., 2008).

Using the yeast two-hybrid technology, well 
established in my group, we utilized a selec-
tion of secreted chlamydial proteins from zo-
onotic and human-pathogenic Chlamydiaceae 
as baits in a spate of interaction screens 
against a human HeLa cDNA library pretrans-
formed into yeast. In this way, we identified a 
series of host proteins specifically interacting 
with the chlamydial bait proteins in the yeast 
system. Selected protein interaction pairs 

were the subject of continuative biochemical, 
physiological and cell biological investiga-
tions. One example of a more in-depth char-
acterized protein-protein interaction is the 
interplay of the protease CT441 of Chlamydia 
trachomatis with a co-activator of the human 
estrogen receptor a (ERa). Using the PDZ 
domain of the protease CT441 of Chlamydia 
trachomatis as a bait in a yeast two-hybrid 
screen, we identified the SRAP1 co-activator 
of ERa as an interacting protein. SRAP1 is a 
unique modulator of steroid receptor activity, 
as it is able to mediate its co-regulatory effects 
both as an RNA and a protein. GST pull-down 
experiments confirmed the interaction of 
CT441 and SRAP1 in vitro. Furthermore, it was 
shown that the CT441-PDZ domain fused to a 
nuclear localization signal was able to bind 
and to target SRAP1 to the nucleus in mam-
malian cells. CT441 did not cleave SRAP1, 
but retained the protein in the cytoplasm and 
thereby partially alleviated its co-activation 
of ERa in a heterologous yeast system and in 

Figure 4
A) Overview of the current known 
interactions between secreted 
chlamydial effector proteins and their 
eukaryotic targets. For Chlamydia, as 
intercellular pathogens, these protein-
protein interactions are crucial for 
processes like endocytosis, immune 
evasion, or nutrient acquisition.

B) In the host cell Chlamydia are 
encased in a compartment called 
inclusion (left picture, stained green). 
During the infection cycle Chlamydia 
occur in different forms. In a TEM pho-
tograph, they can be distinguished 
through their electron density (right 
picture). Elementary bodies (infec-
tious form) are more dense than 
reticular bodies (metabolic active 
forms) and intermediate bodies.
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mammalian cells. This result suggests a new 
possibility of host control by Chlamydiaceae. 
Chlamydial attachment and infectivity in vitro 
as well as ascending disease and sequelae in 
vivo are enhanced or modulated by estrogen. 
Furthermore, products of many ERa target 
genes involved in signal transduction, cell 
proliferation, and apoptosis may have an influ-
ence on chlamydial survival and development 
in the host. Therefore, it seems plausible that 
chlamydiae regulate host metabolism by tar-
geting ERa activity. Moreover, the property of 
CT441-PDZ domain to specifically sequester 
SRA1 protein but not SRA1 RNA may be used 
to distinguish between the cellular functions 
of the SRA1 RNA and protein. This property 
has clinical relevance as it has been proposed 
that disturbance of the balance between 
SRAP1-coding and non-coding SRA1 RNAs 
in breast tumor tissues might be involved in 
breast tumori genesis.

Interaction network of the multifunctional 
signal protein TopBP1
TopBP1 was initially identified as a DNA 
topoisomerase IIb-interacting protein. Hu-
man TopBP1 possesses eight BRCA1 carbox-
yl-terminal (BRCT) domains, a motif which 
was first described at the C- terminus of the 
breast cancer susceptibility gene product, 
BRCA1, and which is conserved in many pro-
teins related to the cell cycle checkpoint and 
DNA damage response. TopBP1 shares se-
quence homology with Saccharomyces cerevi-
siae Dbp11, Schizosaccharomyces pombe Rad4/
Cut5, Drosophila melanogaster Mutagen-sensi-
tive-101 (Mus101), and Xenopus laevis Xmus 
101/Cut5. Like its yeast counterparts, human 
TopBP1 is required for cell survival, DNA 
replication, resistance to DNA damage and 
checkpoint control. The literature on TopBP1 
also suggests a function as a transcriptional 
regulator. In response to ionizing radiation, 
TopBP1 is phosphorylated by the ataxia-telan-
giectasia mutated kinase (ATM), implying a 
role of TopBP1 in the DNA damage checkpoint 
control. This role was directly demonstrated 
by a later study using TopBP1 antisense oligo-
nucleotides, showing that ionizing radiation-
induced G2/M checkpoint and checkpoint ki-
nase 1 (Chk1) phosphorylation was partially 

abrogated in the absence of TopBP1. Moreover, 
very recently it was shown that TopBP1 physi-
cally interacts with the ATM and Rad3-related 
(ATR) gene product and greatly enhances 
ATR’s kinase activity (Garcia et al., 2005).

The work of our group on TopBP1 in the previ-
ous period was focused on the search and the 
characterization of new interacting proteins. 
We performed co-immunoprecipitations with 
anti-TopBP1 antibodies in different cell lines 
and analyzed the interacting proteins by a 
proteomic approach. The MALDI-TOF-TOF 
experiments were performed in cooperation 
with the Grosse Group at Fritz Lipmann Insti-
tute, Jena. Among others we found a pair of in-
teracting proteins known to be involved both 
in transcriptional co-repression and in DNA 
repair. The functional investigation of the in-
teraction between TopBP1 and these proteins 
are still under way.

In cooperation with J. N. Mark Glover from 
the University of Alberta structural and func-
tional studies on the sixth BRCT domain of 
TopBP1 were performed. This BRCT domain 
of TopBP1 has been implicated in binding to 
the phosphorylated transcription factor, E2F1, 
and poly(ADP-ribose) polymerase 1 (PARP1), 
where the latter interaction is responsible 
for the poly(ADP-ribosyl)ation of TopBP1 
(Wollmann et al., 2007). To gain a better un-
derstanding of TopBP1 BRCT6 in phospho-
peptide binding and PAR binding, the Glover 
group solved the crystal structure of TopBP1 
BRCT6. The structure shows a canonical BRCT 
fold with a degenerate phospho-Ser binding 
pocket. TopBP1 BRCT6 also lacks the hydro-
phobic surface that is required for packing of 
two tandem repeats. Taken together, it is un-
likely that TopBP1 BRCT6 binds to a phospho-
peptide like BRCA1 or MDC1. The structure 
also provides insight into a potential surface 
for PAR binding on TopBP1 BRCT6 as well as 
Glu residues that may be poly(ADP-ribosyl)
ated by PARP-1.
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Positron emission tomography/com-
puted tomography (PET/CT) for de-
picting infection and inflammation: 
reduction, refinement, and replace-
ment of animal experiments.

Group Leader: Thomas Opfermann
(cooperation with Friedrich-Loeffler-
Institute, Jena, and Friedrich Schiller
University Jena). 

The project includes three sub-projects in the 
areas of bacterial infections (Chlamydophila 
psittaci), fungal infections (Candida albicans 
and Aspergillus fumigatus) and G6PI induced 
murine arthritis.

Technique and informatics
The Siemens Inveon µPET/CT scanner is from 
the newest generation of its kind. The scanner 
was installed in December 2007 at the HKI 
and subjected to extensive testing. In all sub-
projects, the first experimental series were 
carried out using the device, thus gradually 
integrating it into existing test procedures and 
models. Measurements to determine the key 
performance parameters were performed and 
analyzed. Conditions for specific study sub-
jects (eggs, mice, ex vivo samples) have been 
developed, implemented, and optimized.

Bioinformatic research of the PET/CT work-
group has been focused on the evaluation and 
implementation of suitable data management 
applications to cope with the continuously 
growing amount of PET/CT image data gen-
erated in the lab. In addition, semi-automated 
image analysis and data mining tools are un-
der development to support the PI in a fast, ef-
ficient and reproducible data analysis.

Radiochemistry
The radionuclide laboratory was equipped with 
a custom made glove box appropriate for 18F-
fluoride organic chemistry, housed in a glove 
box for remote controlled multi-step synthesis. 
Additionally, the lab was equipped with a com-
puter controlled device for 68Ga-gallium labe-
ling chemistry and an analytical radio-HPLC 
system.

Cumulative effect of mutations
of the constitutive ABC-transporter 
gene bmrA on resistance to cervimy-
cin C in Bacillus subtilis

Group Leader: Hans Krügel (cooperation 
with Sabine Brantl, Jena, Germany)

In addition to their medical value, many an-
tibiotics are important tools for elucidating 
the biology of microorganisms. Cervimycin C 
belongs to a complex of compounds produced 
by Streptomyces tendae and consists of a tet-
racyclic polyketide decorated with two unu-
sual trideoxysugar chains. This compound 
is solely active against Gram-positive bacte-
ria, such as Bacillus subtilis ATCC 6633, but 
also against various pathogens (Herold et al., 
2005).

Generally, microorganisms are able to adapt 
to antibiotic stress by a variety of specific 
and unspecific mechanisms. A more general 
mechanism affecting hydrophobic drugs is 
exerted by exporters lowering intracellular 
drug concentrations either by acting as anti-
porters or by ATP hydrolysis-driven export 
(Kerr et al., 2005). For analysis of the genetic 
changes associated with severe phenotypes, 
whole genome sequencing can be applied.

Here we report the molecular basis for a 
mechanism circumventing the action of the 
new antibiotic cervimycin C on B. subtilis. To 
elucidate the biochemical nature of the CmC 
resistance observed after propagation of B. 
subtilis at increasing CmC concentrations, 
genomic sequencing of two resistant mutants 
and the reference strain were performed. In 
both mutants, cumulative effects of multiple 
mutations of a constitutively expressed ABC-
transporter conferring resistance to CmC 
were analyzed.
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Specific tracers to distinguish between inflam-
mation and infection foci would be of great 
benefit. Therefore, 18F-fluorine-containing in-
termediates were synthesized using the com-
puter controlled hotbox-3 synthesis module 
(Scintomics GmbH, Fürstenfeldbruck). Cur-
rently, different molecules with high affinity 
to the pathogens are evaluated as precursors 
for labeling with 18F-fluoride.

For the detection of foci in G6PI induced mu-
rine arthritis and chlamydial infections, 
68Ga-gallium and 89Zr-zirconium labeling pro-
cedures were adapted for small quantities of 
antibodies. The first results showed a specific 
binding of the 89Zr-labeled antibody. 89Zr-ZrCl4 
was supplied from FZD Rossendorf, Institute of 
Radiopharmacy.

For use of a low activity 68Ge/68Ga generator 
in small animal PET experiments a computer 
controlled procedure for concentration of 68Ga 
activity was developed (manuscript in press).

Small animal PET/CT
The anesthetic procedure for mice has been es-
tablished. A method for anesthesia of chicken 
embryos in ovo was developed resulting in CT 
and PET images without interfering motion 
artifacts (manuscript submitted). Another pre-
condition for the measurement in the PET/CT 
is the appropriate application of the tracer. Two 
routes have been established. The first possi-
bility is to apply the respective tracer directly 
on the CAM (Chorioallantoic membrane) and 
the second method is to apply the tracer intra-
vascular. Comparative tests of both methods 
with different tracers pointed to different ki-
netics of accumulation in the embryo.

Until now, commercial tracers (18F-FDG and 
18F-fluoride) have been used for initial investi-
gations. In preliminary tests we could demon-
strate that 18F-FDG is generally suitable for in 
vivo detection of fungal infections in the egg 
model.

Figure 5
Inveon µPET/CT Scanner at the HKI
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Infection models of human-pathogenic 
fungi
In collaboration with the Department of Micro-
bial Pathogenicity Mechanisms (MPM) models 
of aspergillosis and candidiosis in mice and 
eggs were studied using PET/CT technique. 
Animals were administered sublethal doses of 
pathogens. In 18F-FDG measurements correla-
tion between biochemical analysis and specific 
uptake values showed a significantly higher 
uptake in infectious foci (for details see Dept. 
of MPM).

Embryonated eggs as novel infection mod-
el for Chlamydophila psittaci
The aim of this project was to establish em-
bryonated chicken eggs as a model system for 
the investigation of Chlamydophila psittaci in-
fections. Therefore, studies on the accumula-
tion and distribution of chlamydial elementary 
bodies were performed. Based on these data 
the course of infection, shown by means of mo-
lecular biology (i.e. qRT-PCR) should now also 
be characterized using molecular imaging 
techniques together with 18F-FDG and another 
novel 18F-labeled tracer. In competition for the 
2010 Siemens award “Image of the Year” we 
won the place of honorable mention (“Time Re-

solved Tracer Distribution in an Embryonated 
Chicken Egg”).

PET/CT in experimental arthritis
The purpose of this subproject was to validate 
usability of PET/CT scanning in experimental 
G6PI-induced murine arthritis in DBA/1 mice 
as animal model of rheumatoid arthritis.

Particularly concerning methods to quantify 
inflammation alternative to the arthritis re-
search gold standard, i.e. the semi quantita-
tive histological assessment of disease sever-
ity, PET/CT imaging is offering new fields of 
application by in vivo measurement.

Inflammation of joints resulted in an increased 
tissue uptake of 18F-FDG in fore and hind paws 
in stages of beginning or manifested disease, 
whereas no accumulation of 18F-FDG was de-
tectable before arthritis onset. Coincidence of 
18F-FDG PET signaling and clinical assessment 
of arthritis showed a statistically significant 
correlation, demonstrating capability of PET/
CT as a quantitative in vivo imaging technique 
not only in tumor diagnosis and monitoring, 
but also in experimental arthritis research 
(manuscript in preparation).

Figure 6
PET image of a Aspergillus fumigatus 
infected mouse

Figure 7
PET image of a mouse with arthritic joints
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Ein Schwerpunkt der Forschung am HKI ist 
die Systembiologie human-pathogener Pilze. 
Damit sollen Interaktionen zwischen dem 
Wirt, insbesondere dem Immunsystem, und 
Komponenten der pilzlichen Erreger als zwei 
kommunizierende Netzwerke beschrieben 
und in ihrer Dynamik analysiert werden. Die 
Netzwerke sind Ergebnis einer Daten- und 
Wissens-getriebenen mathematischen Mo-
dellierung. Das Wesen der Systembiologie ist 
nicht mehr nur die Untersuchung einzelner 
Moleküle, Reaktionen oder Zellen, sondern die 
Erforschung des Zusammenhangs möglichst 
aller am Infektionsprozess beteiligten Mo-
lekülen, Reaktionen und Zellen. Diese Zusam-
menhänge werden in Netzwerk-Modellen der 
Genregulation, der intra- und extrazellulären 
Kommunikation über Signalmoleküle und des 
Stoffwechsels abgebildet. Die Entwicklung 
neuer molekularbiologischer Messtechniken, 
wie die Mikroarray-Technik, ermöglicht es, die 

Expressionsintensitäten von Tausenden von 
Genen, Proteinen und Metaboliten während 
des biologischen Prozesses, insbesondere 
dem Infektionsprozess, in ihrer Dynamik zu 
beobachten. Durch Einsatz bioinformatischer 
Methoden können aus solchen Hochdurch-
satzdaten die zugrundeliegenden genregula-
torischen und Signal-Netzwerke rekonstruiert 
werden.

Die Analyse solcher Netzwerk-Modelle soll 
dann dazu beitragen, neue und bessere The-
rapie-Konzepte, neue therapeutische Targets 
und Biomarker für das Therapiemonitoring zu 
finden.

Bioinformatik am HKI leistet zu Entwicklung 
der Systembiologie einen wesentlichen Bei-
trag, indem sie durch Analyse der immer 
umfangreicher und komplexer werdenden ex-
perimentellen Daten neue wissenschaftliche 
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Research Group Systems Biology and Bioinformatics

Bioinformatics at the HKI is devoted to 
progress in the emerging field of systems biol-
ogy of fungal infections. To better understand 
and, finally, control an infection process, sys-
tems biology intends to consider not so much 
the individual behavior of a single gene or 
protein, but the collective behavior and inter-
action of the entirety of genes and proteins. 
Systems biology aims to infer and model rela-
tionships between molecular entities in gene 
regulatory network, in metabolic and signal-
ing pathways as well as between cells on the 
population, organ or organism level. The goal 
of systems biology and bioinformatics is to 
discover structures and to understand the dy-
namics of biological processes by knowledge- 
and data-based modeling and purpose-driven 
model simulations.

The introduction of functional genomics tech-
nologies, in particular microarray technol-
ogy, has allowed to monitor expression levels 
of thousands of genes and proteins during a 
dynamic biological process. Biological data is 
collected in many hundreds of different ex-
periments where each consists of thousands 
of data. They are published in scientific jour-
nals and stored in several databases in differ-
ent data formats and abstraction layers. The 
challenge for bioinformatics is to preprocess, 
analyze and model these data consistently. By 
the integration of the information from sever-
al experiments new scientific findings can be 
obtained with the help of methods from sys-
tems biology and comparative analysis.
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The research of the Systems Biology / Bioin-
formatics Group at the HKI is focused on man-
agement and analysis of genome-wide data, i.e. 
genomic, transcriptomic, proteomic and other 
high-throughput data, together with microbio-
logical and/or clinical data. The data analysis 
is directed to the dynamic modeling of gene 
regulation and signaling associated with fun-
gal infection processes and other selected bio-
medical as well as biotechnological processes. 
The generated computational models can be 
used to control or optimize experiments, bio-
technical product formation and medical proc-
esses in diagnostics and therapy.

The data analysis pipeline at the HKI compris-
es storage and management of heterogeneous 
experimental data in a data warehouse, data 

pre-processing, discovery of the main fea-
tures and patterns and – finally – generation 
of testable model hypotheses and model-based 
experimental design to verify the hypotheses. 
The hypotheses have been embedded in pre-
dictive mathematical and computational mod-
els that represent
(i) the available expert knowledge,
(ii) facts extracted from biological
 databases and
(iii) the hypotheses generated by
 experimental data analysis.

We generate quantitative dynamic and/or 
qualitative temporal models mainly from time 
series data by dynamic data mining tech-
niques, in particular clustering and network 
inference algorithms. Some of these tech-

Hypothesen generiert und so die Ausrichtung 
der nachfolgenden experimentellen Arbeiten 
unterstützt.

Ein Schwerpunkt der Forschungen der Sys-
tembiologie / Bioinformatik–Gruppe am HKI 
ist die Analyse von Genexpressionsdaten, um 
daraus Netzwerkmodelle der Genregulation 
und Signaltransduktion zu gewinnen, die bei 
Infektionsprozessen und anderen biomedizi-
nischen oder biotechnologischen Prozessen 
eine wesentliche Rolle spielen. Die so kons-
truierten Modelle können eingesetzt werden, 
um die therapeutischen oder biotechnologi-
schen Prozesse zu steuern, um Experimente 
oder Prozesse der Naturstoff-Produktion zu 
optimieren oder auch zunächst für die Diag-
nose dieser Prozesse.

In der Forschungsgruppe werden Genom-, 
Transkriptom- und Proteomdaten sowie ande-

re Hochdurchsatzdaten zusammen mit mikro-
biologischen und klinischen Daten analysiert, 
um Netzwerkmodelle der Genregulation so-
wie der intrazellulären Kommunikation und 
Zell-Zell-Interaktionen mathematisch und auf 
dem Rechner zu modellieren. Der Arbeits-
fluss der Datenanalyse umfasst die Datens-
peicherung und das Datenmanagement von 
heterogenen experimentellen Daten in einem 
sogenannten „Datenwarenhaus“. Er schließt 
die Datenvorbehandlung, die Extraktion wich-
tiger Merkmale und Muster in den Daten ein 
und geht schließlich über die Vorhersage von 
neuen und experimentell überprüfbaren Hy-
pothesen bis zum Modell-basierten Entwurf 
von weiteren Experimenten. Mit diesen kön-
nen die Hypothesen geprüft werden und so-
mit neues Wissen über den untersuchten Pro-
zess gewonnen werden. Die Hypothesen sind 
dann eingebettet in mathematische Modelle 
und sind implementiert in eine Software-
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niques have been developed – in collaboration 
with other groups – by our own work. The first 
steps were done to include also spatiotemporal 
data by image analysis. Our research focuses 
on inference (also referred to as reverse engi-
neering) of gene regulatory network (GRN), 
i.e., the reconstruction of dynamic network 
models from observational data, in particular 
time-resolved transcriptome and proteome 
data (Hecker et al., 2009a). The analysis of in-
ferred molecular networks aims to contribute 
to rationally and efficiently develop biomark-
ers for improved and individualized therapeu-
tic strategies.

The Research Group was and is involved in lo-
cal and national systems biological research 
networks, in particular the Jena Centre for Bi-

oinformatics (JCB), the Jena School for Micro-
bial Communications (JSMC), the International 
Leibniz Research School for Microbial and Bio-
molecular Interactions (ILRS), the Jena Centre 
for Systems Biology of Ageing (JenAge), two 
German competence networks on Systems 
Biology (HepatoSys and FORSYS), the DFG 
Priority Program 1160 ‘Colonization and in-
fection by human-pathogenic fungi’ as well as 
the European network ‘Nature inspired Smart 
Information Systems’ (NiSIS).

Umgebung, wobei diese Modelle außer der zu 
testenden Modellhypothese auch das vorhan-
dene Expertenwissen und das in Datenban-
ken gespeicherte Vorwissen repräsentieren.

Wir gewinnen quantitative oder qualitative dy-
namische Modelle hauptsächlich aus zeitlich 
aufgelösten Daten, sogenannten Zeitreihen, 
durch Anwendung spezieller bioinformati-
scher Algorithmen, insbesondere der Cluster-
analyse und Netzwerkinferenz. Einige dieser 
Algorihmen wurden in der Forschungsgruppe 
selber – in Kooperation mit anderen Gruppen 
ausserhalb des Instituts - entwickelt. Die ersten 
Schritte wurden gegangen in Richtung raum-
zeitlich aufgelöster Modelle durch Anwendung 
von Algorithmen der Bildanalyse.

Die Forschungsgruppe ist integriert in ver-
schiedene lokale und nationale Verbünde der 
systembiologischen Forschung, insbesondere 

dem Jenaer Centrum für Bioinformatik (JCB), 
der Jena School for Microbial Communications 
(JSMC), der International Leibniz Research 
School for Microbial and Biomolecular Interac-
tions (ILRS), dem Jenaer Centrum für System-
biologie des Alterns (JenAge), zwei Deutschen 
Kompetenznetzwerken der Systembiologie 
(HepatoSys and FORSYS), dem Schwerpunkt-
programm „Kolonisation und Infektion hu-
man-pathogener Pilze“ (SPP1160) der Deut-
schen Forschungsgemeinschaft (DFG) sowie 
dem Europäischen Netzwerk ‘Nature inspired 
Smart Information Systems’ (NiSIS).
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Scientific Projects

The data warehouse OmniFung

Group Leader: Daniela Albrecht

The data warehouse is a data management sys-
tem that aims at providing a platform for the 
storage, integration, retrieval and dissemina-
tion of the experimental data generated by dif-
ferent research groups. Primarily, OmniFung 
was developed in our group within and for 
the consortium of the priority program 1160 
of the German Research Foundation (DFG) en-
titled ‘Colonisation and Infection by Human-
Pathogenic Fungi’. It includes also data from 
other (external) databases. OmniFung is also 
used by ‘Fuminomics’, a European communi-
ty of 18 laboratories from 8 different countries 
active in research on ‘Functional genomics in 
Aspergillus fumigatus and new strategies to 
fight against the first fungal pathogen in Eu-
rope’. In near future, OmniFung will be used 
and further developed by the competence net-
work ‘Septomics’ established at the University 
of Jena.

Aim of the data warehouse development
OmniFung was developed to store and share 
transcriptome (microarray) and proteome 
(2Dgel electrophoresis (2D-GE) including 
mass spectrometry) data. Transcriptomic and 
proteomic data are connected via genomic 
data that are derived from NCBI RefSeq and 
UniProt and are additionally stored in the da-
tabase. Each microarray or 2D-gel entry in the 
database includes an image and quantitative 
data of the spots of the image. In OmniFung, it 
is possible to view these images and to choose 
spots within them to see available information 
to this spot.

Our strategy during developing OmniFung 
was to be close to the needs of the user, store 
and analyze the data in standardized man-
ner by using or defining Standard Operation 

1 Procedures, to reuse already established and 
successfully evaluated software, connect the 
database with other databases and (e.g. BMBF 
and EU funded) systems biology initiatives, 
such as FORSYS and EraSysBioPlus. Being 
close to the user means to incorporate the user 
into the definition of solutions. Researchers do 
not want to spend substantial amounts of their 
working time feeding databases. Thus, the 
data management solutions have to be easy to 
use. The data management system should sup-
port the scientist in the dissemination of the 
data within the community of project partners 
in a secure and controlled manner.

There is a public access via www.omnifung.
hki-jena.de. Publicly available datasets are ac-
cessible without using a login and password. 
Presently, 35 registered users have a pass-
word-protected access to certain proprietary 
data subsets. Each researcher has full control 
over the access rights of his own projects.

Data structure
OmniFung stores transcriptome and proteome 
data together with extensive experimental an-
notations in standardized manner. The anno-
tation parameters follow MIAME and MIAPE 
guidelines. To help users of the data warehouse 
in annotating their experiments, two Excel 
sheets were developed representing proteomic 
and transcriptomic parameters, respectively. 
These sheets include the different parameters 
of each hierarchical level of the data ware-
house (i.e., project, cultivation, sample, array/
gel type, array/gel, array/gel image) together 
with a short description. Most of the param-
eters are realized as selection lists. Such lists 
ensure that a controlled vocabulary is used to 
describe the experiments. The parameters can 
also serve as a quality measure of a project in 
OmniFung. A project is best understandable to 
others if all parameters are annotated. There-
fore, on the project page in the database, the 
percentage of annotation is given showing the 
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user how careful the owner of the project was 
in annotating.

The import and export of data into a data 
warehouse must be user friendly, quick and 
reliable. The import of genomic data into Om-
niFung can only be done by the administra-
tor of the data warehouse. This restriction 
ensures consistency of the entries. Currently, 
OmniFung contains data from four fungal 
species: Aspergillus fumigatus, Candida al-
bicans and Candida glabrata as most impor-
tant human-pathogenic fungi and Aspergillus 
nidulans as a model organism for filamentous 
fungi. Data from human and mice will follow 
in near future to study interactions of patho-
gens with hosts.

Importing of experimental data is possible for 
every registered user of the data warehouse. 
Microarray and gel images can be uploaded 
directly via the web interface. A number of im-
age formats is possible including gif, jpeg, png, 
and tiff. Most image analysis programs create 
tiff-files because this format provides the most 
detail in images. The import of quantitative 
microarray data into the database is also possi-
ble via the web interface. Five formats are cur-
rently supported: GenePix Result (GPR), Array-
Vision output, ScanArray Express output, and 
Affymetrix’ CEL-files.

For 2D-GE data, there are two different possi-
bilities for importing data. First, data from the 
Decodon software Delta2D can be uploaded 
via the web interface. Additionally, it is possi-
ble to use OmniFung as data pool within the 
software. This way, all changes made in spot 
matching, quantitation or labeling within Del-
ta2D are immediately visible within OmniFung 
and vice versa. Second, XML workspace data 
from Image Master 2D Platinum and DeCyder 
can also be imported into the data warehouse.

Whichever format of data is inserted into the 
database, spot labels are evaluated for fitting 
to gene and protein names of OmniFung. If an 
appropriate gene or protein is found, then the 
spot data are connected to it and the imported 
microarray or gel can be found at the gene/pro-
tein information web page.

The export of experimental data from within 
a database is the foundation for re-analyzing 
data. Data can be downloaded in the original 
format or in MIAME/MIAPE compliant XML 
formats. Up- or downregulation of spots (i.e., 
transcripts or proteins of interest) on several 
microarrays or 2D gels can be visualized by 
numerical display as well as sparklines and 
heatmaps.

Data processing
The data warehouse does not only contain raw 
data but also provides web-based analysis that 
is part of a ‘Standard Operation Procedure’ for 
transcriptome and proteome analysis that rep-
resent the status quo of bioinformatics meth-
ods in the area of fungal research. Our strat-
egy of reuse of software is put into practice by 
the fact that the data warehouse OmniFung is 
based on the Protecs system developed by De-
codon (www.decodon.com/Solutions/Protecs), 
which itself is based on the object-relational 
database system Caché, and, for advanced 
data analysis, we primarily use public avail-
able Bioconductor and other R-packages. Nev-
ertheless, some interfaces and tools had to be 
written by us.

Datasets in OmniFung can be browsed or a 
search function can be used. Browsing allows 
getting an overview of the different projects. 
The search functionality provides the pos-
sibility to look for certain kinds of data. In 
the genomics section, the name, synonym or 
cross-reference to another database of every 
gene and protein can be used for searching.

A user interested in a certain gene or protein 
can find all information to it within seconds, 
including the microarray or gel where the re-
spective transcript or protein was detected 
on. Arrays/gels and array/gel images can be 
searched by their names. Within projects, 
cultivations and samples, all experimental pa-
rameters that were used to annotate database 
entries can be used to search for specific ex-
perimental settings.

Additional to the internal tools for analysis 
and visualization, the following tools are at-
tached to the data warehouse: DIGE analyzer, 
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Figure 1
Workflow for transcriptome and pro-
teome data analysis as implemented 
in the data warehouse OmniFung and 
applied for research in systems biol-
ogy of human-pathogenic fungi.

Distance Scan, FungiFun, and Survival Analy-
sis. DIGE analyzer (www.omnifung.hki-jena.
de/Rpad/DIGE analyzer.Rpad) is a tool for pre-
processing 2D-geldata, in particular for im-
puting missing values (Albrecht et al., 2010a) 
and normalization of these data as well as for 
filtering differentially regulated proteins.

Distance Scan (www.omnifung.hki-jena.de/
Rpad/Distance Scan/index.htm) is a tool for 
prediction of potential functional combina-
tions of transcription factor binding sites 
(TFBSs). FungiFun (www.omnifung.hki-jena.
de/Rpad/server/FungiFun/FungiFun.cgi) as-
signs functional annotations to fungal genes 
or proteins.
 
Systems biology of fungi
The HKI investigates the pathobiology of in-
fections caused by human-pathogenic fungi. 
Pathogenicity of fungi is a multifactorial pro-
cess. Therefore, genome sequence, transcrip-
tome and proteome data are stored in the data 

warehouse OmniFung and analyzed for the 
elucidation of virulence determinants. Our 
data analysis workflow starts with pre-pro-
cessing including imputing of missing values 
(Albrecht et al., 2010a) and normalization and 
is followed by identification of differentially 
expressed genes/proteins as interesting can-
didates for further analysis, in particular for 
functional categorization and correlation stud-
ies (Figure 1). Sequence data and other prior 
knowledge extracted from databases are inte-
grated to support the inference of gene regula-
tory networks associated with pathogenicity. 
This knowledge-assisted data analysis aims 
to establish mathematical models with predic-
tive strength to assist further experimental 
work for testing novel hypothesis. Finally, 
the analysis of network models will be used 
to identify potential biomarkers and drug tar-
gets and, thus, assist the improvement of di-
agnosis and individualization of treatment of 
infectious diseases.
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Hitherto, this integrative data analysis work-
flow up to dynamic modeling was applied by 
our group for the human-pathogenic fungi As-
pergillus fumigatus and Candida albicans.

Aspergillus fumigatus
Aspergillus fumigatus has become the most 
important airborne fungal pathogen of hu-
mans causing pneumonia and invasive dis-
seminated disease with high mortality in the 
immunocompromised hosts. A. fumigatus is 
a thermotolerant human-pathogenic mould. 
The thermotolerance of A. fumigatus is a trait 
which has been assigned to pathogenicity 
because it allows the fungus to grow in the 
human host even at higher temperatures. To 
elucidate this unique temperature resistance, 
the change of the fungal proteome during a 
temperature shift from 30 °C to 48 °C was 
analyzed by applying 2D-fluorescence differ-
ence gel electrophoresis (DIGE). The data were 
provided by HKI’s Department Molecular and 
Applied Microbiology. Using our data analysis 
pipeline (Figure 1), the outcome of the im-
age analysis was optimized by missing value 
imputation and normalization. Differentially 
regulated proteins were functionally classi-
fied and compared with already published 
transcriptome data of A. fumgiatus by apply-
ing correlation analysis methods. The study 
was completed by promoter studies of genes 
whose corresponding proteins were differen-
tially regulated upon heat shock (Albrecht et 
al., 2010b).

A number of 91 differentially regulated pro-
tein spots were identified by mass spectrom-
etry representing 64 different proteins. They 
showed either a continuous up- or down-reg-
ulation or an oscillating behavior. Many pro-
teins with a significant change in abundance 
represented proteins involved in protein fold-
ing (chaperones), oxidative stress response, 
signal transduction, transcription, transla-
tion, carbon- and nitrogen metabolism. A cor-
relation of regulation between transcripts and 
the corresponding proteins was detected for 
half of the significant differentially regulated 
proteins provided that a time delay effect was 
introduced for the translation of transcripts.

The fungal adaptation to high temperatures 
revealed many similarities but also some ob-
vious differences in the heat shock response 
compared to well-studied yeasts such as Sac-
charomyces cerevisiae and S. pombe. The heat 
shock response in A. fumigatus was transient 
and most changes in protein expression ap-
peared within two hours. Afterwards, the 
level of protein expression sustained on a 
different, often higher level (e.g. heat shock 
proteins - HSPs) or dropped to the initial level 
(e.g. glycolytic enzymes). Besides the well 
known increased biosynthesis of HSPs upon 
heat stress, several other processes were dif-
ferentially regulated: the oxidative stress re-
sponse, signal transduction, transcription, 
translation, energy generation, carbohydrate 
and nitrogen metabolism and the cytoskeleton 
organisation.

The study was complemented by sequence 
analysis. Thus, novel putative targets of the 
heat shock regulator Hsf1 were predicted for 
mannitol biosynthesis, translation, cytoskel-
etal dynamics and cell division. Some of them 
seem to be A. fumigatus specific and mediate 
oxidative stress resistance in mitochondria, 
function as osmoregulator or ROI scavenger 
or which are required for nuclear migration. 
One could speculate that some of the putative-
ly Hsf1-regulated target proteins confer also 
stress resistance during host infection.

Recently, first steps were done to extend the 
integrative data analysis and computational 
modeling by including and evaluating spa-
tiotemporal data (movies) that monitor inter-
actions of A. fumigatus components (e.g. co-
nidia) with host immune cells. The Definiens 
Cognition Network Technology® is applied to 
screenings of different A. fumigatus mutants 
with respect to diverse phagocytosis behav-
ior. Cell-tracking of human immune cells, e.g. 
macrophages and neutrophiles, in time-lapse 
microscopy images are studied as well. As the 
result, Definiens Cognition Network stores all 
objects, sub-objects and their semantic rela-
tionships in a clear hierarchy. In that way, the 
contextual information contained in the net-
work enables the automated extraction of in-
formation analogue to the way a human brain 
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makes sense of the image. The network is de-
scribed and built via a set of rules which in 
turn is programmed using a high level script 
(Cognition Network Language).

Candida albicans
Candida albicans is a harmless commensal 
yeast living in most warm blooded animals. 
However, the fungus can change its behav-
ior to an aggressive pathogen within immu-
nocompromised patients or in individuals 
with disrupted homoeostasis of the host flora. 
Commonly patients suffer from superficial or 
muscusoal infections, but the fungus is also 
able to enter the bloodstream and cause sys-
temic infections with high mortality rates. The 
number of infections and mycoses associated 
mortality has been dramatically increasing 
within the last decades, mainly because of an 
growing number of susceptible individuals 
(AIDS, organ transplantation, major surgery, 
chemotherapy, aging society …). Strikingly, C. 
albicans is able to adapt to a wide range of en-
vironments (pH, nutrient shift, temperature …) 
and can virtually infect every human organ.

To elucidate molecular mechanisms of adapta-
tion of C. albicans of different environmental 
conditions, we inferred gene regulatory net-
works from gene expression time series data 
from microarrays monitoring the response 
of C. albicans to human oral infection. Such 
data were obtained by Zakikhany et al. (2007) 
using reconstituted human oral epithelium 
(RHE) and were provided by HKI’s Depart-
ment Microbial Pathogenicity Mechanism to 
our group for the purpose of GRN network in-
ference. Figure 2a shows the mean kinetics of 
the expression profiles of 1382 differentially 
expressed genes grouped by fuzzy c-means 
clustering into 6 clusters. The original data 
was measured at 5 time points (1, 3, 6, 12, 24 
hours) after infection. The mean expression 
kinetics averaged over the genes belonging 
to the respective cluster were employed for 
network inference using our software tool 
NetGenerator with integration of prior knowl-
edge about TFBSs (Figure 2b). Some of the 
predicted gene regulatory relationships are 
validated by literature, while others reveal 
yet unknown biological relevant interactions. 

For example, a number of target genes for the 
transcription factors Rim101p and Tup1p are 
newly predicted.

Aspergillus nidulans
Moreover, we applied methods of computa-
tional systems biology also to investigate the 
secondary metabolism of fungi that produce 
of antibiotics (Schroeckh et al., 2009; indus-
trial projects).

Aspergillus nidulans is a filamentous fungus 
which is able to form sexual spores through 
meiosis. It is therefore used to research the 
eukaryotic cell biology. A. nidulans has been 
completely sequenced and there has been 
great progress in elucidation of the molecular 
regulation of the biosynthesis of secondary 
metabolites.

We developed a novel microarray probe de-
sign for gene expression profiling studies 
with A. nidulans. The newly designed micro-
arrays are currently applied to investigate the 
transcriptome under different environmen-
tal conditions. To improve the quality of the 
obtained data, published microarray data for 
A. nidulans are now integrated and methods 
which mine gene expression across different 
experiments are currently developed and em-
ployed. In particular, sophisticated methods 
for the integrated analysis of gene expression 
and metabolic flux analysis will be developed 
and applied to the secondary metabolite pro-
ducer A. nidulans.

Sequence analysis, genome struc-
ture and genome mining in fungi

Group Leader: Ekaterina Shelest

In the field of sequence analysis applied to 
fungal genomes we work in four main direc-
tions:

Sequencing and functional annotation of 
the genomes of dermatophytic fungi Ar-
throderma benhamiae and Trichophyton ver-
rucosum 
Characterization of fungal transcription 
factors

2

1.

2.
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Figure 2a
The best cluster result groups the 
1350 differentially expressed genes
of C. albicans during oral infection
into 6 clusters (dots: averaged values, 
lines standard deviation).

Figure 2b
Gene regulatory network in C. albicans 
at cluster basis (Figure 2a) inferred 
with the help of prior knowledge
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3.

4.

Structural and functional characterization 
of the secondary metabolite gene clusters
Evolutionary aspects

Comparative and functional genomics
of the dermatophytic fungi Arthroderma 
benhamiae and Trichophyton verrucosum
Dermatophytes are highly specialized patho-
genic fungi and the most common cause of 
fungal skin infections. These fungi grow ex-
clusively on keratinized tissues. Molecular 
tools are poorly developed and little is known 
about the molecular basis of pathogenicity 
of dermatophytes. The most important ques-
tions in this area concern the specificity of 
the host-pathogen interaction: What makes 
dermatophytes so efficient in infecting cu-
taneous tissue? Why do these fungi cause 
almost exclusively superficial infections, but 
very rarely deep-seated or systemic infec-
tions? Which factors are responsible for skin 
infections? Which common pathogenicity-
associated traits may be shared by closely 
related dermatophytes? Why do closely re-
lated species exhibit differences in growth 
behaviour and different host preferences? To 
identify common traits necessary for coloni-
sation of keratinized tissue and also differ-
ences responsible for host preferences, we 
sequenced the genomes of two dermatophyte 
representatives, Arthroderma benhamiae and 
Trichophyton verrucosum (this work has been 
done within the frame of the Arthroderma ben-
hamiae genome project). In this first report on 
dermatophyte genomes, we found that 90 % of 
the ~22.5 megabase genome sequences of A. 
benhamiae and T. verrucosum are unambigu-
ously alignable and syntenic. This finding is 
remarkable given their dissimilarities in host 
specificity. Consistently, several proteins were 
only encoded by one of the genomes. Both fun-
gi exhibit outstanding metabolic capacity for 
protein degradation since each genome con-
tains about 230 predicted protease-encoding 
genes that include a newly-defined group of 
dermatophyte-specific proteases. The abun-
dance of proteases in the genomes of T. verru-
cosum and A. benhamiae implicates a similar 
tissue adaptation. The expression of virulence 
attributes in A. benhamiae was validated by 
(i) secretome analysis of the fungus growing 

on keratin, and (ii) broad-scale transcriptome 
profiling during fungal–human keratinocyte 
interactions.

Characterization of fungal transcription 
factors
Transcription factors (TFs) orchestrate gene 
expression control of a cell and, in many re-
spects, their repertoire determines the life 
and functionality of the cell. For a better un-
derstanding of their regulatory mechanisms, 
it is essential to know the entire repertoire of 
TFs of a species. The increasing number of se-
quenced genomes together with the develop-
ment of computational methods allow us not 
only to predict whole sets of TFs but also to 
analyse and compare them. Such an analysis 
is required in particular for fungal species, as 
our knowledge of the potential set of TFs in 
fungi is very limited. In fact, at present we do 
not know which TFs can in general be found 
in fungi, and which of them are strictly fungal 
specific. Other interesting questions regard 
the evolutionary relationships of fungal TFs 
with other kingdoms and the functions of fun-
gal-specific TFs. We undertook a screening of 
fully sequenced fungal genomes the known 
DNA-binding domains. The analysis of the 
occurrences of DNA-binding domains in 62 
fungal genomes reveals a set of 37 potential 
‘fungal’ TF families. Six families are fungal-
specific, i.e. they do not appear in other king-
doms. Interestingly, the fungal-specific TFs 
are not restricted to strictly fungal-specific 
functions. Consideration of fungal TF distri-
butions in different kingdoms provides a plat-
form to discuss the evolution of domains and 
TFs.

Although the research in the field of transcrip-
tion regulation in fungi is very active, there is 
no database of fungal transcription factors so 
far. Therefore, we developed a new database, 
FungiTF, where we collect the experimentally 
verified TFs and their binding sites reported 
in literature. The database is manually cu-
rated and currently contains 114 genes, 118 
binding sites and 88 transcription factors. It 
will be publicly available this year.
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Structural and functional characterization 
of the secondary metabolite gene clusters; 
evolutionary aspects.
In this field, the work is done in several direc-
tions:

Prediction of PKS and NRPS genes in 
known and newly sequenced genomes; pre-
diction of their functionality; prediction of 
gene clusters;

Transcription factors involved in the regu-
lation of the secondary metabolite gene 
clusters; prediction of binding sites, over-
represented motifs in the promoters of the 
gene clusters;

Phylogenetic relationships secondary me-
tabolite biosynthesis genes (Sproete et al., 
2008, Schroeckh et al., 2009).

 
Gene regulatory network inference
Systems biology aims to model relationships 
between molecular entities, such as genes, 
proteins (e.g. TFs) and metabolites. There is 
a limitation in inferring the regulatory inter-
actions between genes using expression data 
only, and hence it makes sense to integrate 
diverse types of data, e.g. genome sequence 
data and gene functional annotations, as well 
as prior biological knowledge, e.g. from scien-
tific literature, to obtain more accurate mod-
els of gene regulation (Hecker et al., 2009a). 
We applied different approaches to integrate 
both, experimental data and prior knowledge 
into the modeling of gene regulatory net-
works (GRNs) in human-pathogenic fungi (see 
above) as well as in human and murine cells 
and the model microorganisms S. cerevisiae 
and Escherichia coli.

Mainly we applied differential and difference 
equation based modeling techniques for small 
and medium size modeling. For genome-wide 
modeling of gene regulation, e.g. in E. coli, 
we applied an information theory based ap-
proach.
 
The international initiative called ‘Dialogue 
on Reverse Engineering Assessment Methods’ 
(DREAM) is fostering a concerted internation-
al effort by computational and experimental 

biologists to understand the limitations and 
strengths of techniques for inferring networks 
from high-throughput data. We participated in 
this international initiative applying a novel 
multi-objective network inference method for 
the DREAM challenge that provides a qPCR 
data set from a perturbed synthetic five gene 
network in S. cerevisiae.

We developed and published the novel algo-
rithm TILAR (Transcription factor binding 
site-Integrating Least Angle Regression) for 
deriving GRNs from gene expression data by 
incorporating known or predicted transcrip-
tion factor binding sites (TFBS) and, if avail-
able, literature mining information. Our line-
ar, additive modeling approach distinguishes 
genes and TFs in the network, and identifies 
the connections between them based on the 
fast Least Angle Regression algorithm and 
specific constraints on the network structure. 
The advantage of this integrative inference 
strategy is that only a reduced number of 
model parameters are sufficient to describe a 
complex network, which is still easy to inter-
pret in terms of true molecular interactions.

GRN inference in the human immune
system
We applied TILAR to characterize the tran-
scriptional program induced by two different 
autoimmune disease therapies. In the first 
study, we analyzed Affymetrix GeneChips® 
HUman Genome U133A data of 19 patients 
suffering from rheumatoid arthritis (RA) to 
uncover molecular mechanisms underlying 
the response to the anti-TNF-alpha therapy 
by Etanercept (collaboration with the Institute 
of Immunology, University Rostock, and the 
Clinic of Rheumatology, Magdeburg/ Gom-
mern/ Vogelsang) (Hecker et al., 2009b). The 
inferred GRN simulates the behavior of differ-
entially expressed genes within the first week 
of therapy. The reconstructed GRN includes 
95 nodes, i.e. 83 differentially expressed 
genes and 12 TFs, as well as 22 gene-TF and 
84 TF-gene interactions (Figure 3).

In a similar study, we investigated the tran-
scriptional changes within the first month of 
IFN beta-1a (Avonex) treatment of 24 patients 

•

•

•
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diagnosed with multiple sclerosis, and used 
TILAR to provide a molecular understanding of 
the therapeutic effects (collaboration with the 
Department of Neurology, University Rostock).

Moreover, we systematically evaluated the 
performance of the novel integrative GRN in-
ference algorithm TILAR by comparison with 
the results obtained by application of five other 
inference methods that use gene expression 
data alone (CLR, ARACNE, GeneNet, Lasso, 
qp-graph). TILAR outperformed all other algo-
rithms tested on both data sets. The R codes for 
TILAR is public available via the HKI-homepage 
(www.sysbio.hki-jena.de >> software).

In another study we inferred networks of 
molecular interactions of disease-related 
proteins (cytokines) that describes the tran-
scriptional response of synovial fibroblasts 
from RA and osteoarthritis patients to stimu-
lation by TNF-alpha and TGF-beta. Data from 
120 Affymetrix GeneChips® Human Genome 

U133Plus2.0 arrays were analyzed to identify 
differentially expressed genes (collaboration 
with the Experimental Rheumatology Unit, 
University Hospital Jena). The preprocessed 
expression data of subsets of differentially ex-
pressed genes belonging to immune system-
related pathways were employed for construc-
tion and simulation of ordinary differential 
equation (ODE) systems using the network 
inference tool NetGenerator (developed by Bio-
Control Jena in collaboration with our group). 
Differential expression over the time course 
of certain matrixmetalloproteases (MMP1, 
MMP3, MMP10) was exclusively found in 
patients suffering from severe RA. A subset 
of the data was also used to establish and 
analyze a Boolean network model by formal 
concept analysis for the gene regulation rep-
resenting the formation and destruction ex-
tracellular matrix in TNF-alpha and TGF-beta 
stimulated synovial fibroblasts of RA patients 
(Wollbold et al., 2009).

Figure 3
Gene regulatory network inferred 
by TILAR from gene expression data 
monitoring the response of peripheral 
mononuclear blood cells of RA pa-
tients towards anti-TNF-alpha therapy 
(Hecker et al., 2009). The blue nodes 
represent the 83 genes differentially 
expressed genes within the first week 
of therapy. The 12 green nodes rep-
resent the predicted regulators, i.e. 
TFs which TF-binding sites are over-
represented in the set of the differen-
tially expressed genes. The size of the 
nodes corresponds to their degree of 
connectivity.
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GRN inference in stimulated hepatocytes
We inferred GRNs in murine hepatocytes from 
gene expression data monitoring the response 
to cultural media exchange (in collaboration 
with the Institute for Biochemistry, University 
Leipzig) simulating changes in the blood com-
position of the liver. The expression of genes 
at five different time points was recorded us-
ing Affymetrix GeneChip® MOE4302. The 
preprocessed expression data of selected dif-
ferentially expressed genes belonging to path-
ways of the glycolysis / gluconeogenesis, ni-
trogen metabolism, glycerolipid metabolism, 
glutamate metabolism, pyruvate metabolism, 
pentose phosphate pathway, citrate cycle and 
synthesis and degradation of ketone bodies 
were employed to infer a network model based 
on a differential equation system using our 
NetGenerator algorithm under different net-
work search strategies, such as network infer-
ence without prior knowledge, pre-setting of 
robust stimulus-gene interactions and the in-
tegration of biological knowledge. Methods of 
statistical model analysis such as parameter 
sensitivity and identifiability analysis were 
applied to find an adequate model.

In another study, transcriptome data monitor-
ing partial hepatectomy induced murine liver 
regeneration were used for network model in-
ference to better understand processes of liver 
regeneration. Data for two biological replicates 
covering nine timepoints were preprocessed 
and differentially expressed genes were de-
termined. To the purpose of dimension reduc-
tion of data, TF-target gene interactions were 
derived from cisRED database and were fitted 
by a least square error based optimization 
procedure to the gene expression data. The 
findings concern regulatory influences of TFs 
and potentially new target genes within this 
model, in particular up-regulated Jun, Stat3 
and Foxo1 genes, that code for TFs and are es-
sential for the model of liver regeneration as 
shown by simulation and validated by another 
data set.

GRN inference in Escherchia coli
Gene expression profiles from the Many Mi-
crobes Microarray Database for E. coli, were 
employed for GRN inference using popular al-

gorithms based on mutual and directed infor-
mation (ARACNE, CLR, MRNET, DTI). The in-
ferred networks have been evaluated by using 
known gene interactions from RegulonDB and 
by model-based directed experimental work. 
In collaboration with the University of Jena /
Department of Bioinformatics, we identified 75 
TF – target gene interactions of which 65 were 
known according to RegulonDB and further 
five have already been reported in the litera-
ture. One of the five remaining and predicted 
hitherto unknown influences, the regulation 
of lipoate synthase by the pyruvate-sensing 
pyruvate dehydrogenate repressor (PdhR), 
was experimentally checked and confirmed 
by the Department of Genetics of the Univer-
sity of Osnabrück.
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HepatoSys – Kompetenznetzwerk Systembiologie 
des Hepatozyten
Dynamische Modellierung des Wnt/beta-Catenin 
Signalweges während der Leberregeneration
Reinhard Guthke

Bundesministerium für Bildung und Forschung
FORSYS – Forschungseinheiten der Systembiologie
Dynamik und Regulation der metabolischen
Balance in E. coli
Reinhard Guthke

Bundesministerium für Bildung und Forschung
Jenaer Centrum für die Systembiologie des Alterns 
- JenAge: Systembiologie von mildem Stress beim 
gesunden Altern ein Multi-Spezies-Ansatz
Reinhard Guthke

Pakt für Forschung und Innovation
Nachwuchsgruppe Angewandte Systembiologie
Systembiologie der Infektionsprozesse human-
pathogener Pilze
Reinhard Guthke
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Universität Skövde, Schweden
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Prof. Dr. Stefan Schuster

Leibniz-Institut für Altersforschung –
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Universität Rostock
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Dr. Eugene van Someren

Universitätsklinikum Rostock
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BioControl Jena GmbH, Jena
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Die Abteilung Pharmazeutische Biologie ist 
Teil des Institutes für Pharmazie der Fried-
rich-Schiller-Universität Jena, jedoch gleich-
zeitig dem Leibniz-Institut für Naturstoff-For-
schung und Infektionsbiologie – Hans-Knöll-
Institut assoziiert. Sie stellt damit ein weiteres 
Beispiel für die enge Verzahnung des HKI mit 
der universitären Forschung dar. Die Abtei-
lung wird von Professor Dr. Dirk Hoffmeister 
geleitet und hat im Februar 2009 die Arbeit 
aufgenommen. Als eine pharmazeutisch aus-
gerichtete Gruppe betreibt sie Forschung über 
Naturstoffe mit dem Ziel der Isolation und 
Analyse von kleinen mikrobiellen Sekundär-
metaboliten als potentielle neue Wirkstoffe 
oder Informationsträger für mikrobielle Kom-
munikation. Ein Schwerpunkt ist die Erfor-
schung der genetischen und biochemischen 

Grundlagen, auf denen die jeweiligen zellu-
lären Biosynthesewege dieser Sekundärmeta-
bolite aufbauen. Hauptsächlich werden Stän-
derpilze (Basidiomyceten) untersucht, jedoch 
ist auch der bakterielle Stoffwechsel durch ein 
Projekt in der Gruppe repräsentiert.

Als universitäre Gruppe ist die Abteilung 
Pharmazeutische Biologie auch aktiv in Lehr-
aufgaben zur Ausbildung von Apothekern 
eingebunden. Durch die Vergabe von Prakti-
kums- und Diplomarbeiten sowie Plätzen für 
Wahlpflichtpraktika gemäss der Approbati-
onsordnung für Apotheker kann der pharma-
zeutische Nachwuchs auf diese Weise früh-
zeitig an akademische Naturstoff-Forschung 
herangeführt werden.

Head:
Prof. Dr. Dirk Hoffmeister

Research Group Pharmaceutical Biology

The department Pharmaceutical Biology is 
affiliated with the Pharmaceutical Institute 
of the Friedrich-Schiller-Universität and, at 
the same time, associated with the Leibniz 
Institute for Natural Product Research and 
Infection Biology - Hans-Knöll-Institute (HKI). 
The department thus represents another ex-
cellent example for the HKI’s close interaction 
with the university. Head of the department 
is Associate Professor Dr. Dirk Hoffmeister 
who relocated to Jena in February of 2009. 
As a group focusing on pharmaceutical re-
search our objective is to isolate and analyze 
microbial small molecule natural products as 
potential new pharmaceuticals or as chemi-
cal signals in microbial communication proc-

esses. Along with this endeavor, we elucidate 
the biochemical and genetic basis of natural 
product biosyntheses. A particular emphasis 
is placed on basidiomycete secondary metabo-
lism, however, our projects also include bacte-
rial small molecules.

As a university-affiliated group, the associat-
ed department Pharmaceutical Biology active-
ly engages in teaching within the curriculum 
of the Pharmaceutical Sciences. Students can 
elect to fulfill the requirements for diploma 
theses or laboratory internships in the depart-
ment and gain hands-on experience in natural 
product research early on.
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Quinone pigments in fungi

Progress in the area of quinone pigments from 
filamentous fungi was made with two orga-
nisms: Aspergillus nidulans is the producer 
of terrequinone A (Figure 1), a member of 
the bisindolylquinone family of compounds. 
Their potential use for pharmaceutical pur-
poses stems from antiretroviral activities and 
insulin receptor activation in mice after oral 
administration.

Earlier, the enzymes TdiA and TdiD were 
recognized as gateway enzymes which gov-
ern bisindolylquinone-backbone formation. 
TdiA represents a tri-domain enzyme remi-
niscent to non-ribosomal peptide synthetases 
yet lacking a condensation domain. TdiD ist a 
pyridoxal 5-phosphate (PLP)-dependent ami-
notransferase. These two enzymes convert 
L-tryptophan into didemethylasterriquinone 
D (Figure 1), the universal intermediate of all 

Scientific Projects

Figure 1
The biosynthesis of asterriquinones 
in Aspergillus nidulans.

1 bisindolylquinones. Prenylation is a frequent 
post-assembly modification and contributes to 
molecular diversity and biological acitvity. The 
enzyme TdiB was biochemically characterized 
as a cation-independent prenyltransferase, 
which catalyzes asterriquinone C-1 formation 
by reverse prenylation of carbon atom 2’ of 
didemethylasterriquinone D.

The second fungus pertinent to this project 
is Tapinella panuoides, a homobasidiomycete 
belonging to the Boletales and a known pro-
ducer of atromentin (Figure 2). Atromentin 
represents the key intermediate for the entire 
terphenylquinone and pulvinic acid family of 
secondary products. These are common ho-
mobasidiomycete pigments, whose structural 
diversity is generated by numerous modifica-
tions, such as hydroxylation and subsequent 
heterocyclization, oxidative ring cleavage and 
rearrangement, hydroxylations, or esterifica-
tion. Therefore, atromentin serves as a widely 
valid model to investigate the genetic and bio-
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chemical basis of natural products in basidi-
omycetes.

Guided by the concept of tdiA/tdiD-encoded 
bisindolylquinone biosynthesis enzymes, or-
thologous genes for the atromentin synthetase 
AtrA and the L-tyrosine:2-oxoglutarate ami-
notransferase AtrD were detected in a genom-
ic Tapinella cosmid library, and the enzymes 
biochemically characterized. By reconstitution 
of the pathway in vitro it was shown that AtrA 
and AtrD catalyze consecutive steps to turn 
over L-tyrosine into atromentin (Figure 2). 
Therefore, the synthesis of quinones from the 
side chains of aromatic 2-oxo acids was dem-
onstrated as a conserved biosynthetic strategy 
in both asco- and basidiomycetes.

Melleolide natural products
from Armillaria species

Many species within the homobasidiomycete 

2

genus Armillaria (“honey mushroom”, Figure 
3) are known as notorious butt and root rot 
agents and globally present as pathogens both 
in managed and unmanaged hardwood and 
conifer forests. The host range of Armillaria is 
extraordinarily broad and also includes fruit 
and ornamental trees. Although being an ag-
gressive tree pathogen, Armillaria species also 
serve a positive role by depolymerizing bio-
mass and, therefore, maintaining the carbon 
flux in forest habitats. Various studies estab-
lished Armillaria species as producers of the 
melleolides (e.g., arnamial, Figure 4). These 
compounds represent biosynthetic chimera, 
composed of a sesquiterpenoid protoilludane 
whose alcohol functionality at position 5 en-
gages in ester bond formation with orsellinic 
acid or a derivative thereof. Orsellinic acid is 
a common microbial metabolite, and protoillu-
danes are frequently found in basidiomycetes. 
However, the esterification of these two build-
ing blocks into a more complex metabolite is 
a unique biosynthetic capacity of Armillaria 
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unique compounds as a means for selective 
negative interspecies communication. To 
study this aspect and to identify the molecular 
mechanisms of how the melleolides exert their 
inhibitory activity, a project within the Jena 
School of Microbial Communication (JSMC) 
has been established.

Natural products from an
unidentified basidiomycete

An unusual homobasidiomycete was isolated 
from wood and has so far defied any taxonomic 
identification, both by morphological and ge-
netic approaches. Interestingly, this fungus 
was only found once, attempts to retrieve the 
organism both at the initial site of collection 
and in related habitats failed. This basidiomyc-
ete exerts a strong negative intermicrobial 
communication: if colonized by this fungus 
wood is far less susceptible to growth of blue-
stain fungi and other microbes. Therefore, the 

3

whose secondary metabolism is now investi-
gated at the HKI. The pharmaceutical aspect 
of this project includes the inhibitory activi-
ties against human cell lines, which have not 
been described previously. A new member of 
the melleolides, arnamial, was isolated along 
with a number of known compounds of this 
family. By comparing the inhibitory effects, 
a preliminary structure-activity-relationship 
emerged. Our data points to the Δ2,4 double 
bond as being critical for cytotoxicity, while 
6’-chlorination and 5-O-methyl ether forma-
tion contributed less. We also found that the 
mechanism of action of arnamial involves the 
apoptotic pathway.

Some filamentous fungi with which Armillaria 
is likely to interact in its natural habitat are 
transiently or permanently inhibited by the 
melleolides, while other fungi are completely 
resistant against them. This is suggestive of 
a role in chemical ecology and, more specifi-
cally, that Armillaria might have evolved these 
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Armillaria mellea carpophores

Figure 4
Chemical structure of arnamial
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impact upon timber quality is reduced and, 
eventually, the market value maintained. An-
timicrobial assays with crude extracts of the 
culture broth confirm inhibition, and signifi-
cant antifungal activity was observed in the 
assay even after several weeks.

Together with partners in the Department of 
Plant Pathology at the University of Minne-
sota-Saint Paul, we have begun investigating 
the secondary metabolome of this unique fun-
gus, with a particular emphasis on antifun-
gal compounds and a potential application as 
biocontrol agent or a pharmaceutical use in 
mind. Supported by the HKI Bio Pilot Plant 
and embedded into the International Leibniz 
Research School for Microbial and Biomolecu-
lar Interactions (ILRS Jena) we currently i) es-
tablish large-scale fermentation conditions, ii) 
identify the mode of action of the antifungal 
principle and iii) isolate other secondary me-
tabolites to chemotaxonomically complement 
genus/species identification efforts.

Secondary metabolism in
Ralstonia solanacearum

Ralstonia solanacearum is a Gram-negative 
bacterium and notorious plant pathogen as it 
causes a lethal wilt disease (Figure 5). The host 
range of this organism is remarkably broad 
and includes plants used for staple food produc-
tion, such as banana and potato, and species of 
significant commercial value, including toma-
to, eggplant, and tobacco. Given its relevance 
as pathogen, R. solanacearum warrants more 
profound investigations into its secondary me-
tabolism which may be implicated in virulence 
and contribute to bacterial wilt disease. Previ-
ous studies identified the global virulence reg-
ulatory proteins VsrAD and PhcA as central 
in the regulation of diverse functions needed 
by R. solanacearum during growth inside host 
plants. VsrAD is a two-component regulatory 
system that broadly governs expression of 
many stress and virulence factors. PhcA is a 
LysR-type global virulence regulator that con-

4

Figure 5
Tomato plants killed by
Ralstonia solanacearum
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trols exopolysaccharide production, bacterial 
motility, and several other virulence factors in 
response to a quorum-sensing mechanism. In 
collaboration with partners at the University 
of Wisconsin-Madison, VsrAD and PhcA dele-
tion mutants were generated. In these engi-
neered strains the secondary metabolism was 
reduced or disabled. The results led to identifi-
cation of several new natural products whose 
chemical structures are elucidated at the HKI 
in cooperation with the Junior Research Group 
Secondary Metabolism of Predatory Bacteria. 
Based on transcriptomic data we currently fo-
cus on the identification of biosynthetic genes, 
and on the biochemical characterization of the 
corresponding enzymes.
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University of Oxford, Department of Plant
Sciences, UK
Dr. Sarah Watkinson

Swedish University of Agricultural Sciences,
Sweden
Prof. Dr. Jan Stenlid

Group members

Head
Prof. Dr. Dirk Hoffmeister
Phone +49 3641 532-1310
Fax +49 3641 532-0812
E-Mail dirk.hoffmeister@hki-jena.de

Scientists
Dr. Sebastian Miethbauer (since 02/09)

Ph.D. Students
Barbara Wackler (since 02/09)
Mathias Misiek (until 04/09)
Patrick Schneider (until 10/09)
Markus Bohnert (since 09/09)

Diploma / Bachelor / Master Students
Daniel Schwenk (since 11/09)
Johannes Ziemen (since 11/09)

Research Assistants
Elke Hänert (since 02/09)
Sven Adler (since 02/09)
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Head:
Prof. Dr. Oliver Kurzai

Research Group Fungal Septomics

Sepsis is a life-threatening systemic infection 
with a high mortality which affects people 
of all ages. Sepsis severely compromises the 
progress of medicine in many fields and con-
sumes health care resources. The mortality of 
severe sepsis is over 50 % and has not changed 
much over the last decades. In order to accel-
erate advances in prevention, rapid diagnosis 
and treatment of patients with sepsis, new di-
agnostic and therapeutic approaches must be 
developed. This, however, requires integrated 
and interdisciplinary medical research on 
the molecular basis of sepsis and biological 
pathways that offer a strong promise for the 
development of therapeutic interventions. The 
interdisciplinary collaboration of functional 
genomics in patient and pathogens together 

with modern molecular and cellular biology 
within the ZIK Septomics forms the basis for 
such advances. The funding program “centers 
for innovation competence” (Zentren für In-
novationskompetenz, ZIK) aims to support the 
expansion of scientifically excellent research 
clusters in East-German universities and re-
search institutes to generate internationally 
visible centers (www.unternehmen-region.de).
Within the ZIK Septomics the Jena expertise 
in sepsis research will be strengthened and 
expanded. For that purpose, the ZIK Septom-
ics establishes a new structural basis for sep-
sis research. Until now, sepsis research has 
mainly been divided into different disciplines. 
To develop a holistic understanding of sepsis 
pathophysiology, Septomics brings together, 

I N TRO DUC TI O N  |   E I N LE IT U N G

Sepsis ist eine lebensbedrohliche Infektion, die 
den gesamten Organismus erfasst. Sie ist mit 
hoher Sterblichkeit verbunden, kommt immer 
häufiger vor und betrifft Menschen in jedem 
Lebensalter. Sepsis gefährdet den medizini-
schen Fortschritt in vielen Bereichen der Hoch-
leistungsmedizin und verbraucht Ressourcen 
im Gesundheitswesen. Die Sterblichkeit der 
schweren Sepsis beträgt über 50 % und hat sich 
in den letzten Jahrzehnten nicht entscheidend 
reduziert. Um Behandlungsfortschritte zu er-
zielen, müssen neuartige Diagnostika und The-
rapeutika entwickelt werden. Voraussetzung 
für diese Innovation ist ein neues molekulares 
Verständnis der Sepsis. Die Grundlage für ei-
nen solchen innovativen pathophysiologischen 
Ansatz bietet die im ZIK Septomics erstmals 
erreichte interdisziplinäre Vereinigung der 
funktionellen Genomik von Patient und Erre-
ger mit modernsten molekular- und zellbiolo-
gischen Techniken. Das Programm „Zentren 
für Innovationskompetenz (ZIK)“ dient der 

Vertiefung herausragender Forschungsansätze 
an ostdeutschen Hochschulen und Forschungs-
einrichtungen und der Schaffung international 
sichtbarer Zentren (vgl. www.unternehmen-
region.de). Im ZIK Septomics soll die am Stand-
ort Jena vorhandene Expertise im Bereich Sep-
sisforschung verstärkt und ausgebaut werden. 
Das ZIK Septomics etabliert zu diesem Zweck 
eine neuartige Struktur der Sepsisforschung. 
Bisher wurde Sepsisforschung zu Teilaspekten 
und in getrennten Disziplinen betrieben. Um 
ein holistisches Verständnis der Sepsis zu ent-
wickeln, bringt Septomics die Disziplinen Mo-
lekularbiologie, Mikrobiologie, Infektiologie, 
Genomanalyse, Bioinformatik, Labormedizin 
und Intensivmedizin zusammen, entwickelt 
eine gemeinsame umfassende Forschungsstra-
tegie und stellt für die Forschergruppen des 
Zentrums ein neues Forschungsgebäude zur 
Verfügung. Hier werden die bisher weitgehend 
getrennten Bereiche Erreger- und Wirtsant-
wortsforschung komplementär bearbeitet und 
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molecular biology, microbiology, infection biol-
ogy, genomics, bioinformatics, laboratory med-
icine and intensive care specialists in a univer-
sal research strategy. Within a new laboratory 
building, host and pathogen biology will be 
addressed in complementary approaches and 
linked to bioinformatics and clinical practice. 
Other singular possibilities at the ZIK Septom-
ics include the availability of Biocollections 
including blood and serum specimens from 
patients as well as a direct link to basic sci-
ence. Septomics is a faculty-spanning center 
of the University of Jena and is scientifically 
interconnected with the Department of Anaes-
thesiology and Intensive Care Medicine (KAI), 
the Institute for Medical Microbiology and the 
Leibniz Institute for Natural Product Research 

and Infection Biology (Hans-Knöll-Institute). 
Contrary to the classical view of sepsis as 
an overactivation of immune reactions, new 
pathophysiological concepts depict sepsis as a 
result of a complex immunological dysregula-
tion including both hyperinflammatory and 
immunosuppressive stimuli. It is a well rec-
ognized fact that the spectrum of pathogens 
responsible for sepsis has changed dramati-
cally over the last decades with Gram-positive 
bacteria and fungi (Candida spp.) becoming in-
creasingly more important. In the US, Candida 
species have become the fourth most common 
cause of bloodstream infection and are associ-
ated with a dramatically increased mortality 
as well as increased duration of hospital stay 
and per patient costs. Besides being a primary 

mit klinischer Forschung und einer leistungs-
fähigen Bioinformatik verknüpft. Weitere 
Alleinstellungsmerkmale sind die Nutzungs-
möglichkeit von Biobanken mit Blut- und Se-
rumproben von Sepsispatienten und die enge 
Anbindung der Grundlagenforschung an die 
Klinik. Septomics ist als fakultätsübergreifen-
des Zentrum der Friedrich-Schiller-Universität 
Jena (FSU) konzipiert. Wissenschaftlich wird 
es getragen von der Medizinischen Fakultät 
bzw. dem Universitätsklinikum über die Klinik 
für Anästhesiologie und Intensivmedizin (KAI) 
und dem Institut für Medizinische Mikrobiolo-
gie sowie der Biologisch-Pharmazeutischen Fa-
kultät mit dem Leibniz-Institut für Naturstoff-
Forschung und Infektionsbiologie (Hans-Knöll-
Institut, HKI). Im Gegensatz zum klassischen 
Bild der „Überaktivierung“ des Immunsystems 
stellt sich Sepsis in modernen pathophysiologi-
schen Konzeptionen als Ergebnis einer kom-
plexen Dysregulation dar, die sowohl proin-
flammatorische als auch immuninhibitorische 

Signale umfasst. Dementsprechend hat sich 
das Spektrum der Krankheitserreger, die Sep-
sis in industrialisierten Ländern verursachen, 
im Laufe der Zeit dramatisch verändert. Dabei 
sind insbesondere Gram-positive Erreger und 
Pilze immer wichtiger geworden. In den USA 
sind Hefepilze der Gattung Candida mittlerwei-
le die vierthäufigste Ursache von septischen 
Infektionen und resultieren daher in beträcht-
lichen Auswirkungen sowohl im Hinblick auf 
das therapeutische Outcome der betroffenen 
Patienten als auch im Hinblick auf Liegedauer 
und Kosten. Neben primär durch Candida spp. 
verursachten Septitiden kann sich eine invasi-
ve Infektion durch Candida auch sekundär im 
Rahmen einer bakteriellen Sepsis oder eines 
SIRS (severe inflammatory response syndro-
me) entwickeln. Diese Infektionen resultieren 
ebenfalls in einer erheblichen Beeinträchti-
gung der Prognose und deutlich erhöhten Ver-
sorgungskosten. Auch andere Pilzinfektionen, 
insbesondere invasive Aspergillosen treten als 
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cause for sepsis, invasive candidiasis can also 
develop as a secondary infection in sepsis 
(and severe inflammatory response syndrome) 
which results in deteriorating prognosis and 
significantly increased health care costs. In-
fections with other fungal pathogens, mainly 
invasive aspergillosis, are increasingly diag-
nosed in severely ill SIRS or sepsis patients 
and are linked to the immunosuppressive ef-
fects of these inflammatory syndromes. Based 
on these epidemiological developments, the 
research group fungal septomics has been 
established within the ZIK Septomics to put a 
clear focus on the pathophysiology of systemic 
fungal infections. We have started our work 
in 11/2009 at the HKI. Within the research 
concept, molecular mechanisms of pathogen 

– host interaction resulting in the develop-
ment of invasivity in C. albicans as well as cor-
responding patterns of immune activation in 
the context of fungal sepsis will be analysed 
and compared to similar patterns of other 
pathogens. The resulting data will improve 
our understanding of invasive candidiasis. 
Furthermore they should build a basis for the 
identification of new diagnostic and therapeu-
tic targets. Those targets may be evaluated 
within the ZIK Septomics using clinical speci-
mens and the possibility to cooperate with the 
research group clinical septomics within the 
centre. Thus it might be possible to develop 
new diagnostic tests allowing an early diag-
nosis of sepsis and a discrimination between 
fungal and bacterial systemic infection.

sekundäre Komplikation bei schwerkranken 
Sepsis oder SIRS Patienten in zunehmendem 
Maße auf und sind Ausdruck der aus dem 
Krankheitsbild resultierenden Immunsuppres-
sion. Basierend auf diesen epidemiologischen 
Entwicklungen wurde mit der FG fungal sep-
tomics im ZIK Septomics eine Arbeitsgruppe 
etabliert, die sich schwerpunktmäßig mit der 
Pathophysiologie systemischer Pilzinfektio-
nen beschäftigt. Diese Arbeitsgruppe hat zum 
1. 11. 2009 ihre Arbeit am HKI aufgenommen. 
In dem vorgeschlagenen Projektkonzept der FG 
Fungal Septomics sollen molekulare Mechanis-
men der Pathogen – Wirt Interaktion, die zur 
Entwicklung von Invasivität bei Candida albi-
cans führt, und Muster der Immunaktivierung 
im Rahmen einer Pilzsepsis identifiziert, cha-
rakterisiert und mit Mustern bei anderen Er-
regergruppen vergleichend analysiert werden. 
Die resultierenden Daten werden zu einem bes-
seren Verständnis der molekularen Mechanis-

men führen, die der Entwicklung systemischer 
Infektionen durch Candida zu Grunde liegen. 
Darüber hinaus bilden sie die Basis für trans-
lationale Projekte, die zur Entwicklung ver-
besserter diagnostischer Verfahren sowie zur 
Identifizierung neuer Ziele für therapeutische 
Intervention führen sollen. Für neue diagnos-
tische und/oder therapeutische targets, die in 
diesen identifiziert werden, wird innerhalb des 
ZIK eine Evaluierung der klinischen Nutzbar-
keit anhand von Proben septischer Patienten 
und durch spätere klinische Studien überprüft 
werden. Dieses Konzept wird in enger Zusam-
menarbeit mit der FG Clinical Septomics, die 
ebenfalls dem ZIK angehört, umgesetzt. Ziel ist 
die Gewinnung neuer diagnostischer Marker 
die helfen, Infektionen früh und eindeutig zu 
diagnostizieren sowie bakterielle Erreger von 
Pilzen wie Candida albicans zu unterscheiden.
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Summary of prior Research

Group Leader: Oliver Kurzai

Research in the team has focused on molecular 
and immunological reasons for the accidental 
establishment of systemic infections caused 
by normally harmless commensals. Neisseria 
meningitidis and C. albicans have been used 
as model organisms. The Gram-negative diplo-
coccus N. meningitidis is a commensal in the 
nasopharynx of ~10% of healthy individuals 
which can in rare cases become invasive and 
cause sepsis or meningitis. Due to its highly 
toxic lipopolysaccharide, N. meningitidis is a 
prototype cause of sepsis in non-hospitalized 
patients. We have identified several new strat-
egies of N. meningitidis to interact with its host, 
including a two-partner secretion system, re-
ceptors for surface plasminogen recruitment, 
and a regulatory cascade modulating expres-
sion of the major adhesin NadA. A major fo-
cus of research has been the recognition of N. 
meningitidis by human DC. We have shown 
that sialylation and elongation of the menin-
gococcal lipopolysaccharide shields viable 
unencapsulated N. meningitidis from recogni-
tion by human DC. The protective function of 
the LPS for the bacteria can be counteracted 
in vivo by phase variation of the lgtA gene en-
coding LPS glycosyltransferase A. Whereas 
capsule expression protects N. meningitidis 
efficiently from recognition and phagocytosis 
by DC independent of the LPS structure, modi-
fication of the capsular polysaccharide by O-
acetylation did not interfere with recognition, 
phagocytosis, induction of DC maturation or 
triggering of cytokine release. The class A 
scavenger receptor (SRA) could be identified 
as the major uptake receptor for N. menin-
gitidis on human DC (Figure 1). In addition, 
we have shown that the physical interaction of 
human DC with N. meningitidis via SRA mod-
ulates cytokine release by DC. Data from a ge-

1 nome sequencing project on carriage isolates 
have revealed subtle differences rather than 
variation in gene content to be responsible for 
the variable virulence in the species N. menin-
gitidis and suggested evolution of pathogenic 
Neisseriae from commensal ancestors. In this 
context, we characterized the expression and 
function of the transcriptional regulator FarR 
(Fatty acid resistance Regulator), a member 
of the MarR-family, in N. meningitidis. In the 
closely related Neisseria gonorrhoeae, FarR 
is responsible for resistance to long-chained 
fatty acids, enabling N. gonorrhoeae to sur-
vive on mucosal surfaces rich of those harm-
ful components. Although the meningococcal 
FarR-homologue shows high structural ac-
cordance, it is not involved in fatty acid resist-
ance. Rather, FarR expression is growth phase 
dependent and important for immune-evasion 
of N. meningitidis.

For C. albicans, major work has dealt with the 
adaptation of this pathogen to alterations in the 
ambient pH. This work has led to the descrip-
tion of the Rim101 dependent signalling cas-
cade which mediates pH adaptation and links 
this environmental stimulus to filamentation 
of C. albicans. Recently, this earlier work on 
the characterization of morphogenesis related 
signalling in C. albicans has mainly been used 
as a tool to characterize the interaction of C. 
albicans with human immune cells. Effects of 
fungal morphogenesis on DC activation were 
characterized, providing evidence that these 
cells can recognize yeast and hyphal forms of 
C. albicans. We could show that human neutro-
phils, which play a major role in the defence 
against systemic candidiasis, are capable of 
discriminating between yeast forms and fila-
ments of a single C. albicans strain. Whereas 
germ tubes induced targeted motility, result-
ing in the establishment of close contact be-
tween neutrophils and fungal elements, yeast 
forms were largely ignored throughout the 
observation (Figure 2). In transwell chemo-
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taxis assays, C. albicans germ-tubes but not 
yeast forms induce migratory activity in hu-
man neutrophils. In addition filamentous 
forms triggered a higher oxidative burst than 
yeast forms of C. albicans. In contrast to the 
oxidative burst however, PMN motility based 
on actin rearrangement could be shown to be 
essential for inactivation of C. albicans fila-
mentous forms. In contrast, the inhibition of 
actin reorganization did not impair the ability 
of human PMN to kill yeast cells. Using in-
hibitors for different MAP-kinase cascades, it 
could be shown, that recognition of C. albicans 
filaments by PMN is mediated via the MEK/
ERK MAP-kinase cascade and independent of 
JNK or p38 MAPK activation. Inhibition of the 
ERK signalling pathway abolished not only 
neutrophil chemotaxis induced by C. albicans 
filaments but also the ability of human PMN 
to kill C. albicans filaments. In contrast, it did 
not affect PMN activity against yeast forms. 
Taken together, these data show that inva-
sive filamentous forms of C. albicans trigger 

a morphotype specific activation of human 
neutrophils. Therefore these cells are capable 
of sensing C. albicans invasion and intiating 
an early immune response. In addition, the 
contribution of secreted aspartic proteases to 
the interaction of C. albicans with human neu-
trophils (cooperation with Prof. B. Hube, Dept. 
MPM) and the role of ROI formation in kill-
ing of C. albicans is subject of ongoing stud-
ies. Clinically relevant immunosuppressive 
agents including mycophenolate (MMF) were 
investigated for their influence on immune 
effector cells, demonstrating that MMF leads 
to reduced secretion of pro-inflammatory cy-
tokines and enhanced production of ROI. In 
close collaboration with A. Brakhage (Dept. 
MAM) and J. Löffler (Würzburg), recognition 
of A. fumigatus by the innate immune system 
has been also been studied in my group.

Figure 1
Human dendritic cells are potent antigen presenting cells. 
For this purpose they possess a variety of surface receptors 
enabling the uptake of diverse microorganisms. We could 
identify a member of the Scavenger receptor family (SRA)
as the main uptake receptor for N. meningitidis on these cells.

Figure 2
Human neutrophils are activated by filamentous forms of 
Candida albicans and rapidly engulf these forms. Here the 
intimate contact between these rapidly moving cells and 
small C. albicans germ-tubes is visualized microscopically.
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Junior Research Group
Microbial Biochemistry and Physiology

Understanding the physiology of fungi dur-
ing the infection process of human hosts is 
a prerequisite to efficiently combat severe in-
vasive fungal infections. Without nutrition a 
pathogen is unable to cause infection and the 
targeted disruption of the required metabolic 
pathways may lead to the discovery of new an-
tifungal drugs. Since the metabolic pathways 
active during the infection process are largely 
unknown and may vary between species, one 
of the major aims of the junior research group 
Microbial Biochemistry and Physiology is the 
elucidation of the respective fungal metabolic 
pathways active during infection. Thereby, re-
search is not restricted to primary metabolism 
but also involves the investigation of second-
ary metabolites. Most filamentous fungi have 
a huge capacity to produce various secondary 

metabolites and some of them are used for hu-
man benefits, such as the antibiotic penicillin 
or the drug lovastatin, which reduces the risk 
of strokes by lowering the cholesterol level 
in hypercholesterolemic patients. Contrarily, 
secondary metabolites may also cause severe 
mycotoxicoses, increase the risk of cancer and 
may cause tissue destructions. Since the pro-
duction of secondary metabolites is strongly 
dependent on the available nutrients, there 
is a direct link between primary and second-
ary metabolism. Therefore, in terms of fungal 
virulence, both aspects are followed in our 
research.

To study the establishment and manifestation 
of fungal infections, suitable model systems 
are another prerequisite. The most frequently 

Eine Voraussetzung, um invasive Pilz-
infektionen wirksam bekämpfen zu können, 
ist das Verständnis der Physiologie der Pilze 
während der Infektionsphase. Ohne eine 
effiziente Nahrungsaufnahme ist ein patho-
gener Mikroorganismus nicht in der Lage 
eine Infektion zu etablieren. Daher könnte die 
gezielte Unterbrechung des pilzlichen Stoff-
wechsels zur Entdeckung neuer antifungaler 
Substanzen führen. Da jedoch die meta-
bolischen Stoffwechselwege, die insbesondere 
in der Infektionsphase benötigt werden, weit-
gehend unbekannt sind und diese zwischen 
verschiedenen Pilzspezies variieren können, 
ist eine der Hauptaufgaben der unabhängigen 
Nachwuchsgruppe Mikrobielle Biochemie und 
Physiologie, die essentiellen Stoffwechsel-
wege für eine Infektionsetablierung aufzu-
klären. Hierbei wird jedoch nicht der alleinige 

Fokus auf den Primärmetabolismus gelegt, 
sondern auch die Produktion und Wirkung 
sogenannter Sekundärmetabolite untersucht. 
Die meisten filamentösen Pilze besitzen eine 
große Kapazität verschiedenste Sekundär-
stoffe zu produzieren. Durch einige dieser 
Sekundärmetabolite profitiert die Menschheit 
in großem Umfang. Beispiele hierfür sind z. B. 
das Antibiotikum Penicillin oder der Wirkstoff 
Lovastatin, der das Risiko von Herzinfarkten in 
Patienten mit Hypercholesterolemie mindert, 
da er den Cholesterinspiegel senkt. Im Gegen-
satz hierzu können Sekundärmetabolite von 
Pilzen jedoch auch schwere Mykotoxikosen ver-
ursachen, das Risiko von Krebserkrankungen 
erhöhen und Gewebsschäden hervorrufen. Da 
die Produktion dieser Sekundärstoffe meist 
mit der Verfügbarkeit bestimmter Substrate 
gekoppelt ist, besteht eine direkte Verlinkung 
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used model system to study pathogenicity 
of fungi bases on the infection of immuno-
suppressed mice. However, to minimise the 
number of animals used in infection studies, 
alternative model systems have been devel-
oped and compared to the established murine 
model systems. Besides the use of different 
cell lines, an embryonated hen’s egg infection 
model seems well suited to study and compare 
virulence of different fungal strains.

Last but not least, a model system has been 
established, which allows monitoring of in-
vasive fungal infections by bioluminescence 
imaging. This system allows visualising the 
progression of the infection on living animals 
and will be used to study the efficiency of an-
tifungal treatments in combating disease.

des Primär- und Sekundärmetabolismus. 
Daher werden in unseren Untersuchungen 
beide Aspekte betrachtet.

Um die Virulenz von Pilzen untersuchen zu 
können, sind Infektionsmodelle eine weitere 
zwingende Voraussetzung. Das meistgenutzte 
Modellsystem zur Untersuchung der Virulenz 
filamentöser Pilze basiert auf der Infektion 
immunsuprimierter Mäuse. Um jedoch die 
Zahl von Tieren, die in Infektionsstudien 
eingesetzt werden, zu minimieren, werden 
alternative Modelle entwickelt und mit dem 
murinen System verglichen. Neben dem Ge-
brauch verschiedener Zell-Linien wurde ein 
embryonisiertes Hühnerei-Modell entwickelt, 
das gut geeignet erscheint, um die Virulenz 
verschiedener Pilzstämme miteinander zu 
vergleichen.

Letztendlich wird seit Kurzem ein Modell-
system eingesetzt, das es erlaubt, den Verlauf 
invasiver Pilzinfektionen über ein auf Bio-
lumineszenz basierendes Verfahren zu ver-
folgen. Dieses System erlaubt den Fortschritt 
einer invasiven Pilzinfektion am lebenden 
Tier zu verfolgen und wird eingesetzt 
werden, um die Effizienz einer Behandlung 
mit antifungalen Substanzen in Infektions-
modellen zu ermitteln und zu optimieren.
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riosis, independent investigations revealed 
that the combined inhibition of the glyoxylate 
and methylcitrate cycle in Fusarium gramine-
arum attenuates plant infection and virulence. 
Therefore, a role of the methylcitrate cycle in 
human fusariosis appears rather likely.

Interestingly, although the genomes of most 
fungi seem to contain genes for a functional 
methylcitrate cycle, there are some exceptions. 
One of the most important human pathogenic 
fungi is the dimorphic yeast Candida albicans. 
A genome search on this fungus revealed no 
gene coding for any of the methylcitrate cycle 
enzymes. Additionally, no alternative genes 
for any other known propionyl-CoA degrading 
pathway had been identified. Nevertheless, C. 
albicans can utilise proteins as nutrients an 
can even grow in the presence of propionate 
or odd-chain fatty acids as sole carbon and 
energy source (Figure 1). This suggests that 
C. albicans possesses a yet unknown pathway 
for detoxification and metabolism of propionyl-
CoA. Due to the results on other fungi, the tar-
geted disruption of propionyl-CoA metabolism 
in C. albicans could also attenuate virulence. 
To confirm this assumption and for identify-
ing the responsible pathway in C. albicans, 
metabolites and enzymes are being identified 
in a JSMC project, which could provide hints 
for the responsible pathway. Current results 
imply that C. albicans uses a modified beta-
oxidation of fatty acids for the metabolism of 
propionyl-CoA.

CoA-transferase for acetic acid
detoxification 

Soil microorganisms, such as bacteria and 
fungi, have to cope with rapidly changing en-
vironmental conditions, such as temperature 
and pH differences, water availability, osmotic 
stress and nutrient supply. Therefore, metabo-
lism requires the adaptation to suboptimal 

Propionyl-CoA utilisation
in pathogenic fungi

Host proteins may provide one of the main nu-
trients for fungi during infection. However, the 
degradation of several amino acids leads to the 
toxic intermediate propionyl-CoA. In order to 
avoid the accumulation of this toxic compound, 
efficient degradation mechanisms need to ex-
ist. Previous studies have shown that the fila-
mentous fungus Aspergillus fumigatus, which 
is the main cause of severe invasive aspergil-
losis, utilises the so-called methylcitrate cycle 
for propionyl-CoA degradation. A deletion of 
the gene coding for the key enzyme methyl-
citrate synthase significantly attenuated viru-
lence. This result confirmed that the fungus 
consumes indeed nutrients during the infec-
tion process, which generate propionyl-CoA.

To check, whether other filamentous fungi 
with pathogenic potential posses a functional 
methylcitrate cycle, additional studies were 
performed on Fusarium solani and Fusarium 
verticillioides. All known Fusarium strains 
have the ability to cause plant infections with 
a broad host spectrum. However, especially 
F. solani has been frequently isolated as the 
cause of subcutaneous invasive fusariosis. Our 
investigations revealed that both Fusarium 
species posses a functional methylcitrate syn-
thase, but regulation of cycle activity appeared 
species specific. F. verticillioides displays a 
high methylcitrate cycle activity in the pres-
ence of amino acids, whereas highest activity 
was observed for F. solani in the presence of 
propionate. Since propionate is a high abun-
dant carbon source in soil, this activity pat-
tern seems to resemble a specific adaptation 
to the environmental habitat, because F. solani, 
besides being a plant pathogen, is frequently 
found as a saprophyte in soil. Although further 
studies need to show, whether the disruption 
of the methylcitrate cycle attenuates the abil-
ity of Fusarium species to cause invasive fusa-

Scientific Projects
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growth conditions. Some acids, such as acetic, 
propionic, sorbic and benzoic acid can cause 
a so-called “weak organic acid stress” and 
an adequate cellular response is required to 
grow in the presence of these compounds. In 
our studies we focused on the adaptation of the 
model fungi Aspergillus nidulans and Saccharo-
myces cerevisiae to weak acid stress mediated 
by acetate at low pH.

Previous studies identified a so-called acetyl-
CoA hydrolase Ach1p in S. cerevisiae, which 
caused a growth defect in the presence of ac-
etate when deleted. However, the physiologi-
cal role of such an energy-wasting enzyme 
remained a biochemical conundrum. Since we 
identified a CoA-transferase from A. nidulans, 
which displayed high sequence identity to the 
yeast Ach1p, we re-characterised the biochem-
ical parameters of the yeast enzyme. Our re-
sults showed that also the yeast enzyme acted 
specifically as a CoA-transferase with highest 
activity for the transfer of the CoASH-moiety 

from succinyl-CoA to acetate. The acetyl-CoA 
hydrolase activity, in contrast, was negligibly 
low. Additionally, the CoA-transferase CoaT 
from A. nidulans was able to restore growth 
phenotypes of the yeast mutant on acetate. 
A more detailed investigation of the growth 
defect of the mutant on acetate revealed that 
growth retardation was strongly pH depend-
ent. It could be shown that the lower the pH, 
the higher the growth inhibitory effect. This 
implied that Ach1p, and also CoaT in A. nidu-
lans, are required for the detoxification of free 
acetic acid. In the acid form, acetate can freely 
diffuse over cellular membranes and may fi-
nally end up trapped inside mitochondria. 
Ach1p (or CoaT) can contribute to the detoxifi-
cation of this organic acid by transferring the 
CoASH from succinyl-CoA to acetate, forming 
the citric acid cycle intermediates succinate 
and acetyl-CoA (Figure 2).

Phylogenetic analyses showed that this en-
zyme seems conserved in nearly all fungi, 

Figure 2
Scheme for the detoxification of mitochondrial acetic acid by the CoA-
transferase Ach1p in Saccharomyces cerevisiae. Acetic acid can actively be 
taken up or diffuse over membranes, leading to the acidification of the cyto-
plasm. A proton export machinery may counteract this acidification. At high 
influx rates acetic acid can enter the mitochondrial matrix, where it becomes 
trapped, because activation of acetate to acetyl-CoA is only performed in the 
cytoplasm. Inside mitochondria the CoA-transferase Ach1p can transfer CoASH 
from succinyl-CoA to acetate, leading to the citric acid cycle intermediates suc-
cinate and acetyl-CoA.

Figure 1
Spot dilution assay for growth determination of Can-
dida albicans on media containing different carbon 
sources. Best growth is observed on the complete medium 
YPD. Although delayed, cells also grow on minimal media 
containing the odd-chain fatty acids valerate or propionate 
and on acetate.
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which implies that the adaptation to acetic 
acid via the CoA-transferase reaction is an es-
sential prerequisite for fungi in their natural 
environment.

Fungal lysine biosynthesis 

Lysine is an essential amino acid for hu-
mans and has to be obtained from the diet. 
However, fungi produce this amino acid via 
the so-called alpha-aminoadipate pathway. 
Several studies have focused on the regula-
tion of fungal lysine biosynthesis, because 
alpha-aminoadipate is an essential precursor 
for penicillin production in filamentous fungi 
such as Penicillium chrysogenum or Aspergil-
lus nidulans. Although the human pathogenic 
fungus Aspergillus fumigatus does not pro-
duce this important antibiotic, former stud-
ies showed that disruption of the alpha-ami-
noadipate pathway attenuates virulence in a 
murine model for invasive bronchopulmonary 

3

aspergillosis. Therefore, it has been assumed 
that the fungal lysine biosynthetic path might 
provide a suitable target for new antifungals. 
This prompted us to focus our research on the 
enzymatic mechanisms of lysine biosynthetic 
enzymes and to re-evaluate the role of the 
pathway in virulence using different model 
systems. The deletion of key genes of the path-
way confirmed their essential contribution to 
lysine prototrophy (Figure 3). Additionally, 
mutants were unable to germinate on protein 
containing media unless proteases were add-
ed. This shows that the resting conidium is un-
able to produce proteases for obtaining lysine 
from protein hydrolysis. In contrast and un-
expectedly, lysine auxotrophic mutants were 
able to grow on blood and serum, indicating 
that these body fluids contain sufficiently free 
lysine to support growth. In agreement, an in-
travenous infection model revealed no attenu-
ated virulence of lysine auxotrophic mutants. 
Therefore, targeting the lysine biosynthetic 
path may limit fungal growth within lung tis-

Figure 3
Confirmation of lysine auxotrophy in an Aspergillus 
fumigatus mutant carrying a defective alpha-aminoad-
ipate pathway. Both, wild type (WT) and mutant (D) grow 
well on hydrolysed proteins such as peptone. On minimal 
media containing glucose as carbon and nitrate as nitrogen 
source, only the wild type is able to grow. Supplementation 
of this medium with lysine restores growth of the mutant.

Figure 4
HPLC profiles of medium extracts from Aspergillus ter-
reus A1156 grown for 161 h on glucose minimal medium 
(Glucose) or Czapek dextrose broth (Czapek). A different 
pool of metabolites is produced in respect to the medium 
composition.
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sues, but does not prevent establishment of 
invasive aspergillosis after dissemination via 
the bloodstream. 

Aspergillus terreus infections and 
secondary metabolism 

Aspergillus terreus is a potent producer of 
secondary metabolites and the analysis of its 
genome implies that only a small number of 
the metabolites produced by this fungus have 
been identified. This is mainly due to the tight 
regulation of secondary metabolite produc-
tion, which allows the production of certain 
secondary metabolites only under well-de-
fined conditions (Figure 4). A. terreus is espe-
cially known for its ability to produce the drug 
lovastatin, which is a potent inhibitor of the 
hydroxymethyl-glutaryl-CoA reductase and 
thus able to lower the amount of cholesterol 
in patients with hypercholesterolemia. It also 
produces the metabolite itaconic acid, which 

is used in the production of plastic, rubber, 
paints, surfactants and lubricants. However, 
several other metabolites with less beneficial 
effects, such as patulin, citroviridin or terri-
tremA are produced by A. terreus. Similar to 
A. fumigatus, A. terreus is able to cause life-
threatening invasive aspergillosis in immuno-
compromised patients and has been identified 
as an emerging human pathogen. Due to its 
high resistance against the commonly used 
antifungal drug amphotericin B the mortality 
rate among patients with invasive aspergillo-
sis caused by A. terreus is up to 100 %. There-
fore, the main focus of our research deals with 
the development of a murine infection model 
and the elucidation of secondary metabolite 
production during infection. Murine infection 
models are performed in close collaboration 
with the department Microbial Pathogenicity 
Mechanisms, whereas natural products pro-
duced by A. terreus are identified and charac-
terised in collaboration with the department 
Biomolecular Chemistry. First investigations 

Figure 5
In vitro and in vivo biolumines-
cence imaging of a light emitting 
Aspergillus fumigatus strain.
A: Daylight and bioluminescence 
photography of a bioluminescent 
A. fumigatus strain on an agar plate 
containing D-luciferin.
B: Recording of light emission from 
a mouse infected with the biolumi-
nescent A. fumigatus strain shown 
in (A). After D-luciferin injection the 
light emission can be detected from 
all infected organs such as sinus, 
trachea and lung lobes.

4
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imply that the strategies of A. terreus infect-
ing and colonising a host are slightly different 
to those from A. fumigatus. Nevertheless, the 
highest risk for obtaining an infection from 
either species is in a leucopenic model. Recent 
investigations allowed the identification of 
a new metabolite, which might be produced 
even under infectious conditions, but struc-
ture elucidation and biological activity of this 
compound need further studies. However, pro-
duction of this metabolite requires the pres-
ence of amino acids, which is in agreement 
with the utilisation of host proteins as nutri-
ents. Further investigations will show, wheth-
er this metabolite exerts toxic effects and con-
tributes to virulence in the establishment of 
invasive aspergillosis caused by A. terreus.

Model systems for virulence studies 

Studying virulence determinants essential 
for the establishment and manifestation of in-
vasive fungal infections requires the use of 
model systems. The gold standard for such in-
vestigations are murine model systems. How-
ever, although new biomolecular techniques 
allow the rapid generation of mutant librar-
ies, not every mutant should become tested 
in a complicated and time-consuming murine 
model system. To allow the rapid screening 
of mutants, we therefore developed together 
with the department Microbial Pathogenicity 
mechanisms a new model system using em-
bryonated hen’s eggs as recipients. In nature, 
eggs of birds can become infected with fungal 
spores through micro cracks in the eggshell 
and most birds are highly susceptible for As-
pergillus infections. Our preliminary studies 
showed that 100 conidia are sufficient to kill 
the chicken embryo three to six days after 
infection. Further studies with selected A. fu-
migatus mutants revealed a good correlation 
between murine model systems and the hen’s 
egg model. Therefore, this model allows the 
initial screening for attenuated virulence of 
large amounts of Aspergillus mutants.

Another system, just recently developed in 
collaboration with the Institute Pasteur, uses 
bioluminescence imaging to follow the mani-

festation and progression of fungal infec-
tions. For this purpose we constructed fungal 
strains expressing the firefly luciferase un-
der a constitutively active promoter. By that 
means, a direct correlation between the fun-
gal biomass can be obtained under several in 
vitro conditions, but also during infection un-
der non-inflammatory conditions as present in 
leucopenic mice (Figure 5). The system allows 
reproducibly tracking the location of the in-
fection. In first trials we have used the sys-
tem to follow the effectiveness of an antifun-
gal drug under in vivo conditions. Treatment 
failure correlated with a strongly increasing 
bioluminescent signal, whereas a success-
ful treatment resulted in low signals, which 
disappeared completely, when the infection 
was eliminated. Further studies will follow 
improving treatment strategies for combating 
fungal infections.5
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I N TRO DUC TI O N  |   E I N LE IT U N G

The major role of the immune system is to 
maintain the integrity of the human body. 
This in particular implies the ability of the im-
mune system to recognize molecules and cells 
of our own body as “self”, and to detect poten-
tially harmful substances and microorgan-
isms as “non-self”. Depending on the nature 
of the foreign molecule or particle, an immune 
response to eliminate (the dangerous) or to 
tolerate/ignore (the non-dangerous) potential 
threats is initiated. The innate immune sys-
tem provides an immediately acting, first line 
of defense against microorganisms. Innate im-
mune cells and molecules are able to sense ev-
olutionary established (i.e., conserved) danger 
signals and molecular patterns that are asso-

ciated with the presence of pathogens. These 
patterns are common in certain pathogen 
groups and are generally not present in the 
human body, such as viral or bacterial nucleic 
acid, bacterial or fungal surface carbohydrate 
groups, lipopolysaccharides etc. These mo-
lecular structures are recognized by soluble 
(e.g., complement, pentraxins) or membrane 
bound pattern recognition molecules (such as 
Toll-like receptors, mannose receptors, beta-
glucan receptors) of the host.

Microbes are recognized by immune cells via 
several mechanisms. One major group of recep-
tors senses molecular patterns associated with 
the microbes (pattern recognition receptors). 

Junior Research Group
Cellular Immunobiology

Das Immunsystem ist für die Integrität des 
menschlichen Körpers verantwortlich. Es ist 
in der Lage, unsere körpereigenen Moleküle 
und Zellen als „eigen“, und potenziell gefähr-
liche Substanzen und Mikroorganismen als 
„fremd“ zu erkennen. Eine effektive Immun-
antwort wird eingeleitet um gefährliche 
fremde Partikeln zu eliminieren, während 
harmlose Moleküle und Mikroorganismen vom 
Immunsystem toleriert oder ignoriert werden. 
Das angeborene menschliche Immunsystem 
ist für die ersten Abwehrreaktionen gegen 
Mikroorganismen verantwortlich. Zellen und 
Moleküle der angeborenen Immunität er-
kennen Bedrohungssignale und molekulare 
Muster, die mit der Gegenwart von Mikro-
organismen assoziiert sind. Diese pathogen-
assoziierten molekularen Muster, wie z.B. 
virale Nukleinsäuren, spezielle Kohlenhydrat-
gruppen auf der Oberfläche von Bakterien 

und Pilzen, sind charakteristisch für be-
stimmte Gruppen von Mikroorganismen, und 
kommen in der Regel im menschlichen Körper 
nicht vor. Diese Muster werden durch lösliche 
(z. B. Komplement, Pentraxine) und zelluläre 
Rezeptoren des Wirtes (z. B. Toll-like Rezeptor, 
Mannoserezeptor, Beta-Glucanrezeptor) er-
kannt.

Erreger werden durch verschiedene Mecha-
nismen von den Immunzellen erkannt. Eine 
Gruppe von Rezeptoren erkennt direkt die 
speziellen molekularen Eigenschaften von 
Mikroorganismen (Muster-Erkennungsrezep-
toren). Eine andere Rezeptorart ist für die 
Erkennung von pathogengebundenen Wirts-
proteinen verantwortlich (sogenannte Opsonin-
rezeptoren). Die Nachwuchsgruppe Zelluläre 
Immunbiologie befasst sich mit der Rolle und 
der Zusammenarbeit dieser verschiedenen 
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Other receptors bind through host molecules 
bound on the pathogen (opsonic receptors). 
The Junior Research Group Cellular Immuno-
biology studies the role and cooperation of the 
various receptors and recognition mechanisms 
in host defense. Candida albicans is an op-
portunistic human-pathogenic fungus which 
causes severe infections in immunocompro-
mised individuals. In particular, activation of 
neutrophils and macrophages upon exposure 
to opsonized and native Candida albicans and 
the role of complement as an immune modula-
tor are analyzed. In addition, we are interested 
in malfunctions of defense mechanisms and 
are investigating the role of anti-complement 
autoantibodies in human diseases.

Rezeptoren des angeborenen Immunsystems 
bei der Erkennung von Erregern. Candida 
albicans ist ein opportunistischer human-
pathogener Pilz, der bei immunsupprimierten 
Menschen schwere Infektionen verursacht. 
Wir analysieren insbesondere die zelluläre 
Antwort von neutrophilen Granulozyten und 
Makrophagen beim Kontakt mit opsonisierten 
und nativen C. albicans, sowie die Rolle des 
Komplementsystems in der Wirt-Erreger-Inter-
aktion. Zusätzlich interessieren wir uns für 
funktionale Defekte in Abwehrprozessen, und 
untersuchen die Rolle von anti-Komplement 
Autoantikörpern in humanen Erkrankungen.
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Scientific Projects

by complement, pathogens with a thick cell 
wall are protected from its lytic effect. We 
have therefore studied whether the human 
complement regulators factor H and factor 
H-related protein 1 (CFHR1), when bound on 
Candida albicans, can serve as adhesion lig-
ands for host phagocytic cells. We found that 
factor H and CFHR1 can bind to C. albicans 
and also to human neutrophil granulocytes. 
A neutrophil cell surface molecule, which is 
an integrin receptor composed of two chains 
(a

M b2 integrin, also known as CD11b/CD18), 
was identified as the major receptor for fac-
tor H and CFHR1. Factor H and CFHR1, when 
bound on C. albicans, supported neutrophil 
migration and enhanced adhesion/phagocy-
tosis of the yeasts by neutrophils. In addition, 
the release of the antimicrobial protein lacto-
ferrin, and the production of reactive oxygen 
species by neutrophils was enhanced by fac-
tor H and CFHR1. The enhanced physical con-
tact and antimicrobial activity in the presence 
of these two proteins resulted in increased 
killing of the pathogen (Figure 1). Thus, the 
two host proteins factor H and CFHR1, when 
bound on the surface of C. albicans, mediate 
host-pathogen interaction, enhance the anti-
microbial activity of human neutrophils and 
lead to a more efficient fungal killing. Since 
various pathogens have been shown to bind 
factor H, and macrophages and dendritic cells 
also express CD11b/CD18, this mechanism 
may apply to other cases of host cell-pathogen 
interaction as well.

Fungi display on their surface and also 
secrete molecules that function as immu-
nomodulators by activating or inhibiting host 
responses. Pra1p (pH-regulated antigen 1) 
has been identified in C. albicans as a surface 
protein, which is highly expressed and is se-
creted by C. albicans hyphae. The receptor 
for Pra1p on neutrophils and macrophages is 
the same CD11b/CD18 molecule, which binds 
factor H and CFHR1. Thus, Pra1p likely plays 

Interaction of innate immune cells 
with Candida albicans

Phagocytes of the innate immune system 
are particularly important in antifungal im-
munity. People who are defective in phago-
cytic functions due to certain receptor defi-
ciencies, or have low neutrophil counts, are 
susceptible to fungal infections. Monocytes 
and neutrophils are circulating in blood; 
macrophages, dendritic cells and neutrophils 
act in tissues. Dendritic cells are important 
as sentinels that sense dangers and alert and 
activate other immune cells to the presence 
of pathogens. Neutrophils and macrophages, 
the major phagocytes of the innate immune 
system, play an important role in antifungal 
defense by engulfing and killing pathogens.

Macrophages are phagocytic cells, which 
reside in tissues throughout the body, and 
sense invading microbes. Upon activation, 
they attract additional immune cells, such as 
neutrophils and lymphocytes, to the site of 
pathogen entry. Furthermore, as profession-
al phagocytes and antigen presenting cells, 
they shape the adaptive immune response 
by activating antigen-specific T cells. Neu-
trophils are quickly mobilized and migrate 
into tissues to inflammation sites, where they 
effectively phagocytose and kill microbes. 
Macrophages and neutrophils recognize mi-
crobes by pattern recognition receptors that 
bind to specific molecules on microbial sur-
faces. These receptors mediate phagocytosis 
and/or initiate various killing mechanisms or 
the secretion of cytokines and antimicrobial 
substances.

Several pathogens bind host molecules that 
help them to evade the immune system. In 
particular, the acquisition of host comple-
ment regulators is a means to escape from 
the attack of the host complement system. 
While several bacteria can directly be lysed 

1
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Figure 1
Interaction of Candida albicans 
with human neutrophils is en-
hanced by complement molecules 
of the host innate immune sys-
tem. (A) The two related comple-
ment proteins factor H and factor 
H-related protein 1 (CFHR1) bind 
to neutrophil granulocytes via the 
CD11b/CD18 cell surface receptor.
(B) Factor H and CFHR1, when bound 
to C. albicans, support the migration 
of neutrophils, and enhance adhe-
sion/phagocytosis of yeast cells by 
neutrophils. HSA: human serum 
albumin, used as a control protein. 
(C) Factor H and CFHR1 increase 
the production of reactive oxygen 
species (ROS) by neutrophils upon 
contact with C. albicans. (D) Yeast-
bound factor H and CFHR1 promote 
host-pathogen interaction and lead 
to a more efficient fungal killing by 
human neutrophils. Data points 
represent independent experiments 
with neutrophils derived from vari-
ous blood donors.

a role in host cellular responses to different 
morphological forms of the fungus. In this 
project, the potential immunomodulatory ef-
fects of Pra1p on human neutrophils and mac-
rophages is investigated. In cooperation with 
the Department of Microbial Pathogenicity 
Mechanisms, we are studying mutant C. albi-
cans strains lacking or overexpressing Pra1p, 
in comparison with the wild-type strain, for 
functional effects on human phagocytic cells, 
such as adhesion and migration of phago-
cytes, and the release of antimicrobial sub-
stances and cytokines upon exposure to the 
pathogen.

Crosstalk between pentraxins and 
the complement system

Pentraxins are soluble recognition molecules 
of the innate immune system. They are char-
acterized by a common pentraxin domain and 
occur in multimeric, most often pentameric 

form. The major pentraxins are the short pen-
traxins C-reactive protein (CRP) and serum 
amyloid P protein, and the long pentraxin 
PTX3. The prototypic short pentraxin CRP 
is produced in the liver and is a commonly 
used inflammatory marker because its con-
centration is increased up to 1000-fold in 
human plasma after trauma or infections, 
e.g. during sepsis. CRP is a pattern recogni-
tion molecule that binds to several ligands 
exposed on microbes and on damaged host 
cells, such as phosphocholine, phosphoeth-
anolamine, histones and chromatin. CRP can 
also bind to phagocytes and thus promotes 
removal of certain microbes and altered host 
cells. In addition, CRP activates the host com-
plement system, which leads to deposition of 
complement proteins on the surface where 
CRP is bound. This process, when foreign 
or modified self particles (such as apoptotic 
and necrotic cells) are marked with host mol-
ecules in order to facilitate recognition and 
uptake by phagocytes, is called opsonization. 

2
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physiological conditions, i.e. at low CRP levels, 
factor H primarily interacts with denatured 
CRP. This interaction of the two proteins was 
found to be relevant on the surface of damaged 
cells, where CRP could recruit factor H, which 
resulted in enhanced phagocytosis of apoptot-
ic cells by macrophages.

Factor H belongs to a family of closely related 
proteins, which share several homologous 
domains with each other. Recently, we have 
cloned a long isoform of human factor H-relat-
ed protein 4 (CFHR4), which has 9 domains 
related to certain domains of factor H. Because 
of this structural similarity, we hypothesized 
that CFHR4 is also a CRP binding protein. In-
deed, CFHR4 bound to native, but not to dena-
tured, CRP already at low concentrations, in 
sharp contrast to factor H. CFHR4 and CRP 
could be co-precipitated from the serum of 
patients suffering from sepsis, indicating rel-
evance of this interaction during pathophysi-
ological conditions. In addition, CFHR4 bound 

Major opsonins of the innate immune system 
include various complement components and 
proteins of the pentraxin family.
Complement activation in the host, however, 
when not appropriately regulated, can cause 
severe tissue damage. It was shown that the 
complement regulator factor H can bind to 
CRP, thus it was speculated that while CRP 
initiates opsonization, an over-activation of 
complement is prevented by the simultane-
ous binding of the inhibitor factor H. In this 
project, in collaboration with the Department 
of Infection Biology, we aimed to characterize 
the interaction of CRP with factor H.

Native CRP is composed of five identical sub-
units that build up a pentameric structure and 
is stabilized by calcium. A denatured, mono-
meric CRP form can be generated in vitro, e.g. 
by Ca2+-deprivation, chemical or physical dena-
turation, but its physiological role is unclear. 
When analyzing the interaction of factor H 
with the two CRP forms, we found that under 

Figure 2
Factor H-related protein 4 (CFHR4) en-
hances opsonization through its inter-
action with the pentraxin C-reactive 
protein (CRP). (A) The two closely related 
complement proteins CFHR4 and factor 
H bind to different forms of CRP. While 
CFHR4 primarily interacts with native, 
pentameric CRP (pCRP), which is the CRP 
form that is found in high concentrations 
in plasma after infections (e.g., in patients 
with sepsis), factor H binds mainly to 
denatured, monomeric CRP (mCRP). (B) 
Native CRP binds from plasma of sepsis 
patients to the N-terminal fragment 
(domains 1-3) of CFHR4. (C) The figure 
shows the 9 domains of CFHR4 vertically 
aligned with the homologous domains of 
factor H. The pCRP binding site was local-
ized to domain 1 of CFHR4 using peptide 
arrays and mutation analysis. In contrast 
to this, factor H interacts with mCRP via 
three binding sites unrelated to the pCRP 
binding domain of CFHR4, indicating a 
functional specialization among these 
related proteins. (D) CFHR4 binds to 
damaged host cells, such as necrotic cells, 
and recruits native CRP from sepsis serum, 
thus enhancing opsonization. This may 
facilitate removal of dangerous self by 
opsonophagocytosis.
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Anti-complement autoantibodies
in kidney diseases

Complement is an ancient and promptly act-
ing defense system of innate immunity, which 
recognizes and eliminates microorganisms, 
initiates inflammation and also modulates 
adaptive immune responses. Complement is 
composed of ca. 35 components which are 
present in body fluids and on cell membranes. 
Activation of this protein network is initiated 
by target recognition via three activation cas-
cades, which merge in a common terminal 
pathway and can lead to the lysis of microbes. 
However, at the same time complement acti-
vation is controlled by both fluid phase and 
cell membrane-anchored regulators in the 
host in order to prevent collateral tissue dam-
age. Several diseases are associated with de-
fective complement regulation, including the 
kidney diseases atypical hemolytic uremic 
syndrome (aHUS) and dense deposit disease.

In aHUS patients mutations have been iden-
tified in complement genes, and these muta-
tions affect the balance of complement acti-
vation and inhibition. Recently, an acquired, 
autoimmune form of aHUS, characterized 
by circulating autoantibodies against the 
complement regulator factor H, has been de-
scribed. Our aim is to understand the role of 
anti-factor H autoantibodies in aHUS. In col-
laboration with the Department of Infection 
Biology and with clinicians, we are analyz-
ing how autoantibodies affect the physiologic 
function of factor H and thus lead to disease.

Factor H is a plasma complement regulator, 
which is built up from 20 globular domains. 
The four N-terminal domains are responsible 
for the complement inhibitory activity of fac-
tor H. The two C-terminal domains are criti-
cal for the recognition and binding to host 
cell surfaces, thus factor H protects host cells 
from complement-mediated damage. In order 
to assess the effect of the autoantibodies on 
factor H functions, we first determined the 
binding sites of the autoantibodies. To this 
end, recombinant factor H fragments and 
various monoclonal antibodies that bind to 
different domains of factor H were used. All 

to necrotic cells and was able to recruit CRP 
to the necrotic cell surface (Figure 2). This 
could lead to enhanced opsonophagocytosis 
and removal of damaged cells from tissues.

We have further analyzed the molecular ba-
sis and the functional consequence of the  
CFHR4-CRP interaction. Fragments of CFHR4, 
representing different parts of the molecule, 
were recombinantly generated. Among these 
fragments, only the one containing the first 
domain of the molecule bound native CRP 
(Figure 2). Peptide array experiments identi-
fied residues 35-41 of CFHR4 to be involved 
in CRP binding. Mutation analyses confirmed 
that these amino acids are important for the 
interaction. We could also show that CRP, 
when bound to CFHR4, can activate comple-
ment and results in C3 fragment deposition. 
Mutant CFHR4 proteins with reduced CRP 
binding capacity induced less complement 
activation. Sequence comparison with related 
domains of other factor H-related proteins 
and analysis of related peptides for CRP bind-
ing indicated that the CRP binding motif in 
CFHR4 is unique among these closely related 
proteins. In summary, we showed that factor 
H and CFHR4 preferentially interact with dif-
ferent CRP forms. The data reveal the molecu-
lar basis of the specific interaction of CFHR4 
and native CRP, and suggest a role of CFHR4 
in enhancing opsonization via CRP binding. 
We propose that by this mechanism CFHR4 
regulates complement activation and opsoni-
zation on microbes and altered host cells and 
thus contributes to their safe clearance from 
the body.

The long pentraxin PTX3 is produced locally 
by innate immune cells and was shown to 
play a role in antifungal defense. The aim of 
this project is to study the interactions be-
tween PTX3 and the complement system and 
the role of this cooperation in host defense, 
especially in the opsonophagocytosis of mi-
crobes. This project is financially supported 
in part by the Jena School for Microbial Com-
munication (JSMC).

3
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analyzed autoantibodies (n=23) bound to the 
most C-terminal domain of factor H, suggest-
ing that the autoantibodies interfere with the 
host cell recognition function of this comple-
ment inhibitor. Functional assays demon-
strated that the autoantibodies indeed inhibit 
factor H binding and its protective activity on 
host cells. Plasma samples of aHUS patients 
were analyzed in an in vitro cell protection 
assay using sheep erythrocytes as a model 
for host cells. Sheep erythrocytes, similar to 
human cells, have polyanionic molecules on 
their surface, which allow binding of factor H 
from human plasma. Thus, in normal human 
plasma sheep erythrocytes are not lysed by 
complement. Plasma samples of patients with 
aHUS, however, caused enhanced hemolysis 
of sheep erythrocytes. This anomalous lysis 
could be reversed by adding purified factor 
H, i.e. by an excess of antibody-free, function-
al protein. Similarly, when the IgG fraction 
was removed from these plasma samples, 
no anomalous lysis was observed, providing 

direct evidence of factor H-function blocking 
autoantibodies in the patients (Figure 3). This 
was confirmed by analyzing patients’ plasma 
samples containing different amounts of au-
toantibodies: we found that the autoantibody 
levels show an inverse correlation with factor 
H cell surface activity.

These findings are being translated into spe-
cific treatment, including plasma exchanges, 
to remove the antibodies and provide func-
tional factor H, and immunosuppressive ther-
apy to inhibit autoantibody production. The 
disease activity and the autoantibody levels 
are monitored in the patients during treat-
ment, which is important in order to assess 
the efficacy of the applied therapies.

In addition, the development of these autoan-
tibodies is genetically predisposed: in the 
majority of the patients the factor H-related 
gene CFHR1 is missing (Figure 3). Therefore, 
we analyze the role of the CFHR1 protein in 

Figure 3
Role of anti-factor H autoantibodies in 
atypical hemolytic uremic syndrome. 
(A) The acquired form of the kidney 
disease atypical hemolytic uremic syn-
drome is characterized by the presence 
of circulating autoantibodies against the 
complement regulator factor H. (B) The 
majority of the patients with anti-factor 
H autoantibodies has a genetic defect 
leading to the loss of the CFHR1 gene; 
consequently, the two isoforms of the 
CFHR1 protein are not detectable in the 
patients’ plasma by Western blot. (C) 
Plasma of the patients cause anomalous 
lysis of sheep erythrocytes in an in vitro 
model of host cell protection. When the 
autoantibody-containing IgG fraction is 
removed from plasma (Plasma DIgG), the 
host cells are rescued from complement-
mediated lysis. (D) Autoantibodies bind to 
the most C-terminal domain 20 of factor 
H (blue), which is responsible for host cell 
and ligand recognition. Our results show 
that the autoantibodies inhibit factor H 
binding to host cells, so that it cannot 
regulate complement locally (mediated 
by the complement regulatory domains 
of factor H, shown in yellow). This leads 
to enhanced complement activation on 
the cell surface and causes complement-
mediated cell damage.
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developing autoantibodies and whether au-
toantibodies against other complement pro-
teins exist in these patients. Furthermore, 
by measuring autoantibodies in other kidney 
diseases, we address the question whether 
anti-factor H autoantibodies are specific to 
aHUS. Preliminary data from the analysis 
of plasma samples from patients with dense 
deposit disease, a kidney disorder also asso-
ciated with impaired complement regulation, 
revealed no anti-factor H antibodies, but in 
some cases autoantibodies against the com-
plement protein factor B. We are currently 
analyzing the role of these new autoantibod-
ies in dense deposit disease.

This project is supported by a grant from the 
Deutsche Forschungsgemeinschaft (DFG) (JO 
144/1-1).
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control in fluid phase and on cellular surfaces 
and increases phagocytosis by recruiting factor 
H. Cell Death Differ 16, 1630-1640.
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I N TRO DUC TI O N  |   E I N LE IT U N G

Only a little number of fungal species share 
the ability to induce infections in humans, in-
cluding the yeast Candida albicans as well as 
dermatophytes. Addressing this peculiarity, 
the Junior Research Group Fundamental Mo-
lecular Biology of Pathogenic Fungi set out to 
further elucidate the molecular basis of the bi-
ology and pathogenicity of these fungi. The op-
portunistic pathogen C. albicans is a frequent 
and harmless commensal on mucosal sur-
faces of the gastrointestinal and urogenitary 
tract in healthy people. In the immunocom-
promised host however, C. albicans can cause 
superficial as well as life-threatening dissemi-
nating infections. Important for multiplication 
and propagation of the microorganism during 
disease appears to be its high flexibility. Most 

notably to name is the ability of C. albicans 
to rapidly adapt to changing environmental 
conditions, the tolerance to diverse stresses, 
and the capacity to switch between different 
morphologies. Upon distinct environmental 
parameters, C. albicans can not only grow as 
round-oval budding yeasts, but also in form 
of long filaments and large, spherical chlamy-
dospores. In our studies we identify and func-
tionally analyse individual C. albicans genes 
which are putatively important for the above 
mentioned, particular characteristics of the 
pathogen. In addition, we investigate commu-
nication strategies of C. albicans and elucidate 
their potential influence on host adaptation 
and pathogenicity. 

Junior Research Group
Fundamental Molecular Biology of Pathogenic Fungi
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Nur wenige Pilze lösen Infektionen bei Men-
schen aus, darunter der Hefepilz Candida al-
bicans sowie Hautpilze. Um die Besonderheit 
dieser Erreger besser zu verstehen, werden in 
der Nachwuchsgruppe Molekularbiologische 
Grundlagen pathogener Pilze grundlegende 
Mechanismen ihrer Biologie und Pathogenität 
erforscht. C. albicans ist bei vielen Menschen 
als harmloser Kommensale auf Schleimhäu-
ten des Verdauungs- und Urogenitaltraktes zu 
finden, kann jedoch bei Abwehrgeschwächten 
oberflächliche sowie lebensbedrohliche, dis-
seminierende Infektionen hervorrufen. Der 
Erreger kann sich gut an unterschiedliche 
Umweltbedingungen anpassen und erträgt 
verschiedenste Stressfaktoren. Diese Merk-
male erscheinen wichtig für Vermehrung und 
Ausbreitung von C. albicans bei einer Infekti-

on. Vielseitig zeigt sich auch die Gestalt des 
Pilzes, die in Abhängigkeit verschiedenster 
Umweltparameter wechseln kann zwischen 
ovaler, knospender Hefezelle, Filament und 
kugelförmiger Chlamydospore. In unseren 
Studien identifizieren und analysieren wir in-
dividuelle C. albicans Gene, die für diese Leis-
tungen wichtig sind. Darüberhinaus beleuch-
ten wir Kommunikationsstrategien des Pilzes 
und deren möglichen Einfluß auf Wirtsadapta-
tion und Pathogenität.
 
Hautpilzinfektionen, sogenannte Dermatophy-
tosen, sind nicht lebensbedrohlich, dafür bei 
Mensch und Tier sehr weit verbreitet und oft 
schwer zu therapieren. Die Pathogenität von 
Dermatophyten, einer spezialisierten Gruppe 
filamentöser Pilze, ist bislang weitgehend un-
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Infections by dermatophytes, so called der-
matophytoses, are not life threatening, how-
ever, they are widespread and in many cases 
difficult to cure. The pathogenicity of dermat-
ophytes, a specialized group of filamentous 
fungi, is so far poorly understood. In addition, 
only a little number of tools are available for 
the molecular analysis of these microorgan-
isms, which grow comparatively slowly under 
in vitro conditions. For a better understanding 
of their pathogenicity, we address the ques-
tion, why these fungi exclusively infect host 
structures containing the hard, compact pro-
tein keratin: Skin, hair and nails. Using the 
zoophilic dermatophyte species Arthroderma 
benhamiae as a model we have identified not 
only factors which are putatively involved in 

the growth of the pathogen on such substrates 
under in vitro conditions, but also during in-
fection in an animal model. For subsequent 
functional analysis of the candidate dermato-
phyte genes we established a genetic system 
in A. benhamiae which allows the specific de-
letion of individual genes.

Our basic research should contribute to a bet-
ter understanding of the pathogenicity of C. 
albicans and dermatophytes, and should offer 
ideas for novel antifungal targets in the devel-
opment of future therapeutic strategies.

verstanden. Zudem stehen zur molekularen 
Analyse dieser im Labor langsam wachsenden 
Pilze auch nur wenige Werkzeuge zu Ver-
fügung. Eine zentrale Frage zur Pathogeni-
tät von Dermatophyten besteht darin, warum 
diese Erreger nur Wirtsstrukturen befallen, 
die das schwer degradierbare Eiweiß Keratin 
enthalten: Haut, Haare und Nägel. Am Beispiel 
der zoophilen Spezies Arthroderma benhamiae 
prüfen wir nicht nur, welche Faktoren der Pilz 
einsetzt, wenn er unter Laborbedingungen 
auf solchen Nährstoffen wächst, sondern 
auch während der Infektion im Tiermodell. 
Zur funktionalen Analyse der auf diesem 
Wege identifizierten Faktoren haben wir ein 
genetisches System in A. benhamiae ent-
wickelt, mit dessen Hilfe individuelle Gene 
spezifisch deletiert werden können.
 

Durch unsere Grundlagenforschung soll letzt-
lich nicht nur die Pathogenität von C. albicans 
sowie die von Hautpilzen besser verstanden 
werden, sondern möglicherweise auch neue 
Zielstrukturen zur Entwicklung neuer 
Therapieansätze entdeckt werden.
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Identification of putative
pathogenicity mechanisms in
dermatophytes

In vitro digestion of keratin by dermatophytes 
is associated with the secretion of multiple 
proteases, which are assumed to be responsi-
ble for their particular specialization to colo-
nize and degrade keratinized host structures 
during infection. To investigate the role of in-
dividual secreted proteases in keratin degra-
dation, a cDNA microarray was developed for 
Trichophyton rubrum, the clinically most preva-
lent dermatophyte species (Zaugg et al., 2009). 
The array covers approximately 20–25 % of the 
genome and contains sequences of at least 23 
protease genes. Gene expression profiles dur-
ing growth of T. rubrum on soy and keratin 
protein displayed the activation of a large set 
of genes encoding secreted endo- and exopro-
teases. In addition, other specifically induced 
factors with potential implication in protein 
utilization were identified, including heat 

Scientific Projects

1 shock proteins, transporters, metabolic en-
zymes, transcription factors and hypothetical 
proteins with unknown function. 

In order to get a better understanding of the 
pathogenicity of dermatophytes we further fo-
cussed our research on the zoophilic derma-
tophyte Arthroderma benhamiae. A. benhamiae 
causes highly inflammatory cutaneous infec-
tions in humans and rodents, and provides 
basic characteristics making the species an 
adequate model to study the pathogenesis 
of dermatophytes. Compared to the related 
species T. rubrum, it is relatively fast grow-
ing on standard laboratory media, produces 
abundant microconidia and is able to undergo 
sexual reproduction. The genome sequence of 
the A. benhamiae strain which we use in our 
studies has become available since recently 
(A. Brakhage, HKI, unpublished results), and 
a guinea pig infection model for this fungus 
was developed in our work (Figure 1). By mi-
croarray analysis we revealed an in vivo pro-

Figure 1
Cutaneous guinea pig dermatophy-
tosis 11d post infection with A. ben-
hamiae. PAS-stained cross-section 
microscopy of an infundibular-
isthmal hair visualizes A. benhamiae 
cells colonizing the hair cortex (star) 
and hair shaft (arrow). The scale bar 
represents 50 µm. (Staib et al., 2009)
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phytes during infection and points to putative 
virulence associated mechanisms that make 
these microorganisms the most successful 
etiologic agents of superficial mycoses.

Isogenic strain construction and 
gene targeting in pathogenic
dermatophytes

In general, filamentous fungi are known to 
only poorly support the specific integration 
of linear DNA cassettes in the genome by ho-
mologous recombination. However, in differ-
ent filamentous fungi an increased frequency 
of targeted insertion has been detected in 
mutants which lack enzymes of the Ku re-
combinase complex, e.g. in Neurospora crassa, 
Aspergillus fumigatus, and since recently also 
in the dermatophyte Trichophyton mentagro-
phytes. Nevertheless, using such mutants as 
parental strains for isogenic strain construc-
tion and subsequent mutant analysis it has 

2

tease gene expression profile in A. benhamiae 
cells, which was surprisingly different from 
the pattern elicited during in vitro growth on 
keratin (Figure 2, Staib et al., 2009). Instead 
of the major in vitro expressed proteases, e.g. 
subtilisin 3 and 4 as well as metalloproteases 
3 and 4 and leucine aminopeptidases, others 
were activated specifically during infection. 
These enzymes were therefore suggested to 
fulfill important functions that are not exclu-
sively associated with the degradation of kera-
tin. Of particular interest, the gene encoding 
the serine protease subtilisin 6, a known ma-
jor allergen in T. rubrum and putatively linked 
to host inflammation, was found as the most 
strongly upregulated gene during infection. In 
addition, other candidate pathogenicity related 
factors were identified, such as genes encod-
ing key enzymes of the glyoxylate cycle, an 
opsin-related protein, multiple transporters 
and hypothetical proteins. This work provided 
to our knowledge the first broad scale gene ex-
pression profile in human pathogenic dermato-

Figure 2
Dermatophyte genes which are 
putatively associated with the deg-
radation of keratin and/or infection 
of guinea pigs were identified by 
broad-scale microarray analysis.

Identifcation of pathogenicity associated dermatophyte genes

Animal model

Keratin degradation
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to be taken into consideration, that absent Ku 
activity can lead to secondary, unforeseen ge-
netic alterations and phenotypes. Therefore, 
in the first line, we set out to delete candidate 
genes in our A. benhamiae wild-type strain. 
To achieve this, a transformation protocol was 
established which allows efficient integration 
of a linear DNA cassette at the target locus, 
using a hygromycin or neomycin resistance 
gene as a selection marker after transforma-
tion. As an example, the A. benhamiae gene 
encoding the putative malate synthase was 
deleted by this strategy. Given the possibility 
that specific deletion of one or the other gene 
in A. benhamiae wild-type cells might not be 
as efficient, we also constructed a mutant in 
the A. benhamiae KU70 locus. Using this mu-
tant as a parental strain for genetic manipula-
tion, an increased frequency of targeted mu-
tagenesis by homologous recombination was 
observed. Notably, the ku70 mutant strain 
showed similar growth phenotypes under the 
tested in vitro conditions as compared to the 
wild type. In a next step, wild type and ku70 
mutant strains will also be compared for their 
virulence potential during guinea pig infec-
tion. These experiments are necessary for 
future analyses to prove whether the lack of 
KU70 has any effect on the virulence of A. ben-
hamiae in our infection model. In conclusion, 
we can offer a straightforward genetic system 
in A. benhamiae, a prerequisite for future 
functional genetics in this pathogen.

The role of distinct metabolic
pathways in dermatophytes for sub-
strate adaptation and pathogenicity

Keratin and lipids are major constituents of 
the skin. During experimental infection of 
guinea pigs by A. benhamiae and subsequent 
transcriptional profiling we detected an up-
regulation of fungal genes encoding key en-
zymes of the glyoxylate cycle, i.e. the putative 
malate synthase and isocitrate lyase. Based 
on this observation and the knowledge from 
other microorganisms that this metabolic 
pathway is involved in the utilization of lipids, 
we addressed the question whether these fac-
tors are involved in dermatophyte pathogenic-

3

ity. For this approach, A. benhamiae mutants 
in the AcuE gene (encoding the malate syn-
thase A) were constructed and tested for their 
ability to grow on different substrates in vitro. 
Hereby, we found that growth of these mutants 
was impaired on media with lipids as the sole 
carbon source. In a next step, wild type and 
mutant strains will be tested for their viru-
lence during in vitro infection of reconstituted 
human epidermis, during cocultivation with 
phagocytes and also during experimental 
guinea pig infection. Since mutants in AcuE 
were not only generated in the wild type, but 
also in the A. benhamiae ku70 mutant back-
ground, both sets of mutants will be analysed 
during infection.

The sulfite efflux pump Ssu1 has di-
verse functions in Candida albicans

Sulfite is commonly added as a preservative 
during the production of wine, due to its an-
timicrobial and antioxidative properties. 
Therefore, the molecular basis of sulfite toler-
ance has been intensively studied in ferment-
ing yeasts and led to the identification of the 
sulfite efflux pump Ssu1 in Saccharomyces cer-
evisiae. In our work we investigated the func-
tional role of the putative sulfite efflux pump 
Ssu1 in the human pathogenic yeast Candida 
albicans. We discovered that mutants lacking 
this transporter are not only growth sensi-
tive to toxic sulfite, but also to nitric oxide 
and cysteine. The inhibitory effect of elevated 
cysteine concentrations on the growth of C. 
albicans ssu1 mutants was not only revealed 
during yeast cell growth, but also during the 
formation of hyphae. Elevated levels of this 
sulfur containing amino acid have long been 
known to be growth inhibiting for a variety of 
prokaryotic and eukaryotic cells, yet the mo-
lecular basis of cysteine tolerance and toxicity 
remained mostly obscure. Notably, we found 
that the C. albicans SSU1 gene is strongly in-
duced during growth of the fungal cells spe-
cifically by cysteine (Fig.3), but not by cystine, 
methionine or sulfite, which is a metabolite 
of cysteine. In addition, we confirmed the 
previous finding that the SSU1 gene is also 
induced by nitric oxide, and interestingly, in 

4
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Figure 3
The C. albicans SSU1 gene is induced 
in the presence of cysteine. C. albi-
cans cells of the wild type SC5314 
and PSSU1-GFP-reporter strain were 
grown for six hours in synthetically 
defined medium in the absence 
(left) or presence (right) of 5 mM L-
cysteine. The reporter strain contains 
the GFP gene (encoding the green 
fluorescent protein) under control of 
the promoter PSSU1 in one of the two 
SSU1 alleles. Photographs were taken 
by fluorescence microscopy. The 
scale bar represents 10 µm.

our hands C. albicans ssu1 mutants were also 
growth sensitive in the presence of a nitric ox-
ide donor. Our findings on Ssu1 give the first 
insights into the molecular basis of cysteine 
tolerance in C. albicans and further suggest 
multiple functions of this transporter in this 
pathogenic yeast. At present, we further in-
vestigate the complex mode of transcriptional 
regulation of sulfite, cysteine and nitric oxide 
tolerance in C. albicans.

Microbial communication
and host interaction

The phenomenon of quorum sensing has re-
ceived particular attention not only in the 
study of microbial communication within bac-
terial populations, but also in interkingdom 
signaling and pathogenicity. Quorum sens-
ing (QS) is defined as a tool of microorgan-
isms to sense their population density by the 
release of signaling molecules, to which they 

in turn respond. Reaching a threshold level in 
a microbial population, these molecules can 
regulate diverse effects including biolumines-
cence, biofilm formation and virulence gene 
expression. Various QS-molecules have been 
described for many bacterial species such as 
the autoinducing peptides or N-acyl-homoser-
ine lactones. A eukaryotic QS-system was first 
identified in C. albicans. The isoprenoid alcohol 
farnesol was shown to inhibit the transition of 
C. albicans yeast cells to filamentous growth 
forms, and an opposite effect was found for 
tyrosol. Both these molecules are detectable 
in the supernatant of C. albicans yeast cell cul-
tures in micromolar amounts.

A potential adverse influence of microor-
ganisms on human gametes has so far only 
rarely been investigated, although infertility 
in men and women is in many cases associ-
ated with genital contaminations by various 
commensal or uropathogenic microbes. Given 
that many microorganisms are known to re-

5
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lease QS-signals in substantial amounts, we 
raised the question whether such molecules 
can directly affect human spermatozoa. In 
our work we found that farnesol and 3-oxodo-
decanoyl-L-homoserine lactone employed by 
C. albicans and the gram negative bacterium 
Pseudomonas aeruginosa, respectively, induce 
multiple damages in spermatozoa (Rennemei-
er et al., 2009). A reduction in the motility of 
spermatozoa coincided dose-dependently with 
apoptosis and necrosis at molecule concentra-
tions which were non-deleterious for dendrit-
ic-like immune cells. Of particular interest, 
sublethal doses of both signaling molecules 
induced a premature loss of the acrosome, a 
cap-like structure of the sperm head which is 
essential for fertilization (Figure 4). Address-
ing their mechanism of action, we discovered 
that the bacterial molecule, but not the fungal 
substance, actively induced the acrosome re-
action in spermatozoa via a calcium depend-
ent mechanism. This work uncovered a new 
facet in the interaction of microorganisms 

with human gametes and thereby suggested a 
putative link between microbial communica-
tion systems and host infertility. In addition, 
we show that spermatozoa offer an interesting 
model in the analysis of host pathogen inter-
action.

Figure 4
Farnesol treatment results in acro-
some loss in human spermatozoa. 
Spermatozoa were treated for 
one hour with 5 µM farnesol. The 
sperm acrosomes were detected by 
fluorescence microscopy using FITC-
conjugated Pisum sativum agglutinin 
which binds to intact acrosomal 
membranes. Intact acrosomes were 
identified by a uniform fluorescence 
in the acrosomal region of the sperm 
head, whereas acrosome loss was 
revealed by absent fluorescence or 
equatorial segment staining (arrows). 
The scale bars represent 5 µm.
(Rennemeier et al., 2009)

0Farnesol [µM]: 5
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For decades, predatory behaviour was thought 
to be restricted to eukaryotic organisms, and 
bacteria were only granted a role as a nutri-
ent resource for larger sized hunters, such as 
amoeba and nematodes. Today we know that 
predatory bacteria are widespread in nature 
and that they can be retrieved from a multi-
tude of soil and aquatic habitats. Albeit their 
population size rarely reaches an immoder-
ate level, it is far from negligible. Predatory 
bacteria have influenced and still shape the 
structure of microbial communities. They 
may also have a profound impact on the evo-
lution of their prey. Their ecological signifi-
cance notwithstanding, we know surprising-
ly little about these organisms. Some species 
live primarily as saprophytes, and only cer-

tain, largely unexplored factors trigger pred-
atory behaviour. The ability to excrete lytic 
enzymes allows them to feed, among other 
substrates, on a wide array of dead and liv-
ing bacteria (Figure 1). In contrast, a second 
group consists of obligate predators. While 
the latter are mostly solitary hunters, the 
former have learned to work cooperatively in 
a team. Upon the detection of potential prey, 
single cells recruit numerous conspecifics 
using a sophisticated system of intercellular 
communication. In consequence, further mi-
cropredators gather and draw close to their 
victims. The concerted secretion of cell wall 
degrading enzymes facilitates the enzymatic 
lysis of prey cells and thus benefits every 
member of the pack.
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Jahrzehntelang ging man davon aus, dass sich 
räuberische Verhaltensweisen nur in eukary-
otischen Lebewesen manifestieren und dass 
Bakterien allenfalls als Nahrungsgrundlage 
für größere Jäger wie Amöben und Nematoden 
dienen. Heute wissen wir, dass räuberische 
Bakterien weitverbreitet in der Natur vorkom-
men und in einer Vielzahl von Boden- und 
aquatischen Habitaten nachgewiesen werden 
können. Obschon ihre Populationsdichte nur 
selten übermäßig hohe Werte annimmt, ist sie 
doch weit davon entfernt, dass man sie ver-
nachlässigen könnte. Räuberische Bakterien 
wirken sich auf die Zusammensetzung von 
mikrobiellen Gemeinschaften aus. Vermut-
lich haben sie auch maßgeblich die Evolution 
ihrer Beute beeinflusst. Trotz ihrer ökologi-
schen Signifikanz wissen wir überraschend 
wenig über diese Organismen. Einige Arten 

leben überwiegend als Saprophyten, und nur 
bestimmte, größtenteils nicht erforschte Fak-
toren lösen ein prädatorisches Verhalten aus. 
Die Fähigkeit, lytische Enzyme abzusondern, 
ermöglicht ihnen sich zusätzlich zu anderen 
Substraten von einer Vielzahl von toten und 
lebenden Bakterien zu ernähren (Abb. 1). Eine 
zweite Gruppe besteht demgegenüber aus 
obligat lebenden Räubern. Während letztere 
zumeist einzelgängerisch vorgehen, haben 
die Erstgenannten gelernt, im Team zu jagen. 
Nach der Entdeckung potentieller Beute rufen 
einzelne Zellen zahlreiche Artgenossen herbei 
unter Nutzung eines ausgeklügelten, interzel-
lulären Kommunikationssystems. In der Folge 
versammeln sich weitere der kleinen Räuber 
und nähern sich ihren Opfern. Die gemein-
schaftliche Freisetzung von Zellwand-zerset-
zenden Enzymen erleichtert die enzymatische 
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Auflösung der Beutezellen und kommt damit 
jedem Mitglied des Rudels zugute.

Unsere Gruppe interessiert sich in erster 
Linie für die Biosynthesewege, die in diesen 
Bakterien im Verlauf der Evolution entstanden 
sind. Ein wesentlicher Anreiz für die Er-
forschung des Sekundärstoffwechsels kommt 
von Sequenzierungsprojekten, die darauf 
hindeuten, dass die Genome von in Rudeln 
jagenden Bakterien besonders reich an Genen 
sind, die für die Produktion von Naturstoffen 
kodieren. Noch immer können wir über eine 
Funktion für viele dieser Verbindungen nur 
spekulieren. Es wird allgemein angenommen, 
dass der Sekundärmetabolismus die Durch-
setzungsfähigkeit von Bakterien steigert. Im 
Zusammenhang mit räuberischen Bakterien 
liegt daher nahe, dass zumindest einige der 
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Naturstoffe Bestandteil der Jagdstrategie sind 
und zur Lähmung oder Tötung der Beute ein-
gesetzt werden. Darüber hinaus wirken viele 
niedermolekulare Verbindungen als globale 
Regulatoren innerhalb mikrobieller Gemein-
schaften und ermöglichen eine komplexe 
Kommunikation. Fragen, die wir zu lösen ver-
suchen, sind: Welche Verbindungen werden 
von Wolfsrudel-Bakterien produziert? Wie 
werden diese Stoffe gebildet? Ist ihre Synthese 
eine Voraussetzung für räuberisches Ver-
halten und zu welchem Zweck werden sie 
produziert?

Die Beantwortung dieser Fragen erfordert 
eine multi-disziplinäre Herangehensweise, 
die Methoden aus den Bereichen Bioinforma-
tik, Molekularbiologie, Biochemie und Chemie 
mit einschließt. Über eine Homologie-basierte 

Figure 1
Spots of living E. coli cells are lysed
by predatory bacteria.

Our group is mainly interested in the biosyn-
thetic pathways that have evolved in these 
bacteria. One major incentive to explore the 
secondary metabolism of wolfpack feeding 
bacteria comes from recent genome sequenc-
ing projects, which have shown that their chro-
mosomes are particularly rich in genes encod-
ing the production of natural products. Still, 
we can only speculate about a functional role 
for many of these compounds. As secondary 
metabolism is generally assumed to enhance 
the competitiveness of bacteria, it is reason-
able to predict that at least some of the natural 
products are part of the predatory strategy 
and help to paralyse or kill the prey. Besides, 
many low-molecular metabolites act as global 
regulators within microbial communities ena-
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bling a complex communication. Questions 
that we are trying to resolve include: Which 
compounds are produced by wolfpack feeding 
bacteria? How are these compounds made? Is 
their production a prerequisite for predatory 
behaviour and what function do they serve?
 
To this end, we are applying a multidisci-
plinary approach that integrates methods of 
bioinformatics, molecular biology, biochemis-
try and chemistry. Homology-driven genome 
analysis is used to identify loci of putative bio-
synthetic pathways. Transcription analyses 
are then key to determine the fermentation 
conditions under which the respective clusters 
are expressed. Once a promising gene cluster 
has been detected it is possible to predict the 

Genomanalyse werden mögliche Biosynthese-
Loci zunächst identifiziert. Mittels Transkrip-
tionsanalysen werden dann die für eine 
Expression erforderlichen Kultivierungsbe-
dingungen bestimmt. Nachdem ein vielver-
sprechendes Gen-Cluster gefunden wurde, 
kann die chemische Struktur des darauf 
kodierten Naturstoffes vorhergesagt werden. 
Über die physikochemischen oder pharmako-
logischen Eigenschaften kann so gezielt in 
Fermentationsstudien nach der betreffenden 
Verbindung gesucht werden. Im Fall eines 
sog. stillen Clusters übertragen wir den voll-
ständigen Stoffwechselweg in ein anderes 
Bakterium um eine Expression zu erreichen. 
Indem wir Knockout-Mutationen in den 
Biosynthese-Loci generieren, können wir 
gezielt untersuchen, welche Rolle die be-
treffenden Naturstoffe für die Jagd auf Beute-
organismen spielen.

chemical structure of the encoded natural 
product and to screen for its physicochemical 
or pharmacological properties in fermentation 
studies. In cases where the cluster remains 
silent under laboratory culture conditions we 
are transferring the entire pathway into a dif-
ferent bacterial host in order to achieve ex-
pression. By engineering knockout mutations 
in the biosynthetic loci we interrogate their 
function and learn about the role of natural 
products in predation. 
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Novel peptide antibiotics from
rational genome mining

Genomic analyses have illuminated the sec-
ondary metabolic proficiency of microbes – 
underappreciated for years based on conven-
tional isolation programs – and have helped 
set the foundation for a new natural product 
discovery paradigm based on genome mining. 
Biosynthetic genes are in general successive-
ly arranged into operon-like clusters that very 
often include additional regulatory elements 
and resistance mechanisms. In the case of 
polyketide synthase and nonribosomal pep-
tide synthetase assembly lines, the identity 
and sequence of protein domains determines 
the number and order of building blocks in-
corporated into the natural product as well as 
tailoring reactions. By means of computational 
sequence comparison tools and biosynthetic 
precedence the structures of many previously 
unobserved metabolites can thus be predict-
ed, which in turn allows the development of 
suitable fermentation and genetic methods to 
activate or enhance their production.
 
In a model study we scanned the genome of 
the wolfpack feeding bacterium Herpetosiphon 
aurantiacus for genes involved in secondary 
metabolism. This study led to the discovery 
of multiple biosynthetic loci, many of which 
encode the synthesis of peptidic natural prod-
ucts. To our own surprise, three distinct gene 
clusters were predicted to incorporate the 
non-proteinogenic amino acid 4-hydroxyphe-
nylglycine (4-HPG) into their respective prod-
ucts. 4-HPG arises from the diversion of the 
tyrosine degradation pathway into secondary 
metabolism and its biosynthesis requires a 
set of three enzymes. The corresponding gene 
cassette is widely spread in actinomycete 
bacteria, yet, it has never been reported from 
another taxonomic group of eubacteria, in-
cluding H. aurantiacus and its relatives. Even 
though we detected putative copies of all three 

1 4-HPG encoding genes on the H. aurantiacus 
chromosome, the homologies of the deduced 
proteins were rather low when compared to 
their actinobacterial counterparts. At this 
point, it was unclear whether the sequence 
deviations were due to a phylogenetic bias or 
whether they indicated a different function. 
Therefore, we reconstituted the entire path-
way in vitro, which unequivocally confirmed 
that H. aurantiacus has the genetic potential 
to produce 4-HPG (Figure 2). Subsequent in-
vestigations of the bacterial transcriptome by 
RT-PCR implied that the 4-HPG pathway is 
coordinately expressed along with the afore-
mentioned biosynthetic gene clusters under 
select fermentation conditions. Since the lack 
of a genetic system in H. aurantiacus impeded 
a knockout study to trace the 4-HPG contain-
ing natural products, we envisaged a genomi-
sotopic approach to guide the isolation of the 
corresponding compounds. For this purpose, 
a select building block is fed to the bacterium 
in an isotopically labelled form. Metabolites 
incorporating the labelled precursor can then 
be tracked in the fermentation broth by selec-
tive NMR experiments. We assumed 4-HPG 
to be highly suited for this type of study, as 
its non-proteinogenic nature prevents a high 
metabolic turnover. The chemical synthesis of 
15N-labelled 4-HPG was recently accomplished 
and the feeding study is currently in progress.

Total enzymatic synthesis

One strategy to unravel the products of orphan 
pathways is to reconstitute the entire biosyn-
thesis in vitro. We were pursuing the latter ap-
proach in case of an orphan type-III polyketide 
synthase (PKS) gene that was detected during 
our functional annotation of the H. aurantiacus 
genome and lacks any homologs in phylogenet-
ically related bacteria, raising questions about 
its function. In contrast to type-I and type-II 
PKSs, the type-III PKSs consist of small, ho-

2
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Figure 2-2
HPLC trace showing (I) the enzymatic 
conversion of 4-hydroxyphenylpyru-
vic acid into 4-hydroxymandelic acid, 
a key step in the biosynthesis of 4-hy-
droxyphenylglycine, and (II) authen-
tic D,L-4-hydroxymandelic acid.

Figure 2-3
Reconstituted pathway to 4-hydroxy-
phenylglycine from H. aurantiacus.

5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 min

4-hydroxymandelic acid                                                                     4-hydroxyphenylpyruvic acid

keto form        enol form

(II)

(I)

Figure 2-1
Partial biosynthetic assembly line en-
coded on the H. aurantiacus genome. 
The non-proteinogenic amino acid 
4-hydroxyphenylglycine (highlighted 
in green) is incorporated into the 
growing polyketide/peptide chain.
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acyl-CoA thioesters in E. coli, this result was 
not too surprising and we decided to go on with 
the in vitro testing. Using palmitoyl-CoA and 
malonyl-CoA as substrates, we set up an HPLC 
based assay (Figure 3). The chromatograms 
obtained from three independent experiments 
clearly showed the presence of an additional 
peak in enzymatic reactions that contained 
both substrates. On the other hand, no con-
version was observed when only malonyl-CoA 
was incubated with the protein. By means of 
mass spectrometry the new peak was identi-
fied as 4-hydroxy-6-pentadecyl-2-pyrone. It 
was thus evident that the type-III PKS gene 
encodes a pyrone synthase. Further functional 
characterization revealed that the type-III PKS 
possesses rather relaxed substrate specificity. 
The enzyme accepted both saturated and un-
saturated, medium- and long-chain fatty acid 
CoA thioesters as well as aromatic acyl-CoA 
analogues as starter substrates, producing 
the corresponding triketide pyrones. RT-PCR 
analysis indicated that the type-III PKS gene 

modimeric proteins that commonly employ 
acyl-coenzyme A thioesters as substrates and 
synthesize polyketides by successive conden-
sation steps using a single catalytic center. 
It has previously been shown that protein 
sequence diversity within type-III PKSs cor-
relates with functional differences. In order 
to assess the product that derives from the 
Herpetosiphon type-III PKS, a comprehensive 
phylogenetic analysis was performed, which 
placed the protein in a clade of sequences that 
are associated with the production of alkyl-
resorcinols and alkylpyrones, respectively. 
This result was, however, inconsistent with 
genomic data, which suggested a role in the bi-
osynthesis of 3,5-dihydroxyphenylglycine. In 
order to differentiate between both scenarios, 
the type-III PKS gene was expressed in E. coli 
as a hexahistidyl-tagged protein. An initial in 
vivo analysis of the recombinant strain did not 
reveal any significant metabolic differences 
when compared to a control strain harbouring 
an empty vector. Due to the low cellular pool of 

Figure 3
Purification of the histidine-tagged 
type-III PKS monitored via SDS-PAGE 
and preliminary functional charac-
terization.
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is constitutively expressed in H. aurantiacus. 
We now aim at identifying the biological func-
tion of alkylpyrones by means of gene inacti-
vation studies.

Natural product discovery in
microfluidic devices

Natural product competent microorganisms 
are rarely restricted to the biosynthesis of one 
single compound. They rather have the capa-
bility to synthesize a variety of metabolites 
in response to environmental changes. This 
well-known observation, which could be con-
firmed in the last decade by several sequenc-
ing projects, formed the basis behind the 
OSMAC (= One Strain – Many Compounds) 
approach. By variation of cultivation parame-
ters, such as media composition, temperature, 
aeration, etc., it is possible to mimic environ-
mental crosstalk and to enforce changes in 
the global regulation of metabolic pathways. 
In many cases, these changes exert profound 
effects on the transcriptome, proteome and ul-
timately metabolome of the organism. Though 
undirected, the OSMAC strategy has proven 
as an efficient and widely applicable method 
to trigger the expression of silent gene loci.

In collaboration with research groups at the 
Institute of Photonic Technology and at the 
HKI Bio Pilot Plant we are now planning to ad-
vance the OSMAC approach exploiting recent 
progress in the development of microfluidic 
devices. By scaling down the fermentation 
volume to few nanoliters on a chip-based plat-
form, it will be possible to screen hundreds 
of different media for the presence of as yet 
untapped chemistry. In the first step, discrete 
microcultures of select antibiotic producing 
bacteria are generated via a two-phase seg-
mented flow in a customized lab-on-a-chip 
(LOC) device. After a short incubation phase, 
the cultures are merged with nutrient medium 
droplets that have previously been inoculated 
with recombinant fluorescent test organisms. 
The latter are used to identify metabolic chang-
es, as the low fermentation volume opposes 
chemical screening approaches. The growth 
of the test organism can be easily monitored 

3

in every compartment of the microchip by 
automated detection using a microscope with 
high-speed camera. Growth inhibitory effects 
that may indicate the release of antibiotic 
compounds are verified and analysed in our 
group. In summary, the LOC approach offers 
the advantages of a high throughput process, 
which makes it highly attractive for industrial 
applications. Culture conditions can be easily 
optimised towards induction of antibiotic pro-
duction and improvement of expression levels. 
The lessons learned from this project may be 
of significant consequence in terms of chart-
ing a more effective course to utilize the idle 
genomic potential of microorganisms.
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Head:
Dr. Uwe Horn

I N TRO DUC TI O N  |   E I N LE IT U N G

The research of the HKI Bio Pilot Plant is 
mainly focused on the development, optimi-
zation and scale-up of biotechnological proc-
esses from flask cultures via laboratory scale 
to pilot scale. In addition technologies for the 
cultivation of microorganisms in a nano-litre 
scale were developed, which are to be used es-
pecially for the discovery of new antibiotics in 
slowly growing microorganisms.

The team of the HKI Bio Pilot Plant is experi-
enced in strain improvement, cultivation and 
fermentation of a large variety of prokaryotic 
and eukaryotic microorganisms. This includes 
genetic engineering of strains to optimize their 
productivity and to monitor specific physiologi-
cal parameters during fermentation.

State-of-the art analytical methods as well as 
techniques and equipment for downstream 
processing and purification of low molecular 
weight natural products, biopolymers and pro-
teins are available.

Our research strategy is characterized by a 
highly interdisciplinary approach closely link-
ing microbial physiology, genetic engineering 
and bioprocess engineering. Experimental and 
theoretical methods are combined to analyse 
and control high performance fermentations 
considering the physiological requirements of 
the producing microorganisms.

Forschungsschwerpunkte des Biotechnikums 
sind die Entwicklung und Optimierung bio-
technologischer Prozesse von Naturstoff-
Produzenten. Das reicht von der Petrischale 
über den Labormaßstab bis zum Pilotmaßstab. 
Dazu stehen Fermenter bis zu 3.000 l Netto-
volumen sowie entsprechend großvolumige 
Aufarbeitungsmöglichkeiten zur Verfügung. 
Außerdem wurden Technologien für die 
Kultivierung von Mikroorganismen im Nano-
litermaßstab entwickelt, die insbesondere für 
die Entdeckung von neuen Naturstoffen in 
langsam wachsenden Mikroorganismen ein-
gesetzt werden sollen.

Wir entwickeln außerdem neue Verfahren zur 
Kultivierung von Bakterien und Pilzen und für 
die Herstellung von Proteinen durch die so-

Bio Pilot Plant

genannte Hochzelldichte-Fermentation. Damit 
lassen sich sehr kompakt und schnell Proteine 
produzieren.

Um die Anforderungen der produzierenden 
Mikroorganismen zu analysieren und 
bei der Fermentation zu steuern, werden 
experimentelle und theoretische Methoden 
kombiniert.
 
Die intensive Zusammenarbeit des Bio-
technikum mit den Forschungsabteilungen 
des HKI sowie Gruppen der Friedrich-Schiller-
Universität Jena und der FH Jena kommt 
insbesondere in der zunehmenden Zahl ge-
meinsam betreuter Doktorarbeiten zum Aus-
druck.
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Recombinant antibody fragments combine 
high stabilities with extremely high affinities 
and allow genetic manipulation and construc-
tion of transgenic cell lines. The recombinant 
availability of the selected VHH-domains en-
able genetic fusion to the alkaline phosphatase 
(AP). The AP-domain induces dimerisation of 
the whole VHH-AP construct. This leads to en-
hanced binding affinity and allows easy detec-
tion in immunoassays.

Our library can be read out by phage display 
in competetive selection environment. Using 
this approach we selected conformational spe-
cific antibodies directed against b-amyloid, a 
protein associated with Alzheimer’s disease. 
There exist various conformational species of 
Ab: intrisically disordered peptides, oligomers, 
protofibrils and fibrils – main constituents of 
extracelluraly deposited plaques in the brain. 
It is still under debate which of this species 
are most pathologically relevant but all are tar-
geted therapeutically (Figure 1).

Directed selection and character-
ization of camelid VHH-domains 
directed to amyloid fibrils

Group Members: Karin Wieligmann,
Magdalena Bereza, Uwe Horn

Recombinant libraries represent a modern 
and cost-effective source for the generation of 
monoclonal antibodies. The library construct-
ed in our group is a fully synthetic library of 
camelid VHH-domains. Camelid antibodies 
significantly differ from conventional antibod-
ies, because they are devoid of the light chain. 
The C-terminal VHH domain of this antibody 
is the smallest possible binding fragment. All 
antigen specificity is encoded within a single 
polypeptide sequence. Despite their small size 
and the presence of a single intramolecular di-
sulfide bond, they are suited for functional ex-
pression in the periplasma of E. coli. All clones 
of our in-house library (~108) were preselected 
for functionality, solubility and correct folding.
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Figure 1
Electron microscope images
of Ab(1-40) (A) Oligomers,
(B) Protofibrils, (C) mature fibrils
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We have generated antibody domains, termed 
B10, KW2 and KW3, which bind to Ab amyloid 
fibrils, but neither to disaggregated (intrinsi-
cally disordered) Ab peptide nor to Ab oligom-
ers (structural precursor of amyloid fibrils). 
This was assessed by surface plasmon reso-
nance and immunoblot experiments.

In addition we tested their ability for binding 
to amyloid fibrils, generated from different 
polypeptide chains. Immunoblots showed that 
B10, KW2 and KW3 recognize amyloid fibrils 
from h-SAA, m-SAA, insulin, G-helix and glu-
cagons. This reveals that the selected VHH-
domains are conformation but not sequence 
specific binders.

Binding affinities were assessed with surface 
plasmon resonance. As a result we obtained 
dissociation constants of 7 nM for B10AP, 
30 nM for KW2-AP and 11 nM for KW3-AP, 
respectively. Further examination of B10 
proved that it not only binds to Ab fibrils but 

also inhibits aggregation by stabilising the 
protofibril stage (Figure 2).

To determine which residues in the CDR re-
gions are responsible for B10/Ab fibrils rec-
ognition we replaced every amino acid in 
CDRs by alanine. It results in 24 B10 mutants, 
which were assessed for binding to Ab fibrils 
with surface plasmon resonance. Most strik-
ing influence on binding to Ab fibrils had two 
alanine mutans Arg39/Ala and Arg61/Ala but 
all positively charged residues replaced with 
alanine decreased binding affinity. This shows 
that ionic interactions are involved in B10 fibril 
recognition.

The project was carried out in collaboration 
with Peter Hortschansky; Dept. Molecular and 
Applied Microbiology and the Junior Research 
Group of Marcus Fändrich, MPG Halle.

Figure 2
Ab (1-40) fibril formation in presence 
and absence of B10AP monitored 
online with ThioflavinT (37°C) and 
transmission electron microscopy 
(TEM). (Habicht et al., 2007)
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Regulation of secondary metabolite 
gene clusters in Aspergillus nidulans

Group Members: Alexander N. Funk,
Anindita Sarkar, Uwe Horn

The availability of fully sequenced fungal 
genomes has opened the doors to a wealth of 
information on putative secondary metabolite 
(natural product) gene clusters. Genome anal-
yses show that surprisingly high numbers of 
polyketide synthase (PKS) gene clusters ex-
ist in filamentous fungi. Up to 28 PKS gene 
clusters have been speculated in the genome 
of the well-known model organism Aspergillus 
nidulans based on in silico analyses. Although 
recently a few metabolites could be identified, 
the products of a large number of PKSs re-
main unknown and little is known about their 
biological function and regulation.
 
Our goal is to activate these “silent” gene clus-
ters and identify the corresponding products. 

2 By analysing regulatory elements and mecha-
nisms we want to get to know more about 
common activation mechanisms of secondary 
metabolite clusters. Weak promotor activity 
and short time of expression make the gene 
regulation studies challenging.

Reporter system for measuring gene
activity
We established a reporter system based on 
the marine copepod Gaussia princeps lucif-
erase successfully in A. nidulans for measur-
ing single gene activity. Gaussia luciferase 
is a marine luciferase which in contrast to 
other luciferases e.g. from Photinus pyralis, is 
ATP-independent and exhibits a flash kinet-
ics. This means that a high intensity signal 
is generated and then decays over time thus 
resulting in a sensitive reporter assay. The lu-
ciferase also contains a eukaryotic secretion 
signal facilitating extracellular signal detec-
tion during various cultivation and screening 
techniques.

Figure 3
Activity of a secondary metabolite 
gene of Aspergillus nidulans during 
batch cultivation measured with the 
Gaussia luciferase system.

In cooperation
with the Departments of Molecular 
and Applied Microbiology (MAM) 
and Biomolecular Chemistry (BMC)

Bio Pilot Plant   HKI Research Report 2008 | 2009



186

Our results also show, that the half-life of this 
luciferase in A. nidulans cultivations is in the 
range of hours, enabling us to measure the ki-
netics of gene activations, in contrast to other 
reporter systems e.g. GFP-fusions (Figure 3).

The regulation mechanisms of genes can gen-
erally be divided into “global” (genome-wide) 
and “local” (cluster- or gene-specific) mecha-
nisms. A prominent example for genome-wide 
regulation is the histone-acyltransferase LaeA 
involved in the regulation of the terrequinone-
cluster (Shwab et al., 2007). To the present 
knowledge, it catalyses the change of the DNA 
from inactive heterochromatin state to the ac-
tive euchromatin state. Another global regu-
lation mechanism is the methylation of DNA, 
where methylated DNA is inactive.

In our experiments we checked different 
deacetylase and methyltransferase inhibitors 
for their ability to activate certain secondary 
metabolite genes.

Local regulation mechanisms include tran-
scription factors that specifically activate or 
inactivate cluster genes. Examples are the 
cluster-specific transcription factors leading 
to the activation of the aspyridone (Bergmann 
et al., 2007) and asperfuranone cluster (Chi-
ang et al., 2009) in A. nidulans.

In combination with gene knock-out and over-
expression strategies as well as protein-DNA 
interaction studies (surface plasmon reso-
nance) we try to elucidate transcription factor 
based pathways involved in secondary metab-
olite regulation.

Continuous cultivation in combination
with DNA microarray analyses
Continuous cultivation offers the possibility 
to grow microorganisms at a specific growth 
rate under defined nutrient limitation. This 
fermentation regime overcomes the influence 
of unpredictable growth and limitations aris-
ing in conventional flask cultivations. The 

Figure 4
DNA Microarray chip for analysis of 
gene expression profiles.

Figure 5
(A) depicts the BIOSTAT B-DCU Twin 5 Liter bench top fermentor used in continuous cultivation of the 
fungi. (B) Scanning electon micrographs of Aspergillus nidulans ascospore formed during submerged 
cultivation. (C) Scanning electron micrographs of the vegetative hyphae of Aspergillus nidulans.
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combination of continuous cultivation, genom-
ic and metabolomic methods enables a global 
overview of the influence of specific param-
eters on gene activity or secondary metabolite 
formation.
We have established a continuous cultivation 
scheme for Aspergillus nidulans. The recom-
binant fungi were cultivated under various 
nutrient limitation regimes viz C, N, P limita-
tions and at growth rates as high as 0.2/hour 
and as low as 0.05/hour. With the aid of the 
reporter assay we could mark the time window 
of the secondary metabolite gene expression. 
The differential gene expression arising due 
to specific nutrient limitation was investigated 
with DNA microarray (Figures 4 and 5). 

Microbial crosstalk
Aspergillus nidulans is a saprophytic fungus. 
Mostly dwelling in the soil, where there is a 
fierce competition posed by competing niche 
dwellers like Streptomyces sps. One definition 
of secondary metabolite is that these mol-
ecules form a defense arsenal to defend their 
producer in a habitat where nutrient supply is 
sparse.

Recently, Schroeckh et al. (PNAS, 2009) have 
proven that the secondary metabolite profile of 
Aspergillus nidulans is affected by the physical 
proximity of Streptomyces. Our research goal is 
to probe into the volatile compounds generated 
by the competitor organism and check how 
these influence the metabolome of the organ-
ism of our interest.

Towards this end, we have designed:
Screening assays to screen for potential 
candidates.
Adopted ‘closed loop stripping’ model to the 
fermentor system.

Determination of the most common 
actinomycetes in water-damaged 
buildings

Group Leaders: Karin Martin, Ingrid Groth

Adverse health effects on people living in wa-
ter-damaged buildings are mainly considered 

to be caused by spore forming fungi. However, 
it was shown by epidemiological studies that 
fungal colonization of humid environments is 
very often accompanied by bacteria, among 
them numerous isolates belonging to genera 
of the order Actinomycetales. In some of the 
studied samples members of this order were 
dominating. It is known that actinomycetes 
are able to produce a variety of secondary me-
tabolites of high structural diversity. Actino-
mycetes, especially Streptomyces species, can 
provoke cytotoxic effects. Therefore a health 
risk for inhabitants of buildings contaminated 
by microbes can not be excluded.

The aim of the joint project headed by the 
Regierungspräsidium-Stuttgart – Landesge-
sundheitsamt (LGA) was

to investigate the occurrence of actino-
mycetes in water-damaged buildings and 
detect “typical” actinomycetes involved in 
such processes,
to provide praxis relevant and robust meth-
ods for isolation and rapid classification and 
identification of actinomycetes in contami-
nated indoor environments as a prerequi-
site for further taxonomic and infection 
biological studies, to define suitable media 
for the growth of a broad range of different 
actinomycetes, and
to study cytotoxic effects of the contami-
naited building materials and the actino-
mycete strains isolated from this material.

Isolation and taxonomic characterization 
of actinomycetes
On a workshop in Jena organized by the HKI, 
living cultures of relevant actinomycete refer-
ence strains from the HKI culture collection 
were used to demonstrate the morphological 
diversity of these microorganisms and the in-
fluence of culture conditions on growth and 
expression of morphological properties. Sub-
sequent standard procedures for the isolation 
of actinomycetes were defined and four indoor 
samples were studied by the project partners 
in parallel to compare the applicability and 
reproducibility of the used methods. The iso-
lates obtained by the partners were classified 
in taxonomic groups. Identical isolates were 
eliminated. For identification of the isolates at 

3

Project partners:
Regierungspräsidium-Stuttgart – 
Landesgesundheitsamt (LGA)

Justus-Liebig-Universität, Institut für 
Angewandte Mikrobiologie, Gießen

Leibniz Institute for Natural Product 
Research and Infection Biology – 
Hans Knöll Institute – Jena

Umweltmykologie Dr. Dill und
Dr. Trautmann GbR, Berlin

Dr. Lorenz – Institut für Innenraum-
diagnostik, Düsseldorf

Institut für Hygiene und Umwelt-
medizin – Klinikum RWTH Aachen

1.

2.

•

•

•
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the genus or species level, the 16S rRNA gene 
sequences of representatives of each group 
were determined by the partner in Giessen.

A second cultivation-independent method was 
used to determine the occurrence of actino-
mycetes not culturable by the applied isolation 
method. The partner in Giessen extracted ge-
nomic DNA directly from samples of the con-
taminated building. 16S rRNA gene sequences 
were amplified by actinomycete-specific prim-
ers and subsequently cloned in E. coli. The 
clone library was analyzed and the next rela-
tives defined by BLAST alignment.

Overall, 16 well characterised samples from 
water-damaged buildings were analysed.

Main results of the project
The results of the study show that the different 
materials from water-damaged buildings con-
tain different and diverse actinomycete com-

munities in high concentrations (range 1,8 x 
104 - 7,6 x 107 CFU/g).

283 different actinomycete strains belonging 
to 35 genera of the order Actinomycetales were 
isolated. The most commonly detected genera 
were Streptomyces, Amycolatopsis, Nocardiop-
sis, Nocardia, Pseudonocardia, Saccharopoly-
spora and Promicromonospora. Streptomyces 
isolates were most abundant. Because actino-
mycete genera were found in most samples, 
it can be assumed that they are typical for 
humidity-damaged materials in indoor envi-
ronments.

A significant correlation between the ge-
nus/species composition and the type of 
damp-building material was not detected, 
although such a differentiation in regard to 
nutrient composition, humidity, pH-value, 
micro- and surface structures of the ma-
terials in addition to the air humidity and 

Figure 6
Isolates of the genera Amycolatopsis, 
Nocardia, Nocardioides, Nocardiopsis, 
Promicromonospora and Pseudo-
nocardia on different media:
ISP 3-agar (ISP3), Gauze-agar (Gauze), 
tryptone soy-agar (TSA), actinomy-
cete-agar (Actino) and casein-mineral 
salt-agar (CM).

Hafermehl-Agar                 Gauza-Agar               CASO-Agar             Actinomyceten-Agar                 CM-Agar

Amycolatopsis
07-Be-017

Nocardia
06-Be-019

Nocardioides
05-Be-012

Nocardiopsis
05-Be-061

Promicromonospora
07-Be-012

Pseudonocardia
07-Be-018

HKI Research Report 2008 | 2009   Bio Pilot Plant



189

the temperature was reported in litera-
ture. The number of samples studied is too 
small to allow for general and statistically 
significant conclusions with regard to the 
different materials.
Because actinomycetes are highly diverse in 
their growth requirements it is not possible 
to isolate all representatives on one isolation 
medium. In this study, casein-mineral agar 
(CMA), brain-heart-infusion agar (BHI), CA-
SO-agar and mineral agar according to Gauze 
were found to be suitable to culture a broad 
range of different actinomycetes. The appear-
ance of different colony types and the mor-
phological characteristics of actinomycetes 
may be quite different on the different agar 
media (Figure 6). For the detailed study of 
actinomycetes, which are able to form aerial 
mycelia and spores, ISP2 and ISP3 media are 
suitable, whereas actinomycetes not forming 
aerial mycelia should be studied on BHI and 
M79 media.

The analyses of the 16S rRNA gene sequences 
of the isolates in the course of the cultivation-
based approach allowed for a more rapid and 
precise allocation at the genus or group level, 
than a morphological and chemotaxonomic 
characterisation. However, for species iden-
tification a morphological, biochemical and 
chemotaxonomic characterisation are neces-
sary.

A higher diversity of actinomycetes was found 
with molecular cultivation-independent meth-
ods compared to culture based methods. In 
the 16 analysed material samples 59 genera of 
Actinobacteria were detected: 27 by molecular 
methods, 10 by the cultivation approach, and 
22 by applying both methods. For this reason 
the application of both, cultivation-dependent 
and cultivation-independent methods for the 
study of the diversity of actinomycetes in 
humidity-damaged materials is highly recom-
mended.

Description of new actinomycete taxa
The isolates obtained by each partner were 
classified in taxonomic groups according to 
their morphology and the presence of the iso-
mers of the diaminopimelic acid in the cell 

wall peptidoglycan. The following 16S rRNA 
gene sequence comparison allowed an identi-
fication of the isolates at the genus or species 
level. Some isolates formed separated phyloge-
netic branches in the according phylogenetic 
tree of their relatives. By a polyphasic taxo-
nomic approach using morphological, chemot-
axonomical and molecular biological methods 
six of these isolates were recognized and de-
scribed as new species of actinomycete gen-
era: Kytococcus aerolatus sp. nov., Citricoccus 
parietis sp. nov., Prauserella muralis sp. nov., 
Promicromonospora umidemergens sp. nov., 
Microlunatus parietis sp. nov., and Jiangella 
muralis sp. nov., isolated from indoor environ-
ments. (Figures 7–9)

Figure 7 
5-Be-005T Prauserella muralis sp. nov.

Figure 9 
15-Je-017T Jiangella muralis sp. nov.

Figure 8 
09-Be-007T Promicromonospora 
umidemergens sp. nov.
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Because of high discriminative features the 
strains 14-Be-013T and 02-Gi-014 were not af-
filiated to a known genus. Comparative analy-
sis of 16S rRNA gene sequences showed that 
these bacteria are most closely related to gen-
era within the family Nocardiopsaceae, but 
form a separate lineage within this family. 
The strains showed highest sequence simi-
larities to Marinactinospora thermotolerans, 
Nocardiopsis dassonvillei susp. albirubida and 
Nocardiopsis lucentensis. Phenotypic analy-
sis further differentiated strains 14-Be-013T 
and 02-Gi-014 from the most closely related 
Marinactinospora and Nocardiopsis genera. 
Therefore the name Murinocardiopsis flavida 
gen. nov., sp. nov. was proposed for this novel 
taxon with the type species 14-Be-013T.
(Figures 10 and 11)

Production of microbial biomass and 
natural products within the Internal 
Product Line, for research projects 
of HKI groups and external academic 
partners

Group Leaders: Klaus-Dieter Menzel,
Gundela Peschel, Martin Roth, Uwe Horn

A large number of microbial products from dif-
ferent microorganisms were produced within 
the scope of the Internal Product Line (IPL) 
and for partners from academia. 430 fermenta-
tions at the 1 to 300 liter scale were performed 
within 2008-2009 including preparation of in-
oculum cultures, fermentation and monitoring 
of the fermentations by examination of samples 
and data acquisition. Downstream processing 
has been performed: Separation of supernatant 
and biomass, fractionation of supernatant by 
preparative HPLC or adsorption on synthetic 
resins, solvent extraction, and concentration 
and freeze drying of the extracts. In 2008-
2009 products from about 8,000 liter fermen-
tation broth were prepared.

Collaborations within the IPL of HKI
and with external academic partners

Project:
Investigation of secondary metabolite biosyn-
theses in Burkholderia species (HKI, Dept. 
Biomolecular Chemistry)
Activities at Bio Pilot Plant:
Pilot scale fermentation of Burkholderia 
rhizoxinica and B. thailandensis strains and 
downstream processing to isolate secondary 
metabolites.

Project:
Genome mining in clostridia (HKI, Dept. Bio-
molecular Chemistry)
Activities at Bio Pilot Plant:
Anaerobic cultivation of Clostridium cellulolyti-
cum at 1 to 30 liter scale for isolation of novel 
natural products.

Project:
Natural products screening of diverse micro-
organisms isolated from special habitats (HKI, 
Dept. Biomolecular Chemistry)

5

Figure 11 
Murinocardiopsis flavida gen. nov., sp.
nov. 02-Gi-014 on M79

Figure 10 
Murinocardiopsis flavida gen. nov., sp. 
nov. Type strain 14-Be-013Ton ISP3 
Medium

The results of the project are 
published in detail:
Schäfer J, Trautmann C, Dill I,
Fischer G, Gabrio T, Groth I, Jäckel U, 
Lorenz W, Martin K, Miljanic T,
Szewzyk R, Weidner U, Kämpfer P 
(2009). Vorkommen von Actinomy-
ceten in Innenräumen. Springer-VDI-
Verlag GmbH&Co. KG, Gefahrstoffe-
Reinhaltung der Luft 9/2009, 335-341.
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Activities at Bio Pilot Plant:
Pilot scale fermentations (300 L) of microor-
ganisms (extremophilic and rare actinomyc-
etes, actinomycetes from heavy metal contam-
inated habitats, fungi) to isolate and produce 
new bioactive natural products.
Downstream processing, especially prepara-
tive HPLC, to isolate new bioactive substances.

Project:
Engineered biosynthesis of aromatic polyke-
tides (HKI, Dept. Biomolecular Chemistry)
Activities at Bio Pilot Plant:
Pilot scale fermentation of recombinant Strep-
tomyces strains and downstream processing 
to purify aureothin derivatives.

Project:
Secondary metabolism of predatory bacteria 
(HKI, Junior Research Group)
Activities at Bio Pilot Plant:
Pilot scale fermentation of predatory bacteria 
and downstream processing to isolate new 
natural products .

Project:
Molecular physiology of sexual differentiation 
in zygomycetes (University Jena, Institute of 
Microbiology, General Microbiology and Mi-
crobial Genetics)
Activities at Bio Pilot Plant:
Improvement of the pilot scale fermentation 
process for Blakeslea sp. to produce trisporic 
acid derivatives.

Project:
Potential use of heavy metal resistant strep-
tomycetes in bioremediation (University Jena, 
Institute of Microbiology, Microbial Phytopa-
thology)
Activities at Bio Pilot Plant: 
Pilot scale fermentation of heavy metal resist-
ant Streptomyces strains to produce biomass 
for bioremediation studies at the former ura-
nium mining site in Eastern Thuringia.
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Group members

Head
Dr. Uwe Horn
Phone +49 3641 532-1500
Fax +49 3641 532-2500
E-Mail uwe.horn@hki-jena.de

Scientists
Dr. Bettina Bardl
Dr. Christine Hoffmeier
Uwe Knüpfer
Karin Martin
Dipl.-Ing. Klaus-Dieter Menzel
Dr. Gundela Peschel
Dr. Martin Roth
Dr. Karin Wieligmann
Dipl.-Ing. Karsten Willing

Ph.D. Students
Heike Arnold (since 09/2008)
Magdalena Bereza
Michael Biermann (since 11/2008)
Alexander Funk
Julia Kästner (since 02/2008)
Jana Lämmel (since 03/2008)
Anindita Sarkar
Emerson Zang (since 07/2008)

Research Assistants
Michael Cyrulies
Christian Heiden
Sven Jessing (11/2008 – 12/2009)
Gudrun Krauter
Karin Perlet
Renate Presselt
Jan Schönemann (since 01/2009)
Armin Siering
Matthias Steinacker
Gisela Sudermann
Rita Witzel

Trainees
Jacob Dietrich (09/2009 – 10/2009)
Matthias Gimpel (03/2008 – 4/2008)
Linda Mehlhorn (04/2008 – 05/2008)
Jan Meisezahl (03/2009 – 04/2009)
Martin Rudolph (since 12/2009)
Benjamin Weiss (09/2008 – 10/2008)
Kevin Wolf (since 8/2009)

External funding

Deutsche Forschungsgemeinschaft
Excellence Graduate School Jena School for 
Microbial Communication JSMC
Teilprojekt: Development of a procedure to 
avoid misincooperation of rare amino acids into 
therapeutic proteins during High Cell Density 
Fermentation
Uwe Horn

Bundesministerium für Bildung und Forschung
DiNaMid: Genom-basierte Findung neuer 
antimikrobieller Naturstoffe in mikrofluidischen 
Chips; Identifizierung neuer Stoffwechselwege 
und Naturstoff-Isolierung
Martin Roth, Markus Nett

Bundesministerium für Bildung und Forschung
SERIZELL: Hochdurchsatz-Bioassay-System 
auf Basis mikroserieller Zellkulturen in flüssig/
flüssig-Zweiphasensystemen
Teilprojekt: Systemevaluierung mit aus-
gewählten Bioassays
Martin Roth

Bundesministerium für Bildung und Forschung
Zentrales Innovationsprogramm Mittelstand
Entwicklung eines rekombinanten Wirt-Vektor-
Systems für die Biosynthese von 10-deacetylb-
accatin III-10-O-Acetyltransferase
Karsten Willing

Bundesministerium für Bildung und Forschung
Synthetische und biotechnologische Herstel-
lung eines Mykotoxins
Teilprojekt: Biotechnologische Herstellung
Martin Roth

Bundesministerium für Bildung und Forschung
Zentrales Innovationsprogramm Mittelstand 
(ZIM)
Kameliden Antikörper basierter ELISA zur 
simultanen Bestimmung relevanter Mykotoxine
Uwe Horn, Hans Krügel

Selected publications
(HKI authors in bold)

Huang H, He J, Niu X, Menzel K-D, Dahse HM,
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(2008) Benzopyrenomycin, a cytotoxic bacterial 
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Collaborations

Institut für Photonische Technologien, Jena
Dr. Thomas Henkel

Universität Bonn
Prof. Dr. Gabriele König

Universität Zürich, Switzerland
Prof. Dr. Andreas Plückthun

Heidelberg Pharma AG, Ladenburg

Institut für Bioanalytik, Umwelttoxikologie und 
Biotechnologie GmbH, Halle

Jena Bioscience GmbH, Jena

Merck KGaA, Darmstadt

Sanofi-Aventis Deutschland GmbH

Tepha Inc., Lexington, USA

WERNER BioAgents, Jena
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Coordinator:
Dr. Michael Ramm

In order to identify novel natural products 
from microbial and plant sources, the HKI fol-
lows a multidisciplinary approach based on 
intense cooperation and exchange between 
the different departments and junior research 
groups. All these efforts are brought together 
by the Internal Product Line (IPL).
The IPL team directs and coordinates these 
all activities within the HKI and with ex-
ternal collaborators. It consists of a group of 
scientists representing the diverse expertise 
required for the discovery, identification and 
characterization of natural products. The IPL 
team establishes, maintains and improves the 
basic methods and platform technologies that 
are needed for a professional preclinical in-
vestigation of novel structures. This includes 

strain collection, compound libraries, assay 
methods and databases. In addition, the IPL 
team organizes screening hierarchies, sub-
stance flows and data management as well as 
the interdisciplinary analysis and biological 
profiling of promising hits. Longstanding con-
tacts to industry partners and a close collabo-
ration with the technology transfer agency 
Ascenion allow the successful marketing of 
existing and new property rights.
Some of the departments and research groups 
provide the IPL with microbial strains, ex-
tracts, natural products or synthetic deriva-
tives. Others identify new targets or develop 
and run novel assay systems for the identi-
fication of novel lead structures. Elucidation 
and optimization of biosynthetic pathways, 

Internal Product Line

I N TRO DUC TI O N  |   E I N LE IT U N G

Zur Gewinnung neuer Naturstoffe aus Mikro-
organismen und Pflanzen verfolgt das HKI ei-
nen multidisziplinären Ansatz. Er basiert auf 
einer intensiven Kooperation aller Abteilun-
gen und Nachwuchsgruppen des Institutes, 
die zu diesem Zweck in der „Durchgehenden 
Bearbeitungslinie“ (DBL) zusammengeschlos-
sen sind.
Alle damit verbundenen Aktivitäten inner-
halb des HKI und mit externen Partnern wer-
den vom DBL-Team koordiniert. Es setzt sich 
aus Fachleuten aller Abteilungen und For-
schungsgruppen zusammen, die mit ihrer in-
dividuellen Expertise in alle Stufen der Bear-
beitung pharmakologisch interessanter neuer 
Naturstoffe und Synthetika einbezogen sind. 
Das DBL-Team entwickelt, etabliert und pflegt 
die methodischen und organisatorischen 
Grundlagen und Technologien einer profes-

sionellen vorklinischen Bearbeitung neuer 
Strukturen, wie zum Beispiel Stammsamm-
lung, Substanzbibliothek, Datenbanken, biolo-
gische Testmodelle und Verfahren. Weiterhin 
steuert das DBL-Team Screeninghierarchien, 
Substanzflüsse und das Datenmanagement 
sowie die interdisziplinäre Auswertung und 
biologische Profilierung erfolgversprechender 
Hits. Durch langjährige direkte Kontakte zu 
Industriepartnern und eine enge Zusammen-
arbeit mit der Verwertungsagentur Asceni-
on werden bestehende und neu angemeldete 
Schutzrechte erfolgreich vermarktet.
Die Abteilungen und Forschungsgruppen tra-
gen je nach ihrer Ausrichtung Mikroorganis-
men-Stämme, Extrakte, Naturstoffe und/oder 
synthetische Derivate zur DBL bei. Andere 
Gruppen identifizieren neue Targets, entwi-
ckeln Testsysteme und nutzen diese für die 
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strain improvement, pilot scale fermentation 
and downstream processing are carried out 
for natural products of primary interest. New 
technologies, like transcription profile analy-
sis, proteome analysis and metabolomics, 
complement the methods applied.
Identified lead compounds are characterized 
in their function as mediators of biological 
communication. The IPL team evaluates the 
natural products as tools for modern biotech-
nology or as therapeutic agents. The assays 
established for identification and characteri-
zation of natural products include a variety 
of biological communication systems. They 
enable studies of interactions between natural 
products and biological macromolecules and 
of their effects within biological networks. 

Suche nach neuen Leitstrukturen. Für Natur-
stoffe von vorrangigem Interesse werden Bio-
synthesewege untersucht, die Produktbildner 
optimiert, sie werden im Technikumsmaßstab 
kultiviert und aufgearbeitet. Neue Technologi-
en wie die Transkriptom-, Proteom- und Meta-
bolomanalyse vervollständigen das verfügba-
re Methodenspektrum.
Das DBL-Team evaluiert Naturstoffe hinsicht-
lich ihrer Nutzung als Werkzeuge für die 
moderne Biotechnologie oder als potentielle 
neue Therapeutika. Die für die Identifizie-
rung und Charakterisierung von Naturstof-
fen entwickelten Testsysteme umfassen eine 
große Vielfalt biologischer Kommunikations-
systeme. Sie ermöglichen das Studium der 
Interaktion von Naturstoffen mit biologischen 
Makromolekülen und ihrer Wirkung inner-
halb biologischer Netzwerke. Dies beinhaltet 

im wesentlichen molekulare Interaktionen 
mit Mikroorganismen, aber auch mit höheren 
Organismen einschließlich komplexer Patho-
gen-Wirt-Beziehungen. Ein Schwerpunkt der 
DBL-Arbeit besteht im Auffinden und der Be-
arbeitung neuer antifungaler Leitstrukturen, 
die gegen bislang nur schwer bekämpfbare 
Pilzerkrankungen des Menschen eingesetzt 
werden könnten.

This includes molecular interactions of natu-
ral products with microorganisms but also 
with higher organisms including complex 
pathogen/host-interactions.
The IPL focuses on the identification and ad-
aptation of new antifungal lead compounds 
which might be used against difficult to treat 
fungal pathogens in humans.
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HKI culture collection
The collection comprises more than 34.000 
strains of actinomycetes, bacteria, fungi, 
yeasts and bacteriophages.

HKI compound libraries
The HKI IPL compound basis consists of ca. 
4.500 compounds. Additionally, the HKI 
maintains a natural products pool of approx. 
9.000 compounds.

HKI assays
For a primary characterization of compounds 
antibacterial, antifungal, antiviral, antiin-
flammatoric, antiproliferative and cytotoxic-
ity assays are available. These include as test 
models a broad panel of Gram-positive and 
Gram-negative bacteria, yeasts, fungi, cox-
sackie virus B3 (CVB3), influenza virus A 
and Herpes simplex virus typ 1 (HSV1), L-929, 
K-562 and HeLa cell lines, assays for inhibi-
tors of the oxidative burst in macrophages, 
inhibitors of 3α-hydroxy-steroid dehydroge-
nase (3α-HSD), xanthinoxidase and peroxi-
dase. Yeast two-hybrid assays are applied for 
the identification of inhibitors of the protein-
protein interaction between the oncogenic 
transcription factor Myc and the interacting 
protein Max, between the oncogenic tran-
scription factor Myc and the interacting zinc-
finger protein-Miz 1, as well as between the 
oncogenic retroviral Tax and CREB proteins. 
For secondary characterization of compounds 
additional in vitro assays are available, as well 
as in vivo models in the embryonated hens egg 
and in mice.

HKI database
A multi-tiers database was established on 
ORACLE(TM). It joins the databases and the ac-
cumulated knowledge about microbial strains, 
their natural products and synthetic deriva-
tives. The access to the broad structural di-

Actinomycetes

Bacteria (without
Actinomycetes)

Fungi and Yeasts

Bacteriophages

Genera

100

75

428

22

Species

990

150

590

Strains

29.630

670

3.594

225

versity basis offered by the database supports 
the collaboration between HKI departments.

Selected projects
Cervimycin K is produced as a minor compo-
nent by a Streptomyces tendae strain isolated 
from a cave with prehistoric rock paintings in 
Italy. The compound is active against proble-
matic pathogens like multiresistant staphylo-
cocci and vancomycin resistant enterococci. 
The potentially new target and the mecha-
nism of action are under investigation.

MEND – The collaborative NIH funded pro-
ject “Novel Derivatization and Functionaliza-
tion of Natural Products”, PI: Prof. Marvin J. 
Miller, University of Notre Dame, USA; (PI in 
the HKI: Ute Möllmann) focuses on “Modular 
Enhancement of Nature’s Diversity (MEND)”. 
The project involves members of the IPL Team 
and uses the broad spectrum of natural prod-
ucts available in the HKI compound library. 
Stabilized iminonitroso Diels-Alder reactions, 
particularly the pyridine nitroso Diels-Alder 
(NDA) reaction, is used as a remarkably effi-
cient method for derivatization and function-
alization of complex diene-containing natural 
products. Turimycin H3, ergosterol, reductio-
mycin, isoforocidin, colchicine and thebaine 
were found to react with nitrosopyridines in 
a highly efficient regio- and stereo-selective 
fashion. In most cases, NDA cycloadducts 
were obtained in more than 90 % purity with-
out any work-up or purification. Bioactivity of 
the compounds is studied by the HKI assays 
and screening hirarchie. Preliminary evalua-
tions of the cycloadducts suggested that the 
nitroso heterocycles changed the biological 
activity profile of its parent natural product. 
The results of the project are published in sev-
eral scientific journals.

Benzothiazinones – In our effort to discover 
new leads to counter the tuberculosis (TB) 
pandemic we synthesized and characterized 
1,3-benzothiazin-4-ones (BTZs). BTZs are a 
new class of antimycobacterial agents that kill 
Mycobacterium tuberculosis in vitro, ex vivo, and 
in mouse models of TB. Within the EU-funded 
project “New medicines for tuberculosis” 
(NM4TB) the enzyme decaprenylphosphoryl-

Han L, Huang X, Dahse HM, Möll-
mann U, Grabley S, Lin W, Sattler I 
(2008) Planta Med 74, 432-437.

Huang H, He J, Niu X, Menzel K-D, 
Dahse HM, Grabley S, Fiedler P, Sattler 
I*, Hertweck C* (2008) Angew Chem 
Int Ed 47, 3995-3998. * equal contri-
bution.

Mies KA, Gebhardt P, Möllmann U, 
Crumbliss AL (2008) J Inorg Biochem 
102, 850-861.

Niu X, Dahse HM, Menzel K-D, Lozach 
O, Walther G, Meijer L, Grabley S, Sat-
tler I (2008) J Nat Prod 71, 689-692.

Mahboobi S, Eichhorn E, Winkler M, 
Möllmann U (2008) J Med Chem 43, 
633-656.

Makarov V, Manina G, Mikusova 
K, Möllmann U, Ryabova O, Saint-
Joanis B, Dhar N, Pasca MR, Buroni 
S, Lucarelli AP, Milano A, De Rossi E, 
Belanova M, Bobovska A, Dianiskova 
P, Kordulakova J, Sala C, Fullam E, 
Schneider P, McKinney JD, Brodin P, 
Christophe T, Waddell S, Butcher P, 
Albrethsen J, Rosenkrands I, Brosch R, 
Nandi V, Bharath S, Gaonkar S, Shan-
dil RK, Balasubramanian V, Balganesh 
T, Tyagi S, Grosset J, Riccardi G, Cole 
ST (2009) Science 324, 801-804.

Makarov VA, Cole S, Möllmann U. 
New thiazinone derivatives, their 
preparations and their use as anti-
bacterials. PCT/EP2006/004942

Möllmann U, Makarov VA, Cole S. 
New antimicrobial compounds, their 
synthesis and their use for treatment 
of mammalian infection. EP2020406, 
PCT/EP2008/005142

Brock M, Ibrahim-Granet O. Biolumi-
nescent strain Aspergillus fumigatus 
PCT/EP2009/062340

Abdou R,Scherlach K, Dahse HM, Satt-
ler, Hertweck C. Botryosphaerones, 
novel depsidones and their use as 
medicaments. EP 09 003 841.5

Schroeckh V, Scherlach K, Nützmann 
HW, Shelest E, Schmidt-Heck W, 
Schümann J, Martin K, Hertweck C, 
Brakhage AA (2009) Proc Natl Acad Sci 
USA 106, 14558-14563.
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β-D-ribose 2′-epimerase was identified as a 
major BTZ target by cooperation partners. 
Inhibition of this enzymatic activity abol-
ishes the formation of decaprenylphosphoryl 
arabinose, a key precursor that is required 
for the synthesis of the cell-wall arabinans, 
thus provoking cell lysis and bacterial death. 
BTZs were identified using a combination of 
activity-guided chemical and biotechnological 
techniques followed by extensive biological 
profiling within the IPL. The most advanced 
compound, BTZ043, is a candidate for inclu-
sion in combination therapies for both drug-
sensitive and extensively drug-resistant TB.

Herzigova P, Klimesova V, Palat K, 
Kaustova J, Dahse HM, Möllmann U 
(2009) Arch Pharm Chem Life Sci 342, 
394-404.

Miethbauer S, Gaube F, Möllmann U, 
Dahse HM, Schmidtke M, Gareis M, 
Pickhardt M, Liebermann B (2009) 
Planta Medica 75, 1-3.

Miller MJ, Zhu H, Xu Y, Wu C, Walz AJ, 
Vergne A, Roosenberg JM, Moraski G, 
Minnick AA, McKee-Dolence J, Hu J, 
Fennel K, Dolence EK, Dong L, Franz-
blau S, Malouin F, Möllmann U (2009) 
Biometals 22, 61–75.

Möllmann U, Heinisch L, Bauernfeind 
A, Koehler T, Ankel-Fuchs D (2009) 
Biometals 22, 615–624.

Sammer UF, Völksch B, Möllmann U, 
Schmidtke M, Spiteller P, Spiteller M, 
Spiteller D (2009) Appl Environ Micro-
biol 75, 7710-7717.
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Internal Product Line (IPL)
Durchgehende Bearbeitungslinie (DBL)

Structural diversity
•  new microbial sources
•  natural products
•  synthetic derivatives
•  silent gene clusters

Target identification
In vitro evaluation
•  target based assays
•  enzyme assay
•  cell based assays
•  Genomics/Proteomics/Metabolomics

In vivo evaluation
•  embryonated hen’s egg
•  animal models

Biosynthetic pathways
Pathway engineering
•  genetic level
•  enzymatic level

Pilot scale fermentation
Down stream processing
•  strain improvement
•  process analysis and optimisation

Data processing
•  databases
•  data management
•  pattern recognition

Intellectual property rights
•  patent applications
•  transfer cooperations
•  contracts
•  commercialisation
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Follow-up projects
Patents
Publications
Drug development (External)

HITS

Microbial Pathogenicity Mechanisms

Biomolecular Chemistry

Molecular and Applied Microbiology

Bio Pilot Plant

Administration and Scientific 
Organisation

Molecular and Applied Microbiology

Infection Biology

Cell and Molecular Biology

Microbial Pathogenicity Mechanisms

Activities/Resources Units

LEADS

Biomolecular Chemistry

Molecular and Applied Microbiology

Secondary Metabolism of
Predatory Bacteria

Pharmaceutical Biology (FSU Jena)

Systems Biology and Bioinformatics

IT support
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Die „International Leibniz Research School 
for Microbial and Biomolecular Interactions 
Jena“ (ILRS) ist die erste Graduiertenschule 
an einem Institut der Leibniz-Gemeinschaft. 
Sie wurde zunächst aus kompetitiv verge-
benen Mitteln des Paktes für Forschung und 
Innovation finanziert und ist heute ein fester 
Bestandteil der strukturierten Graduierten-
förderung auf dem Gebiet der Lebenswissen-
schaften in Jena. Neben dem Leibniz-Institut 
für Naturstoff-Forschung und Infektionsbio-
logie – Hans-Knöll-Institut (HKI) – sind die 
Friedrich-Schiller-Universität Jena (FSU) und 
das Max-Planck-Institut für chemische Ökolo-
gie (MPICE) beteiligt.
Mit der ILRS hat das Hans-Knöll-Institut ei-
nen wesentlichen Beitrag zur Profilierung 
des Standortes Jena als Zentrum der mikro-

biologischen Forschung in Deutschland und 
Europa geschaffen. Die in Jena vorhandenen 
Forschungsaktivitäten auf dem Gebiet der 
Mikrobiologie werden gebündelt und auf den 
Aspekt Wechselwirkung und Kommunikation 
von Mikroorganismen fokussiert. Hierdurch 
werden die Voraussetzungen für herausra-
gende wissenschaftliche Leistungen geschaf-
fen. Mehr als die Hälfte der Doktoranden der 
Graduiertenschule kommt aus dem Ausland. 
Dies fördert die internationale Vernetzung 
und erhöht nachhaltig die internationale At-
traktivität Jenas.
Wissenschaftliche Themen der ILRS sind die 
Interaktionen von Mikroorganismen unterei-
nander sowie mit höheren Organismen (z. B. 
als Pathogene), deren stoffliche Grundlage 
sowie die Analyse und Bewertung der experi-

International Leibniz Research School
for Microbial and Biomolecular Interactions

The “International Leibniz Research School 
for Microbial and Biomolecular Interactions 
Jena” (ILRS) is the first graduate school at an 
institute of the Leibniz Association. Initially 
financed by competitively granted means of 
the Joint Initiative for Research and Innova-
tion, it is now an integral part of structured 
doctoral training in the life sciences in Jena. 
In addition to the Leibniz Institute for Natu-
ral Product Research and Infection Biology 
– Hans Knöll Institute (HKI), the Friedrich 
Schiller University Jena (FSU) and the Max 
Planck Institute for Chemical Ecology (MPICE) 
are member institutions of the ILRS.
With the ILRS, the Hans Knöll Institute signif-
icantly contributed to Jena’s profile as a centre 

of microbiological research in Germany and 
Europe. Already existing research activities 
in the field of microbiology are brought to-
gether and focussed on the aspect of interac-
tion and communication of microorganisms. 
Thus, an environment for excellent scientific 
performance is created. More than half of the 
PhD students of the graduate school come 
from abroad, thereby enhancing international 
networking and lastingly increasing Jena’s in-
ternational attractiveness.
Scientific topics of the ILRS cover interactions 
of microorganisms with each other as well as 
with higher organisms (e. g. as pathogens), 
natural products involved in these interac-
tions as well as analysis and evaluation of the 
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mentell gewonnenen Daten mit den Methoden 
der Bioinformatik. Mikroorganismen kommen 
in der Natur nicht als Einzelzellen vor, son-
dern leben in den verschiedensten Habitaten 
im Verbund mit anderen Organismen. Hier-
zu gehören mutualistische Symbiosen eben-
so wie parasitäre Interaktionen. Grundlage 
sämtlicher Kommunikationsprozesse sind 
Substanzen, die von den beteiligten Organis-
men synthetisiert und wechselseitig wahrge-
nommen werden. Ein besseres Verständnis 
der bisher weitgehend unerforschten Kom-
munikationswege dient damit der Auffindung 
neuer biologisch aktiver Substanzen, die im 
Laufe der Evolution auf natürlichem Wege in 
ihrer Wirkung optimiert wurden.
Im Jahr 2009 haben die ersten Doktoranden 
ihre Dissertationen mit sehr großem Erfolg 

experimentally gained data by using bioinfor-
matic methods. Microorganisms do not occur 
in nature as single cells, but live in very dif-
ferent habitats in close association with other 
organisms. These associations range from 
mutual symbiosis to parasitic interactions. Ba-
sis for all such communication processes are 
substances that are synthesized by the organ-
isms involved and that are mutually sensed. A 
better understanding of the so far unexplored 
paths of communication will therefore help 
to identify new biologically active substances 
which have been optimized in terms of their 
effects in the course of evolution.
In 2009 the first PhD students successfully 
defended their PhD theses. The groups of 

Prof. Maria Mittag (FSU Jena), PD Dr. Chris-
tine Skerka and Dr. Matthias Brock (both HKI) 
were accepted as new members of the ILRS 
faculty. Furthermore, the second generation of 
PhD students was also recruited during the 
year 2009. Two calls for application resulted 
in almost 700 applications from 38 nationali-
ties. The first 13 of the newly recruited PhD 
students have already started their research 
projects, a further eight students will arrive 
in Jena in 2010.
On August 01, 2008, Prof. Axel Brakhage, ini-
tiator and speaker of ILRS since 2005, passed 
this office on to Prof. Peter Zipfel (HKI). Prof. 
Johannes Wöstemeyer (FSU) and Prof. Wil-
helm Boland (MPICE) are deputy speakers of 
ILRS.

verteidigt. Die Gruppen von Prof. Maria Mit-
tag (FSU Jena) sowie von PD Dr. Christine 
Skerka und Dr. Matthias Brock (beide HKI) 
wurden neu in die Graduiertenschule aufge-
nommen.
Ebenfalls im Jahr 2009 wurde die zweite Ge-
neration Doktoranden rekrutiert. In zwei Aus-
schreibungsrunden bewarben sich insgesamt 
knapp 700 Studenten aus 38 Nationen. Die er-
sten 13 Doktoranden haben ihre Forschungs-
arbeit bereits begonnen, weitere acht werden 
Anfang 2010 folgen.
Prof. Axel Brakhage, Initiator und Sprecher 
der ILRS seit 2005, gab diese Funktion am 
1.8.2008 an Prof. Peter Zipfel (HKI) ab, die 
stellvertretenden Sprecher sind Prof. Johannes 
Wöstemeyer (FSU Jena) und Prof. Wilhelm Bo-
land (MPICE).

International Leibniz Research School for Microbial and Biomolecular Interactions   HKI Research Report 2008 | 2009



204

Im Rahmen der strukturierten Doktorandenausbil-
dung nehmen die jungen Wissenschaftler an metho-
denspezifischen Praktika teil, veranstalten eigene 
Symposien- und Kolloquienreihen und pflegen den 
wissenschaftlichen Kontakt zu international renom-
mierten Forschern ihres Fachgebietes. Neben der 
Organisation dieser fachlichen Seite der Ausbildung 
ist die Koordinatorin der Graduiertenschule für eine 
umfassende soziokulturelle Betreuung der Doktoran-
den verantwortlich, die sich positiv auf die Gemein-
schaftsbildung auswirkt. Zum Leistungskatalog der 
ILRS Jena gehört auch die öffentlichkeitswirksame 
Verbreitung der Forschungsergebnisse. Alle ausbil-
dungsrelevanten Maßnahmen werden von den Dokto-
randen entsprechend einem für die ILRS entwickelten 
Programme of Study absolviert. Dies sichert eine hoch-
effiziente Qualifikation des wissenschaftlichen Nach-
wuchses in einem sehr stringenten Zeitschema.

In the framework of the structured PhD training 
the young scientists participate in method-specific 
internships and organize their own symposium and 
colloquium series, fostering scientific exchange with 
internationally renowned researchers in their field. In 
addition to the organization of the technical aspects 
of the training, the graduate school’s coordinator is 
responsible for comprehensive socio-cultural care for 
the students, which helps in establishing a sense of 
community among the PhD students. Included in the 
performance catalogue of the ILRS Jena are also ac-
tivities to spread research results to the general pub-
lic. All training-relevant measures are completed by 
the PhD students according to a Programme of Study 
developed for the ILRS. This ensures highly efficient 
qualification of scientific junior staff within a very 
strict time frame.

PhD student

Swantje Behnken

Anne Behrend

Susann Erdmann

Alexander Funk

Huijuan Guo

Christoph Heddergott

Gerald Lackner

Anita MacNelly

Anindita Sarkar

Sarbani Sarkar

Dominik Senftleben

Lidan Ye

Supervisor

Prof. Christian Hertweck

Prof. Wilhelm Boland

Prof. Erika Kothe

Dr. Uwe Horn

Prof. Wilhelm Boland

Prof. Johannes Wöstemeyer

Prof. Christian Hertweck

Prof. Gabriele Diekert

Dr. Uwe Horn

Prof. Johannes Wöstemeyer

Prof. Erika Kothe

Prof. Gabriele Diekert

Interactions between microorganisms
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Project title

Genome mining of Gram-positive bacteria for secondary 
metabolites

Induction of metabolic shifts in Streptomyces

Expression and localization of G-protein coupled phero-
mone receptor Bar2 in the basidiomycete Schizophyllum 
commune

Regulation of polyketide synthase gene clusters in
Aspergillus nidulans

Isolation, purification, and structural elucidation of active 
compounds from the tissue of insect

Secretome analysis / pathogenicity mechanisms of
Arthroderma benhamiae

The genome of the endofungal bacterium Burkholderia 
rhizoxinca

Expression control and biosynthesis of dehalogenating 
enzymes from anaerobic soil bacteria in response to the 
interaction with aerobic halogenating fungi

Induction of Aspergillus nidulans polyketide synthase 
genes by modulating cultivation parameters in continu-
ously stirred tank bioreactor

Sexual and parasitic interactions in Mucor-like fungi:
Regulation of genes for the communication molecule 
trisporic acid

A surface hydrophobin in ectomycorrhiza interaction

Studies on the microbial halogen cycle: reactions of
fungal peroxidases and bacterial reductive dehalogenases

Institute

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Department of Biomolecular Chemistry

Max Planck Institute for chemical Ecology
Department of Bioorganic Chemistry

Friedrich Schiller University Jena
Institute of Microbiology – Microbial Phytopathology

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Bio Pilot Plant

Max Planck Institute for chemical Ecology
Department of Bioorganic Chemistry

Friedrich Schiller University Jena
Institute of Microbiology – General Microbiology and 
Microbial Genetics

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Department of Biomolecular Chemistry

Friedrich Schiller University Jena
Institute of Microbiology – Applied and Environmen-
tal Microbiology

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Bio Pilot Plant

Friedrich Schiller University Jena
Institute of Microbiology – General Microbiology and 
Microbial Genetics

Friedrich Schiller University Jena
Institute of Microbiology – Microbial Phytopathology

Friedrich Schiller University Jena
Institute of Microbiology – Applied and Environmen-
tal Microbiology

Continuation Ú
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PhD student

Hannes Eberhardt

Tina Enghardt

Hoang Hoa Long

Shanshan Luo

François Mayer

Shruthi Ramachandra

Jennifer Sneed

Krisztina Truta-Feles

Katrin Volling

Arne Weinhold

Hangxing Yu

Supervisor

Prof. Peter F. Zipfel

PD Dr. Christine Skerka

Prof. Ian T. Baldwin

Prof. Peter F. Zipfel

Prof. Bernhard Hube

Prof. Bernhard Hube

Prof. Georg Pohnert

Prof.  Johannes Norgauer

Prof. Hans Peter Saluz

Prof. Ian T. Baldwin

Prof. Eberhard Straube

Interactions of pathogenic microorganisms with hosts
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Institute

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Department of Infection Biology

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Department of Infection Biology

Max Planck Institute for chemical Ecology
Department of Molecular Ecology

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Department of Infection Biology

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Department of Microbial Pathogenicity Mechanisms

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Department of Microbial Pathogenicity Mechanisms

Friedrich Schiller University Jena
Institute of Inorganic and Analytical Chemistry

Jena University Hospital
Clinic for Dermatology

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Department of Cell and Molecular Biology

Max Planck Institute for chemical Ecology
Department of Molecular Ecology

Jena University Hospital
Institute for Medical Microbiology

Project title

The role of CFHR proteins in human autoimmune diseases

Complement evasion of human pathogenic microorganisms

Characterizing and analyzing the ecological consequences 
of the plant-endophyte interactions in Solanum nigrum and 
Nicotiana attenuata

Candida albicans-host interaction, the many faces of
Candida Pra1

Identification and characterisation of infection-associated 
genes in Candida albicans

Host pathogen interactions of human-pathogenic yeast

Effects of the green alga Dictyosphaeria ocellata on its
surrounding bacterial community

Function of phosphatidylinositol-3-kinase-γamma and SH2-
containing inositol-5-phosphatase-1 in innate immunity

The human pathogenic fungus Aspergillus fumigatus
inhibits apoptosis in alveolar macrophages

Microbial interactions relevant for the fitness of Nicotiana 
attenuata in the native environment

Modulation of host death by Chlamydia trachomatis –
the role of the Chlamydia-specific protease CPAF

Continuation Ú
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PhD student

Daniela Albrecht

Fabian Horn

Christian Hummert

Radhika Jain

Mohan Karthik Mohan

Sebastian Müller

Felicitas Schöbel

Stefanie Seitz

Andreas Thywissen

Yong Qiang Wang

Supervisor

PD Dr. Reinhard Guthke

PD Dr. Reinhard Guthke

PD Dr. Reinhard Guthke

Prof. Axel A. Brakhage

Prof. Maria Mittag

PD Dr. Reinhard Guthke

Dr. Matthias Brock

Prof. Maria Mittag

Prof. Axel A. Brakhage

Prof. Günter Theißen

Networks, interactions and their analysis
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Institute

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Research Group Systems Biology and Bioinformatics

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Research Group Systems Biology and Bioinformatics

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Research Group Systems Biology and Bioinformatics

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Department of Molecular and Applied Microbiology

Friedrich Schiller University Jena
Institute of General Botany and Plant Physiology

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Research Group Systems Biology and Bioinformatics

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Junior Research Group Microbial Biochemistry and 
Physiology

Friedrich Schiller University Jena
Institute of General Botany and Plant Physiology

Leibniz Institute for Natural Product Research and 
Infection Biology – Hans Knöll Institute
Department of Molecular and Applied Microbiology

Friedrich Schiller University Jena
Department of Genetics

Project title

Integration of transcriptome and proteome data from 
human-pathogenic fungi

Prediction of gene regulatory networks Iinvolved in the 
differentiation, secondary metabolism and cross talk of 
Aspergillus nidulans

Error Ccorrection for the integration of proteome and tran-
scriptome data

Map kinase MpkA regulated cell wall integrity signaling 
pathway in Aspergillus fumigatus

An insertional mutagenesis approach to understand 
temperature entrainment of the circadian clock in Chla-
mydomonas reinhardtii

Integrated genome-wide data analysis by ensemble learn-
ing methods to understand infection processes

Lysine biosynthesis in Aspergillus fumigatus: virulence 
studies and biochemical analysis

Functional characterization of molecular components
of the circadian clock of the green alga Chlamydomonas 
reinhardtii

Molecular mechanisms of the interaction between Asper-
gillus fumigatus and alveolar macrophages

The evolutionary origin of floral quartets: clues from mo-
lecular interactions of orthologues of floral homeotic pro-
teins from the gymnosperm Gnetum gnemon
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planar microwell plastic chip. Ana-
lytical Chemistry 80, 5892-5898.

Iqbal J, Haenel F, Ruryk A, Limmon 
G, Tretiakov A, Duerst M, Saluz HP 
(2008) Fabrication and evaluation of 
a sequence specific oligonucleotide 
micro-chip for molecular genotyp-
ing. IJMM 26, 13-20.

Mies KA, Gebhardt P, Moell-
mann U, Crumbliss AL (2008) 
Synthesis, siderophore activity 
and iron(III) chelation chemistry 
of a novel mono-hydroxamate, 
bis-catecholate siderophore 
mimic: N(alpha),-N(epsilon)-Bis[2,3-
dihydroxybenzoyl]-l-lysyl-(gamma-
N-methyl-N-hydroxyamido)-L-
glutamic acid. J Inorg Biochem 102, 
850-861.

Moeller R, Schueler T, Guenther S, 
Carlsohn M, Munder T, Fritzsche 
W (2008) Electrical DNA-chip-based 
identification of different species of 
the genus Kitasatospora. Appl Micro-
biol Biotechnol 77, 1181-1188.

Schmidt U, Wollmann Y, Franke C, 
Grosse F, Saluz HP, Haenel F (2008) 
Characterization of the interaction 
between the human topoisomerase 
IIb binding protein 1 (TopBP1) and 
the cell division cycle protein 45 
(Cdc45). Biochem J 409, 169-177.

Tretiakov A, Erfurth F, Nyuyki B, 
Mrotzek G, Schmidt WD, Fassler 
D, Saluz HP (2008) Two-laser, large 
field hyperspectral microarray scan-
ner for the analysis of multicolour 
microarrays. Analytical Chemistry 80, 
7706-7713.

Department Infection Biology

Barthel D, Schlitzer M, Pradel G 
(2008) Telithromycin and quinu-
pristin-dalfopristin induce delayed 
death in Plasmodium falciparum. 
Antimicrob Agents Chemother 52, 
774-777.

Behnsen J, Hartmann A, Schmaler 
J, Gehrke A, Brakhage AA, Zipfel 
PF (2008) The opportunistic human 
pathogenic fungus Aspergillus fumi-
gatus evades the host complement 
system. Inf Immun 76, 820-827.

Castelletti F, Donadelli R, Banterla 
F, Hildebrandt F, Zipfel PF, Bresin 
E, Otto E, Skerka C, Renieri A, 

Peer Reviewed Articles 2008
Originalarbeiten 2008

Department
Biomolecular Chemistry

Christian B, Below A, Dressler N, 
Scheibner O, Luckas B, Gerdts G 
(2008) Are spirolides converted in 
biological systems? – A study.
Toxicon 51, 934-940.

Fritzsche K, Ishida K, Hertweck 
C (2008) Orchestration of discoid 
polyketide cyclization in the resisto-
mycin pathway. J Am Chem Soc 130, 
8307-8316.

Gebhardt P, Crumbliss AL, Miller 
MJ, Moellmann U (2008) Synthesis 
and biological activity of saccharide 
based lipophilic siderophore mimet-
ics as potential growth promoters for 
mycobacteria. Biometals 21, 41-51.

Han L, Huang X, Dahse HM, Moell-
mann U, Grabley S, Lin W, Sattler 
I (2008) New abietane diterpenoids 
from the mangrove Avicennia ma-
rina. Planta Med 74, 432-437.

Huang H, He J, Niu X, Menzel K-D, 
Dahse HM, Grabley S, Fiedler P, 
Sattler I*, Hertweck C* (2008) 
Benzopyrenomycin, a cytotoxic 
bacterial polyketide metabolite with 
an unprecedented benzo[a]pyrene-
type carbacyclic ring system. Angew 
Chem Int Ed 47, 3995-3998.
* equal contribution.

Jahanshahi M, Partida-Martinez 
LP, Hajizadeh S (2008) Preparation 
and evaluation of polymer-coated 
adsorbents for the expanded bed 
recovery of protein products from 
particulate feedstocks. J Chromatogr 
A 1203, 13-20.

Li L, Sattler I, Deng Z, Groth I, 
Walther G, Menzel K-D, Peschel G, 
Grabley S, Lin W (2008) A-seco-
oleane-type triterpenes from Pho-
mopsis sp. (strain HKI0458) isolated 
from the mangrove plant Hibiscus 
tiliaceus. Phytochemistry 69, 511-517.

Li LY, Ding Y, Groth I, Menzel K-D, 
Peschel G, Voigt K, Deng ZW, Sat-
tler I, Lin WH (2008) Pyrrole and 
indole alkaloids from an endophytic 
Fusarium incarnatum (HKI00504) 
isolated from the mangrove plant 
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Candida albicans. Epidemiologisches 
Bulletin 29, 230-231.

Zakikhany K, Thewes S, Wilson 
D, Martin R, Albrecht A, Hube B 
(2008) From attachment to inva-
sion: Infection associated genes of 
Candida albicans. Nippon Ishinkin 
Gakkai Zasshi 49, 245-251.

Hube B (2009) Fungal adaptation to 
the host environment. Current Opin-
ion in Microbiology 12, 1-3.

Almeida RS, Wilson D, Hube B 
(2009) Candida albicans iron acqui-
sition within the host. FEMS Yeast 
Research 9, 1000-1012.

Wilson D, Thewes S, Zakikhany 
K, Fradin C, Albrecht A, Almeida 
R, Brunke S, Grosse K, Martin 
R, Mayer F, Leonhardt I, Schild 
L, Seider K, Skibbe M, Slesiona 
S, Waechtler B, Jacobsen I, Hube 
B (2009) Identifying infection-
associated genes of Candida albicans 
in the post genomic era. FEMS Yeast 
Research 9, 688-700.

Naglik JR, Hube B (2009) Chapter 
9: secreted Candida proteins: patho-
genicity and host immunity. In: 
Bignell E, Ashbee R (Eds.) Handbook 
of pathogenic yeasts, 97-120.

Schaller M, Weindl G, Hube B 
(2009) Introduction: host responses. 
Methods Mol Biol 470, 291-292.

Department Molecular
and Applied Microbiology

Albrecht D, Guthke R, Kniemeyer 
O, Brakhage AA (2008) Systems 
biology of human-pathogenic fungi 
(chap. XXIV). In: Daskalaki A (Ed.) 
Handbook of research on systems 
biology applications in medicine, 
Idea Group Inc, 400-418.

Albrecht D, Kniemeyer O, Guthke 
R, Brakhage AA (2008) Normalisa-
tion of 2D DIGE data – on the way 
to a standard operating procedure. 
BIRD08 Schriftenreihe Informatik 
26, 55-64.

Kniemeyer O, Brakhage AA (2008) 
Proteomics and its application to the 
human-pathogenic fungi Aspergil-
lus fumigatus and Candida albicans. 

In: Brakhage AA, Zipfel PF (Eds.) 
The Mycota VI-Human and Animal 
Relationships, Springer, Berlin.

Brakhage AA, Bergmann S, Schue-
mann J, Scherlach K, Schroeckh V, 
Hertweck C (2009) Fungal genome 
mining and activation of silent gene 
clusters. In: Anke T, Weber D (Eds.) 
The Mycota XV, Physiology and 
Genetics.

Brakhage AA, Gierl A, Hartmann T, 
Strack D (2009) Evolution of meta-
bolic diversity. Phytochemistry 70, 
1619-1620.

Brakhage AA, Thoen M, Sproete 
P, Scharf DH, Al-Abdallah Q, 
Wolke SM, Hortschansky P (2009) 
Aspects on evolution of fungal beta-
lactam biosynthesis gene clusters 
and recruitment of trans-acting fac-
tors. Phytochemistry 70, 1801-1811.

Kniemeyer O, Lessing F, Brakhage 
AA (2009) Proteome analysis for 
pathogenicity and new diagnostic 
markers for Aspergillus fumigatus. 
Med Mycol 47, 248-254.

Schaefer J, Trautmann C, Dill I, 
Fischer G, Gabrio T, Groth I, Jaeckel 
U, Lorenz W, Martin K, Miljanic T, 
Szewzyk R, Weidner U, Kaempfer 
P (2009) Vorkommen von Ac-
tinomyceten in Innenräumen. In: 
Gefahrstoffe-Reinhaltung der Luft 9, 
Springer-VDI-Verlag, 335-341.

Junior Research Group Cellular 
Immunobiology (Dr. Mihály Józsi)

Józsi M, Zipfel PF (2008) Factor H 
family proteins and human dis-
eases. Trends in Immunology 29, 
380-387.

Skerka C, Józsi M, Zipfel PF, Dragon-
Durey MA, Fremeaux-Bacchi V 
(2009) Autoantibodies in Hemolytic 
Uraemic Syndrome (HUS). Thromb 
Haemost 101, 227-232.

Skerka C, Licht C, Mengel M, 
Uzonyi B, Strobel S, Zipfel PF, Józsi 
M (2009) Autoimmune forms of 
thrombotic microangiopathy and 
membranoproliferative glomeru-
lonephritis: indications for a disease 
spectrum and common pathogenic 
principles. Mol Immunol 46, 2801-
2807.

Junior Research Group Microbial 
Biochemistry and Physiology

Brock M (2008) Physiology and 
metabolic requirements of patho-
genic fungi. In: Esser K (Ed.) The 
Mycota IV-A Comprehensive Trea-
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tise on Fungi as Experimental Sys-
tem for Basic and Applied Research, 
Vol. VI, Springer, Heidelberg-Berlin, 
63-82.

Brock M (2009) Crystal ball 2009: 
back to the roots. Microbiol Biotech-
nol 2, 132-133.

Brock M (2009) Fungal metabolism 
in host niches. Curr Opin Microbiol 
12, 371-376.

Brock M (2009) Role of cellular 
control of propionyl-CoA levels for 
microbial pathogenesis. Handbook 
of Hydrocarbon and Lipid Microbiol-
ogy. in press.

Junior Research Group Secondary 
Metabolism of Predatory Bacteria

Nett M, Ikeda H, Moore BS (2009) 
Genomic basis for natural product
biosynthetic diversity in the actino-
mycetes. Nat Prod Rep 26, 1362-
1384.

Nett M, Moore BS (2009) Explora-
tion and engineering of biosynthetic 
pathways in the marine actinomy-
cete Salinispora tropica. Pure Appl 
Chem 81, 1075-1084.
Junior Research
Fungal Septomics

Kurzai O (2009) Nosokomiale Men-
ingitis. In: Frosch M (Ed.) Akute 
bakterielle Meningitis, Unimed 
Verlag AG Bremen, 2. Auflage 2009.

Schmitt C, Villwock A, Kurzai O 
(2009) Recognition of meningococ-
cal molecular patterns by innate 
immune receptors. Int J Med Micro-
biol 299, 9-20.

Wilson D, Thewes S, Zakikhany K, 
Fradin C, Albrecht A, Almeida R, 
Brunke S, Grosse K, Martin R,
Mayer F, Leonhardt I, Schild L, 
Seider K, Skibbe M, Slesiona S,
Waechtler B, Jacobsen I, Hube B 
(2009) Identifying infection-asso-
ciated genes of Candida albicans in 
the postgenomic era. FEMS Yeast 
Res 9, 688-700.

Zakikhany K, Thewes S, Wilson D,
Martin R, Albrecht A, Hube B 
(2008) From attachment to inva-
sion: infection associated genes of 
Candida albicans. Nippon Ishinkin 
Gakkai Zasshi 49, 245-251.

Research Group
Pharmaceutical Biology

Hoffmeister D, Bechthold A (2009) 
Giftpflanzen, Pilzgifte. In: Aktories 
K, Foerstermann U, Hofmann F, 

Starke K (Eds.) Repetitorium Phar-
makologie und Toxikologie, 2. Au-
flage, Elsevier, 447-451.

Hoffmeister D, Bechthold A (2009) 
Kapitel 37.12 und 37.13 (Giftp-
flanzen, Pilzgifte). In: Aktories 
K, Foerstermann U, Hofmann F, 
Starke K (Eds.) Pharmakologie und 
Toxikologie, 10. Auflage, Elsevier, 
1098-1117.

Schneider P, Misiek M, Hoffmeister 
D (2008) In vivo and in vitro produc-
tion options for fungal natural prod-
ucts. Mol Pharm 5, 234-242.

Research Group
Systems Biology / Bioinformatics

Hecker M, Lambeck S, Toepfer S, 
van Someren E, Guthke R (2009) 
Gene regulatory network inference - 
data integration in dynamic models 
- a review. BioSystems 96, 86-103.

Moeller U (2009) Resampling meth-
ods for unsupervised learning from 
sample data. In: Mellouk A, Chebira 
A (Eds.) Machine Learning http://
www.intechweb.org, in-tech review.

Memberships in Editorial Boards 
2008/2009
Mitgliedschaften in Editorial 
Boards 2008/2007

Axel A Brakhage
Applied Environmental Microbiology
Archives of Microbiology
Current Genetics
Applied Microbiology and Biotech-
nology

Matthias Brock
FEMS Microbiology Letters

Christian Hertweck
Chemistry & Biology
Current Opinion in Chemical Biology

Uwe Horn
Microbiological Research

Bernhard Hube
Medical Microbiology and
Immunology
Journal of Medical Microbiology
Medical Microbiology
BMC Microbiology
FEMS Yeast Research
BMC Research Notes
Current Opinion in Microbiology

Peter F Zipfel
Molecular Immunology

Lectures at the HKI 2008
Kolloquien am HKI 2008

Petra Dersch
Technische Universität
Braunschweig
Enteropathogenic Yersinia: invasion 
mechanisms into host cells 
22.01.2008
Host: Hube B

Kevin A. Reynolds
Portland State University, Oregon, 
USA
Natural Product Biosynthesis: From 
Pathway Delineation to New Product 
Formation
22.01.2008
Host: Hertweck C

Gabriele M. König
Rheinische Friedrich-Wilhelms-
Universität Bonn
The diverse secondary metabolome 
of gliding bacteria
29.01.2008
Host: Hertweck C

Anna Erdei
Eötvös Loránd University, Budapest, 
Hungary
Novel functions of complement 
receptors type 1 (CD35, CR1) and 
type 2 (CD21, CR2)
05.02.2008
Host: Zipfel PF

Constantin Urban
Max-Planck-Institut für Infektions-
biologie, Berlin
Neutrophil Extracellular Traps in 
Fungal Infections
11.02.2008
Host: Hube B

Fritz Thoma
ETH Zürich, Switzerland
The bright side of UV-light – Learn-
ing about chromatin dynamics and 
transcription with the help of DNA-
repair
19.2.2008
Host: Saluz HP

Albert Sickmann
DFG-Forschungszentrum für Experi-
mentelle Biomedizin der Universität 
Würzburg
Membrane Proteomics
26.02.2008
Host: Brakhage AA, Kniemeyer O

Andreas Pospischil
Universität Zürich Switzerland
La Chlamydiose si elle existe elle 
est partou
11.03.2008
Host: Saluz HP

Sabine Rüsch-Gerdes
Forschungszentrum Borstel, 

Leibniz-Zentrum für Medizin und 
Biowissenschaften
Neuere und neueste Ergebnisse
der Tuberkulose-Forschung
18.03.2008
Host: Zipfel PF, Stelzner A,
Brakhage AA

Karl-Heinz Wiesmüller
EMC microcollections GmbH,
Tübingen
Synthetic bacterial lipopeptide
anologues as Toll-like receptor 
ligands in innate immunity
15.04.2008
Host: Roth M

Oliver Kurzai
Julius-Maximilians-Universität 
Würzburg
Pathogen or commensal? -recogni-
tion of C. albicans by neutrophils
29.04.2008
Host: Zipfel PF

Sucharit Bhakdi
Johannes Gutenberg-Universität 
Mainz
Innate Immunity and the patho-
genesis of Arteriosclerosis:
A heretic view
08.05.2008
Host: Zipfel PF

Hildgund Schrempf
Universität Osnabrück
Protein-vermittelte Interaktionen 
zwischen Streptomyceten und Pilzen
27.05.2008
Host: Brakhage AA, Horn U

Jochen Süss
Friedrich-Loeffler-Institut –
Bundesforschungsinstitut
für Tiergesundheit
Zecken und Zeckenbiss-
erkrankungen
10.06.2008
Host: Zipfel PF, Stelzner A,
Brakhage AA

Jörn Piel
Rheinische Friedrich-Wilhelms-
Universität Bonn
Die tragbare Chemiefabrik:
Tierwirkstoffe aus bakteriellen 
Symbionten
17.06.2008
Host: Hertweck C

Kristian Riesbeck
Lund University, Malmö, Sweden
Immunevasion of Respiratory
Pathogens
15.07.2008 
Host: Zipfel PF

Hiroyuki Osada
RIKEN Advanced Science Institute, 
Wako, Japan
Chemical biology on osteoclast 
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inhibitors isolated from micro-
organisms
05.08.2008
Host: Hertweck C

Klaus Benndorf
Universitätsklinikum Jena
Activation of CNG and HCN chan-
nels with cyclic nucleotides allows 
to directly relate ligand binding 
conformational change in a receptor 
protein
21.10.2008
Host: Zipfel PF, Stelzner A,
Brakhage AA

Klaus Höffken
Universitätsklinikum Jena
Perspektiven der Krebserkrank-
ungen
18.11.2008
Host: Zipfel PF, Stelzner A,
Brakhage AA

Ralf Bergmann
Helmholtz-Zentrum Dresden-
Rossendorf
Kleintier Positronen-Emissions-
Tomographie zur in vivo Charakteri-
sierung von Tumoren
02.12.2008
Host: Saluz HP, Opfermann T

Lectures at the HKI 2009
Kolloquien am HKI 2009

Bettina Fries
Albert Einstein College of Medicine 
of Yeshiva University, New York, 
USA
Phenotypic switching in Cryptococ-
cus neoformans and its implications 
for virulence
06.02.2009
Host: Hube B

Martin Hofrichter
Internationales Hochschulinstitut 
Zittau
Mushroom peroxygenases: extra-
cellular enzymes that catalyze 
oxygen transfer reactions
11.02.2009
Host: Brakhage AA

James F. Beck
Universitätsklinikum Jena
Angeborene Immundefekte
03.03.2009
Host: Brakhage AA, Zipfel PF,
Stelzner A

Ernst Th. Rietschel
Präsident der Leibniz-Gemeinschaft
Unsterbliche Musik und tödliche 
Blutvergiftung – Vom Sepsistod 
berühmter Komponisten
23.04.2009
Host: Brakhage AA

Christoph Binder
Medizinische Universität Wien, 
Austria
Oxidation-specific epitopes are im-
portant targets of innate immunity
12.05.2009
Host: Zipfel PF

Matthias Dürst
Universitätsklinikum Jena
Interventionsmöglichkeiten beim 
Zervixkarzinom
19.05.2009
Host: Brakhage AA, Zipfel PF,
Stelzner A

Reuben J. Peters
Max-Planck-Institut für chemische 
Ökologie, Jena
To Gibberellins and Beyond! Investi-
gating Labdane-Related Diterpenoid 
Biosynthesis in Plants and Patho-
gens
09.06.2009
Host: Hertweck C

Jon Clardy
Harvard Medical School, Harvard 
University, Boston, USA
Lessons from Bugs – The Chemistry 
of Insect-Bacteria Mutualisms
24.06.2009
Host: Hertweck C

Mark Brönstrup
Sanofi-Aventis Deutschland GmbH
Natural Product Research at Sanofi-
Aventis
07.07.2009
Host: Brakhage AA

David Martin
Tepha Medical Devices Inc.,
Lexington, USA
TephaFLEX® Absorbable Sutures: 
From DNA to Medical Device
08.09.2009
Host: Roth M

Peter Neubauer
Technische Universität Berlin
EnBase - controlled growth in mi-
crotiter plates for high throughput 
screening and bioprocess scale up
22.09.2009
Host: Horn U

Dietmar G. Forstmeyer
Boeters & Lieck Patentanwälte, 
München
Erfindungen und Schutzrechte am 
HKI
13.10.2009
Host: Ramm M

Andreas Stallmach
Universitätsklinikum Jena
Bakterielle Störungen im
Gastrointestinaltrakt
20.10.2009
Host: Brakhage AA, Zipfel PF,
Stelzner A

Hans-R. Figulla, Maria Wartenberg
Universitätsklinikum Jena
Stammzellen in der Forschung -
und in der Klinik (?)
01.12.2009
Host: Brakhage AA, Zipfel PF,
Stelzner A

Scientific Awards 2008
Preise und Auszeichnungen 2008

Almeida, Ricardo S.C.
medac-Forschungspreis
medac GmbH, Wedel

Bergmann, Sebastian
Posterpreis des Kongresses “New 
Directions in Molecular Genetics 
and Genomics”, Freiburg

Brunke, Sascha
medac-Forschungspreis
medac GmbH, Wedel

Habicht, Gernot
medac-Forschungspreis
medac GmbH, Wedel

Haupt, Katrin
medac-Forschungspreis
medac GmbH, Wedel

Haupt, Katrin
medac-Forschungspreis
medac GmbH, Wedel

Hebecker, Mario
Trainee Award of the XXII Interna-
tional Complement Workshop

Heyken, Antje
medac-Forschungspreis
medac GmbH, Wedel

Hortschansky, Peter
medac-Forschungspreis
medac GmbH, Wedel

Hube, Bernhard
Heinz-Maurer-Preis für Dermatolo-
gische Forschung (Bereich Klinische 
Forschung)
Sebapharma GmbH, Boppard

Hube, Bernhard
Fellowship of the American
Academy of Microbiology (AAM)

Jacobsen, Ilse D.
Posterpreis beim 1. Leipziger 
Human- und Tiermedizin-Sympo-
sium „Infektion und Immunität: 
Forschung, Entwicklung und
Anwendung“, Leipzig

Knüpfer, Uwe
medac-Forschungspreis
medac GmbH, Wedel

Kurzai, Oliver
Förderpreis
Deutsche Gesellschaft für Hygiene 
und Mikrobiologie DGHM

Lauer, Nadine
Posterpreis auf dem 4th Pro Retina 
Research-Kolloquium, Potsdam

Partida-Martinez, Laila
Posterpreis der Jahrestagung der 
VAAM, Frankfurt/M.
VAAM

Partida-Martinez, Laila
DECHEMA-Promotionspreis
DECHEMA

Reuter, Michael
Posterpreis auf dem 4th Interna-
tional Infection Biology Meeting, 
Malmö, Sweden

Reuter, Michael
medac-Forschungspreis
medac GmbH, Wedel

Richter, Martin
medac-Forschungspreis
medac GmbH, Wedel

Scharf, Daniel H.
medac-Forschungspreis
medac GmbH, Wedel

Scharf, Daniel H.
Posterpreis der Jahrestagung der 
VAAM, Frankfurt/M.
VAAM

Shelest, Ekaterina
medac-Forschungspreis
medac GmbH, Wedel

Spröte, Petra
medac-Forschungspreis
medac GmbH, Wedel

Traitcheva, Nelly
medac-Forschungspreis
medac GmbH, Wedel

Vödisch, Martin
Promega Award für Wissenschafts-
journalismus
PROMEGA

Vödisch, Martin
Hans Rieth-Posterpreis der 42. Jah-
restagung der Deutschsprachigen 
Mykologischen Gesellschaft in Jena
DMykG

Wieligmann, Karin
medac-Forschungspreis 2008
medac GmbH, Wedel

Winkler, Robert
Promotionspreis anlässlich der
der Jahrestagung der VAAM,
Frankfurt/M.
VAAM
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Wolke, Sandra
medac-Forschungspreis
medac GmbH, Wedel

Zipfel, Peter F.
Heinz-Spitzbart-Preis der European 
Society for Infectious Diseases in 
Obstetrics and Gynaecology
(ESIDOG)

Zipfel, Peter F.
Lecture Award for the Immunology 
Letters (efis) at the Annual Meeting 
of the Hungarian Society for Immu-
nology, Budapest, Hungary

Scientific Awards 2009
Preise und Auszeichnungen 2009

Almeida, Ricardo
Wissenschaftspreis der Stiftung der 
Deutschsprachigen Mykologischen 
Gesellschaft
DMykG

Brock, Matthias
Dr. Manfred Plempel Stipendium 
der Stiftung der Deutschsprachigen 
Mykologischen Gesellschaft
DMykG

Brock, Matthias
Wissenschaftspreis für Lebenswis-
senschaften und Physik des Beuten-
berg-Campus Jena e.V., Kategorie 
Nachwuchswissenschaftler
Beutenberg-Campus Jena e.V.

Busch, Benjamin
medac-Forschungspreis
medac GmbH, Wedel

Dahse, Hans-Martin
medac-Forschungspreis
medac GmbH, Wedel

Enghardt, Tina
medac-Forschungspreis
medac GmbH, Wedel

Gropp, Katharina
medac-Forschungspreis
medac GmbH, Wedel

Grumbt, Maria
Young Outstanding Investiga-
tor Award des 3. FEBS Advanced 
Lecture Course “Human Fungal 
Pathogens”
FEBS

Hälbich, Steffi
medac-Forschungspreis
medac GmbH, Wedel

Hallström, Teresia
Best oral presentation on the 12th 
European Meeting on Complement 
in Human Disease, Visegrad,
Hungary

12th European Meeting on
Complement in Human Disease

Hartmann, Andrea
medac-Forschungspreis
medac GmbH, Wedel

Heinen, Stefan
medac-Forschungspreis
medac GmbH, Wedel

Jacobsen, Ilse D.
Posterpreis Grundlagenforschung 
und Diagnostik der Stiftung der 
Deutschsprachigen Mykologischen 
Gesellschaft
DMykG

Kusebauch, Björn
medac-Forschungspreis
medac GmbH, Wedel

Lauer, Nadine
medac-Forschungspreis
medac GmbH, Wedel

Lauer, Nadine
Posterpreis auf dem 5th Pro
Retina Research-Kolloquium
5th Pro Retina Research-Kolloquium

Lüttich, Anja
Posterpreis auf dem 1. Symposium 
der International Leibniz Research 
School/Jenaer School for Microbial 
Communications, Jena
JSMC/ILRS

Martin, Karin
medac-Forschungspreis
medac GmbH, Wedel

Martin, Ronny
Posterpreis der Firma Bayer Vital 
anlässlich des internationalen 
Kongresses „Sepsis und Multiorgan-
versagen“
Firma Bayer Vital

Mihlan, Michael
medac-Forschungspreis
medac GmbH, Wedel

Nützmann, Hans-Wilhelm
medac-Forschungspreis
medac GmbH, Wedel

Roth, Martin
medac-Forschungspreis
medac GmbH, Wedel

Scharf, Daniel
Examenspreis der Biologisch-
Pharmazeutischen Fakultät
FSU Jena

Scherlach, Kirstin
medac-Forschungspreis
medac GmbH, Wedel

Schmidt-Heck, Wolfgang
medac-Forschungspreis
medac GmbH, Wedel

Schroeckh, Volker
medac-Forschungspreis
medac GmbH, Wedel
Schümann, Julia
medac-Forschungspreis
medac GmbH, Wedel

Shelest, Ekatarina
medac-Forschungspreis
medac GmbH, Wedel

Skibbe, Melanie
Posterpreis Grundlagenforschung 
und Diagnostik der Deutschspra-
chigen Mykologischen Gesellschaft
DMykG

Staib, Peter
Heinz P.R. Seeliger Preis der
Seeliger-Stiftung
Seeliger-Stiftung

Stippa, Selina
medac-Forschungspreis
medac GmbH, Wedel

Thön, Marcel 
Best poster presentation of the meet-
ing of the Xth International Fungal 
Biology Conference Ensenada, 
Mexico
Xth International Fungal Biology 
Conference

Wiehl, Ulrike
medac-Forschungspreis
medac GmbH, Wedel

Wilson, Duncan
Best Talk Prize Formedium at the 
Annual Meeting of the British
Mycological Society (BMC), Dundee, 
Scotland
Firma Formedium

Wilson, Duncan
Posterpreis “Young Investigator 
Award” des Journals Cell Host & 
Microbe und “Young Outstanding 
Investigator Award” des Journals 
Eukaryotic Cell beim 3. FEBS Ad-
vanced Lecture Course “Human 
Fungal Pathogens”
Zeitschriften Cell Host & Microbe 
und Eukaryotic Cell

Zipfel, Peter F.
Hauptpreis der Deutschen Gesell-
schaft für Hygiene und Mikrobio-
logie
DGHM

Appendix   HKI Research Report 2008 | 2009



224

Inventions and Patents 2008/2009
Erfindungen und Schutzrechte
2008/2009

In addition to publications in peer reviewed journals, intellectual property 
rights are main performance parameters reflecting the quality of research at 
the HKI. In 2008/2009 a remarkable number of inventions were filed both by 
departments focusing on natural product research and by technology-orient-
ed groups, thus broadening the patent-portfolio of the institute. HKI patents 
resulted in a number of fruitful co-operations with industry and affected the 
institute’s budget advantageously.
A group of HKI scientists led by Prof. Christian Hertweck discovered the first 
secondary metabolite from a strictly anaerobic bacterium, Clostridium cel-
lulolyticum. The substance – named closthioamide – possesses a highly unu-
sual symmetric structure containing numerous sulphur atoms. Biological 
profiling by the Internal Product Line revealed that the new molecule shows 
strong antibacterial activity against multiresistant pathogens. Presently, 
this promising lead structure is being developed into a drug candidate by 
chemical and molecular biological methods.
The application for new patents is stringently evaluated within the HKI and 
focuses on novel biologically active natural products and their (bio-)synthetic 
derivatives. Since 2006 the HKI co-operates with Ascenion GmbH, Munich, 
to further optimize technology transfer and commercialization activities. 
This project is funded by the Federal Ministry of Education and Research.

Schutzrechte sind neben Originalpublikationen in referierten Fachjournalen 
ein wesentlicher Leistungsparameter für die Forschungsarbeit am HKI. So-
wohl die naturstoffchemisch arbeitenden Abteilungen als auch Technologie-
orientierte Gruppen trugen im Zeitraum 2008/2009 mit einer Reihe von Er-
findungen zum Schutzrechts-Portfolio des Instituts bei. Vom HKI angemelde-
te Patente führten zu einer Reihe fruchtbarer Industriekooperationen und 
wirkten sich positiv auf das Budget des Instituts aus.
Eine Gruppe von Wissenschaftlern aus dem HKI entdeckte unter Leitung von 
Prof. Christian Hertweck den ersten sekundären Naturstoff bei einem strikt 
anaeroben Bakterium. Die neue Substanz – sie erhielt die Bezeichnung Clos-
thioamid – ist ein strukturell sehr ungewöhnliches, symmetrisches Molekül, 
das zahlreiche Schwefelatome besitzt. Die biologische Profilierung in der 
Durchgehenden Bearbeitungslinie des HKI zeigte zudem, dass Closthioamid 
gegen multiresistente Krankheitserreger aktiv ist. Derzeit wird die Leit-
struktur mit chemischen und molekularbiologischen Methoden zu einem 
Arzneistoffkandidaten weiterentwickelt.
Die Anmeldung neuer Schutzrechte unterliegt einer strengen hausinternen 
Evaluation und konzentriert sich auf neue, biologisch aktive Naturstoffe und 
deren (bio-)synthetische Derivate. In einem BMBF-geförderten Projekt zur 
effektiven Verwertung der Schutzrechte arbeitet das HKI seit 2006 erfolg-
reich mit der Ascenion GmbH, München zusammen.

ILRS Group Seminar
Brakhage AA, Schmidt D
Jena, Germany
2008

DFG-SPP 1160 Statusworkshop
Brakhage AA, Kniemeyer O
Jena
2008

Photonics meets Life Science
Popp J, Brakhage AA, Boland W
Jena, Germany
2008

International Workshop Droplet-
based microfluidics for high-
throughput applications in life 
sciences
Brakhage AA, Roth M
Jena, Germany
2008

Invasive Mycoses in Hematological 
Malignancies II
Kurzai O et al.
Würzburg, Germany
2008

International Workshop Transcrip-
tome and Proteome Data Analysis 
and Warehousing towards Systems 
Biology
Guthke R et al.
Stuttgart, Germany
2008

International Workshop Gene
Regulatory Network Inference
Guthke R et al.
Jena, Germany
2008

Irseer Naturstofftage
Hertweck C et al.
Irsee, Germany
2009

ILRS Group Seminar
Schmidt D, Zipfel PF
Jena, Germany
2009

ILRS Group Seminar
Schmidt D, Zipfel PF
Jena, Germany
2009

4th International Workshop on 
Thrombotic Microangiopathies
John U, Kentouche K, Wolf G,
Skerka C, Zipfel PF
Weimar, Germany
2009

Joint ILRS/JSMC Symposium
Schmidt D, Zipfel PF, Brakhage 
AA, Boland W, Kothe E, Thoms C
Jena, Germany
2009
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In the presence of soil extracts the obligate anaerobe Clostridium cellulolyticum 
produces a symmetric molecule with a central diaminopropyl moiety connected 
by polythioamide linkers to terminal p-hydroxybenzoyl groups. This compound, 
named closthioamide, was found to have antibiotic activity against methicillin-
resistant Staphylococcus aureus and vancomycin-resistant enterococci.

Hertweck C, Werneburg M,
Roth M, Dahse HM (2008)
Novel Aureothin Derivatives
EP 08 007 043.6

Brock M, Ibrahim-Granet O (2008)
Bioluminescent Strain Aspergillus 
fumigatus
PCT/EP2009/062340

Zipfel PF, Skerka C, Wallich
Neue Regulatoren des angeborenen 
Immunsystems
DE 10 2008 049 136.5, PCT/
EP2009/006963

Linde K, Große-Herrenthey A, 
Krüger M, Büsing K, Jacobsen I
Impfstämme gegen bakterielle und 
fungale Infektionen.
DE 10 2008 062 9413

Deigner HP, Russwurm S, Saluz HP 
(2009)
Control genes for the normalization 
of gene expession analysis data
EP20080716110

Abdou R, Dahse HM, Hertweck C, 
Scherlach K, Sattler I (2009)
Botryosphaerones, novel depsidones 
and their use as medicaments
EP2230235

Behnken S, Dahse HM, Hertweck 
C, Ishida K, Kloß F, Lincke T, Roth 
M (2009)
Closthioamides
EP09013674

Meetings, Workshops,
Symposia 2008/2009
Wissenschaftliche
Veranstaltungen 2008/2009

Irseer Naturstofftage
Hertweck C et al.
Irsee, Germany
2008

SIM Meeting (Natural Products 
Session)
Hertweck C et al.
San Diego, USA
2008

42. Wissenschaftliche Tagung der 
Deutschsprachigen Mykologischen 
Gesellschaft e.V. (DGMyk)
Brakhage AA, Hipler U-C, Hube B, 
Zipfel PF, Brock M
Jena, Germany
2008

ILRS Symposium
Schmidt D, Zipfel PF
Dornburg/Jena, Germany
2008
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4th International Congress “Sepsis 
and Multiorgan Dysfunction”
Brakhage AA, Reinhart K
Weimar, Germany
2009

DFG-SPP1160 Meeting
Brakhage AA, Kniemeyer O
Jena, Germany
2009

Invasive Mycoses in Hematological 
Malignancies III
Kurzai O et al.
Würzburg, Germany
2009

Jahrestagung der Deutschen 
Pharmazeutischen Gesellschaft 
DPhG 2009
Hoffmeister D et al.
Jena, Germany
2009

International Workshop on Integra-
tive Network Inference in Systems 
Biology
Guthke R et al.
Jena, Germany
2009

Living with pathogens – never lose 
control (International Symposium 
of the DFG Collaborative Research 
Centre 479)
Kurzai O et al.
Würzburg, Germany
2009

Participation in Research
Networks 2008/2009
Beteiligung an Netzwerken und 
Verbundprojekten 2008/2009

Exzellenz-Graduiertenschulen
der Deutschen Forschungs-
gemeinschaft

Jena School for Microbial Commu-
nication JSMC
Teilprojekt 3: “Criss-Cross” talk 
between filamentous fungi and 
streptomycetes
Axel Brakhage/Volker Schroeckh
Laufzeit: 11/2007 – 03/2011

Jena School for Microbial Commu-
nication JSMC
Teilprojekt 4: Interaction of Candida 
albicans and host cells: Fungal nutri-
ent acquisition and host defense 
mechanisms
Matthias Brock
Laufzeit: 11/2007 – 03/2011

Jena School for Microbial Commu-
nication JSMC
Teilprojekt 6: Molecular basis of 
bacterial-fungal symbioses
Christian Hertweck
Laufzeit: 11/2007 – 09/2012

Jena School for Microbial Commu-
nication JSMC
Teilprojekt 9: Crosstalk between in-
nate pathogen sensing molecules
Mihály Józsi
Laufzeit: 11/2007 – 04/2011

Jena School for Microbial Commu-
nication JSMC
Teilprojekt 10: Development of a 
procedure to avoid misincooperation 
of rare amino acids into therapeutic 
proteins during high cell density 
fermentation
Uwe Horn
Laufzeit: 11/2007 – 10/2011

Jena School for Microbial Commu-
nication JSMC
Teilprojekt 19: Immunevasion of 
pathogenic microbes
Peter Zipfel
Laufzeit: 07/2008 – 06/2011

Jena School for Microbial Commu-
nication JSMC
Teilprojekt 21: Host pathogen inter-
actions of human pathogenic yeast
Bernhard Hube
Laufzeit: 10/2008 – 01/2012

Jena School for Microbial Commu-
nication JSMC
Teilprojekt 26: Systems biology of 
human pathogenic fungi: Modeling 
transcriptional networks of viru-
lence
Reinhard Guthke
Laufzeit: 10/2008 - 10/2011

Jena School for Microbial Commu-
nication JSMC
Teilprojekt 31: Comparative genom-
ics of host/chlamydiales interactions
Hans Peter Saluz
Laufzeit: 10/2008 – 01/2012

Jena School for Microbial Commu-
nication JSMC
Teilprojekt 34: Analysis of environ-
mental signalling and morphoge-
netic control in the human patho-
genic yeast Candida albicans
Peter Staib
Laufzeit: 10/2008 – 11/2011

Jena School for Microbial Commu-
nication JSMC
Teilprojekt 39: Analysis of the in-
teraction of the human pathogenic 
fungus Aspergilllus fumigatus with 
immune effector cells by functional 
genomics
Axel Brakhage
Laufzeit: 09/2009 – 12/2012

Sonderforschungsbereiche
der Deutschen Forschungs-
gemeinschaft

Sonderforschungsbereich 604:
Multifunktionelle Signalproteine
Teilprojekt B02: Regulation of 
DNA polymerase alpha, Cdc45 and 
TopBP1 at the Initiation step of DNA 
replication
Frank Hänel
Laufzeit: 07/2005 – 12/2009

Schwerpunktprogramme
der Deutschen Forschungs-
gemeinschaft 

Schwerpunktprogramm 1152:
Evolution metabolischer Diversität
Nicht-colineare Thiotemplat-Sys-
teme als Modell für die Evolution 
von Polyketidsynthasen
Christian Hertweck
Laufzeit: 01/2008 – 12/2010

Schwerpunktprogramm 1160:
Kolonisation und Infektion durch 
humanpathogene Pilze
Koordination
Axel Brakhage
Laufzeit: 08/2008 – 12/2010

Schwerpunktprogramm 1160:
Kolonisation und Infektion durch 
humanpathogene Pilze
Teilprojekt: Immune evasion mecha-
nisms of the human pathogenic 
yeast Candida albicans
Peter Zipfel
Laufzeit: 09/2008 – 12/2010

Schwerpunktprogramm 1160:
Kolonisation und Infektion durch 
humanpathogene Pilze
Teilprojekt: Carbon-and nitrogen 
utilisation of pathogenic Candida 
and Aspergillus species during 
pathogenesis
Matthias Brock
Laufzeit: 08/2008 – 12/2010

Schwerpunktprogramm 1160:
Kolonisation und Infektion durch 
humanpathogene Pilze
Teilprojekt: Identification and char-
acterisation of virulence associated 
genes during oral infections with 
Candida albicans
Bernhard Hube
Laufzeit: 08/2008 – 12/2011

Schwerpunktprogramm 1160:
Kolonisation und Infektion durch 
humanpathogene Pilze
Teilprojekt: Identification of viru-
lence determinants of the human-
pathogenic fungus Aspergillus 
fumigatus by proteome analysis
Axel Brakhage
Laufzeit: 08/2008 – 12/2010

Schwerpunktprogramm 1160:
Kolonisation und Infektion durch 
humanpathogene Pilze
Teilprojekt: Holistic approach to 
genomics of human-pathogenic fun-
gi: Data warehouse for integration of 
data on transcriptome, proteome and 
metabolome of Candida albicans and 
Aspergillus fumigatus
Axel Brakhage / Reinhard Guthke
Laufzeit: 08/2008 – 07/2010

Schwerpunktprogramm 1160:
Kolonisation und Infektion durch 
humanpathogene Pilze
Teilprojekt: Molecular analysis of 
the poly-telomeric CTA2 gene fam-
ily of Candida albicans: Elucidation 
of genetic or epigenetic regulation 
of their differential expression, 
localisation and functional analyses 
in vitro and during the early phase 
of colonisation on porcine intestinal 
epithelium
Jürgen Wendland
Laufzeit: 07/2006 – 06/2008

EU-Projekte

Programme Information Society 
Technologies FP6/2002/IST/1
Teilprojekt: Nature-inspired Smart 
Information Systems
Reinhard Guthke
Laufzeit: 01/2005 – 01/2008

Integrated Project: New medicines 
for tuberculosis (NM4TB) (FP6)
Ute Möllmann
Laufzeit: 01/2006 – 12/2008

Integrating and strengthening the 
European Research Area Specific 
Targeted Project MANASP (FP6)
Development of novel management 
strategies for invasive aspergillosis
Axel Brakhage / Olaf Kniemeyer
Laufzeit: 12/2006 – 05/2010

Marie Curie Research Training 
Networks SIGNALPATH (FP6)
MAP kinase cascades controlling 
virulence in fungi: from signals to 
pathogenicity response
Axel Brakhage / Thorsten 
Heinekamp
Laufzeit: 11/2005 – 10/2009

Marie Curie Research Training 
Networks CaInfectome (FP7)
Unravelling the infectome of Can-
dida albicans
Bernhard Hube
Laufzeit: 05/2008 – 05/2010

Marie Curie Research Training 
Networks FINSysB (FP7)
Pathogenomics and systems biology 
of fungal infections - an integrative 
approach
Bernhard Hube
Laufzeit: 11/2008 – 10/2012
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Verbundvorhaben des
Bundesministeriums für Bildung 
und Forschung

ZIK Septomics
Forschungsgruppe Fungal Septom-
ics: Molekulare Mechanismen in der 
Pathogenese der Sepsis durch Pilze
Axel Brakhage / Oliver Kurzai
Laufzeit: 11/2009 – 10/2014

GenomikPlus
Teilprojekt: Neue antibakterielle 
und antitumorale Polyketide durch 
Biokombinatorik
Christian Hertweck
Laufzeit: 08/2006 – 12/2009

BioChancePLUS-2: Verbundpro-
jekt: Individualisierte Medizin: 
Tool zur Therapieentscheidung – 
Apherese/Immunadsorption-Chip
Teilprojekt 4: Bioinformatische 
Analysen der RA-Patienten: Identifi-
zierung von Genen und Genproduk-
ten für das Ansprechverhalten 
zur Apherese-Immunadsorptions-
therapie
Reinhard Guthke
Laufzeit: 09/2006 – 01/2010

HepatoSys-Systembiologie regen-
erierender Hepatozyten
Teilprojekt B3: Dynamische Mod-
ellierung des Wnt/beta-Catenin 
Signalweges während der Leber-
regeneration
Reinhard Guthke
Laufzeit: 01/2007 – 12/2009

SERIZELL
Teilprojekt: Systemevaluierung mit 
ausgewählten Bioassays
Martin Roth
Laufzeit: 01/2005 – 06/2008

Technologietransfer
Verstetigung der Verwertungskon-
zepte in den lebenswissenschaft-
lichen Instituten der WGL – Leibniz-
Institut für Naturstoff-Forschung 
und Infektionsbiologie e.V. – Hans-
Knöll-Institut - (HKI)
Michael Ramm
Laufzeit: 01/2009 – 03/2012

ERA-Net PathoGenoMics-FunPath
Genomweite Ansätze zur 
Aufklärung der molekularen Patho-
genitätsmechanismen des Human-
pathogens Candida glabrata
Bernhard Hube
Laufzeit: 02/2007 – 03/2010

ERA-NET PathoGenoMics-Aper-
gillosis
Die Zellwand als Target zur Verbes-
serung der antifungalen Therapie 
der Aspergillose
Olaf Kniemeyer
Laufzeit: 02/2009 – 05/2012

SPICE
Schnelle Diagnose und Überwa-
chung von Shrimpkrankheiten und 
Shrimppathogenen in natürlicher 
Umgebung und in der Aquakultur
Hans Peter Saluz
Laufzeit: 08/2007 – 12/2010

Zoonotische Chlamydien
Molekulare Pathogenese: Charakter-
isierung der Virulenz zoonotischer 
Chlamydien und der Wirtszellreak-
tion nach Infektion – vergleichende 
Transkriptom-, Proteom- und Inter-
aktom-Untersuchungen
Hans Peter Saluz / Frank Hänel
Laufzeit: 09/2007 – 12/2010

INTERCOMMUNIC(A)TE
Integrierte Suche nach neuen Wirk-
stoffen aus Mikroorganismen aus 
einzigartigen chinesischen Lager-
stätten
Christian Hertweck
Laufzeit: 04/2008 – 12/2011

PET-CT
PET/CT zur Darstellung von Infek-
tion und Entzündung: Reduction, 
Refinement und Replacement von 
Tierversuchen
Hans Peter Saluz / Ilse Jacobsen
Laufzeit: 05/2008 – 09/2011

FORSYS
Teilprojekt 5: Dynamik und Regula-
tion der metabolischen Balance in 
E. coli
Reinhard Guthke
Laufzeit: 07/2008 – 06/2011

JenAge
Jenaer Centrum für die Systembio-
logie des Alterns - JenAge: System-
biologie von mildem Stress beim 
gesunden Altern ein Multi-Spezies-
Ansatz
Reinhard Guthke
Laufzeit: 10/2009 – 09/2012

DiNaMid
Genom-basierte Findung neuer 
antimikrobieller Naturstoffe in 
mikrofluidischen Chips; TP: Identi-
fizierung neuer Stoffwechselwege 
und Naturstoff-Isolierung
Markus Nett / Martin Roth
Laufzeit: 10/2009 – 09/2012

Weitere Verbundvorhaben

German Israeli Foundation for 
Scientific Research & Develop-
ment
Focusing on Hormone-Independent 
Breast Cancer
Christian Hertweck
Laufzeit: 01/2006 – 12/2008

National Institutes of Health 
(NIH)
Novel Derivatization / Functionali-
zation of Natural Products
Ute Möllmann 
Laufzeit: 09/2005 – 07/2008

Bundesumweltamt
Untersuchungen zum Vorkommen 
und zur gesundheitlichen Relevanz 
von Bakterien in Innenräumen
Ingrid Groth
Laufzeit: 12/2005 – 05/2008

Calls for Appointments 
2008/2009
Rufe 2008/2009

Christian Hertweck
Professor für Naturstoffchemie
an der Friedrich-Schiller-Universität 
Jena
Ruf an die Technische Universität 
München (2008)
– abgewendet –

Laila Partida-Martinez (2008)
Assistant Professor
University of Monterrey, Mexico

Robert Winkler (2008)
Assistant Professor
University of Monterrey, Mexico

Dirk Hoffmeister (2009)
Professor für Pharmazeutische 
Biologie
Biologisch-Pharmazeutische 
Fakultät der Friedrich-Schiller-
Universität Jena

Oliver Kurzai (2009)
Professur für Fungal Septomics
Friedrich-Schiller-Universität Jena

Postdoctoral Lecture
Qualifications 2008/2009
Habilitationen 2008/2009

Kurzai, Oliver (2008)
Vom Kommensalen zum Krank-
heitsserreger – mikrobielle und 
immunologische Voraussetzungen 
für Virulenzvariation
Julius-Maximilians-Universität 
Würzburg

Graduations 2008/2009
Promotionen 2008/2009

2008

Al-Abdallah, Qusai
Regulation ot the CCAAT-binding 
complex of Aspergillus nidulans 
under oxidative stress and iron-
depleting conditions
Friedrich-Schiller-Universität Jena

Almeida, Ricardo S.C. 
Die Rolle von Eisen für die Virulenz 
von Candida albicans bei oralen 
Infektionen
Friedrich-Schiller-Universität Jena

Haupt, Katrin
Rekrutierung von Komplementregu-
latoren der Faktor H Proteinfamilie 
als Mechanismen der Immunevasion 
humanpathogener Erreger
Friedrich-Schiller-Universität Jena

Ibanez, Alfredo
Development of a polymeric planar 
microwell device (pMALDI chip) 
for enhancing protein analysis in 
combination with MALDI-TOF/MS 
instrumentation
Friedrich-Schiller-Universität Jena

Leßing, Franziska
Untersuchungen zu den molekula-
ren Mechanismen der Stressantwort 
von Aspergillus fumigatus bei Inter-
aktion mit Immuneffektorzellen
Friedrich-Schiller-Universität Jena

Mitra, Sirsha
Herbivore induced changes in the 
plant’s proteome and the role of 
atypical herbivore-responsive pro-
teins in Nicotiana attenuata
Friedrich-Schiller-Universität Jena

Schmidt, Uta
Das multifunktionelle Signalprotein 
Topoisomerase IIß-Bindeprotein 
1 (TopBP1) und seine Funktion in 
der DNA-Schadenserkennung und 
Replikation
Friedrich-Schiller-Universität Jena

Siegemund, Martin
Analyse der Protein-Transphos-
phorylierungsaktivität der Phos-
phatidylinositol 3-Kinase Vps34p 
aus Candida albicans
Friedrich-Schiller-Universität Jena

Spröte, Petra
Regulation and evolution of the 
penicillin biosynthesis gene cluster 
of Aspergillus nidulans
Friedrich-Schiller-Universität Jena
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Bachelor / Master / Diploma 
Theses 2008/2009
Bachelor- / Master- / Diplom-
arbeiten 2008/2009

2008

Bechstein, Stefanie
Funktionsanalyse von pilzlichen 
PKS/NRPS-Hybridsynthasen
Friedrich-Schiller-Universität Jena

Biedermann, Gesine
Untersuchung der Expression 
des Gens yvcC in Bacillus subtilis 
Wildtyp und der Cervimycin C-
resistenten Mutante 8R
Fachhochschule Jena

Böhme, Julia
Rolle von Proteinen der Faktor H 
Familie bei der alterabhängigen 
Makuladegeneration
Friedrich-Schiller-Universität Jena

Brendel, Nicole
Untersuchung der Rhizoxin-Biosyn-
these in Pseudomonas fluorescens 
Pf-5 und Burkholderia rhizoxinica B1
Friedrich-Schiller-Universität Jena

Eberhardt, Hannes
Charakterisierung des Complement 
related proteins 2 (CFHR2)
Friedrich-Schiller-Universität Jena

Enghardt, Tina
Komplement Immunevasion bei 
Krebszellen
Friedrich-Schiller-Universität Jena

Fries, Alexander
Mutagenese- und Aktivitätsstudien 
an AurF, einer Mn-abhängigen N-
Oxygenase
Friedrich-Schiller-Universität Jena

Grützmann, Konrad
Rekonstruktion von Genregulations-
netzwerken bei Candida albicans
Friedrich-Schiller-Universität Jena

Kaleta, Christoph
Inference of Gene Regulatory Net-
works in Escherichia coli.
Friedrich-Schiller-Universität Jena

Köhler, Katja
Molekulare Mechanismen der 
Immunevasion von Pseudomonas 
aeruginosa
Friedrich-Schiller-Universität Jena

Litsche, Katrin
Untersuchung der Wirkung des bio-
aktiven Phellinus-Pilzextrakts auf 
Protein- und microRNA-Expression 
in menschlichen Tumorzellen
Friedrich-Schiller-Universität Jena

Mech, Franziska
Bestimmung optimaler Probesets 
mittels boolescher Terme
Friedrich-Schiller-Universität Jena

Münzberg, Christin
Immunevasionmechanismen der 
humanpathogenen Hefe Candida 
albicans
Friedrich-Schiller-Universität Jena

Scharf, Daniel
Identifizierung und Charakter-
isierung Yap-ähnlicher Transkrip-
tionsfaktoren aus Aspergillus 
nidulans
Friedrich-Schiller-Universität Jena

Steinbrücker, Carolin
Aufreinigung und Charakter-
isierung des eisenabhängigen Tran-
skriptionsfaktors HapX in Aspergil-
lus nidulans
Friedrich-Schiller-Universität Jena

Steube, Arndt
UV-Laser-X-ChIP Display zum 
Studium von Nukleoprotein Kom-
plexen in vivo
Friedrich-Schiller-Universität Jena

Vogel, Annette
Vergleichende Proteomik von 
Chlamydophila spp. infizierten BGM-
Zellen
Friedrich-Schiller-Universität Jena

Wartenberg, Dirk
Identifizierung und Charakter-
isierung der sekretierten Proteine 
des humanpathogenen Pilzes Asper-
gillus fumigatus
Friedrich-Schiller-Universität Jena

Wiehl, Ulrike
Funktionelle Charakterisierung der 
Faktor H-verwandten Proteine 1 und 
3 (FHR-1 und FHR-3)
Friedrich-Schiller-Universität Jena

Wolf, Katharina
Funktionelle Analyse von vier 
potentiellen chlamydialen (Chla-
mydophila pneumoniae) Apoptose-
Inhibitoren
Friedrich-Schiller-Universität Jena

Wolke, Sandra
Proteom- und molekulargenetische 
Analyse von Aspergillus fumigatus 
und A. nidulans
Friedrich-Schiller-Universität Jena

2009

Böhm, Sascha
Vergleichende Charakterisierung 
fusionierter Komplementinhibitoren 
von Staphylococcus aureus
Friedrich-Schiller-Universität Jena

Villwock, Andrea
Bedeutung des Klasse A Scavenger 
Rezeptors für die Zytokinsekretion 
von humanen dendritischen Zellen 
nach Kontakt mit dem humanen 
Pathogen Neisseria meningitidis
Julius-Maximilians-Universität 
Würzburg

Werneburg, Martina
Chemo-Biosynthese von Aureothin 
und verwandten Pyronverbindungen
Friedrich-Schiller-Universität Jena

Wozniok, Iwona
Interaktion von humanen Granu-
lozyten mit den Pilzen Candida 
albicans und Aspergillus fumigatus
Universität Stuttgart

Zöllner, Tina
Chemische Derivatisierung des 
Makrolid-Antibiotikums Leuco-
mycon
Friedrich-Schiller-Universität Jena

2009

Gehrke, Alexander
Charakterisierung heptahelikaler 
Rezeptoren in Aspergillus fumigatus
Friedrich-Schiller-Universität Jena

Misiek, Mathias
Untersuchung der Armillylorsell-
inat-Biosynthese aus dem Phyto-
pathogen Armillaria mellea zur ein-
fachen Evaluation seiner Virulenz
Albert-Ludwigs-Universität Freiburg

Schmaler-Ripcke, Jeannette
Melanin in the human pathogenic 
fungus Aspergillus fumigatus: Dis-
covery of a novel melanin in the fun-
gus and the use of conidial melanin 
as a target for camelid heavy-chain 
antibodies
Friedrich-Schiller-Universität Jena

Schneider, Patrick
Untersuchung der Biosynthese von 
Terrechinon A, Atromentin und 
Ralfuranon
Albert-Ludwigs-Universität Freiburg

Schümann, Julia
Identifikation and Manipulation of 
Fungal PKS-NRPS Hybrid Pathways
Friedrich-Schiller-Universität Jena

Shroff, Rohit
Enhancing MALDI for Metabolomic 
Analysis: Novel Matrices and Mole-
cular Imaging
Friedrich-Schiller-Universität Jena

Trinh Thi Tam, Bao
Response of human leukemia cell 
upon treatment with bioactive ex-
tracts from tropical medical mush-
rooms
Friedrich-Schiller-Universität Jena

Boland, Sebastian
Analyse von NRPS-Gen-Clustern in 
endofungalen Bakterien
Friedrich-Schiller-Universität Jena

Böttger, Daniela
Molecular Jigsaw with Two Related 
Fungal PKS-NRPS Hybrids; Engi-
neering Cytochalasan and Lovasta-
tin Biosynthesis
Friedrich-Schiller-Universität Jena

Bretschneider, Tom
Funktionelle Analyse einer Keto-
synthase mit ungewöhnlicher Acyl-
transfer-Funktion
Fachhochschule Jena

Domin, Nicole
Erzeugung biolumineszierender 
Aspergillus terreus- und Fusarium 
solani-Stämme und Untersuchungen 
zur Propionyl-CoA Detoxifizierung
Friedrich-Schiller-Universität Jena

Fazius, Eugen
Entwicklung und Implementierung 
von datenbankbasierten Software-
Tools für die Vorhersage von Trans-
kriptionsfaktorbindestellen in patho-
genen Pilzen
Fachhochschule Bingen

Greßler, Markus
Sekundärmetabolite des filamentös-
en Pilzes Aspergillus terreus: Expres-
sionsanalyse und Produktnachweis
Friedrich-Schiller-Universität Jena

Groh, Katrin
Molekulare Ansätze zum Studium 
von Shrimp-Pathogen-Interaktionen
Friedrich-Schiller-Universität Jena

Horn, Fabian
Full Genomic Microarray Probe 
Design for Aspergillus nidulans 
Friedrich-Schiller-Universität Jena

Keller, Sophia
Regulation des Tyrosinabbaus und 
der Pyomelanin-Biosynthese in 
Aspergillus fumigatus
Friedrich-Schiller-Universität Jena

König, Claudia
Aktivierung eines stillen Gen-
clusters des humanpathogenen 
Pilzes Aspergillus fumigatus durch 
Kultivierung mit Streptomyces rapa-
mycinicus
Friedrich-Schiller-Universität Jena

Kopka, Isabell
Die Rolle von Apolipoteinen bei 
der Phagozytose von geschädigten 
humanen Endothelzellen
Friedrich-Schiller-Universität Jena
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Krichel, Boris
Analyse des Auflösungsvermögens 
eines PET/µCT-Scanners für die 
Kleintierbildgebung
Fachhochschule Jena

Lapp, Katrin
Funktionelle Charakterisierung der 
Hämolysine von Aspergillus fumiga-
tus und deren Bedeutung für die 
Pathogenität
Friedrich-Schiller-Universität Jena

Leonhardt, Ines
Charakterisierung der Interaktion 
von Candida albicans mit Neutro-
philen mit Hilfe von Mutanten und 
GFP-Reporterstämmen
Friedrich-Schiller-Universität Jena

Macheleidt, Juliane
Pyomelaninbildung und Proteinki-
nase A-regulierte Prozesse in dem 
humanpathogenen Pilz Aspergillus 
fumigatus
Friedrich-Schiller-Universität Jena

Roth, Mareike
Genome-wide profiles of in vivo 
Stat1-DNA interactions using UV 
laser X ChIP technologies
Fachhochschule Krems, Österreich

Massier, Julia
Untersuchung neuer Interaktionen 
zwischen chlamydialen Proteinen 
und humanen Wirtszellproteinen
Friedrich-Schiller-Universität Jena

Müller, Sebastian
Robuste Erkennung von Strukturen 
in molekularbiologischen Daten 
auf der Grundlage des Ensemble-
Clusterings 
Friedrich-Schiller-Universität Jena

Ottwald, Dirk
Studien zur Synthese von Aureo-
thin-Konjugaten
Friedrich-Schiller-Universität Jena

Maiwald, Peter
Das Malat Enzym aus Aspergillus 
fumigatus: Identifizierung der bio-
chemischen Parameter und phäno-
typische Charakterisierung von 
Deletionsmutanten
Fachhochschule Jena

Priebe, Steffen
Gütebewertung von Netzwerk-
inferenz-Verfahren
Friedrich-Schiller-Universität Jena

Rohm, Barbara
Toxinproduktion lebensmittel-
relevanter Burkholderien
Friedrich-Schiller-Universität Jena

Rommel, Kerstin
Molekularbiologische Untersuchung 
der oxidativen Umlagerung in der 
Chartreusin-Biosynthese
Friedrich-Schiller-Universität Jena

Schau, Virginie
Molekularbiologische und chemis-
che Untersuchungen an einem 
tropischen Baumpilz
Friedrich-Schiller-Universität Jena

Stelzner, Kristin
Interaktion von Akut-Phase-Prote-
inen und Komplementproteinen
Friedrich-Schiller-Universität Jena

Miesch, Stephanie
Molekularbiologische Untersu-
chungen zur Entwicklung eines 
Transformationssystems für den 
humanpathogenen Dermatophyten 
Trichophyton rubrum
Fachhochschule Lausitz

Stock, Magdalena
Inferring Gene Regulatory Networks 
from Microarray Data of Candida 
albicans
Friedrich-Schiller-Universität Jena

Ueberschaar, Nico
Semisynthese von Chartreusin-
Derivaten
Friedrich-Schiller-Universität Jena

Uhde, Melanie
Complement evasion strategies of 
Pseudomonas aeruginosa
Friedrich-Schiller-Universität Jena

van der Smissen, Anja
Transkriptionsprofil des human-
pathogenen Pilzes Aspergillus fu-
migatus während der Konfrontation 
mit humanem Blut
Friedrich-Schiller-Universität Jena

Voigt, Jessica
Herstellung chimärer Antigen-
Rezeptoren zur tumorspezifischen 
Armierung von T-Lymphozyten
Technische Universität Dresden

Vollstädt, Sebastian
Optimierung und Standardisierung 
eines Fermentations- und Down-
stream-Prozesses zur Herstellung 
eines Antibiotikums
Hochschule Anhalt (FH), Köthen

Wackler, Barbara
Genomische Untersuchung zu Bio-
synthese der Urdamycine C und D 
in Streptomyces fradiae
Albert-Ludwigs-Universität Freiburg
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Walther, Elisabeth
Untersuchungen zur genetischen 
Variabilität von indonesischen 
Penaeus monodon Shrimps
Fachhochschule Jena

Weber, Nadia
Klonierung und Charakterisierung 
von Apolipoprotein H
Friedrich-Schiller-Universität Jena
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Third-party funds during the period reported: composition of the sources of income
Drittmittelausgaben im Berichtszeitraum: Verteilung über die Drittmittelgeber

External Funding 2008/2009
Drittmittel 2008/2009

OthersFree State of
Thuringia

IndustryEUBMBFDFG
0

200

Total receipts: 3,358 T €

2008T €

400

600

800

1,000

1,200

Joint Initiative
for Research and 

Innovation

ZIK
Septomics

0

200

Total receipts: 3,940 T €

2009T €

400

600

800

1,000

1,200

OthersFree State of
Thuringia

IndustryEUBMBFDFG Joint Initiative
for Research and 

Innovation

ZIK
Septomics
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HKI  Leibniz-Institut für Naturstoff-Forschung
und Infektionsbiologie – Hans-Knöll-Institut

Leibniz-Institut für Altersforschung –
Fritz-Lipmann-Institut

Abbe-Zentrum Beutenberg

Fraunhofer-Institut für Angewandte Optik und Feinmechanik

Institut für Physikalische Hochtechnologien

Institut für Angewandte Physik
(Friedrich-Schiller-Universität Jena)

Max-Planck-Institut für Biogeochemie

Max-Planck-Institut für chemische Ökologie

Technologie- und Innovationspark

BioInstrumentezentrum

Centrum für Molekulare Biomedizin
(Friedrich-Schiller-Universität Jena)

1

2

3

4

5

6

7

8

9

10

11
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HKI

Leibniz Institute for Natural Product Research and Infection Biology e. V.

– Hans Knöll Institute –

Beutenbergstraße 11 a

07745 Jena / Germany

Phone +49 (0)36 41 532-1011

Fax +49 (0)36 41 532-0801

E-Mail info@hki-jena.de

www.hki-jena.de


