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All the cells in our body rely on the sufficient and well balanced energ%
supply in the form of the molecule ATP. Most ATP is produced by a large membrane supercomplex, the
F-ATP synthase. How this very large protein complex achieves its energy transformation function is
not very well understood yet. In this project we attempted to improve our understanding by inventing
novel ways to purify fragile F-ATP synthase from cow heart muscle tissue and analyze its structure
and function by cryo electron microscopy and other methods. We succeeded to find new ways to purifiy
the protein complex that preserves it during isolation. All physiological functions of the F-ATP
synthase could be preserved. We also invented novel ways to put the F-ATP synthase into artificial
membranes, which was important to confirm new channel functions of F-ATP synthase. In summary, we
have now established a firm basis for structure and function analysis in solution as well as in
artificial membrane systems.
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1. WHEBIAR S MO 5

The mitochondrial F-ATP synthase is central to energy metabolism and recycles the vast
majority of ATP in the mammalian cell. In last two decades its involvement in the
architecture of the inner mitochondrial membrane and numerous chronic, age related
diseases became apparent. Despite the important cellular role of mitochondrial F-ATP
synthase, the atomic structure of its monomeric, dimeric and oligomeric state have
remained elusive. Fundamental to this crucial lack of structural insight are the lack of
suitable techniques for the isolation of this large membrane complex (MW 1.3 MDa for the
F-ATP synthase dimer) from its physiological membrane environment and also the
inability to reconstitute its oligomeric form into membranes in vitro.

2. WHEDHK

The aim of this project is to establish novel
methods for the purification of the
mammalian F-ATP synthase from bovine
heart muscle tissue in its monomeric, dimeric
and oligomeric state. Crucially, the isolation
procedure is aimed at obtaining F-ATP
synthase in as pure as possible form in terms
of lack of contamination, absence of partial
degradation and also in its pure oligomeric
form. That is pure also in the sense of
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absence of self-contamination by the presence
of a mix of oligomeric states. Furthermore,
novel methods of membrane reconstitution
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are to be established for the functional
characterization of the preparation to a point
where physiological relevance of the purified
F-ATP synthase can be demonstrated. The
thus obtained preparation is then used for structure determination in solution by single
particle cryo-EM and in the membrane by cryo electron tomography. Finally, functional
and structural data is combined to arrive at a deeper understanding of how mammalian
F-ATP synthase is achieving its energy transforming function, how it as capable to
determine inner mitochondrial membrane architecture and how it is connected to chronic
and age related diseases such as heart disease, muscular dystrophy, Parkinson and
Alzheimer's disease.
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3. WHEDITIE

(1) Purification

Despite a 60 years history a suitable purification method for mammalian F-ATP synthase
has not been established yet. We use fresh bovine heart muscle tissue to obtain sufficient
amounts of mitchondria for large scale purification which is generally favorable for fragile
multisubunit protein complexes. Mild detergent solubilized inner mitochondrial
membranes are then subjected to density gradient and column extraction of the F-ATP
synthase.

(2) Liposome reconstitution

For a full functional characterization of the F-ATP synthase preparation it is crucial to test
the complexes functionallity in closed membrane systems that mimic the physiological
environment of the inner mitochondrial membrane. GraDeR mediated liposome
reconstitution was employed to measure proton pumping and novel channel functions.

(3) Native Mass Spectrometry

With our collaborators in Oxford new, direct native mass spectrometry was developed and
tested on our F-ATP synthase, inner mitochondrial membrane and mitochondria
preparation.

(4) Cryo Electron Tomography
Liposome reconstitution was monitored using cryo electron tomography to examine the
presence or absence of dimeric F-ATP synthase after liposome reconstitution.



(5) Single Particle cryo-EM

For structure determination single particle cryo-EM is used first for screening of grid
freezing conditions and then for image data collection.

4. BFZERR

(1) F-ATP synthase purification

We succeed to isolate large amounts of
mammalian F-ATP synthase from bovine
heart muscle tissue (>100 mg) at a very
low level of contamination (<5%)
exhibiting a high oligomycin inhibition
rate (>98%) using a density gradient and
Poros column based approach. That using
this method it is possible to isolate
tetrameric F-ATP synthase was
demonstrated as well.

(2) Oligomer Pure F-ATP
purification

A column free purification approach is
being established that allows the clean
separation of monomeric, dimeric and
oligomeric F-ATP synthase. Progress has
been made, but further work is
necessary.

synthase

(3) Liposome Reconstitution
Reconstitution techniques that allow
dimeric or oligomeric mammalian F-ATP
synthase in vitro lipid bilayer
reconstitution were established and
demonstrated for the first time. This
success allowed to probe Opal - F-ATP
synthase interaction in vitro
(Quintana—Cabrera et al., Nat. Comm.,
2018) and to measure proton pumping
efficiency with high accuracy (Urbani et
al. Nat. Comm., 2019). In the same study
the new, GraDeR based reconstitution
technique could be used to unequivocally
establish that mammalian F-ATP synthase
has a thus far unrecognized channel
function as the molecular identity of the
mitochondrial permeability transition
pore (mPTP) (Urbani et al., Nat. Comm.,
2019).

(4) Native Mass Spectrometry

High resolution structures rarely reveal
and identify all structural lipids
associated with membrane protein
complexes. Our collaborators in Oxford of
the Robinson lab provided proof of
principle data that native mass
spectrometry on isolated bovine F-ATP
synthase, inner mitochondrial membranes
and even whole mitochondrial is feasible
(Chorev et al., Science, 2018).
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(5) Cryo Electron Tomography

Among the structures of desire for mammalian F-ATP synthase are structures determined
in their physiological environment of the lipid bilayer. Cryo electron tomograms of bovine
F-ATP synthase proteoliposomes successfully visualized dimeric complexes confirming the
ability to reconstiute oligomeric forms.

(6) Single Particle Cryo—EM

Cryo—grid freezing conditions were screened and fragility of the complex to blotting and
freezing established. The mix of rotational states and oligomeric forms in combination
with the fragility of mammalian F-ATP synthase proved to be a challenge. The publication
of a 6 & single particle cryo—EM structure of tetrameric porcine by a team from Tsinghua
University in 2019 shows that the IF1 inhibited form could be a suitable target for single
particle cryo—EM. The same work which used two months of data collection time and highly
impure preparation (<20% target complex) also demonstrated the need for new purification
approaches. Further work is needed to establish the ability to obtain reliable atomic
models of mammalian F-ATP synthase.



7 5 7 5

paolo, B., Szabo, 1., Lippe, G., Gerle, C., and Forte, M.A. 118, 3

The Dual Life of Mitochondrial F-ATP Synthase. 2020

Biophysical Journal 16a-16a
DOl

10.1016/j .bpj .2019.11.270

Urbani A, Giorgio V, Carrer A, Franchin C, Arrigoni G, Jiko C, Abe K, Maeda S, Shinzawa-ltoh K, 10(1)

Bogers JF, McMillan DG, Gerle, C.*, Szabo, I.*, Bernardi, P.*

Purified F-ATP synthase forms a Ca2+-dependent high-conductance channel matching the 2019

mitochondrial permeability transition pore.

Nature communications 1-11
DOl

10.1038/s41467-019-12331-1

Christoph Gerle 252

Essay on Biomembrane Structure. 2019

Journal of Membrane Biology 115-130
DOl

10.1007/s00232-019-00061-w

Ruben Quintana-Cabrera, Charlotte Quirin, Christina Glytsou, Mauro Corrado, Andrea Urbani, Anna 9 (3399)

Pellattiero, Enrique Calvo, Jesus Vazquez, Jose; Antonio Enriquez, Christoph Gerle, Maria

Eugenia Soriano, Paolo Bernardi & Luca Scorrano

The cristae modulator Optic atrophy 1 requires mitochondrial ATP synthase oligomers to 2018

safeguard mitochondrial function.

Nature communications 1-13

DOl
10.1038/s41467-018-05655-x




Dror S Chorev, Lindsay A Baker, Di Wu, Victoria Beilsten-Edmands, Sarah L Rouse, Tzviya Zeev- 362, 6416

Ben-Mordehai, Chimari Jiko, Firdaus Samsudin, Christoph Gerle, Syma Khalid, Alastair G Stewart,

Stephen J Matthews, Kay Grunewald, Carol V Robinson

Protein assemblies ejected directly from native membranes yield complexes for mass spectrometry 2018

Science 829-834
DOl

10.1126/science.aau0976

Ali Rubbiya A. Mehdi Ahmed M. Rothnagel Rosalba Hamilton Nicholas A. Gerle Christoph 200

Landsberg Michael J. Hankamer Ben

RAZA: A Rapid 3D z-crossings algorithm to segment electron tomograms and extract organelles and 2017

macromolecules

Journal of Structural Biology 73 86
DOl

10.1016/j . jsb.2017.10.002

7.Fischer, N., Beilsten-Edmands, V., Chorev, D., Hauer, F., Jiko, C, Shimada, S., Shinzawa- 193045

Itoh, K., Robinson, C., Stark, H., and Gerle, C.

Structure and function of the intermembrane space domain of mammalian FoFl ATPsynthase. 2017

bioRxiv

193045-193072

DOl
10.1101/193045

15 15 8

Christoph Gerle

In and out of the membrane: cryo-EM of membrane proteins.

Asian Crystallographic Association

2019




Christoph Gerle

Purified F-ATP synthase forms a Ca2+-dependent high-conductance channel matching the mitochondrial permeability transition
pore.

Cold Spring Harbor Asia conference on Mitochondria

2019

Christoph Gerle

Mitochondrial F-ATP synthase: an old machine with new tricks.

Kluyver Colloquium, TU Delft, The Netherlands

2019

Christoph Gerle

Membrane bending & more - in vitro studies of membrane protein supercomplexes.

Institute for Plant Biotechnology and Biology, University of Munster, Germany

2019

Christoph Gerle

44

2018




Christoph Gerle

Membrane protein sample preparation for single-particle cryo-EM and more.

2018

Christoph Gerle

Mammalian FoFl ATP synthase as the mitochondrial permeability transition pore -? new drug targets in old proteins.

CeSPI Talk

2018

Christoph Gerle

Cryo electron tomography of in vitro membrane systems.

KEK Symposium

2018

Christoph Gerle

Is mammalian FoFl ATP synthase the mitochondrial permeability transition pore?

EBEC

2018




Christoph Gerle

Membrane bending and more - cryo-EM of integral membrane complexes.

Departmental Talk, Ruh University Bochum, Germany

2018

Christoph Gerle

GraDeR: detergent free membrane protein preparation.

Oxford Talks

2018

Christoph Gerle

F-ATP ptp?

43

2017

Christoph Gerle

Cryo-EM 2.0

ConBio

2017




Christoph Gerle

The intermembrane space domain of mammalian FoFl ATP synthase and its potential role in ptp formation.

Cold Spring Harbor Asia conference on Mitochondria

2017

Christoph Gerle

GraDeR: micelle free membrane protein preparation.

The 55th Annual Meeting of Biophysical Society of Japan

2017

GraDeR method HP
https://grader-protocol.com/

Outreach article
https://webronza.asahi.com/politics/articles/2020051600001.html

(Morimoto Yukio)

(80200450) (14301)




(Jiko Chimari)

(70585976) (14301)
(Fujiyoshi Yoshinori)

(80142298) (12602)
(Yoshikawa Shinya)

(40068119) (24506)




