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PREFACE

Dear readers,

Research thrives on curiosity, exchange, and the courage to
ask new questions. This issue of our “Research Highlights”
invites you to take a look at the scientific work at the FMP —
where fundamental findings are made that will lead to new
ideas, methods, and perspectives for biomedicine in the
long term.

FMP represents excellent, interdisciplinary research on the
molecules of life. Our scientists are investigating how cells
communicate, how metabolic processes are regulated, and
which molecular mechanisms characterise healthy function
as well as disease. Many of these questions refer to highly
specialised matters - and yet their answers affect us all. After
all, they help us better understand biological relationships
and open up new avenues for diagnostics and therapy.

This report presents a selection of current projects at the FMP.
It shows how interdisciplinary teams work with modern meth-
ods, how new ideas are generated, and how basic research can
lead to medical progress in the future. At the same time, it
represents our aspiration to shape research responsibly, open-
ly, and in dialogue with society.

We invite you to join us on this journey through our research.
Sincerely, Volker Haucke

Prof. Dr. Volker Haucke is
Managing Director of the FMP.
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Developmental
disorder detected

Problems speaking or walking, muscle tremors and spasms — changes in the
UNC13A gene can trigger a previously undocumented neurological disease.



Writing an email, running to the bus, humming along

to a song on the headphones — every thought, feeling,

or action requires our 100 billion nerve cells to talk

to each other. Information between cells is transmitted
via synapses using messenger substances. A single
nerve cell can form up to 10,000 such synapses, and
its cellular communication partners will be just as
numerous.

A key protein in synaptic signalling is the protein
UNC13A. It is involved in releasing messenger sub-
stances called neurotransmitters. UNC13A also plays
arole in the adaptability of synapses. This is crucial
for learning and memory processes. Variants of the
UNC13A gene that contains the blueprint of the
UNC13A protein, can also trigger a previously un-
known neurodevelopmental disorder. This was
discovered by a team of researchers led by Dr. Noa
Lipstein from the Leibniz-FMP and Nils Brose from
the Max Planck Institute for Multidisciplinary Scienc-
es in Gottingen together with clinical geneticists.

As part of global collaborations with numerous clinics,
the team has so far identified around 50 patients
who have been diagnosed with this syndrome. Many
of them have thus received an explanation for their
symptoms. The spectrum of impairments caused by
the altered gene ranges from delayed development
and intellectual disability, to speech and move-
ment disorders, tremors, and seizures. In some cases,
death occurs in early childhood.

Using electrophysiological studies in mice and in the
nematode C. elegans, researchers were able to clarify
how different variants of the UNC13A gene affect
the function of synapses. The cause of the disease has
been identified in this manner in 20 cases to date.

Dr. Noa Lipstein

“Symptoms vary depending on the nature of the
change in the function of the UNC13A protein”, ex-
plains Dr. Noa Lipstein.

The researchers' findings give hope for therapies: Anti-
sense oligonucleotide therapies that suppress pro-
duction of pathogenic proteins may reduce the symp-
toms of two forms of the developmental disorder.
These new findings may also open up ways of treating
more common neurological diseases such as ALS,
frontotemporal dementia (FTD), and Alzheimer’s dis-
ease. Recent studies have shown that altered produc-
tion of the UNC13A protein is a key factor in the
progression of these diseases.



How intestinal bacteria
dock onto tumour cells

Some bacteria are overrepresented in colon tumours, helping them
grow and weakening the immune defence. Researchers are now
adhesive" proteins bind to cancer

Ill

able to show precisely how bacteria
cells and immune cells.

Fusobacterium nucleatum is overrepresented in the microbiome
of colorectal cancer patients and is partly responsible for
accelerated tumour growth, metastases, and resistance to ther-
apy. This is due to the bacterium binding to tumour cells,
stimulating them and interacting with immune cells, weaken-
ing the host's immune response.

Two proteins on the bacterial surface, which are referred to as
adhesins, play a central role: Fap2 and CbpF. Fap2 binds to
the complex sugar molecule only found on tumour cells in the
colon, a glycan called Gal-GalNAc, and to the immune protein
TIGIT on killer cells. CbpF, on the other hand, interacts with
CEACAM1, a protein that epithelial cells use to communicate
with T cells. Though already known in principle, structural
insights into the molecular binding mode involved in these inter-
actions were lacking.

Dr. Daniel Roderer
Researchers led by Daniel Roderer — in particular Felix Schépf

and Gian Luca Marongiu — have now used cryo-electron mi-
croscopy (cryo-EM) to determine the structures of both adhes-
ins, individually and in complex with their receptors.

Fap2, the largest protein of F. nucleatum, was expressed, puri-
fied, and structurally characterised as a fusion protein.
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It forms a 45 nm long rod from a B-helix with a V-shaped cross-
section, whose water-repellent longitudinal notch is closed

by an unstructured area. An extension that is about 8 nm wide
is located at the membrane-distal tip of the rod. It harbours
the binding region for both receptors: Gal-GalNAc binds on
the back, TIGIT on the front. Fap2 thus simultaneously acts as a
“molecular hook” for tumour cells and “molecular spear” for
immunosuppression.

The CbpF adhesin, on the other hand, forms a homotrimer with a
stack of B-sheets. A short loop made up of nine amino acids
and a histidine residue of the neighbouring unit together form
the CEACAM1 binding site. This interplay between two sub-
units shows that trimer formation not only stabilises the structure
but also makes a decisive contribution to the function.

The working group now investigates the complex interaction
of several adhesins on the cell surface building on these findings.
The structural and functional data serve as an important basis
for the development of pharmacological strategies against

F. nucleatum and its adhesins, which could play a promising role
in colorectal cancer therapy.

T The image schematically shows how
the intestinal bacterium F. nucleatum
binds to cancer cells and immune
cells with two grasping arms (Fap2
and CbpF). It helps tumours to grow
and blocks the immune defence.

Figure: Barth van Rossum, FMP Berlin
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New subunits of endosomal
chloride transporters can explain
neurological diseases

Endosomes function in the cellular uptake, sorting and traffick-
ing of proteins and other molecules. lon transporters such as
CLC chloride-proton exchangers regulate their operation.
Mutations in CIC-3 and CIC-4 can cause severe neurological
diseases. Researchers at the FMP have now discovered how
such mutations cause pathology.



The transport of ions across cell membranes is crucial
for cellular and systemic signalling and many other
processes. In intracellular vesicles such as endosomes
and lysosomes, ion transport influences the trans-
port and function of these organelles. Mutations in
genes that code for intracellular ion transport pro-
teins can lead to severe hereditary diseases. In addition
to the nervous system, which is often affected, they
can damage many other organs.

Thomas Jentsch's laboratory has molecularly identified
and characterised several families of ion channels,

in particular those for anions. Mutations in all nine
members of the CLC family, which he identified back
in 1990, lead to different hereditary diseases. His
group recently showed that mutations of the endoso-
mal chloride/proton exchangers CIC-3 and CIC-4

can lead to severe developmental and neurological
disorders in patients. However, in many cases bio-
physical analyses of mutants failed to detect functional
defects. This might have been due to the lack of a
crucial, so far unknown, factor in these assays.

Indeed, in collaboration with Prof. Bernd Fakler (Uni-
versity of Freiburg), the team found two small
proteins that bind tightly to CIC-3, -4, and -5: TMEM9
(T9A) and TMEM9B (T9B). Biochemical experi-
ments and analyses of mice in which these proteins
were eliminated (knock-out) showed that both
proteins are essential for the stability and function

Prof. Dr. Dr. Thomas Jentsch

of all three transporters. These “new” B-subunits direct
the cellular traffic of the ion exchangers and sur-
prisingly also block their ion transport. The team found
that this blockade is strongly reduced in several dis-
ease-causing mutants of CIC-3 or CIC-4. The resulting
overactive ion transport leads to the swelling of en-
dosomes and to disease.

The localization of the mutated amino acids and ex-
perimental mutagenesis narrowed down a binding site
for the inhibitory “end” of the T9 proteins (CID), which
was impressively confirmed by a cryo-EM study of
the CIC-3/T9 complex in collaboration with Richard Hite
(Sloan Kettering Cancer Center, New York). The
carboxy-termini of T9 proteins directly blocks chloride
entry into CIC-3. The structure provided another
important insight: the binding of T9 carboxy-termini
to CIC-3 requires PI(3,5)P2, a lipid that regulates
many signalling processes.

The identification of the new T9 subunits provides the
basis for understanding the pathology of severe
neurological diseases and reveals new mechanisms of
endosome regulation. The team suspects that the
inhibition of CICs by T9 is not only regulated by PI(3,5)P2,
but also by protein phosphorylation.
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A small bridge

with a big impact

against cancer

A cell bridge plays a key role:

Researchers show how a clever lipid molecule (PI(4,5)P2)
stabilises this bridge during cell division — while preventing

Prof. Dr. Volker Haucke

errors that trigger tumours.

For every cell division, not only the genetic material but also the inside of
the cell must be neatly divided into two daughter cells. Cytokinesis, the
final step in this process, involves formation of a very thin bridge of mem-
brane and tubular protein complexes, the microtubules, which must

be stabilised and then severed in a precisely controlled manner. In case
of errors, cells with too many chromosomes and additional centrosomes
can develop, which favours the development of tumours.

How exactly the formation and function of this bridge is controlled in time
and space was previously unknown. The researchers have now investi-
gated how the signalling lipid phosphatidylinositol-4,5-bisphosphate
(P1(4,5)P2) is produced locally at this bridge and how it coordinates the
late phase of cell division.

A team of international researchers, led by Prof. Dr. Volker Haucke and
Prof. Dr. Michael Krauss, was able to show how a small membrane lipid
and its partner proteins organise this bridge - and thus prevent cell
division errors that can lead to cancer.

Using human cell lines, targeted gene silencing and fluorescence micros-
copy, the team was able to show that when PIPKIy is lost, cells get
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“stuck” in late stages of division, form abnormal bridges, and become in-
creasingly multinucleated. Under these conditions the key molecules
anillin and septin are no longer concentrated compactly at the midbody,
the bridge between dividing cells, but are distributed unstructured along
and next to the bridge. At the same time, microtubules in the bridge
become less stable and less strongly bundled.

The study showed that particular variants of PIPKly bind directly to sept-
ins and overlap with septin filaments. It is precisely these variants that are
necessary to keep anillin and septins at the intercellular junction and to
build up a local pool of PI(4,5)P2 there. The defects in the organisation of
anillin, septins, and bridge architecture cannot be remedied if either
their lipid kinase activity or their ability to bind to septins is lacking.

The septin-associated PIPKly isoforms control the late phase of cell division
by generating a local pool of the lipid PI(4,5)P2 at the intercellular junc-
tion. This creates new starting points for the targeted investigation and
therapeutic utilisation of disorders of this axis in the development of
cancer in the future.



How flu viruses open
their inner workings

The M2 proton channel in the acidic endosome opens the virus to release
the genome in influenza infections. Researchers now reveal the molecular
opening mechanism behind this.



Prof. Dr. Adam Lange

An infection with influenza caused by influenza A virus-
es causes the viruses to enter human cells. Endo-
somes — membrane-enclosed organelles that develop
from the cell membrane — play an important role in
this process. A very acidic pH value exits in the endo-
somes. This brings about a conformational change

in a protein in the virus membrane — the proton chan-
nel M2 — specifically an opening of the channel.
Protons can enter the virus particles as a result of this.
This also acidifies the inside of the virus, which causes
the virus particles to collapse and viral genome to

be released accordingly. The M2 channel is known to
be an important target molecule for anti-influenza
agents such as amantadine. However, currently circu-
lating strains have often developed resistance to
amantadine due to mutations in the M2 channel.

The molecular basis of the opening of the M2 channel
was not entirely clear before. There also are some
unanswered questions regarding the mechanism of
the proton transport through the channel. The M2
channel is difficult to investigate using standard struc-
tural biology techniques such as X-ray crystallography
and cryo-electron microscopy since the channel is
very small and embedded in a lipid environment.

FMP researchers from the Adam Lange and Han Sun
research units have chosen an integrative approach of
solid-state NMR investigations with computer-aided
methods such as MD simulations and quantum mechan-
ical methods to answer these questions accordingly.

They were able to show that the M2 channel in its
closed form consists of four identical protein units
that are linked to each other by hydrogen bonds
between histidine side chains, amongst other things.
However, these interactions are not entirely rigid.
They can open and close. The channel opens and un-
dergoes clear structural changes when the pH value
drops — the transmembrane regions tilt and the
C-terminal amphipathic “two-faced” helix (water-lov-
ing and water-repellent) realigns.

The results obtained at the FMP expand our under-
standing of the structure and function of M2 and
could thus be used as a basis for the development of
anti-influenza drugs. Similar viral ion channels (viro-
porins) can be found in a number of other viruses, e.g.,
in the West Nile virus and the Dengue virus. The new
findings on the M2 channel could also be helpful

for investigating these other viroporins.



Tight-junction

network: How the

kidney controls
the calcium flow

Researchers show how the

kidney regulates calcium flow:
The protein claudin 14 displaces
the “calcium channel” claudin 16
in tight junctions, slowing down
the resorption into the blood - as
protection against excessive calci-
um and a possible starting point
against kidney stones.

Dr. Martin Lehmann

Researchers have identified a previously un-
known mechanism by which the kidneys
precisely control the excretion of calcium.
The claudin-14 protein plays a key role in this
process: It displaces the para-cellular trans-
port protein claudin-16 in the tight junctions
of the kidney. This significantly influences
calcium flow.

The body depends on stable calcium home-
ostasis, which is essentially regulated by
the kidneys. Epithelial cells form tight junc-
tions that control the paracellular trans-
port of substances, i.e., transport between
cells. Copolymers of claudin proteins clau-
din-16 and claudin-19 in the “thick ascending
limb", a special kidney segment, enable
the resorption of calcium from the urine into
the blood.

Elevated calcium levels in the blood lead

to activation of the calcium sensor receptor,
which in turn increases the expression of
claudin-14. Claudin-14 interferes with the cal-
cium conductivity of the claudin-16/19 co-
polymer, causing more calcium to be excret-
ed in the urine. This mechanism protects
against excessive calcium levels in the body.
At the same time, it is known that genetic
variants of claudin-14 can increase the risk of
kidney stone disease.



Researchers from the FMP and the University
of Odense in southern Denmark have used
state-of-the-art microscopy techniques, includ-
ing super-resolution STED microscopy, as
well as cell and mouse models, to visualise and
investigate the dynamic remodelling of
the tight junctions at the nanoscale. For the
first time, they show how claudin-14 pre-
ferentially forms polymer structures with
claudin-19 and thus takes the place of clau-
din-16 over a period of several days.

This has enabled the researchers to identify
a new, flexible adaptation mechanism of
the claudin protein composition in the tight
junctions, thereby regulating calcium ex-
cretion in the kidneys.

These findings supply some valuable molecu-
lar insights into the regulation of calcium
homeostasis in the kidney and open up new
therapeutic perspectives for the treatment

of kidney stone disease and disorders of cal-
cium metabolism.




Weak bonds,
strong effects

Eps15 is a key protein in endocytosis: Researchers have now shown
how it builds up a dynamic network through many weak bonds allowing
us a glimpse at the early steps of the central cellular uptake process.




Clathrin-mediated endocytosis is an important process in our cells through
which nutrients, signalling molecules, or even viruses will enter a cell.
Proteins that lack a fixed structure are particularly relevant initially. These
dynamic, structurally flexible sections form a complex network that is
crucial for successful uptake of molecules and thus for numerous cellular
functions.

We are not entirely clear yet about how precisely this network develops
and controls the endocytosis process. In part, this is because intrinsically
disordered domains are hard to analyse and studies have usually only
looked at short sections so far.

Sigrid Milles and her team have analysed the protein Eps15 in greater
detail, which plays a key role in endocytosis. It comprises three folded EH
domains, a region through which two molecules can connect and a
long disordered region. EH domains bind to very specific motifs of other
proteins. These typically are the amino acid sequence asparagine-
proline-phenylalanine (NPF), such as those found in the endocytosis
protein Dab2.

All three EH domains were investigated together for the first time. This
showed that they not only bind to NPF sections with weak affinity,

but also to other hydrophobic regions in Dab2 - and in each case with
comparable binding strength.

Such weak interactions are relevant since Eps15 forms separate liquid ar-
eas in the cell through droplet formation. The researchers have managed
to document how the EH domains can also bind the disordered region

of Eps15 directly in spite of its lack of NPF motifs. This explains the pro-
tein's ability to phase-separate and thus form droplets. Dab2 penetrates
these phases without destroying them due to the short-lived bonds. Sur-
prisingly, clathrin also interacts with Eps15 and can enter the conden-
sates. Eps15 also helps clathrin to assemble into larger structures when it
forms such phases. This is an important step in endocytosis.

These results provide new insights into how endocytosis is regulated.
Since this process is crucial for signalling in the brain and fatty acid
metabolism, for example, the findings can help to understand how dis-
ruptions to these processes lead to diseases.

Dr. Sigrid Milles



Flexible gatekeeper
of the cell

Cells are masters of control: Cell membranes separate cells from their surroundings. Most

. . . . bstances cannot pass this barrier. Specialised transporters or
ing tiny channels in their "
Us 9 yc els € channels, therefore, enable the selective passage of molecules

membrane, they control such as proteins, sugars, or ions (e.g., sodium or potassium).

which ions or molecules are The two-pore-domain potassium channels (K2P channels) was
allowed to pass. The K2P the last major discovered potassium channel family. They regu-
late the resting membrane potential and cellular excitability

in various cell types. Dysregulation of such channels have been
Cltlng in this context — they linked to numerous diseases and disorders, including atrial

influence heart rhythm, fibrillation, respl'rato'ry depression, p'ulmonary h}/perten5|on,
sleep apnoea, migraine, and depression. Accordingly, K2P

breathing, pain perception, channels have emerged as promising drug targets.
and mood.

channels are particularly ex-

lon channels are highly dynamic rather than rigid structures.
They open or close in response to signals in a process referred
to as “gating”. The gating mechanism of the K2P channels
continues to be the subject of debate. Studies suggest that the
cytoplasmic C-terminus region perceives and integrates sig-
nals such as temperature, mechanical pressure, phosphorylation,
pH changes, and interactions with regulatory proteins. In col-
laboration with scientists at Kiel University, FMP researchers
were able to show that the main gate lies in the selectivity filter.

. However, the molecular pathway by which signals from the
C-terminal region are transmitted to the filter gate, as well as
the atomic basis of this coupling mechanism, remain largely
unresolved.

It is also interesting to note that many K2P channels are voltage-
dependent. While these channels are more active at positive
membrane potentials, they do not have conventional voltage
sensors. The mechanism underlying this unusual form of voltage-
dependent gating is also not known yet.

Prof. Dr. Han Sun
Using large-scale computational molecular simulations, re-
searchers at FMP demonstrated that the C-terminus region of the
TREK-K2P channels is functionally coupled to the selectivity



filter gate. Phosphorylation within the C-terminus region alters
both its conformation and membrane interaction, thereby
triggering conformational changes in the selectivity filter that
are responsible for channel closure under phosphorylated
conditions. Electrophysiological measurements performed in

collaboration with Kiel University experimentally confirmed
these predictions. In addition, FMP researchers at the FMP also
discovered specific interaction pathways connecting the C-ter-
minus region and the selectivity filter. These findings open
entirely new opportunities for the targeted pharmacological
modulation of K2P channels.

In parallel, a second study investigated the atomistic mecha-
nism of voltage dependence in K2P channels using advanced
computer simulations: The FMP researchers found that the
selectivity filters of many K2P channels display asymmetrically
dynamics that are tightly coupled to the direction of ion flow.
Under negative membrane potentials, water molecules can
penetrate into the filter from outside of the cell inducing confor-
mational changes that ultimately lead to channel closure.

This mechanism differs fundamentally from other voltage-depend-
ent cation channels. The finding also provides new perspec-
tives for the de novo design of ion channels or nanopores, ena-
bling the rational engineering of voltage-gated systems from
first principles.
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A map of proteins

How are proteins organised in cells? This question is answered
using mass spectrometry-assisted spatial proteomics.

This innovative technique allows the location and orientation of
previously uncharacterised proteins to be precisely determined.

Prof. Dr. Fan Liu

Organelles and cellular subcompartments perform highly spe-
cialised functions that depend on the precise spatial and
temporal organisation of their proteins and their specific inter-
actions. This finely tuned protein arrangement is crucial for
almost all cellular processes.

Cross-linking mass spectrometry (XL-MS) is used to detect
intra- and inter-protein interactions in a radius of up to 4 nm.
Researchers at the FMP combine XL-MS data with already
known localisation markers using the established CLASP (Cross-
Linking Assisted Spatial Proteomics) method. This permits
prediction of the position of other proteins in a cell with high pre-
cision. CLASP thus combines structural and spatial informa-
tion and makes it possible to map the organisation and morphol-
ogy of complex cell compartments in detail.

CLASP permits analysis of several subspaces in a single experi-
ment, determination of membrane protein topologies, and
localisation of previously uncharacterised proteins. Intact hu-
man mitochondria served as a model system, focussing on
ER-mitochondrial contact sites that establish a close physical
and functional connection between the endoplasmic reticulum
and mitochondria and whose dynamics are still poorly un-
derstood. The method also was successfully applied to synaptic
vesicles in order to demonstrate its transferability to other
biological systems. Synaptic vesicles are membrane-enclosed
structures that act as transport vehicles for neurotransmitters
between neurones.
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The results emerged from a multidisciplinary collaboration
between the Liu and Lehmann research groups, led in particular
by the former doctoral students Ying Zhu (Liu research group)
and Kerem Akkaya (Liu/Lehmann research groups). This effort
combines the core competences of both groups: mass spectro-
metry and microscopy respectively.

Applying CLASP on intact human mitochondria and synaptic
vesicles from mice with special cross-linking reagents, the
researchers were able to identify more than 14,000 cross-links,
which represents 2,606 and 417 protein interactions. The sub-
compartment position of 91 percent of the annotated pro-
teins could be determined using 244 localisation markers. This
method enabled the discovery of 24 new membrane protein
topologies and three previously unknown mitochondrial pro-
teins, including FAF2 at ER-mitochondrial contact sites.

CLASP enables high-resolution determination of local prote-
omes in membrane-bounded systems. The newly estab-
lished method makes some important contributions to the

. K . centre of a dense network of partner
creation of a spatially resolved human interactome and proteins on the inner membrane of the
to the mapping of cellular architecture. mitochondria.

1T The protein FAM136A (centre) is at the
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Buckle up -
a three-point harness
for fluorophores

Bombproof attachment of markers to proteins for microscopy:
A three-point harness made from old chemistry and
modern protein design holds fluorophores precisely in position —
enabling precise measurements for cell research.

A + B —> C: Uniting molecules through chemical
bonds is a fundamental basis of organic chemistry and
biology. This is also the case with protein labelling,
e.g., when a fluorophore is bound tightly to a protein
that it becomes visible for microscopic images. Yet
one bond still permits tumbling of the dye, making it
difficult to determine its precise orientation.

The group of Johannes Broichhagen has now put an end
to this: Combining chemistry from the late 19 cen-
tury with computer simulations and protein engineering
from 2025, they have developed a new and partic-
ularly stable labelling technique. This permits more
accurate and reliable measurements of proteins.

Protein tagging is part of the standard repertoire

in the life sciences. Traditionally, fluorescent proteins
(FPs) are attached to proteins to be visualised and
analysed using fluorescence microscopy. Organic
fluorophores that can be covalently bound to so-called
labelling tags (e.g., SNAP-tag, HaloTag) offer a
chemically more stable method. However, such dyes
can still "fidget” while fixed to an amino acid, e.g.,

by rotating around their bonds, thereby creating un-
certainty in orientations. Ideally, the dye should

be fixed on the surface of the protein in three places —
working according to the same principle as a three-
point seat belt in a car. However, finding so many anchor
points on the protein is not easy.



This can only work if one knows precisely where on the
protein surface chemical reactions can take place.
The amino acid lysine that forms bonds in a chemically
predictable manner is particularly important here.
Broichhagen's team capitalised on this: They used a
known enzyme system (HaloTag Protein, HTP) that
already creates one bond between HTP and a dye and
supplemented it with two additional reactive centres.

The team has now designed two components: a HaloTag
protein with two specifically placed lysines named
"K” (Halo*X) and a molecule with two fluoride atoms
(F2X). Combined, they actually reacted with each
other threefold, which was proven by mass spectrom-
etry. The advantages of such a system are not limited
to the spatially exact alignment of the dipole that is
promising in distance measurements to other fluoro-
phores. Fluorescence cannot be emitted before the
reaction is complete either. This turns the Halo**:F2X
system into a new, precise, and clean method for
labelling proteins for imaging.

Halo

Dr. Johannes Broichhagen



The luminous
network of
cannabinoids

Pain, inflammation, appetite:
How does our endocannabinoid
system control these processes?
New fluorescent probes visual-
ise the key enzyme MAGL in cells
to reveal surprising accumulation
at lipid droplets in cells.

Prof. Dr. Marc Nazaré

The endocannabinoid system (ECS) is a
complex lipid signalling network of the body
whose functions are poorly understood.

It comprises cannabinoid receptors (CB1 and
CB2), the body’s own messenger substances
(endogenous lipids) and enzymes that
break them down. This system regulates many
processes in the body, such as inflammation,
pain, addictive behaviour, and appetite.
Monoacylglycerol lipase (MAGL), a key enzyme
in this process, will break down the most
common messenger substance, the endo-
cannabinoid 2-arachidonoylglycerol (2-AG).

Inhibition of MAGL is considered an impor-
tant therapeutic approach to utilise endo-
cannabinoid effects in a more targeted man-
ner while reducing side effects. Researchers
at the FMP, together with international
partners, developed highly selective, fluores-
cent chemical probes for MAGL in order

to better understand the distribution and func-
tion of MAGL in cells and tissues.

A structure-based design enabled a molecular
platform that selectively recognises MAGL
and allows different dyes to be coupled. The
probes could be reduced in size and made
more similar to small molecule drugs at the
same time.



The fluorescent probes have a very high bind-
ing strength (picomolar affinity) and enable

very sensitive, selective visualisation of MAGL
in cells. The consistent inhibition of MAGL in
different species (mouse, rat, and human)
facilitated transfer from pharmacological mod-
els to diagnostic applications.

A first biomarker assay was developed and
successfully used on patient samples. MAGL
was visualised in living cancer cells, neurons,
and brain organoids by fluorescence micros-
copy and showed a strong accumulation at
lipid droplets. In brain tissue samples from
mice, PET scans also showed an uneven
distribution of MAGL with high concentrations
in the cortex and hippocampus - brain re-
gions that require precise signalling timing,
synaptic plasticity, and the production of
arachidonic acid to a particularly high degree.

The novel fluorescent MAGL probes offer

a promising basis for research into previously
unexplained MAGL functions. They enable
further studies on the role of the endocannabi-
noid system in neurological diseases, neuro-
pathic pain, epilepsy, or multiple sclerosis.




New phosphate chains:
Tracking down the hidden
language of cell signalling

Protein phosphorylation is a central chemical language
that cells use for internal communication — and it is
more complex and diverse than previously assumed.

Reversible protein phosphorylation, i.e., attachment
and removal of phosphate groups to regulate pro-
teins, is a central signalling mechanism in eukaryotes.
Modern analytical methods recognise tens of thou-
sands of such modification sites. Dysregulation of
signalling networks is associated with many diseases
such as cancer and diabetes. This is why phos-
phorylation cascades are an important target for the
pharmaceutical industry.

We have robust methods to measure individual phos-
phorylations sites at specific amino acid residues
(serine, threonine, tyrosine), while other variants such
as protein pyrophosphorylation — where an already
phosphorylated amino acid side chain takes up a
second phosphate group to form a pyrophosphate
group — are more difficult to detect. There have
been no methods to measure this unusual phospho-
rylation pattern in complex samples before.

Jeremy Morgan, formerly a postdoc at the FMP, devel-
oped a mass spectrometry method for the detection
and characterization of protein pyrophorylation in
human cell lines — serving as the first direct proof for this
modification. More than 300 sites in more than 100
human proteins can now be detected by combining this
mass spectrometric method with a new enrichment
procedure. The results are consistent with previous bio-
chemical findings that link the introduction of this
modification to messenger molecules termed inositol
pyrophosphate. The lack of inositol pyrophosphates
and pyrophosphorylation has also led to a strong
reduction in rRNA transcription — the starting step for
the production of ribosomes.

Dorothea Fiedler's group can investigate how this
modification influences protein structure and function
by detecting this novel cellular language. Doctoral
student Arif Celik produced stoichiometrically pyrophos-
phorylated proteins and investigated their proper-

ties to this end. He discovered that pyrophosphorylation
can inhibit enzymatic activities and alter interactions
between proteins.
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Surprisingly, pyrophosphorylation can also promote
a new type of phosphorylation called oligophos-
phorylation. Chains of up to six phosphoryl groups
are attached to a single amino acid residue. This
new modification was characterised using cryo-EM
and mass spectrometry in collaboration with the
research groups of Roderer, Hackenberger, and Liu.
Going forward, the researchers will investigate
how widespread oligophosphorylation is in mam-
malian cells, how it is regulated and how it controls
protein structure and function.

Allin all, it can be said that there are still new types
of communication in the field of phosphate-based
signal transmission. Protein pyro- and oligophospho-

rylation may prove to be central, previously missing :
components in signal transduction research. Their char- Prof. Dr. Dorothea Fiedler
acterisation changes our understanding of cell com-

munication and opens up therapeutic potential.



Proteins coming through —
a new way into the cell interior

A new bioreversible chemical modification strategy
(“BioRAM") enables proteins to become cell-permeable.
The method reflects a high efficacy, paving the way
for new applications to transport proteins into living cells.

Researchers at the FMP have developed a new meth-
od to transport proteins efficiently and gently into
cells with BioRAM — an important step for future biop-
harmaceutical applications.

Biopharmaceutical agents that influence intracellular
signalling pathways have to cross the cell membrane.
Christian Hackenberger’s team has developed a
promising strategy based on arginine-containing cell-
penetrating peptides (CPPs) to improve the pene-
tration of such active substances into the cell interior.

The Hackenberger group initially identified CPP-addi-
tives that improved the uptake of CPP-conjugated

biomolecules. Genetically modified proteins with de-
fined modification elements used to be needed here.

The development of surface-anchored CPP-additives
subsequently allowed the introduction of function-

al proteins and antibodies for endogenous target struc-
tures —i.e. endogenous molecules or processes that
can be addressed pharmacologically — into cells.
Optimisations brought about a second generation of
CPP-additives that enabled stronger membrane in-
teraction and more efficient transport at lower concen-
trations. The new bioreversible modification strate-
gy, termed BioRAM (BioReversible Arginine Modification)
has now been developed on this basis: This expands
the possibilities and increases the general applicability
of CPP-additive-mediated transport because native,
i.e., natural proteins can now also be chemically modi-
fied in such a way that they become cell-permeable
without the need for genetic modification.



BioRAM was developed in the Hackenberger lab by
Jonathan Franke and Jan Vincent V. Arafiles, supported
by bachelor student Christian Leis. The method com-
bines multiple CPP-conjugation, residue-free intra-

cellular cleavage and surface-anchored CPP-additives.

CPPs are coupled to the protein surface via intra-
cellular cleavable linkers. The peptides are cleaved
again after successful uptake into the cytosol, keeping
the native protein present in its original form and
avoiding unwanted localisation.

The team systematically investigated how the length
and number of CPPs affect efficiency and toxicity
and found conditions under which the transport is
particularly effective. A balance between extracellular
stability and rapid intracellular cleavage was a de-
cisive factor for linker design here. The goal was to make
the transported proteins directly available after en-
try into the cytosol. The team developed a versatile,
serum-compatible, and non-toxic platform for trans-
porting native proteins into human cells at low con-
centrations.

This approach opens up new perspectives for the
targeted introduction of pharmaceutically relevant
proteins into cells via CPP-mediated pathways in
complex biological systems.
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RESEARCH GROUP TOPICS

Research groups

At the FMP, research is conducted in independent research groups assigned to one of

three sections: Molecular Physiology & Cell Biology, Structural Biology, and Chemical

Biology. The overview shows the research groups and examples of their research topics.

Research section

MOLECULAR PHYSIOLOGY AND CELL BIOLOGY

Research Unit

MOLECULAR PHARMACOLOGY

AND CELL BIOLOGY
-
-

Leader: Prof. Dr. Volker Haucke
- From stem cells to nerve cells
- Neurotransmission in the brain
- Brain diseases

(from Alzheimer’s to stroke)
- Ageing research

Core Facility
CELLULAR IMAGING FACILITY

Leader: Dr. Martin Lehmann

- Super-resolution microscopy

- Ultrastructure of organelles,
cells & tissues

- Development of correlative light

& electron microscopy
- Quantitative image analysis
- Nanostructure & function of
paracellular barriers

40

Research Unit
PHYSIOLOGY AND PATHOLOGY
OF ION TRANSPORT

Leader: Prof. emer. Dr. Dr. Thomas Jentsch
- Signalling between & within cells
- Intracellular vesicle transport
- lon transport-related diseases
(including neurodegeneration, epilepsy,
kidney disease, hypertension)
- Structure & function of ion
transport proteins
- Identification of novel channels &
their interaction partners

Core Facility
CELL ENGINEERING FACILITY

<4

3

Leader: Prof. Dr. Ralf Schiilein

- CRISPR/Cas

- Gene knock-out

- Targeted modification of genes
- Genetic engineering tools

Junior Research Group
SYNAPSE BIOLOGY

Leader: Dr. Noa Lipstein

- Transmission of information in the brain

- Neurodevelopmental disorders & neuro-
degenerative diseases

- Synaptic diversity at the molecular level

- Signal transmission via secondary
messenger substances at synapses

Core Facility
ANIMAL FACILITY

Leader: Dr. Natali Wisbrun

- Animal welfare
- Alternatives to animal testing
- 3R research (Replace, Reduce, Refine)



Research section

STRUCTURAL BIOLOGY

Research Unit
MOLECULAR BIOPHYSICS

Leader: Prof. Dr. Adam Lange

- Solid-state NMR spectroscopy

- Integrative structural biology
(NMR, cryo-EM)

- Membrane proteins in their natural
lipid environment: lon channels,
rhomboid proteases

- Viroporins as target molecules
in influenza A & other viruses

- Bacterial supramolecular assemblies:

e.g., Bactofilin filaments

Junior Research Group
INTEGRATED STRUCTURAL
DYNAMICS

Leader: Dr. Sigrid Milles

- Nuclear magnetic resonance
spectroscopy

- Single-molecule fluorescence
spectroscopy

- Proteins without a stable
threedimensional structure

- Protein dynamics

- Interaction networks

RESEARCH GROUP TOPICS

Research Unit & Core Facility
STRUCTURAL INTERACTOMICS

Leader: Prof. Dr. Fan Liu

- Mass spectrometry & proteomics

- Protein structure dynamics & interactions
- Spatially resolved proteomics

- Virus-host interactions

Junior Research Group
STRUCTURE & MECHANISM OF
MICROBIOME-DRIVEN DISEASES

Leader: Dr. Daniel Roderer

- Cryo-electron microscopy &
cryo-electron tomography

- Bacterial adhesion to human cells

- Structural analysis of membrane
proteins

- Mechanisms of protein-protein
interactions relevant for micro-
biomeassociated carcinogenesis

W)

\

NMR SUPPORTED
STRUCTURAL BIOLOGY

Leader: Prof. emer. Dr. Hartmut Oschkinat
+ Protein NMR in solution & in the solid state
- DNP method development
- Studies of the structure & function
of biofilm proteins
- Studies of protein-protein interactions
- Structure determination of
membrane proteins

Core Facility
NMR SPECTROSCOPY
FACILITY

Leader: Dr. Peter Schmieder

- NMR method development

- Structural elucidation of natural products
- NMR analysis of small molecules
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Research section

CHEMICAL BIOLOGY

Research Unit
CHEMICAL BIOLOGY
OF SIGNAL TRANSDUCTION

Leader: Prof. Dr. Dorothea Fiedler

- Cellular signal transduction

- Modifications of proteins

- Cellular phosphate balance

- Hyperphosphorylated messenger
molecules

- Chemical tools

Research Group
MEDICINAL CHEMISTRY

Leader: Prof. Dr. Marc Nazaré

. Chemical tools

- DOTAM-based diagnostics

- Fluorescent tools for the
endocannabinoid system

- Visualisation of infections &
tumours

- Phosphatase and kinase inhibitors
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RESEARCH GROUP TOPICS

Research Unit
BIOMOLECULE MODIFICATION
AND DELIVERY

Leader: Prof. Dr. Christian Hackenberger

- Biopharmaceuticals

- Post-translational protein modifications
(PTMs)

- Targeted drug delivery by antibody-drug
conjugates

- Bio-orthogonal reactions

- Proximity labelling & interaction analysis

- Chemical tools

- Cell-permeable proteins & antibodies

Core Facility
SCREENING UNIT

Leader: Dr. Jens Peter von Kries /

Dr. Katina Lazarow /

Dr. Martin Neuenschwander

- High-throughput screening with
compound libraries in biochemical &
cellular assays

- Genetic screening for the systematic
identification of gene functions

- Characterisation of the biological
activity of substances (binding constants,
cytotoxicity)

- Automation of laboratory processes
with liquid handlers & acoustic
dispensing technologies

Research Unit
STRUCTURAL CHEMISTRY AND
COMPUTATIONAL BIOPHYSICS

Leader: Prof. Dr. Han Sun

- lon channels & membrane proteins

- Mechanism of membrane transport

- Computer-aided drug design

- Structural chemistry & chirality

- Mechanisms of light-controlled
biological processes

Core Facility
COMPOUND MANAGEMENT

Leader: Dr. Edgar Specker

- Automated storage of
substance libraries

- Provision of screening plates

- Quality control of screening hits using
LCMS & NMR methods

- Similarity search of substances in
internal & external libraries to establish
a structureactivity relationship

- Prioritisation (triage) of hit lists &
suggestions for the synthesis of hits



Junior Research Group
CHEMBIOPROBES

Leader: Dr. Johannes Broichhagen
- Chemical synthesis

- Fluorescent dyes

- (High-resolution) microscopy

- Receptors in diabetes research

- Endogenous protein labelling

Further information and brief
descriptions of the groups can
be found below.
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