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In 2019/2020, our researchers published 218 articles, including
191 peer-reviewed articles in scientific journals. A number of these
articles are presented as highlights throughout the report.
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DEAR READERS, DEAR

FRIENDS OF THE FMP,

LIEBE LESER*INNEN,
LIEBE FREUND*INNEN

DES FMP,

In the almost three decades since its foundation,
the Leibniz-Forschungsinstitut fir Molekulare
Pharmakologie (FMP) has established itself as one
of the world’s most outstanding research centers
in molecular pharmacology. Unlike most medical
institutions, which conduct disease-based or
indication-based pharmacological research, the
FMP takes an interdisciplinary approach to
molecular pharmacology. This approach involves
researchers from structural biology working
together with scientists from the fields of genetics,
physics, chemical biology or cell biology. The aim
of this interdisciplinary mode of research is to
develop novel approaches to molecular diagnos-
tics and therapy, helping us create the medicine
of tomorrow.

Our research must constantly evolve to remain
at the forefront of science. This applies not only
to the development or establishment of new
technologies, such as CRISPR-based genome
engineering or innovative methods of structural
biology, but also to the biological topics and
systems under study. As a result of our efforts to
foster change, we have recruited Noa Lipstein,
Daniel Roderer and Johannes Broichhagen as
new junior group leaders during the 2019/2020

reporting period. By using innovative genetic,
chemical biological and structural biological
methods such as cryo-electron microscopy, they
seek to explore the causes of neurological disor-
ders and of colorectal cancer in a bid to develop
new options for the diagnosis and treatment of
these diseases. In turn, junior group leaders Tanja
Maritzen and Janine Kirstein have left the Institute
to take up professorships at the universities of
Kaiserslautern and Bremen, respectively. In this
way, the FMP contributes visibly to Germany's
role as a science location by acting as a breeding
ground for successful early-stage researchers. We
would also like to take this opportunity to thank
Ronald Kiihne and Gerd Krause, group leaders
who helped shape and determine research at the
FMP and who have now retired.

Successful research has also led to the founding
of the spin-off companies Tubulis and ProSion,
which take innovative chemical biological and
synthetic approaches to disease control. Both
companies are a testament to the successful
translational research conducted at the FMP and
atthe Campus Berlin-Buch.

In addition to these examples of successful
enterprise creation, we have also enhanced our
role as a partner of Berlin's universities in the
last two years. For example, Fan Liu, leader of the
Structural Interactomics research group, was
additionally appointed as Professor for Structural
Interactomics at Charité - Universitatsmedizin in
2020; a joint professorship in Structural Chemical
Biology with Technische Universitat Berlin is now
reaching the final appointment stage. These
examples illustrate how closely the FMP is linked
to Berlin’s universities, and to the non-university
institutions that have teamed up to form the
BR50 alliance, to which the FMP also belongs.

An important development in the reporting
period is the further expansion of EU-OPEN-
SCREEN - a European high-capacity screening
network initiated by the FMP located on Campus
Berlin-Buch - and its partner sites at the FMP. As
such, Campus Berlin-Buch has established itself
as the European gateway for drug screening
research.

Last but not least, FMP scientists once again
scooped numerous awards and prizes for their
successful work in 2019/2020, which we see as

a great honor and an incentive to keep up the
great work. Turn the page to read more about
our research and how the resulting insights



could foster new ways of drug development -
from fighting viral-based infectious diseases to
brain dysfunction.

| hope you enjoy reading it!
Volker Haucke

Das Leibniz-Forschungsinstitut fir Molekulare
Pharmakologie (FMP) hat sich in den nahezu drei
Jahrzehnten seit seiner Griindung als eines der
weltweit herausragenden Forschungszentren der
Molekularen Pharmakologie etabliert. Anders
als die meisten medizinischen Einrichtungen, die
krankheits- oder indikationsbasierte pharmako-
logische Forschung betreiben, verfolgt das FMP
ein interdisziplindres Konzept der molekularen
Pharmakologie, in welchem Forschende aus
der Strukturbiologie mit Wissenschaftler*innen
der Genetik, Physik, Chemischen Biologie oder
Zellbiologie zusammenarbeiten. Das Ziel dieser
interdisziplindren Forschung ist es, neue Ansatze
der molekularen Diagnostik und Therapie zu
entwickeln und so die Medizin von morgen zu
erschaffen.

Um am Puls der Zeit zu bleiben, ist unsere For-
schung bestandiger Veranderung unterworfen. Das
betrifft sowohl die Entwicklung oder Etablierung
neuer Technologien wie des CRISPR-basierten
Genom-Engineerings oder innovativer Methoden
der Strukturforschung als auch die biologischen
Fragestellungen und Systeme. So haben wir im
Berichtszeitraum 2019/2020 Noa Lipstein, Daniel
Roderer und Johannes Broichhagen als neue Ju-
niorgruppenleiter*innen gewinnen kénnen, die mit
innovativen genetischen, chemisch-biologischen
und strukturbiologischen Methoden wie der Kryo-
Elektronenmikroskopie die Ursachen neurolo-
gischer Stérungen und von Darmkrebs-Erkrankun-
gen ergriinden wollen, um so neue Méglichkeiten
der Diagnostik und Behandlung zu entwickeln. Im
Gegenzug haben die Gruppenleiterinnen Tanja
Maritzen und Janine Kirstein das Institut verlassen,
um Professuren an den Universitaten in Kaisers-
lautern und Bremen zu Gibernehmen. Damit tragt
das FMP sichtbar als Brutstatte erfolgreicher
Nachwuchswissenschaftler*innen zum Wissen-
schaftsstandort Deutschland bei. Unser Dank gilt
auch unseren nunmehr in den Ruhestand ein-
tretenden Gruppenleitern Ronald Kiihne und Gerd
Krause, die Uber Jahrzehnte die Wissenschaft am
Institut mitbestimmt und gepragt haben.

Erfolgreiche Forschung hat dariiber hinaus zur
Griindung der Spin-Off-Unternehmen Tubulis und
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ProSion gefiihrt, die innovative chemisch-biolo-
gische und synthetische Ansatze zur Krankheits-
bekédmpfung verfolgen. Beide Unternehmen sind
damit ein Ausweis erfolgreicher translationaler
Forschung am FMP und auf dem Campus Berlin-
Buch.

Neben diesen Beispielen gegliickter Unterneh-
mensgriindungen haben wir in den vergangenen
beiden Jahren auch unsere Rolle als Kooperati-
onspartner der Berliner Universitaten ausgebaut.
So ist Fan Liu, Leiterin der Forschungsgruppe
Strukturelle Interaktomik, seit 2020 Inhaberin einer
gleichnamigen Professur an der Charité-Uni-
versitatsmedizin; eine gemeinsame Professur
fur Strukturelle Chemische Biologie mit der
Technischen Universitat Berlin befindet sich im
finalen Stadium der Berufung. Diese Beispiele
illustrieren die enge Verzahnung mit den Berliner
Universitaten, aber auch mit den auBeruniversi-
téren Einrichtungen der BR50, zu denen das FMP
gehort.

Eine wichtige Entwicklung im Berichtszeitraum
ist der weitere Ausbau von EU-OPENSCREEN,
eines vom FMP initiierten europaischen Netzwerks
fur Hochdurchsatz-Screening mit Sitz auf dem
Campus Berlin-Buch, und seiner Partnersites am
FMP. Damit hat sich der Campus Berlin-Buch als
europaische Schnittstelle der screeningbasierten
Wirkstoffforschung etabliert. SchlieBlich haben
FMP-Wissenschaftler*innen auch in 2019/2020 fiir
ihre erfolgreichen Arbeiten zahlreiche Anerken-
nungen und Preise erhalten, die uns Ehre und An-
sporn zugleich sind. Lesen Sie auf den folgenden
Seiten mehr iber unsere Forschung und die Frage,
wie die sich daraus ergebenden Erkenntnisse
neue Wege der Arzneimittelentwicklung beférdern
kénnten - von der Bekdmpfung virusbasierter
Infektionskrankheiten bis zu Fehlfunktionen des
Gehirns.

Ich wiinsche lhnen viel Vergniigen dabei!
Volker Haucke
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2 01 9 AWARDS

PREISE

GUEST
PROFESSORSHIP

GASTPROFESSUR

— Christian Hackenberger was Visiting Professor
(Novartis Lecturer) at the New York University
(NYU).

Christian Hackenberger war Gastprofessor
(Novartis Lecturer) an der New York University
(NYU).

CON
GRATULA

TIONS

APPOINTMENTS

BERUFUNGEN

- Janine Kirstein has accepted a call to the chair of
Cell Biology (W2 professorship) at the University
of Bremen.

Janine Kirstein hat einen Ruf auf den Lehrstuhl
Zellbiologie (W2-Professur) an der Universitat
Bremen angenommen.

08 AWARDS

— Alexander Walter received the Young Investigator

Award (€ 3,345,575) of the Novo Nordisk Founda-
tion in Copenhagen, Denmark.

Alexander Walter erhielt den Young Investigator
Award (3.345.575 Euro) der Novo Nordisk Founda-
tion in Kopenhagen, Dédnemark.

Volker Haucke received the Feldberg Prize 2020,
which is awarded annually by the Feldberg
Foundation for anglo-german scientific exchange.
The aim is to promote scientific exchange between
British and German researchers in the field of
experimental medicine.

Volker Haucke erhielt den Feldberg-Preis 2020.
Die Auszeichnung wird jéhrlich von der Feldberg
Foundation for anglo-german scientific exchange
verliehen. Ziel der Stiftung ist es, den wissen-
schaftlichen Austausch zwischen britischen und
deutschen Forscher*innen auf dem Gebiet der
experimentellen Medizin zu férdern.

Dr. Carl Oster (Lange group) received a research
fellowship for young scientists from the Human
Frontier Science Program (HFSP, 2019-2022,
€139.500). Using solid-state NMR, the biophysicist
wants to study dynamic processes in potassium-
selective and non-selective ion channels.

Dr. Carl Oster (AG Lange) erhielt vom Human
Frontier Science Program (HFSP, 2019-2022,
139.500 Euro) ein Forschungsstipendium fur
junge Wissenschaftler*innen. Mithilfe der Fest-
korper-NMR will der Biophysiker dynamische
Prozesse in kaliumselektiven und nicht-selekti-
ven lonenkanélen untersuchen.

Volker Haucke was elected to the renowned
“Academia Europaea”. The Academia Europaea
is a European, non-governmental association
that functions as an academy.

Volker Haucke wurde in die renommierte
+~Academia Europaea” gewahlt. Die Academia
Europaea ist eine europaische, nichtstaatliche
Vereinigung, die als Akademie fungiert.

Adam Lange was elected Member of the Executive
Board of Einstein Center of Catalysis, Berlin.
Adam Lange wurde zum Mitglied im Vorstand
des Einstein Center of Catalysis, Berlin, gewahlt.

RESEARCH REPORT 2019/2020



AWARDS

PREISE

Volker Haucke received a prestigious ERC Ad-
vanced Grant of the European Research Council
(ERC). The biochemist was granted total funding
of up to €2.5 million for a period of five years for
his highly innovative research on the assembly
of synapses (SynapseBuild project).

Fan Liu from the Leibniz-Forschungsinstitut fir
Molekulare Pharmakologie (FMP) was awarded a
prestigious ERC Starting Grant by the European
Research Council (ERC). The scientist was granted
a total of up to €1.5 million (SynLink project)

Christian Hackenberger was honored at the
Falling Walls conference with a “Breakthrough of
the Year” award in the life sciences. Ten scientific
“breakthroughs of the year” were announced on
Monday in various disciplines. With this award,
the jury recognizes Christian Hackenberger's
research on protein-based biopharmaceuticals.
These efforts led to the foundation of the highly
successful start-up Tubulis (see p. 76)

Dr. Marc-André Kasper from Christian
Hackenberger’s department was awarded the
Humboldt Prize 2020 for the doctoral thesis he
completed at the Department of Chemistry at
the Humboldt-Universitat zu Berlin. In his PhD
thesis on “Chemoselective synthesis of functional
drug conjugates”, he developed an innovative
method for producing antibody drug conjugates.
He also won the Best PhD Thesis Award 2020,
sponsored by the Biochemistry Division of the
German Chemical Society (GDCh).

APPOINTMENTS

BERUFUNGEN GUEST

PROFESSORSHIP

Tanja Maritzen was appointed to a
W2 professorship for Nanophysiology at the
Technische Universitat Kaiserslautern.

GASTPROFESSUR

Fan Liu was appointed professor of Structural
Informatics. The co-appointment was in collabo-
ration with Charité - Universitatsmedizin Berlin.

Volker Haucke was Visiting Professor (Professeur
invité) at the Institute of Psychiatry and Neuro-
science of Paris, Université Paris Descartes (iPNP).



SECTION

MOLECULAR
PHYSIOLOGY AND
CELL BIOLOGY

BEREICH

MOLEKULARE
PHYSIOLOGIE UND
ZELLBIOLOGIE
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Life is based on complex cellular and physio-
logical mechanisms, and their well-orchestrated
interplay. In the case of disease, this interplay
becomes unbalanced. Research in the “Molecular
Physiology and Cell Biology” section aims to
improve our understanding of such mechanisms
in molecular detail and to study their dysfunction
in disease. Cellular targets for pharmaceutical
intervention - many of them membrane proteins
such as ion channels or molecules involved in
cellular trafficking - are identified and studied
in their physiological environment. In addition,
their modulation by bioactive compoundsis
explored. According to our mission to create

a broader basis for pharmacology, we study
less-explored membrane proteins and molecules
of key importance for intracellular trafficking or
signaling. A major focus is on neurobiology, with
several groups working on trafficking and signal
transduction at the synapse. Other research
topics include the role of lysosomes in protein
degradation and cellular metabolism - an area
that is highly relevant for many neurodegener-
ative diseases - and ion channels and signaling
processes, the importance of which extends to
tissues beyond the nervous system. We employ
a broad arsenal of techniques, ranging from
molecular and cellular biology to biochemistry
and biophysics, and from sophisticated imaging
techniques to whole-animal physiology using
genetically modified mice, which often directly
model human disease. Our projects benefit
greatly from interactions with other FMP sections,
including those concerned with structural biol-
ogy and modeling, drug and siRNA screening,
and chemical biology.



PHYSIOLOGY AND PATHOLOGY
OF ION TRANSPORT

PHYSIOLOGIE UND PATHOLOGIE
DES IONENTRANSPORTS

We aim to understand ion transport processes from the molecular to the cellular
and up to the level of the organism. The latter levels are addressed through

an investigation of genetic mouse models and the analysis of human genetic
diseases. In particular, we study CLC CI- channels and transporters and, more
recently, volume-regulated VRAC/LRRC8 and acid-activated ASOR/TMEM206
channels. Key research areas are structure/function analysis, neurobiology,
extracellular signaling, volume regulation, and the endosomal-lysosomal system.
We investigate many organs, including the brain, inner ear, kidney, the immune
system and endocrine organs such as the adrenal gland and endocrine pancreas.
After our breakthrough in identifying the long-sought volume-regulated anion
channel VRAC in 2014, we now elucidate its diverse functions. Most recently, we
found that it is important for innate immunity by transporting the messenger
molecule cGAMP. Our recent (2019) identification of ASOR opened yet another
new area of research. Our analysis of a large collection of mouse models has
already provided novel biological and medically important insights.



https://www.leibniz-fmp.de/jentsch

DESCRIPTION OF PROJECTS

ROLE OF CLC CL- CHANNELS AND TRANSPORTERS IN HUMAN DISEASE

Our previous work has shown that the loss of the plasma membrane Cl- channel
CIC-2 leads to male infertility and leukodystrophy, whereas gain of function
mutations causes hyperaldosteronism. We investigated the mechanism leading
to overproduction of aldosterone and hypertension, using a novel mouse model
expressing a hyperactive CIC-2 mutant. We also used cell type-specific CIC-2 KO
mice to pinpoint the cell types responsible for the knock-out phenotypes. CIC-3
to CIC-7 are CI/H* exchangers on endosomes and lysosomes. Their disruption
leads to mainly neuronal pathology in mice and men. We have now shown that
the CI-/H* exchange activity of CIC-3, which forms heteromers with CIC-4, is
crucial for its biological role. Our previous CIC-6 KO mouse model showed
mild neuronal lysosomal storage, but we were unable to find human CLCNé
mutations. Together with human geneticists, we have now identified three un-
related children with severe developmental delay and neurodegeneration with
exactly the same missense mutation in CLCNé. This mutation strongly activates
CIC-6 ion transport and generates grossly enlarged lysosome-like vesicles when
transfected into cells (Figure 1). Hence this newly described human disorder may
be described as lysosomal storage disease.

PHYSIOLOGICAL ROLES OF THE VOLUME-REGULATED VRAC/LRRC8

ANION CHANNELS

We previously found that VRACs are heteromers of up to five different LRRC8
proteins. The specific subunit composition not only determines biophysical
properties, but also the range of substrates that can permeate this channel.
Intriguingly, VRACs not only transport small ions such as Cl, but also a broad
range of small molecules such as amino acids and anti-cancer drugs, as we
found previously. Together with Hui Xiao (Shanghai), we have now found that
VRAC also transports cGAMP, a messenger produced in response to cytosolic
double-stranded DNA. By activating the ER-resident STING receptor, cGAMP
triggers a signal transduction cascade that leads to increased transcription of
interferon genes and activation of downstream targets. DNA is present in the
cytosol, e.g. in cancer cells or after infection with DNA viruses. The transfer of
cGAMP to neighboring cells, via exit and uptake through VRAC (which depends
on its subunit composition), enhances the immune response. Indeed, mice
lacking the Lrrc8e VRAC subunit, which we found to be crucial for VRAC's cGAMP
transport, exhibited enhanced pathology after infection with a DNA virus. Thus,
VRAC plays a role in innate immunity against viral infections, and probably also
cancer. To study other roles of VRAC, we have generated mouse lines expressing
epitope-tagged LRRC8 subunits and are investigating roles of VRAC in cell
type-specific KO mice.




MOLECULAR PHARMACOLOGY
AND CELL BIOLOGY

MOLEKULARE PHARMAKOLOGIE
UND ZELLBIOLOGIE

HOW DO CELLS COMMUNICATE WITH EACH OTHER?

Cells communicate with each other by secreting signaling molecules and rec-
ognizing those from other cells. For example, nerve cells release neurotransmitters
contained in small membrane-bounded vesicles at synaptic cell contacts to elicit
responses in neighboring cells. We are studying how nerve cells form and assem-
ble synapses and how synaptic vesicles containing messenger substances are
recycled to keep synapses up to speed in fractions of a second. In neurological
and neurodegenerative diseases such as Alzheimer’s disease, these processes are
disrupted. Not only neurons, but almost all cells in our body release or respond
to signaling molecules. Growth factors such as insulin and nutrients promote cell
growth and division, while suppressing the degradation of metabolites. In cancer
cells, this nutrient signaling pathway is often disturbed. We have deciphered
cellular mechanisms that regulate nutrient signaling and thus the balance between
cell growth and metabolite degradation. Understanding these mechanisms is
essential for a better understanding of diseases such as cancer and diabetes. In
addition, we use this knowledge to develop new pharmacological approaches
for the treatment of such diseases.



https://www.leibniz-fmp.de/haucke

— DESCRIPTION OF PROJECTS

Research within the department covers two major areas: (i) the role of exo-
endocytic membrane dynamics in synapse function and neuronal development
and (ii) the regulation of membrane homeostasis and cell signaling by phospho-
inositides (Pls) and related molecules. We also develop and use super-resolution
light (e.g. multi-color STORM and 3D-gSTED, TIRF-SIM), electron microscopy,
and correlative light-electron microscopy approaches to study these processes.

Membrane dynamics in the functioning of the nervous system

Neurons are characterized by an elaborate membrane system that underlies their
ability to convey electrical and chemical signals to enable neuronal communication
in the brain and in the peripheral nervous system. Using mouse knockout tech-
nology, stem cell-derived human neurons, and RNA interference in combination
with electron microscopy and optical imaging, including optogenetics and
electrophysiology, we aim to dissect the pathways and molecular mechanisms of
autophagosomal and endolysosomal membrane dynamics, synaptic vesicle (SV)
exo-endocytosis, and axonal transport of SV precursor organelles in the healthy
and diseased nervous system. In recent studies, we found that neuronal autophagy,
a process that counteracts aging and neurodegeneration, regulates presynaptic
neurotransmission by controlling the axonal endoplasmic reticulum (ER) (Kuijpers
et al., 2020; Figure 1). Our findings suggest a model where neuronal autophagy
controls axonal ER calcium stores to regulate neurotransmission in healthy neurons
and in the brain. We also uncovered a molecular mechanism that is responsible for
the growth of the myelin sheath, a specialized insulating structure crucial for the
fast conduction of nerve impulses. This pathway involves the small GTPase Rab35
and its associated lipid phosphatases MTMR13 and MTMR2, encoded by genes
responsible for peripheral Charcot-Marie-Tooth neuropathy types 4B2 and B1 in
humans. Pharmacological inhibition of this pathway can ameliorate neuropathic
phenotypes, and may thus present a novel therapy for these diseases.

Regulation of endocytic and endolysosomal membrane homeostasis and cell
signaling by phosphoinositides

Eukaryotic cells internalize nutrients, antigens, growth factors, pathogens, ion
channels and receptors via endocytosis. We found that membrane remodeling
in endocytosis is tightly linked to the regulated synthesis and turnover of phospho-
inositide signaling lipids (Pls), which act by orderly recruitment of Pl-binding
BAR domain proteins (Lehmann et al., 2019). Other major efforts are directed at
elucidating how Pl conversion along the endolysosomal pathway is linked to
cell signaling processes, e.g. nutrient signaling at lysosomes. In recent studies,
we have discovered a pathway for the repression of nutrient signaling by local
lipid synthesis via a lysosomal PI 3-kinase isoform that is regulated by protein
kinase N (Wallroth et al., 2019). As many Pl-metabolizing enzymes are implicated
in cancer, diabetes or hereditary disorders such as Charcot-Marie-Tooth disease,
we also seek to identify novel pharmacological and chemical inhibitors of select
Pl-metabolizing enzymes.

FORSCHUNGSBERICHT 2019/2020

SELECTED PUBLICATIONS

Kuijpers, M., Kochlamazashvili, G., Stumpf,
A., Puchkov, D., Swaminathan, A., Lucht, MT.,
Krause, E., Schmitz, D., Haucke, V. (2020)
Neuronal autophagy regulates presynaptic
neurotransmission by controlling the
axonal endoplasmic reticulum.

Neuron 109 (2), 299-313.e9.

Sawade, L., Grandi, F., Mignanelli, M., Patifio-
Lépez, G., Klinkert, K., Langa-Vives, F., Di
Guardo, R., Echard, A., Bolino, A., Haucke, V.
(2020) Rab35-regulated lipid turnover by
myotubularins represses mTORC1 activity
and controls myelin growth.

Nat Commun 11, 2835.

Wallroth, A., Koch, PA., Marat, AL., Krause, E.,
Haucke, V. (2019) Protein kinase N controls a
lysosomal lipid switch to facilitate nutrient
signaling via mTORC1.

Nat Cell Biol. 21, 1093-1101.

SELECTED EXTERNAL FUNDING

BMBF, “"Neurobiological basis of polyamine
protection from age-induced memory
decline (SMARTAGE)", V. Haucke, 07/2015-
06/2020,€438,924

Deutsche Forschungsgemeinschaft,
Reinhart Koselleck Award (HA 2686/13-1),
01/2017-12/2021,€750,000

European Research Council (ERC)
Advanced Grant, Mechanisms of Presynaptic
Biogenesis and Remodeling [SynapseBuild],
€2,497,000,01/2021-12/2025

SPECIAL AWARDS/HONORS

2020 ERC Advanced Grant, European
Research Council

2020 Feldberg Prize for Research in
Physiology and Pharmacology

2020 Professeurinvité at the Institute of
Psychiatry and Neuroscience of Paris,
Université Paris Descartes (iPNP)

2019 Elected Member of the Academia
Europaea/Academy of Europe (AE)

2019 Armin Schram Lecture of the German
Neuroscience Society
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MOLECULAR NEUROSCIENCE
AND BIOPHYSICS

MOLEKULARE NEUROWISSEN-
SCHAFTEN UND BIOPHYSIK

Our principal research interests are glutamate receptors and the excitatory
synapses in which they reside. These fine connections between nerve cells are
implicated in cognition and brain disease. We aim to understand the molecular
basis of fast excitatory transmission, and to develop methods to observe and
alter synapse activity. To achieve these goals, we study receptor activation with
a range of biophysical techniques, including electrophysiology, single-channel
recording, fluorescence microscopy and computer simulations. We complement
these approaches with investigations of ion channel structure and composition
using chemical biology, X-ray crystallography and biochemistry. We employ
computational approaches to build novel insights into receptor activation and
develop our own software to analyze single receptor activity. A further aspect
of our research is to extend these studies to other important components of fast
signaling in the brain, such as enzymes and other ion channels.

DESCRIPTION OF PROJECTS

STRUCTURAL AND COMPUTATIONAL STUDIES OF ION PERMEATION IN
GLUTAMATE RECEPTORS

Recently, open-state structures of the AMPA-type glutamate receptor were
released. These structures were in complex with the auxiliary protein Stargazin,


https://www.leibniz-fmp.de/plested
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and included the membrane and extracellular domains of the receptor. AMPA
receptors are known to open to different configurations, and some measure-
ments of the pore geometry were estimated previously from experiments with
large permeant cations. We modified these structures for all-atom simulations
of ion permeation by removing the extracellular domains and restraining the
loose ends to maintain an open pore. In these computational electrophysiology
experiments, we were able to recapitulate a number of known features of the
permeation of cations, including the conductance, the ion selectivity and the
role of water molecules. The results were robust across different transmembrane
voltages, simulation forcefields and temperatures. These simulations show that
the open configuration captured in these structural experiments is a good congener
of the full open conductance. In complementary experiments, we solved crystal
structures of a related cation channel from bacteria (NaK) with its selectivity
filter modified to resemble that of an AMPA receptor. These structures, solved in
the presence of monovalent and divalent cations, reveal distinct mechanisms of
ion permeation and a conversion to two-fold symmetry. We are pursuing similar
all-atom simulations based on these structures to investigate ion permeation in
the simplest possible system, with the eventual goal of generating and validating
simulations of divalent cation permeation.

STRUCTURAL DYNAMICS OF GLUTAMATE RECEPTOR ACTIVATION

Various structures of receptors with auxiliary proteins were published in the past
five years, but there was limited validation of the unusual geometries that were
found in some experiments. We examined in detail the state-dependence of the
LBD layer movement in receptors with and without auxiliary proteins using bi-
functional Cysteine crosslinkers. Contrary to previous reports, we found that the
receptor is more compact when it is in complex with auxiliary proteins, and that
these complexes are quite stable. In the membrane domain, cysteine mutagenesis
is problematic because few sites have the solution access needed to complete
the experiment. To address the structural dynamics of the membrane segment,
we turned to unnatural amino acids that act as UV-triggered crosslinkers. Using
kinetic modeling of the UV modification, we were able to identify the selectivity
filter as an element that gates ion flow, in multiple states. Most surprisingly of all,
the selectivity filter is coupled to the desensitized state.
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MOLECULAR AND THEORETICAL
NEUROSCIENCES

MOLEKULARE UND THEORETISCHE
NEUROWISSENSCHAFTEN

EXPLAINING THE SIGNAL TRANSDUCTION OF NERVE CELLS

AT THE MOLECULAR LEVEL

Communication between neurons is the basis of survival, cognition and behavior.
Synaptic dysfunction is linked to many neurological diseases. We aim to understand
the molecular mechanisms of synaptic transmission. We are particularly interested
in elucidating how synaptic molecules function together to produce the complex
features of neurotransmission, which is not only optimized for speed, but which can
also plastically adapt to evade interference or to store information. To do so, we
combine experimental and theoretical approaches. Our experimental system is the
neuromuscular junction of the fruit fly Drosophila melanogaster, a powerful genetic
model organism. Despite its simplicity, human and Drosophila synaptic genes are
remarkably similar. We measure synaptic transmission by electrophysiology and live
cell imaging. In addition, super-resolution imaging enables us to uniquely define
the topology of the molecular machinery driving transmission on the nanometer
scale (a nanometer is a millionth of a millimeter). To arrive at a conceptual framework
of how synaptic molecules enable, control and adapt synaptic transmission, we
generate mathematical models based on parameters derived from our experiments.
These are used to generate hypotheses which are then tested experimentally.



https://www.leibniz-fmp.de/walter

DESCRIPTION OF PROJECTS

NEUROTRANSMITTER RELEASE SITES-MOLECULAR COMPOSITION AND
TOPOLOGY

Neurotransmitters are released from highly specialized locations in a synapse,
called release sites, where evolutionarily conserved proteins orchestrate synaptic
vesicle (SV) fusion. Action potentials lead to the opening of voltage-gated Ca?chan-
nels, and local Ca?* influx subsequently triggers SV fusion. The precise positioning
of release sites with respect to these channels is therefore crucial for synaptic
information processing. In our lab, we investigate which molecules (proteins and
signaling lipids) generate release sites and which protein-protein or protein-lipid
interactions are required for their correct placement. Using physiology, genetic
interference, live imaging, super-resolution STED microscopy and mathematical
modeling, we have begun to identify the molecular components of release sites
and the interactions between synaptic proteins that operate in precise release site
positioning on the nanometer scale, thereby critically determining neural function.

MOLECULAR PRINCIPLES TO REGULATE SYNAPTIC STRENGTH

A remarkable feature of synapses is their capacity to adapt their transmission. This
so-called synaptic plasticity allows the nervous system to maintain communication
if transmission is challenged, or to store information. In our lab, we therefore
investigate the molecular components that allow adaptive transmission on multiple
timescales. We particularly focus on how these plasticity mechanisms operate on
the level of release sites, for example by changing the number of release sites, or
by increasing their efficacy. We investigate plasticity phenomena with physiolog-
ical readouts and by imaging the changes in the local release site environment
using light microscopy. We furthermore address the role of these mechanisms in
paradigms to assess how different plasticity mechanisms encode animal behavior,
such as learning and memory.
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MEMBRANE TRAFFIC AND

CELL MOTILITY

MEMBRANTRANSPORT UND
ZELLULARE MOTILITAT

HOW AND WHY CELLS REGULATE THE UPTAKE OF PROTEINS

To interact with the extracellular environment, cells rely to a large extent on cell
surface-localized proteins. The binding of extracellular signaling molecules to
these cell surface receptors triggers diverse intracellular signaling cascades that
determine, for example, whether cells start to proliferate, to differentiate or to
migrate, and also whether neurons store memories. Accordingly, the number of
these signal receptors at the cell surface has to be tightly regulated to ensure the
correct response to a specific extracellular cue. The internalization of specifically
selected receptors via the remodeling of the surrounding cell membrane into an
intracellular hollow sphere (vesicle) in the process of endocytosis constitutes a
powerful mechanism for this (Figure 1). However, for many cell surface proteins
it is still unclear whether they are in fact internalized by endocytosis, how they
interact with the endocytic machinery, and how their internalization is regulated.
We investigate the role of endocytic proteins in the physiological function of cell
surface proteins by combining cell biological, microscopic and genetic methods.


https://www.leibniz-fmp.de/maritzen

DESCRIPTION OF PROJECTS

IMPORTANCE OF ENDOCYTIC PROTEINS FOR BRAIN FUNCTION

To enable us to sense our environment, execute actions and form memories,
our neurons have to communicate with each other. They do so by releasing
signaling molecules from membranous vesicles via their fusion with the cell
membrane. These molecules then modulate receptors on the receiving neuron.
For the sending neuron, endocytosis is crucial to retrieve vesicle proteins after
vesicle fusion because these proteins are needed to generate new vesicles for
continued signaling. For the receiving neuron, endocytosis is essential to adjust
the amount of surface receptors which relay the signal into the cell because an
adaptable signaling strength is the basis for learning and memory. We investigate
the importance of specific endocytic proteins for efficient neuronal signaling.
We have shown, for example, that the adaptor protein AP180 is crucial for the
retrieval of the vesicle protein VAMP2 and thereby protects against seizures.
We are currently dissecting the importance of the endocytic protein CALM, an
established Alzheimer risk factor, for the uptake of neurotransmitter receptors
and thus for learning.

MECHANISMS UNDERLYING FOCAL ADHESION DYNAMICS AND

CELL MIGRATION

Our cells adhere to their environment via cell surface proteins, which are organ-
ized together with additional factors in complex focal adhesions (FAs, Figure 2).
Being transient traction points during cell migration and also signaling platforms,
FAs play a role in numerous processes, including the development of our
organism, wound healing and immune defense. In addition, altered FAs contribute
to diseases such as cancer. In spite of the importance of FAs, our knowledge
regarding their disassembly is still fragmentary. While we have studied the
importance of endocytosis for FA disassembly, it is clear that additional processes
must play a role. To identify these processes, we have depleted all known proteins
one by one, and determined the effect of their loss on FA number and size. We
are currently investigating the role of proteins whose loss caused FAs to unravel
the mechanisms underlying FA disassembly.
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PROTEOSTASIS IN AGING
AND DISEASE

PROTEINHOMOOSTASE IM ALTERN
UND BEI KRANKHEITEN

UNDERSTANDING INCORRECTLY FOLDED PROTEINS IN AGING PROCESSES
AND ALZHEIMER'S DISEASE

Proteins are central components of every cell. However, errors in protein folding
are more frequent in humans as they grow older or suffer from neurodegenerative
diseases: proteins are often misfolded and tend to clump together, and are there-
fore no longer functional. We want to gain a better understanding of this kind of
protein folding, focusing in particular on the complexity, function and dynamics of
molecular chaperones. These special proteins help fold newly produced proteins,
enabling the folding of unfolded and denatured proteins; they can also dissolve
protein aggregates. Our group investigates the function of chaperones during
aging and in neurodegenerative diseases. These diseases are characterized by the
accumulation of amyloid protein fibrils in cells, i.e. long protein chains that often
lead to cell death. We reproduce such scenarios in cell cultures and in the nematode
C. elegans using targeted synthesis of disease-causing peptides and proteins.

In addition, we have established a series of in vitro experiments that allow us to
investigate how individual chaperones or chaperone complexes influence the
structure of amyloid protein fibrils and their stability.



https://www.leibniz-fmp.de/kirstein

DESCRIPTION OF PROJECTS

NOVEL AMYLOID-BETA PATHOLOGY C. ELEGANS MODEL REVEALS
DISTINCT NEURONS AS SEEDS OF PATHOGENICITY

Protein misfolding and aggregation are hallmarks of neurodegenerative diseases
such as Alzheimer's disease (AD). In AD, the accumulation and aggregation of
tau and the amyloid-beta peptide AR, ,, precedes the onset of AD symptoms.
Modeling the aggregation of AR is technically very challenging in vivo, due to
its size of only 42 amino acids. We established a novel C. elegans AD model that
sub-stoichiometrically expresses fluorescently tagged AB, ,, and an excess of
untagged AB, ,,. This approach enabled us to monitor aggregation and spread-
ing of AB1-42 in the living nematode as aging progressed. Using this model, we
were able to establish that untagged AB, ,, is a prerequisite for amyloid fibril
formation. This is the first AD model that shows severe physiological defects,
including neuronal dysfunction and neurodegeneration. Fluorescence lifetime
imaging microscopy allowed a quantification of the fibrilization with aging, and
revealed a heterogenic yet specific pattern of aggregation. Notably, we found
that AP aggregation starts in a subset of neurons of the anterior head ganglion,
the six IL2 neurons. These neurons mark the onset of AR, ,, aggregation;
inhibiting the expression of AR, ,, in these neurons systemically delayed AR
aggregation and pathology.

THE SMALL HEAT SHOCK PROTEIN HSP-17 IS A SELECTIVE

PROTEIN AGGREGASE

Small heat shock proteins (sHsps) are conserved, ubiquitous members of the
proteostasis network. Canonically, they act as "holdases”, and buffer unfolded
or misfolded proteins against aggregation in an ATP-independent manner.
While bacteria and yeast encode only two sHsps, the number is higher in
metazoans, suggesting a spatio-temporal as well as functional specialization
in higher eukaryotes. We were able to demonstrate that C. elegans HSP-17
facilitates aggregation of proteins. This is the first metazoan sHSP that exhibits
such a sequestration activity, supporting a hypothesis that protein aggregation
deposits may represent less toxic inert structures than unfolded or misfolded
soluble proteins. HSP-17 is expressed in the digestive and excretory organs,
where its overexpression promotes the aggregation of polyQ proteins and the
endogenous kinase KIN-19. Systemic depletion of hsp-17 shortens the lifespan
and severely reduces fecundity and survival upon prolonged heat stress.
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CELLULAR IMAGING
ZELLULARE BILDGEBUNG

EXPLORING CELLS WITH MICROSCOPY

As a technology platform, we support over 100 researchers with advanced light
and electron microscopy technology and develop new imaging techniques for
studying living cells, small organisms and tissue organization. In order visualize
proteins and membranes at the nanoscale, we improve our super-resolution
microscopes, develop correlative light and electron microscopy, and measure
molecular interactions by means of Férster resonance energy transfer (FRET).
We apply our technologies to obtain a deeper understanding of mitochondria,
paracellular barriers and neuron synapses.

THE LIGHT MICROSCOPY CORE FACILITY

The light microscopy facility supports all research groups within the FMP with
fluorescence imaging technology, including labeling and analysis expertise. We
apply single-cell and molecular imaging techniques such as FRET, FRAP, FLIM,
TIRFM and FCS, as well as ion measurements and caged compounds. Christopher
Schmied consults and trains users in applying image analysis techniques to
extract meaningful quantitative measurements. Together, we establish automated
imaging and quantitative image and data analysis workflows.

The electron microscopy (EM) unit provides support in the visualization of
cellular ultrastructure and in localizing individual proteins at the subcellular level.
The lab provides specimen preparation techniques, EM imaging, quantitative
analysis, and interpretation for all biological applications, immunogold labeling,
correlative light and electron microscopy (CLEM) and tomographical 3D recon-
struction.

ZELLEN MITHILFE DER MIKROSKOPIE ERFORSCHEN

Als Technologieplattform unterstitzen wir Gber 100 Forschende am FMP bei
Licht- und Elektronenmikroskopiemessungen und verbessern kontinuierlich
unser Angebot zur Superauflésungsmikroskopie fiir lebende Zellen, Gewebe und
Organismen. Ein wichtiger Anwendungsbereich unserer Arbeit ist auch, neue
Zielmolekiile fiir pharmakologische Wirkstoffe zu identifizieren: Dafiir setzen wir
molekulare Interaktionsmessungen in Zellen mittels Férster-Resonanzenergie-
transfer (FRET), korrelative Licht- und Elektronenmikroskopie und automatisierte
Mikroskopie ein. Wir erforschen Strukturen und Krankheitsmechanismen in
Mitochondrien, Zellbarrieren und Synapsen.


https://www.leibniz-fmp.de/imaging
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ANIMAL FACILITY

TIERHALTUNG

The Animal Facility manages and organizes the breeding and keeping of
laboratory animals for use in scientific projects. Animal welfare legislation and
the highest scientific standards are enforced to obtain highly relevant scientific
results. We provide support and advice to scientists in all issues related to
the planning and execution of experiments involving animals. We also provide
practical support, such as taking samples and keeping proper documentation.
Furthermore, we organize the global import and export of laboratory animals as
well as embryonal stem cells.

The Animal Facility team helps ensure that FMP scientists use animals for experi-
ments in compliance with the Animal Welfare Act and with the oversight of an
Animal Welfare Officer. The service supplies animal environment housing and
manages genetically modified mice, as well as frogs and rats under performance
standards. It also provides veterinary care and qualified animal care, using
standard operation procedures, and prepares documentation. The service further-
more includes providing education and training to animal care staff, staff involved
in carrying out experimental procedures (research technicians), and scientists
involved in experimental trials with animals. The team’s aim is to establish a well-
planned, well-designed, well-constructed and properly maintained laboratory
animal facility that is responsible for animal care in compliance with applicable
laws and regulations.


https://www.leibniz-fmp.de/animal_facility

SELECTED PUBLICATIONS

Zhao, X., Zhang, K., Daniel, P., Wisbrun, N.,
Fuchs, H., Fan, H. (2019) Delayed allogeneic
skin graft rejection in CD26-deficient mice.
Cell Mol Immunol. 16(6), 557 -567.

Pohlmann, A., Karczewski, P., Ku, MC.,
Dieringe, B., Waiczies, H., Wisbrun, N., Kox,
S., Palatnik, I., Reimann, HM., Eichhorn, C,
Waiczies, S., Hempel, P., Lemke, B., Niendorf,
T., Bimmler, M. (2014) Cerebral blood volume
estimation by ferumoxytol-enhanced steady-
state MRl at 9.4 T reveals microvascular
impact of al-adrenergic receptor antibodies.
NMR Biomed. 27, 1085-1093.

< FIGS. 1&2
At the FMP, we run an animal care facility for
rodents (mice/rats) and African clawed frogs
that meets modern hygienic and technical
standards.
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The Structural Biology Section addresses atomic
structures and functional dynamics of proteins and
protein complexes in their natural environment.
This includes membrane proteins in the context
of native-like lipid bilayers, fully assembled
molecular machines, and soluble proteins within
live cells. Furthermore, the Section investigates
larger systems such as organelles, cells, tissue
and even organisms using structural proteomics
and imaging approaches.

To achieve these aims, an integrated structural
biology strategy is adopted that combines solid-
and solution-state nuclear magnetic resonance
(NMR; Lange, Oschkinat), mass spectrometry (MS;
Liu), and cryo-electron microscopy (cryo-EM;
Roderer). These experimental techniques are
supported by first-class core facilities (Schmieder,
Liu) and combined with state-of-the-art com-
putational approaches such as structure-based
drug design and atomistic molecular dynamics
simulations (G. Krause, Kiihne). Structural
knowledge obtained from these studies is also
translated into magnetic resonance imaging
diagnostic tools (Schréder).

The planned research for forthcoming years will
capitalize on methodological improvements (e.g.
DNP, solid-state NMR using proton detection,
cryo-EM and hybrid structure calculation) as well
as investments in infrastructure (e.g. MS facility,
GHz NMR and cryo-EM). Furthermore, new and
contemporary biologically relevant systems
(dense protein-water phases, biofilms, rhomboid
proteases, etc.) have been established recently.
The installation of a new cryo-EM junior research
group (Roderer) adds a key technique to the
methodology of the Section, further strengthen-
ing its focus on integrated structural biology.
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MOLECULAR BIOPHYSICS
MOLEKULARE BIOPHYSIK

DETECTING THE STRUCTURE OF PROTEINS

Proteins are long-chain macromolecules that are usually folded three-dimen-
sionally into a complex architecture. To understand the function of a protein, it
is helpful to know its structure. Researchers usually study proteins in soluble or
crystalline form. However, not all proteins can be investigated in this way. We
also use solid-state nuclear magnetic resonance spectroscopy (solid-state NMR)
to analyze the structure and dynamics of proteins. This technique allows us to
investigate chemical details, interaction with water and lipid molecules, and
functionally relevant protein dynamics. The latter aspect is important because
proteins are not rigid structures with a fixed architecture, but have moving
parts similar to machines. To conduct solid-state NMR investigations, we place
samples in a strong superconducting magnet (external field up to 20T, i.e.
~400,000 times stronger than the earth’s magnetic field), rotate them rapidly (up
to 100,000 revolutions per second; magic-angle spinning) and investigate them
spectroscopically using radio waves. Important applications of our work are
the analysis of membrane proteins in their natural lipid environment and the 3D
structure determination of molecular machines in the cell.



https://www.leibniz-fmp.de/lange

— DESCRIPTION OF PROJECTS

MEMBRANE PROTEINS

Membrane proteins are a major focus of our group’s work. Unlike other methods
in structural biology, solid-state NMR enables us to study membrane proteins

in native-like lipid bilayers at room temperature and under physiological buffer
conditions. Current projects involve non-selective cation channels such as NaK,

a bacterial homolog of the cyclic nucleotide-gated ion channel that plays a crucial
role in sensory transduction (Shi 2018). In collaboration with the Sun group
(Chemical Biology Section, which performs advanced atomistic MD simulations),
we revealed for the first time the importance of conformational plasticity in the
selectivity filter for ion non-selectivity. In a related study on the selective K*
channel NaK2K, our group showed that the selectivity filter is entirely occupied
by K* ions, and not - as previously thought - alternatingly occupied by water and

K+ (Oster 2019). Furthermore, we recently investigated the functional dynamics
of the GIpG protein, an intramembrane protease that hydrolyzes peptide bonds
directly within the lipid bilayer (Shi 2019, see Figure 1).

INTEGRATED STRUCTURAL BIOLOGY

With regard to determining atomic structures, we introduced a general hybrid
approach for determining the structures of supramolecular assemblies based on
cryo-EM (global information) and solid-state NMR (local information and dynamics)
(Demers 2014). On the biological side, one of the most exciting results was the
determination of the structure of the bactofilin BacA using solid-state NMR alone
(Vasa 2015 and Shi 2015). We discovered that bactofilins adopt a B-helical architec-
ture, a structural motif that has not been observed before for any other cytoskeletal
filament. Bactofilins are a new class of cytoskeletal proteins that are involved in

key cellular processes; they represent an interesting pharmacological target for
treating bacterial infections. The rather complex proton-detected solid-state NMR
methods used to determine the structure of bactofilin were further developed

by us into a user-friendly protocol and published in Nature Protocols (Fricke 2017).
Very recently, we succeeded in solving the structure of a large and flexible supra-
molecular assembly: the SPP1 bacteriophage tail tube. Use of tailored proton-
detected 4D experiments, also developed by the lab (e.g. Zinke 2017), enabled us
to readily investigate the complex system. Distance restraints from solid-state NMR
were combined with cryo-EM, yielding an atomic-resolution structure. In addition,
we assessed the dynamics of the system, revealing a spinal column architecture
with rigid hexameric rings connected by flexible linkers (Zinke 2020).

FORSCHUNGSBERICHT 2019/2020

SELECTED PUBLICATIONS
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FIG. 1
Investigation of the rhomboid protease GlpG
by solid-state NMR. (Barth van Rossum, FMP)
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NMR-SUPPORTED
STRUCTURAL BIOLOGY

NMR-UNTERSTUTZTE
STRUKTURBIOLOGIE

INVESTIGATING HIGHLY COMPLEX STRUCTURAL INFORMATION

Magic-angle spinning (MAS) solid-state NMR spectroscopy provides high-
resolution structural information on heterogeneous samples, independent of the
molecular weight of the investigated proteins or nucleic acids. It is an attractive
method for structural investigations on “difficult” systems such as small proteins
embedded in lipid bilayers, large polydisperse complexes (Figure 1) or biological
macromolecules in their natural environment. NMR provides a direct view of
protons and connected exchange processes, and allows distinctions to be made
between rapidly interconverting structural states on the basis of their characteristic
chemical shifts. In a pharmacological context, we carry out investigations within
the "real space” of a cell, capitalizing on a 20-100-fold increase in the signal-to-
noise ratio afforded by the use of dynamic nuclear polarization (DNP). Further-
more, we apply very fast MAS (100,000 rotations per second) for studying protein
structure so that high-resolution proton spectra can be obtained using a minimal
sample quantity. This enabled, for example, studies of the binding of small
molecules to the neonatal Fc receptor. Using these techniques, we investigate
protein systems involved in protein homeostasis, biological systems undergoing
phase separation, signaling processes and biofilms.



https://www.leibniz-fmp.de/oschkinat

— DESCRIPTION OF PROJECTS

CLUSTERING OF PH-DEPENDENT PROTON AFFINITY IN PSBO ENABLES
LOCAL BUFFERING AND TRIGGERS STRUCTURAL CHANGES

Photosystem Il (PSll) catalyzes the splitting of water, releasing protons and
dioxygen. Its highly conserved subunit PsbO extends from the oxygen-evolving
center into the thylakoid lumen, and stabilizes the catalytic Mn,CaO, cluster.
High conservation of accessible negatively charged surface residues in PsbO
suggests additional functions, as a local pH buffer or by affecting the flow of
protons. Our investigations delivered pK_ values of water-accessible aspartate
and glutamate side-chain carboxylate groups, with high pKa values around 4.9
clustered on the luminal PsbO side and values below 3.5 on the side facing PSII.
Changes in backbone chemical shifts indicate pH-triggered conformational
changes. PsbO may thus function as a pH sensor in photosystem Il.

DISCOVERY OF A NEW MECHANISM IN THE RARE GENETIC DISEASE
ALKAPTONURIA

Alkaptonuria (AKU) is a rare genetic disease that is characterized by high levels
of homogentisic acid and unusual tissue pigmentation. The so-called ochronotic
pigment causes brown-black deposits that lead to cartilage degradation and
severe joint pain. Skin, heart and kidneys can also be affected. As part of multi-
disciplinary research in collaboration with the FU Berlin and the universities of
Liverpool and Cambridge, new insights have been gained into the mechanisms
of pigmentation and cartilage destruction. With the help of DNP NMR, it was
revealed that fractions of the collagen triple-helix structure in the cartilage had
been destroyed. Electron spin resonance showed that the pigment triggers redox
reactions involving glycine residues, creating transient glycyl radicals breaking
hydrogen bonds in collagen. These results lead to the proposal of a new mecha-
nism of collagen degradation in alkaptonuria that may also apply to osteoarthritis,
as suggested by experiments with corresponding patient tissue.

FORSCHUNGSBERICHT 2019/2020
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MOLECULAR IMAGING
MOLEKULARE BILDGEBUNG

BIOSENSORS FOR IMPROVED MRI DIAGNOSTICS

Magnetic resonance imaging (MRI) is an indispensable tool for diagnostic imaging
in drug development and therapy monitoring. Its limited sensitivity makes
conventional MRI rely on the detection of tissue water. To unleash the full potential,
it is necessary to integrate concepts of spin hyperpolarization techniques into
diagnostic imaging. This will make MRI useable for precision medicine and
visualize the distribution of dilute molecular markers in deep tissue. Our work on
targeted molecular reporters optimizes the steps of preparation, manipulation
and encoding of spin magnetization to obtain ultra-sensitive NMR reporters.

A key concept is the development of biosensors that are only loaded in situ with
hyperpolarized nuclei, significantly expanding the application range. To
explore this potential, we successfully engage in highly competitive programs
such as the Reinhart Koselleck program of the DFG and the Human Frontier
Science Program to obtain MRI contrast from molecular targets at extremely
low concentrations and sense molecular interactions within a few minutes, where
conventional MRI protocols would require thousands of years.



https://www.leibniz-fmp.de/schroeder

DESCRIPTION OF PROJECTS

QUANTIFICATION OF EXCHANGE KINETICS IN DRUG CARRIERS

AND MRI REPORTERS

Spin exchange between different chemical environments is an important observ-
able for characterizing chemical exchange kinetics in protein folding, host - guest
interactions in drug carriers, and imaging reporters. This project introduces a
novel type of highly simplified exchange kinetics analysis by relying on hyper-
polarized '??Xe as a freely exchanging ligand reporter. This technique allows the
detection of otherwise inaccessible analyte concentrations with a single spin
echo train (only 0.01% of the detected spins need to be transiently bound to the
molecule). The Xe hosts cryptophane-A monoacid and cucurbit[6]uril represent
two exemplary families of analytes (the latter also serving as drug delivery
vehicles). By including principles of MRI, multiple samples can be studied simul-
taneously to determine the effective exchange rate; temperature-dependent
measurements quantify the activation energy from simple relaxometry analysis.
The concept is transferable to many applications where Xe is known to bind into
hydrophobic cavities of proteins and drug carriers.

SIZE-OPTIMIZED REPORTERS FOR MRI-BASED CELL TRACKING

There is an urgent need to improve diagnostic imaging and therapy by targeted
compound delivery to pathological areas and across biological barriers. This
project focuses on preferred uptake of nanoscopic molecular reporters into
blood-brain barrier (BBB) capillary endothelial cells. Generated micelles include
a high payload of xenon hosts that enable a strong and switchable impact on the
bulk magnetization through hyper-CEST detection. Xe hyper-CEST MRI allows
BBB endothelial cells to be distinguished from control aortic endothelial cells,
and the small micelle volume allows preferred cell labeling with a minimally
invasive volume (=16,000-fold more efficient than "°F cell labeling). Thus, these
nanoscopic particles combine selectivity for human brain capillary endothelial
cells with great sensitivity of Xe hyper-CEST MRI, and may enable novel MRI
studies in brain diagnostics.




STRUCTURAL INTERACTOMICS
STRUKTURELLE INTERAKTOMIK

BETTER UNDERSTANDING OF PROTEIN INTERACTIONS

Nearly every process in the living cell is based on proteins. To precisely execute
this plethora of tasks, proteins are highly organized in a variety of assemblies,
ranging from stable protein complexes, well-regulated pathways, to extended
protein interaction networks. Perturbation of these well-balanced systems is
linked to many different physiological and pathological conditions. Our group
is interested in developing and applying tools to characterize the complexity of
protein interactions within the cell. Using state-of-the-art mass spectrometric
technologies, in particular cross-linking mass spectrometry, we aim to gain a
better understanding of protein interactomes in complex biological systems.
These studies will offer enormous opportunities to elucidate the fundamental
organization principles of proteins and discover previously unrecognized protein
interactions in health and disease.



https://www.leibniz-fmp.de/liu

DESCRIPTION OF PROJECTS

DEVELOPING HIGH-THROUGHPUT PROTEOME-WIDE XL-MS STRATEGY

To comprehensively understand the protein interactome, our group has devel-
oped a novel XL-MS method to characterize the structures and interactions of
various protein complexes in a high-throughput manner. This approach allows
us to handle highly complex samples and simultaneously investigate stable and
dynamic protein assemblies by capturing their residue-residue connectivities
in vivo. In the future, we aim to unveil the full potential of this technique by
designing novel cross-linkers, implementing creative approaches for cross-link
enrichment, developing a cutting-edge data analysis pipeline, and applying
state-of-the-art MS technology. We integrate expertise from synthetic chemistry,
analytical chemistry, mass spectrometry and informatics, aiming to reach un-
precedented analytical depth, complexity and precision in interactome profiling.

ESTABLISHING THE STRUCTURAL INTERACTOMES OF ORGANELLES
Organelles are specialized compartments within the cell, in which proteins are
selectively imported to work cooperatively to conduct a variety of cellular functions.
Although many organelles were discovered decades ago and found to play
essential roles for the cell, questions regarding the extent to which protein com-
plexes cooperate within and between organelles remain completely elusive. Our
group studies the structural interactome of proteins in their organellular envi-
ronment using the newly developed cross-linking mass spectrometry approach.
We focus on two biological systems - neuronal synapses and mitochondria - the
functions of which are linked to a wide variety of physiological and pathological
conditions. Our aim is to obtain comprehensive protein interaction maps which
will provide crucial insights into the interaction patterns, the binding interfaces,
and the three-dimensional organization of protein complexes in their native
cellular context.




COMPUTATIONAL CHEMISTRY/
DRUG DESIGN

WIRKSTOFF-DESIGN

DEVELOPING USEFUL SUBSTANCES AND SOFTWARE

The major task of the Drug Design group is to develop chemical probes that
bind to biologically important target proteins. Our drug design strategy involves
in silico ligand design, structural biology (X-ray, NMR) and cell biology. In recent
years, we have focused on targeting protein-protein interactions mediated by
protein domains that specifically recognize proline-rich motifs. These domains
are involved in many disease-relevant signal transduction cascades and in
cytoskeleton remodeling. The design of chemical libraries for high-throughput
screening is another focus of research in our group. Our library design software
is directly linked to our regularly updated database of commercially available
chemical compounds.



https://www.leibniz-fmp.de/kuehne
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DESCRIPTION OF PROJECTS

ENA/VASP EVH1 DOMAINS AS TARGETS TO INHIBIT CANCER CELL
EXTRAVASATION

Metastasis is the major lethal attribute of cancer. Yet, the progress of metastasis-
directed drug development efforts is limited, necessitating new approaches in
drug design. We identified an unreported protein-protein interaction with the
Ena/VASP EVH1 domain. Rendering the interaction non-functional by mutating
the partner protein with CRISPR/Cas9 leads to a loss of cancer cell invasion in the
Boyden chamber assay as well as extravasation of the knock-out cells in zebrafish
xenograft. To address the protein-protein interaction identified, we use an integrat-
ed strategy of in silico design and X-ray crystallography to develop high-affinity
inhibitors of the Ena/VASP EVH1 domain. Treatment of orthotopic mice xenografts
using highly invasive triple-negative breast cancer cells and invasive pancreatic
cancer cells with our unique chemical entities resulted in a significant reduction in
tumor volumes.

LIBRARY DESIGN

Cheminformatics, bioinformatics and molecular modeling are important disci-
plines for supporting the rational design of chemical probes. In combination with
experimental chemical biology, these in silico tools improve the probability of
success for ligand development. We have established a wide range of methods,
including library design, ligand optimization and the calculation of ADMET param-
eters. Our in-house library design toolbox utilizes an innovative fragment-based
concept to select chemically diverse screening compounds with sufficient solubility,
low toxicity and low chemical reactivity. Combined with our library design
toolbox, our web-based database of commercially available compounds (DACS)
enables us to rapidly design hit- or target-focused libraries, as well as new screen-
ing libraries.
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STRUCTURAL BIOINFORMATICS AND
PROTEIN DESIGN

STRUKTUR-ORIENTIERTE BIOINFORMATIK
UND PROTEINDESIGN

INVESTIGATING STRUCTURE AND FUNCTION OF MEMBRANE PROTEINS
Membrane proteins play an important role in several biological processes,
such as transport of small molecules, establishing cell-cell contacts, and hormone
recognition. Our group focuses on analyzing the relationship between the
sequences and structures of membrane proteins and their potential interaction
partners using structural bioinformatics, combined with experimental studies of
altered protein sequences. One of our major activities is to develop bioinformatic
tools to investigate these structure-function relationships. Another key activity
is to verify our structure-function hypotheses by modeling guided site-directed
mutagenesis of specific residues and analyzing their functional data. The main
aims are to: (1) develop a detailed understanding of the intramolecular mechanisms
of membrane proteins; (2) accelerate the rational discovery of molecular mecha-
nisms and sites for protein-protein interactions, protein-ligand or protein-sub-
strate interactions; and (3) predict small molecules or modifications of biosimilar
molecules for potential pharmacological interventions.

DESCRIPTION OF PROJECTS

LIGAND BINDING TO THE ARYL HYDOCARBON RECEPTOR (AHR)

AhR binds phenazines, mediates their degradation, and regulates the expres-
sion of several host genes, including detoxifying enzymes, chemokines and
cytokines. With our long-standing experience in biomolecular modeling and


https://www.leibniz-fmp.de/gkrause

biocomputing, we have successfully contributed to publications on the role of
AhR in the immune defence system against bacteria (Lozza L et al. Sci Rep 2019;
Puyskens A et al. Cell Host & Microbe 2020). Together with groups of the MPI IB
Berlin, Oxford University and H. Oschkinat, we demonstrated that infected hosts
show differential modulation of host AhR signaling over the course of P. aerugi-
nosa infection in zebrafish, mice, and human cells. AhR signaling depended on
the relative abundances of several classes of P. aeruginosa quorum sensing (QS)
molecules. Since there is no crystal structure of AhR available, we generated a
homologous structural model and predicted ligands that bind to the PasB do-
main of AhR (Figure 1) to interrogate whether and how these QS molecules from
P. aeruginosa can be accommodated in the AhR-binding pocket. (Moura-Alves
et al. Science 2019).

MODULATION OF MEMBRANE RECEPTORS

Pathogenic activation of the human thyroid-stimulating hormone receptor (TSHR),
a G-protein coupled receptor (GPCR), by autoantibodies results in dysregulation
of the thyroid hormone status. Blocking such pathogenic TSHR activation,

we developed a negative allosteric small molecule modulator (NAM) S37a by i)
high-throughput screening of the FMP compound library (in cooperation with
Jens Peter von Kries), followed by ii) synthetic modifications (by Edgar Specker)
and iii) functional characterization of potential value for the treatment of thy-
roid-associated ophtalmopathy (in cooperation with Ralf Schiilein) (Marcinkowski,
P. et al. Thyroid 2019). Moreover, we narrowed down a new allosteric binding
site of S37a by mutagenesis and homology modeling (Marcinkowski, P. et al. Mol
Pharmacology 2019). Ligand receptor interaction studies on a homologous GPCR,
the luteinizing hormone receptor LHR, revealed small molecules as chaperones
that rescued defects of pathogenic mutants in cell surface expression, binding and
signaling (Newton, C. et al. Neuroendocrinology, 2020).

Membrane-embedded claudins, which are frequently overexpressed on the
surface of cancer cells, are the receptors of Clostridium perfringens enterotoxin
(CPE). Cancer treatment by wild-type CPE is restricted to carcinomas that express
CPEwt-binding claudins (Cldn3, -4). We expanded the CPE-based oncoleaking
strategy specifically for tumor types that overexpress claudins, which are not CPE
receptors - such as Cldn1. We designed CPE mutants that target only Cldn1. This
efficiently reduced tumor growth in vitro and in vivo in both papillary thyroid
carcinoma (K1 cells) and lung NSCLC tumors (Piontek, A. et al. Mol Oncology 2020).

PasB hAhR model
PasB Clock (4F3L)

PasB hAhR model
Rifampindocked into

ligand binding site
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NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY AT THE FMP

The NMR facility maintains FMP’s NMR spectrometers, enabling internal and ex-
ternal researchers to use both solid-state and solution-state NMR spectroscopy.
NMR spectroscopy allows us to study the electronic environment of individual
atoms and their interactions with neighboring atoms, for example to determine
the structure and dynamics of molecules. Our facility provides the research
groups with two open-access spectrometers (300 MHz and 600 MHz) for their
own use. For more complex problems, we collaborate with the scientists using
our NMR instruments equipped with cryoprobes. A probe suitable for 31P-NMR
spectroscopy is of particular importance because the phosphorylation of
different molecules is studied intensively in the Chemical Biology departments.

The solid-state spectrometers are primarily used by the Structural Biology
departments to determine the structures of membrane proteins or larger aggre-
gates. For this purpose, a wide range of field strengths and probes with different
sample diameters is used. DNP (dynamic nuclear polarization) experiments can
also be performed on two spectrometers. Furthermore, the facility receives
requests from groups outside of the FMP, as well as from commercial companies
located close to the institute. These requests are met in the form of collaborative
activities or as an NMR service provided by the facility. The NMR facility also
participates in the German DFG-funded G-NMR network of facilities, the INEXT
initiative, and worldwide NMR studies such as the Fab-NMR study by NIST.


https://www.leibniz-fmp.de/nmr_facility

DESCRIPTION OF PROJECTS

Two related projects were realized as in-house collaborative activities. Together
with the group of C. Hackenberger, the pKa values of analogs of phosphorylated
lysine side chains were investigated using *'P-NMR spectroscopy (Figure 1a).
This was extended in collaboration with the group of H. Oschkinat, involving the
determination of pKa values of aspartic acid and glutamic acid side chains of
PsbO using triple-resonance experiments (Figure 1b). It is only possible to obtain
such information with atomic resolution using NMR spectroscopy, helping to
shed light on mechanistic aspects of biological processes.
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ION CHANNEL VRAC
ENHANCES IMMUNE RESPONSE
AGAINST VIRUSES BY
TRANSPORTING THE MESSENGER SUBSTANCE
CGAMP FROM CELL TO CELL

IONENKANAL VRAC VERSTARKT IMMUNANTWORT
GEGEN VIREN DURCH TRANSPORT DES
BOTENSTOFFS CGAMP VON ZELLE ZU ZELLE

VRAC/LRRC8 chloride channels do not only play a decisive role in the transport of cytostatics, amino acids and
neurotransmitters - they can also transport the important messenger substance cGAMP from cell to cell,
strengthening the immune response to infections with DNA viruses. This has now been demonstrated by Professor
Thomas Jentsch, who originally discovered LRRC8/VRAC channels, together with colleagues
from Shanghai led by Professor Hui Xiao.

Zhou, C. et al., Immunity 2020

Image: Upon infection of cells with a DNA virus (left), viral DNA binds to the enzyme cGAS, which then
synthesizes the messenger molecule cGAMP. The present work shows that cGAMP can leave the cell through the anion
channel VRAC and diffuses to non-infected cells in the vicinity. After entering the cell - again through VRAC -
it binds to a receptor called STING, and indirectly stimulates the synthesis of interferon, which leaves the cell and,
after binding to a receptor, suppresses the propagation of the virus (left cell). This provides a powerful
amplification of the innate immune response against DNA viruses. lllustration: Rosa Planells-Cases, Barth van Rossum

VRAC/LRRC8-Chloridkanéle spielen nicht nur beim Transport von Zytostatika, Aminosiuren und
Neurotransmittern eine entscheidende Rolle. Sie kénnen auch den wichtigen Botenstoff cGAMP von Zelle
zu Zelle transportieren und damit eine Inmunantwort bei Infektionen mit DNA-Viren verstarken.

Das hat jetzt der LRRC8/VRAC-Entdecker Prof. Thomas Jentsch zusammen mit Kolleg*innen um Prof. Hui Xiao
aus Shanghai gezeigt.

Bild: Wenn Zellen mit DNA-Viren infiziert werden (links), bindet freigesetzte virale

DNA an das Enyzm cGAS. Dies fiihrt zur Synthese des Botenstoffes cGAMP, der, wie in der Arbeit
gezeigt, iber den lonenkanal VRAC die Zelle verldsst und zu nicht-infizierten Zellen

(rechts) diffundiert. Dort wird cGAMP wiederum tber VRAC aufgenommen, bindet an
den Rezeptor STING in der Zelle, und stimuliert Gber eine Signalkaskade die .
Synthese von Interferon. Interferon verlasst die Zelle und blockiert f d ll
die Vermehrung des Virus nach Bindung an Interferonrezeptoren ln eCte ce
(links). Dieser Mechanismus bewirkt eine Verstarkung der

| t t DNA-Vi .
mmunantwor gegen iren M
A
\
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Chemical Biology utilizes chemical methods to
advance the understanding and modulation

of cellular function, especially in the context of
pharmacological targets and the development
of novel approaches in the medicinal sciences.
Research projects in this Section are devoted
to the synthesis and identification of novel
bioactive small molecules and protein conjugates
of high pharmacological potency, as well as the
development of new chemical and analytical
tools to study biologically relevant pathways.
The two departments in this section, “Chemical
Biology 1 and 2", headed by Dorothea Fiedler
and Christian Hackenberger, have recently been
supplemented by “ChemBioProbes”, headed by
junior group leader Johannes Broichhagen.

The Chemical Biology section provides the whole
institute with important research and technolo-
gies. One central component is the “Chemical
Biology Platform”, which is devoted to the valida-
tion and chemical optimization of small molecule
screening hits of pharmacological targets, there-
by serving as an essential partner site in several
institutional, national and international research
networks. Within this platform, the “Screening
Unit"” core facility (Jens Peter von Kries) provides
high-throughput RNAi and CRISPR-based screens
in addition to using small molecules from the
unique FMP compound library, which is managed
in the “Compound Management” core facility
(Edgar Specker). The “Medicinal Chemistry”
group led by Marc Nazaré develops new chemical
tools using strategies such as fragment growing,
re-scaffolding approaches and structure-based
design to chemically optimize initial screening
hits. Han Sun heads the “Structural Chemistry and
Computational Biophysics” group to support and
develop this platform using theoretical methods.



CHEMICAL BIOLOGY I
CHEMISCHE BIOLOGIE Il

HOW PROTEIN MODIFICATIONS CAN CHANGE FATE

In the cell, protein modifications control many signaling pathways that support
healthy functioning and that are disrupted in disease. Such modifications can act
as “toggle switches” between health and disease. Chemical biologists want to
control these protein modifications in the cell, both to study the biological role of
such modifications and to decorate proteins with fluorescent moieties that permit
their visualization. Our laboratory aims to identify new chemical approaches that
allow the modification of peptides and proteins, both on isolated biomolecules
as well as in living cells and organisms. Here, our main objective is to apply these
highly selective bioconjugation reactions to study the functional consequences
of natural protein modifications, as well as to generate novel pharmaceutical
and medicinal applications, such as protein or antibody-drug conjugates (ADCs)
against cancer or viral infections.



https://www.leibniz-fmp.de/hackenbe

— DESCRIPTION OF PROJECTS

Based on the discovery of a new chemoselective reaction for the modification
of cystein residues in proteins and antibodies, we developed a new generation
of antibody-drug conjugates (ADCs). These antibody conjugates are linked to
cytotoxic drugs via phosphonamidate linkages, which outperformed a clinically
approved drug against Hodgkin lymphoma. Furthermore, in collaboration with
colleagues from LMU Munich, we engineered a chemoenzymatic protocol for the
modular C-terminal modification of proteins by the tubulin tyrosine ligase. The
combination of these technologies laid the foundation for the great success of
the recently founded company Tubulis, which received €10.7 million in the first
funding series.

Engineering novel therapeutics to fight influenza infection is one of the most
challenging tasks in drug development due to the multivalent binding of a virus
during infection. In order to break this multivalent interaction, we designed

a structurally defined chemically glycosylated phage capsid, which showed
nanomolar binding to the viral surface protein hemagglutinin and prevented
influenza infections in living cells and in vivo against human and avian influenza
viruses (Lauster, Klenk et al., Nature Nanotech. 2020). This study, performed

in close collaboration with the Herrmann group at the HU Berlin, offers a new
approach to target viral infections by addressing multivalent binding sites in a
structurally defined manner.

T FIG.1
Next-generation antibody-drug
conjugates (ADCs) with phosphonami-
date-linked cytotoxic drugs.

< FIG.2

capsid against the viral surface protein
hemagglutinin.

FORSCHUNGSBERICHT 2019/2020
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ELUCIDATING AND CONTROLLING THE FUNCTION OF MESSENGER
MOLECULES IN SIGNALING PROCESSES

Cells are able to constantly process information about their environment and
their internal status via highly regulated signaling networks. Since deregulation
of cellular information transfer is associated with a wide range of diseases,

a detailed annotation of signaling events in healthy and diseased states can
highlight new avenues for therapeutic intervention. One group of messengers
of particular interest to our group are inositol pyrophosphates (PP-InsPs). These
molecules have emerged as central regulators of cell homeostasis, and genetic
studies in mice and humans implicate PP-InsPs in a host of processes, including
weight gain, fertility, longevity, and tumor metastasis. However, it is not well
understood how these molecules exert their effects at the molecular level. Using
a multi-disciplinary approach involving techniques from organic chemistry,
chemical genetics and genetics, molecular biology, and proteomics, our goal is
to decipher the concrete signaling functions of PP-InsPs and ultimately guide the
development of new therapeutic strategies against cancer, diabetes and obesity.



https://www.leibniz-fmp.de/d_fiedler
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MEASURING INOSITOL (PYRO)PHOSPHATE LEVELS IN COMPLEX MIXTURES
To elucidate the functions of InsPs and PP-InsPs, robust techniques for the charac-
terization of inositol phosphate metabolism are required, at both the biochemical
and cellular level. Our group developed a new detection method that employs
uniformly 13C-labeled compounds in combination with NMR spectroscopy. This
approach permits the biochemical characterization of inositol kinases at physio-
logical substrate concentrations. In addition, 13C-labeled inositol facilitates meta-
bolic labeling of mammalian cells, followed by detection of the generated InsP
and PP-InsP species, without the need for separation or enrichment. In all, the
method greatly facilitates the analysis of this otherwise spectroscopically silent
group of molecules, and holds great promise for the analysis of inositol-based
signaling molecules under normal and pathological conditions.

CHARACTERIZATION OF THE MAMMALIAN INOSITOL PYROPHOSPHATE

INTERACTOME

PP-InsPs are thought to function via binding to protein targets, but only a few
PP-InsP-interacting proteins are known to date. To create a more mechanistic
picture, we sought to annotate the mammalian interactome of the most abundant
inositol pyrophosphate, 5PP-InsP5. To do so, reagents were developed in which

a metabolically stable PP-InsP analog was immobilized in three different ways.
Application of these reagents to mammalian lysates identified between 300-400
putative interacting proteins. These interactomes revealed connections between
5PP-InsP5 and central cellular regulators, such as lipid phosphatases and GTPases,
and identified protein domains commonly targeted by 5PP-InsP5. By expanding
this approach to other organisms, we expect to produce molecular details on how
PP-InsPs can mediate such a wide range of cellular responses.
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MEDICINAL CHEMISTRY
MEDIZINISCHE CHEMIE

DESIGN AND SYNTHESIS OF CHEMICAL PROBES FOR THE
PHARMACOLOGICAL INVESTIGATION OF BIOLOGICAL SYSTEMS

Small molecules can be used as research tools to investigate protein functions
and elucidate molecular mechanisms or to influence signal transduction path-
ways. They can also be employed to validate hypotheses from genetic studies
such as knock-down and loss-of-function approaches. Moreover, these substances
can serve as starting points for new therapeutic approaches and new drugs. The
goal of our research is to discover and develop highly active, selective chemical
tools for the specific modulation of protein-ligand or protein-protein interac-
tions. Taking advantage of these optimized tools, and going a step further, we also
investigate the tailored development of fluorescently labeled probes as well as
DOTAM-based sensors for imaging and proximity labeling in chemical biology
and biomarker applications.



https://www.leibniz-fmp.de/nazare

DESCRIPTION OF PROJECTS

DEVELOPMENT OF SPECIFIC INHIBITORS OF THE TYROSINE

PHOSPHATASE SHP-2

In stark contrast to their validated significance in signal transduction and
disease pathology, phosphatases are notoriously difficult to inhibit using small
molecules. The protein tyrosine phosphatase Shp-2 plays a critical role in growth
factor-mediated processes, primarily by promoting the activation of the RAS/
ERK signaling pathway. Aberrant gain-of-function mutations are associated with
several metastatic cancers, and were recently linked to drug resistance against
cancer medications such as MEK and BRAF inhibitors. In collaboration with
Walter Birchmeier (MDC), a re-scaffolding approach that involves replacing the
former framework of a tyrosine phosphatase Shp-2 inhibitor led to the discovery
of novel structural classes and eliminated several chemical liabilities, i.e.
unfavorable structural features. These novel compounds are not only active in
a nanomolar range in the Shp-2-enzyme assay, but are also effective in the low
micromolar range in cell lines that are resistant to cancer drugs and hepatocyte
growth factor (HGF)-stimulated canine MDCK-C cells, as well as human pancre-
atic tumor cells for epithelial-mesenchymal transition (EMT), which are hallmarks
of malignant cancer cell dissemination.

DEVELOPMENT OF AN ACTIVATABLE LANTHANIDE LUMINESCENT PROBE
FOR TIME-GATED DETECTION OF NITROREDUCTASE IN LIVE BACTERIA
Infections caused by multidrug-resistant (MDR) Gram-negative bacteria result
in a dramatic increase in mortality and morbidity worldwide. Still, diagnostics
rely on cultivation approaches in clinical microbiology laboratories, which are
time-consuming and require a high level of technical skills. Novel non-invasive
methods to detect infections at sites that are unknown during the early stage or
that are inaccessible for sampling are urgently needed. Such methods would
enable timely interventions before local manifestations (e.g., through biofilm
formation) or the systemic spread of the infection can occur. Nitroreductases
(NTRs) are a family of bacterial enzymes that are able to reduce nitro-functional
groups. The occurrence of NTRs in multi-resistant strains escaping standard
antibiotics treatments makes this enzyme family a highly relevant diagnostic target
for the detection of bacterial infections. We have developed a DOTAM-based
activatable lanthanide luminescent probe for the detection of NTR in bacteria.
Due to its effective intracellular enrichment, our probe enables the simple de-
tection and imaging of nitroreductase activity in live bacteria comprising clinically
relevant MDR strains. This resulted in the first use of fluorescence lifetime imaging
(FLIM) to trace enzymatic activity in live bacteria using lanthanide luminescent
probes (Figure 1). These features illustrate that this type of probe concept is an
attractive option for future analytical applications in medical diagnostics.
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SCREENING UNIT
SCREENING UNIT

HIGH-THROUGHPUT TESTING OF COMPOUNDS AND IDENTIFICATION &
VALIDATION OF NOVEL TARGETS

The Screening Unit serves as an open-access technology platform for auto-
mated screening, using either compound libraries or genome-wide RNAI
libraries. The platform’s primary aim is to enable the systematic use of drugs in
academic research as tools for analysis of molecular mechanisms in disease and
development. Besides supporting assay development, process automation,
screening and automated data analysis, the Unit engages in the identification of
novel screening technologies. The Unit supports screening projects in assay
development and optimization of high-throughput compound screening (HTS,
Silke Radetzki), as well as automated data documentation and analysis (Martin
Neuenschwander). Genome-wide RNAi and CRISPR-CAS screening (HTS, Katina
Lazarow) has been added for the identification and validation of novel cellular
targets in disease. In 2019, we started applying 3D analysis with a confocal
microscope and morphological pattern analysis to profile drug effects in cell
culture systems (Christopher Wolff).



https://www.leibniz-fmp.de/screening_unit

— DESCRIPTION OF PROJECTS

COMPUTER-AIDED PATTERN RECOGNITION

About 160 years ago, Rudolf Virchow realized that human diseases are often
reflected in an aberrant cellular morphology (Cellular Pathology). Virchow
employed chemists and physicians to set up diagnostic procedures for human
diseases. We want to expand this by state-of-the-art computing and robotic
HTS technologies.

We decided to select for profiling of toxic reference compounds with known
cellular targets and molecular mechanisms to generate specific morphological
fingerprints for each kind of mechanism and compound. For this purpose, we
used fluorescent dyes to stain and visualize cellular components such as nuclei,
mitochondria or actin filaments and membranes. More than 1,000 parameters
per individual cell were analyzed and compared in the process of computer-
aided image and cell structure recognition (Figure 1). The reference-validated
painting process will be used to profile the toxic potential of the EU-OPEN-
SCREEN and FMP compound libraries. This approach may feed into novel diagnos-
tics, advancing Virchow's work from 160 years ago.

Shape  Nucleus ER + RNA

Actin + Golgi + Plasma Membrane
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This barcode diagram represents 500 meas-
ured morphological parameters that have
been automatically extracted from images.
The red and blue bars show decreased
and increased values in relation to different
compound concentrations.
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CORE FACILITY NEW GROU PS
CELL AT THE FMP

ENGINEERING NEUE GRUPPEN
CELL AM FMP

ENGINEERING

- The Cell Engineering Facility uses state-of-the-art CRISPR/Cas techniques to
GROUP LEADER (at the FMP since 1997,

Core Facility since 2020) generate gene knock-outs and knock-ins in target cells. By using the resulting

Prof. Dr. Ralf Schiilein cell clones, the function of specific genes and proteins can be studied in detail
within the cellular context. Gene knock-out means that the function of a specific

GROUP MEMBERS gene, and consequently that of its encoded protein, is disrupted by a specific

Dr. Claudia Rutz, Bettina Kahlich, Marie Bieck . R e . . .
mutation. Gene knock-in means that the specific target gene and its protein gain

a new function because of an engineered mutation.

- Die Cell Engineering Facility setzt CRISPR/Cas-Techniken ein, um Gen-Knock-Outs
und Knock-Ins in Zielzellen zu erzeugen. Mithilfe der entstandenen Zellklone
kann die Funktion spezifischer Gene und Proteine im zellularen Kontext detailliert
untersucht werden. Gen-Knock-Out bedeutet, dass die Funktion eines bestimmten
Gens und folglich die seines kodierten Proteins durch eine eingefiihrte Mutation
zerstort werden. Gen-Knock-In bedeutet, dass das spezifische Zielgen und sein
Protein aufgrund der eingefiihrten Mutation eine neue Funktion erhalten.

SYNAPSE BIOLOGY

BIOLOGIE DER SYNAPSEN

—> The Synapse Biology group focuses on elucidating the contribution of synaptic
proteins to neuronal function and plasticity, and on deciphering synaptic disease
mechanisms in brain disorders. We combine genetic manipulations in mouse
models with electrophysiological and cell type-specific biochemical analysis to
study the molecular composition and organization of synapses, with the aim of
understanding how these define synaptic function and dysfunction.

GROUP LEADER (at the FMP since 2020)
Dr. Noa Lipstein N

Die Forschungsgruppe ,Biologie der Synapsen” erforscht den Einfluss von
synaptischen Proteinen auf die neuronale Funktion und Plastizitat sowie die
Entschlisselung synaptischer Krankheitsmechanismen bei Erkrankungen
des Gehirns. Wir kombinieren genetische Manipulationen in Mausmodellen
mit elektrophysiologischen und zelltypspezifischen, biochemischen Analysen
zur Untersuchung der molekularen Zusammensetzung und Organisation der
Synapsen, um schlieBlich zu verstehen, wie diese die synaptische Funktion und
Dysfunktion beeinflussen.

GROUP MEMBERS
Currently being recruited

> 3 @LipsteinNoa
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STRUCTURE AND MECHANISM OF
MICROBIOME-DRIVEN DISEASES

STRUKTUR UND MECHANISMUS
MIKROBIOM-BEDINGTER KRANKHEITEN

We are interested in understanding the molecular mechanism of host-microbiome
interactions with key roles in the development of colorectal cancer. Using cryo-
EM, we solve the structures of protein complexes that facilitate the adhesion
of microorganisms to epithelial cells. This high-resolution structural information
show us mechanistic details which are prerequisites for structure-based drug
design. Moreover, we apply different screening methods to identify further as-yet
undescribed interactions with high relevance in carcinogenesis.

CHEMBIOPROBES

CHEMBIOPROBES

Our mission is to put the spotlight on the invisible to see more in fundamental
research. Our expertise lies in the development of synthetic, custom-tailored
fluorescent substrates for use in microscopy. As such, we employ modern organic
chemistry to bring our designs to light, and then evaluate them spectroscopically
at great depth for critical parameters. We think in unconventional ways, and
pursue the novel approaches in the design and synthesis of fluorophores and
markers for high-definition imaging in living cells.




STRUCTURAL CHEMISTRY AND
COMPUTATIONAL BIOPHYSICS

STRUKTURCHEMIE UND
COMPUTERGESTUTZTE BIOPHYSIK

Our research interests are the development and application of molecular mod-
eling and molecular dynamics simulations together with other cheminformatic
and bioinformatic tools with the aim of designing novel bioactive molecules and
characterizing their interactions with biological targets. Furthermore, we seek
to develop a better understanding of the biophysical principles of membrane
proteins, with a special focus on ion channels.

COMPOUND MANAGEMENT

COMPOUND MANAGEMENT
(SUBSTANZSAMMLUNG)

The goal of the core facility is to provide screening plates to the Screening Unit
and to prepare hitpicking plates to conduct the concentration-dependent
validations of hits. The Facility performs QC controls and helps users to prioritize
hit lists. The Facility manages a diversity library of 43,000 compounds enriched
with 4,000 fragments, an academic library of 8,000 compounds and 20,000 natural
product-derived compounds.



ALL RESEARCH GROUPS

ALLE FORSCHUNGSGRUPPEN

MOLECULAR
PHYSIOLOGY AND
CELL BIOLOGY

PHYSIOLOGY AND PATHOLOGY
OF ION TRANSPORT
Thomas J. Jentsch

MOLECULAR PHARMACOLOGY
AND CELL BIOLOGY
Volker Haucke

MOLECULAR NEUROSCIENCE AND
BIOPHYSICS

Andrew Plested

Heisenberg Guest Group

SYNAPSE BIOLOGY
Noa Lipstein (from 10/2020)
Junior Research Group

MOLECULAR AND THEORETICAL
NEUROSCIENCES

Alexander Walter

Emmy Noether Junior Research Group

MEMBRANE TRAFFIC AND CELL MOTILITY
Tanja Maritzen (until 09/2020)
Junior Research Group

PROTEOSTASIS IN AGING AND DISEASE
Janine Kirstein (until 07/2019)
Junior Research Group

STRUCTURAL
BIOLOGY

MOLECULAR BIOPHYSICS
Adam Lange

NMR-SUPPORTED
STRUCTURAL BIOLOGY
Hartmut Oschkinat

MOLECULAR IMAGING
Leif Schroder
Junior Research Group

STRUCTURE AND MECHANISM OF
MICROBIOME-DRIVEN DISEASES
Daniel Roderer (from 11/2020)
Junior Research Group

STRUCTURAL INTERACTOMICS
Fan Liu

COMPUTATIONAL CHEMISTRY/
DRUG DESIGN
Ronald Kiithne

STRUCTURAL BIOINFORMATICS
AND PROTEIN DESIGN
Gerd Krause

CHEMICAL
BIOLOGY

CHEMICAL BIOLOGY I
Christian Hackenberger

CHEMICAL BIOLOGY |
Dorothea Fiedler

MEDICINAL CHEMISTRY
Marc Nazaré

STRUCTURAL CHEMISTRY
AND COMPUTATIONAL
BIOPHYSICS

Han Sun (from 10/2020)

CHEMBIOPROBES
Johannes Broichhagen
(from 03/2020)

Junior Research Group
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ITALIEN (10), KAMERUN (1), KANADA (1), KOLUMBIEN (2), KOREA (2),
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TECHNOLOGY
TRANSFER

TECHNOLOGIE-
TRANSFER

Technology transfer at the FMP supports scientists in
translating their research results into applications. This can
be done, for example, by licensing out patent families to
industrial partners or by facilitating spin-off projects. The
following spin-offs have been established recently:

TUBULIS GMBH

As part of a scientific cooperation between the laboratories
of Christian Hackenberger (FMP) and Heinrich Leonhardt
(Ludwig Maximilian University Munich), two processes were
developed to provide proteins with site-specific functionali-
ties. These can be active agents, fluorophores, tracers, small
chemical molecules, proteins or peptides. The so-called Tub-
tag® and P5 technologies form the basis for the spin-off Tubu-
lis GmbH, founded in 2019 by Leonhardt and Hackenberger
(advisors) and their (former) employees Jonas Helma-Smets
(CSO) and Dominik Schumacher (CEO). The spin-off aims to
market technologies for the production of diagnostic and
therapeutic protein conjugates and to use these technologies
to produce its own diagnostic and therapeutic products. In
July 2020, the company raised €10.7 million series A funding
to advance the development of a new generation of antibody
drug candidates (ADC). In December 2020, Tubulis entered
into a strategic partnership with WuXi Biologics and WuXi
STA to move their ADC towards clinical evaluation.

PROSION GMBH

The foundations for the PROSION spin-off project were laid
over several years of cooperation between the laboratories
of Ronald Kiihne (FMP) and Hans-Glinther Schmalz (De-
partment of Chemistry, University of Cologne). The spin-off
was established in 2020 by four co-founders (CEO Slim
Chiha, CSO Mutlu Yénel, and advisors R. Kithne and H.-G.
Schmalz). The company’s business will initially focus on the
development, manufacture and marketing of novel second-
ary structure mimetic building blocks, as well as chemical
libraries derived from them for use in drug research.



VIS UALI ZI N G CHEMBIOCHEM
SCIENCE

WISSENSCHAFT
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Visuals to communicate scientific results are increasingly
gaining in importance. Good scientific visuals can raise the
visibility and impact of research and help to reach a broader
audience. Recent years have seen a rise of scientific visuali-
zation in all fields of science, often driven by the need to
merge and contextualize data obtained with different meth-
odologies. This clearly places a demand on scientists, who
are now often required to act as graphic designers.

Since 2019, Barth van Rossum has been dedicating half of
his time to promoting outreach and scientific visualization
for the entire institute. Various examples of his work can
be found throughout this report. His work covers, among
other things, the design and/or improvement of scientifi-
cally accurate illustrations for publications, presentations and
grant proposals; the transformation of scientific results
into visual stories for cover illustrations, graphical abstracts,
press releases, conference posters and social media.



PUBLIC
RELATIONS

OFFENT-
LICHKEITS-
ARBEIT

HEAD/LEITUNG
Silke OBwald, M.A., M.Sc.

PUBLIC RELATIONS ACTIVITIES COVER MANY ASPECTS, INCLUDING
BROCHURES, FLYERS AND AN INTERNAL NEWSLETTER (FMP INTERVIEW)
AS WELL AS PRESS RELEASES, WEBSITES AND SOCIAL MEDIA. EVERY

YEAR WE WELCOME VISITORS ON CAMPUS BERLIN-BUCH AND ORGAN-

IZE SEVERAL EVENTS IN THE CITY:

LONG NIGHT OF THE SCIENCES

Every year, thousands of visitors come to the Campus Berlin-
Buch to experience the latest in research, watching shows,
listening to lectures or taking part in laboratory tours. More
than 100 program items attract visitors to the institutes.

Visits in 2019 (6,912); 2020 (event cancelled due to the coronavirus)

Besuche 2019 (6912); 2020 (wegen der Corona-Krise ausgefallen)
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":lul.c..‘"‘;:ma :
" . &
"4.‘“‘1%

FMP CHEMLAB

The ChemLab is the student laboratory at the FMP.
Scientists have been teaching chemistry methods in a vivid
and unconventional way there since 2010. The following
courses are available: caffeine, dyes, plastics, fragrances
and proteins. A total of 2,745 students attended the
ChemLab in 2019 and 2020.

RESEARCH REPORT 2019/2020



GIRLS' DAY

Schoolgirls from different grades are guests in the research
groups at the FMP every year. Over the space of a day, they
can look over the researchers’ shoulders and try out small
experiments themselves.

GIRLS' DAY

Schiilerinnen aus unterschiedlichen Klassenstufen sind
jahrlich in den Arbeitsgruppen am FMP zu Gast und diirfen
fir einen Tag den Forschenden liber die Schulter schauen
und kleine Experimente selber ausprobieren.

FORSCHUNGSBERICHT 2019/2020

Breaking the Wall to Next Generation
Biopharmaceuticals

How

o \. BEELIN 1~19
e 5CIENCE L)Y
WEEK Al

BERLIN SCIENCE WEEK
It has been possible to explore Berlin as a “Brain City” at
Berlin Science Week since 2016. For ten days, Berlin is
transformed into a showcase for science. The most impor-
tant attraction is the Falling Walls Conference. Scientists
from all over the world present their most outstanding
projects and are honored on November 9, the day the
Berlin Wall came down peacefully in 1989. Christian
Hackenberger received the “Breakthrough of the Year”
award in the Life Sciences category in 2020.

BERLIN SCIENCE WEEK

Berlin als ,Brain City" zu erkunden, ist seit 2016 wéhrend
der Berlin Science Week méglich. Fiir zehn Tage wird die
Hauptstadt in ein Schaufenster der Wissenschaft verwan-
delt. Wichtigste Attraktion ist die Falling-Walls-Konferenz.
Wissenschaftler*innen aus aller Welt stellen ihre heraus-
ragendsten Projekte vor und werden am 9. November, dem
Tag des friedlichen Falls der Berliner Mauer 1989, gekdrt.
Christian Hackenberger erhielt 2020 den ,Breakthrough of
the Year”-Preis in der Kategorie Lebenswissenschaften.

OFFENTLICHKEITSARBEIT 79



WIRKSTOFFRADIO (EPISODES IN GERMAN ONLY)
Wherever Bernd Rupp meets scientists - whether in his
own living room or in a laboratory - the topics always focus
on active substances of drugs. With great enthusiasm

for science, research and a lot of curiosity, new episodes
are produced for the "Wirkstoffradio” podcast. Feel free

to listen in and to subscribe via the usual “Podcatcher” or
directly via the wirkstoffradio.de website.

EDUCATION
AND TRAINING

AUSBILDUNG

STUDENT LABORATORY FMP-CHEMLAB

In the ChemLab, located in the Glasernes Labor, students
from upper and secondary schools slip into the role of
chemists and carry out experiments that are impossible to
implement in school laboratories. The following courses are
available: caffeine, dyes, plastics, fragrances and proteins.

APPRENTICESHIPS

From school desk to lab bench. Our apprentices training

to become animal keepers or biology laboratory assistants
can look forward to a comprehensive program in the work-
ing groups at the FMP. Training is supplemented by courses
in the MDC learning laboratory, which are held together with
trainees from the Campus Berlin-Buch. Theoretical training
takes place in the vocational schools Lise-Meitner Schule
(for biology laboratory assistants) and Peter-Lenné-Schule
(for animal keepers).


http://wirkstoffradio.de
http://wirkstoffradio.de

ACADEMIC STUDIES

Students are welcome to do the experimental work for

their Bachelor or Master's theses at our institute. We offer

courses as an introduction to working here, e.g.:

- Seminar and practical course on Molecular Pharmacology
and Cellular Signal Transduction (Ralf Schiilein, Volker
Haucke)

- Biological NMR Spectroscopy (Hartmut Oschkinat)

- NMR Spectroscopy and Imaging (Hartmut Oschkinat)

- NMR School (Peter Schmieder), NMR Spectroscopy
(Adam Lange)

- Chemical Biology: Protein Synthesis, Labeling and
Function (Dorothea Fiedler and Christian Hackenberger)

STUDIUM

Studierende kénnen bei uns die Experimente fir ihre

Bachelor-/Masterarbeit durchfiihren. Als Einstieg in die

Arbeiten in unserem Institut bieten wir Kurse an, z.B.:

Seminar und Praktikum ,,Molekulare Pharmakologie und

zellulére Signaltransduktion” (Ralf Schilein, Volker Haucke)

- Biologische NMR-Spektroskopie (Hartmut Oschkinat)

- NMR-Spektroskopie und Imaging (Hartmut Oschkinat)

- NMR-School (Peter Schmieder)

- NMR-Spektroskopie (Adam Lange)

- Chemische Biologie: Proteinsynthese, Labeling und
Funktion (Dorothea Fiedler und Christian Hackenberger)

PHD - THE FMP GRADUATE SCHOOL

Working towards a successful PhD involves doctoral students
being well supervised in their project as well as their ability
to familiarize themselves with the research questions and
methods of other groups, and ultimately to build networks.
In order to guarantee the best possible support for the
education of doctoral students at the FMP, doctoral students
and their supervisors sign a supervision agreement that
defines the rights and obligations of all parties involved. The
FMP Graduate School additionally offers all doctoral stu-
dents various formats to facilitate exchange and professional
development. For example, doctoral students meet every
two years at the FMP Winter School, where they can attend
career lectures and visit the laboratories of other research
groups. In addition to the education program of the FMP
Graduate School, doctoral students can also take advantage
of the wide range of courses offered by the Humboldt Gradu-
ate School. This facility is headed by Christian Hackenberger
and managed by Katrin Wittig.

PROMOTION - DIE FMP GRADUATE SCHOOL

Fir eine erfolgreiche Promotion sollten Doktorand*innen
nicht nur in ihrem Projekt gut betreut werden, sondern
auch die Fragestellungen und Methoden anderer Gruppen
kennenlernen und Netzwerke bilden kénnen. Um die
Ausbildung der Doktorand*innen am FMP bestméglich zu
garantieren, unterzeichnen Doktorand*innen und ihre
Betreuer*innen eine Betreuungsvereinbarung, die Rechte
und Pflichten aller Beteiligten festlegt. Die FMP Graduate

FORSCHUNGSBERICHT 2019/2020

School bietet zudem allen Doktorand*innen verschiedene
Formate fur Austausch und Fortbildung. So kommen die
Doktorand*innen z. B. alle zwei Jahre in der FMP Winter
School zusammen, wo sie neben Karrierevortragen auch
die Labore der anderen Arbeitsgruppen besuchen kénnen.
Zuséatzlich zu eigenen Fortbildungsangeboten steht den
Doktorand*innen auch das breitgefdcherte Angebot der
Humboldt Graduate School zur Verfiigung. Geleitet wird
die Graduiertenschule von Christian Hackenberger, die
Verwaltung liegt in den Handen von Katrin Wittig.

NETWORKING ON CAMPUS BERLIN-BUCH

During the doctoral period, the Graduate School will hold
a joint annual retreat with the Max Delbriick Center for
Molecular Medicine (MDC) as well as postdoctoral retreats,
which are jointly organized by the two institutes.

VERNETZUNG AUF DEM CAMPUS BERLIN-BUCH
Wahrend der Promotion findet im Rahmen der Graduate
School ein gemeinsames jéhrliches Retreat mit dem
Max-Delbruck-Centrum fir Molekulare Medizin (MDC) statt
sowie auch Post-Doc-Retreats, die beide Institute gemein-
sam veranstalten.
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