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SUMMARY

This work provides comprehensive structural and functions insights into the chloroplast protein
called outer envelope protein 21 (OEP21). In addition, structural data on subunit 40 of the
translocon at the inner envelope of chloroplasts (Tic40) are presented.

Chloroplasts are the primary sites of photosynthesis in plant cells, with triosephosphates such
as glyceraldehyde 3-phosphate (GAP) being the main products of photosynthetic CO; fixation.
Thereby, these triosephosphates must be transported across the inner and outer envelope
membranes into the cytosol for further metabolic processing and energy supply. While
transport across the inner envelope membrane is well understood, a detailed picture of the
transport proteins in the outer envelope remains elusive. One of these transport proteins is the
B-barrel porin OEP21, which forms an anion-selective channel, has an overall cone-shaped
structure, and serves as the major exit pore for triosephosphates in C3 plants. In this work, the
binding mechanism of OEP21 is studied in detail to provide the basis for studying the
functionality of OEP21. Therefore, CD, NMR, ITC, and fluorescence polarization experiments
were conducted and demonstrated that negatively charged metabolites can bind to highly
positively charged inner surface of OEP21, with the binding affinity dependent on the number
of negative charges in the metabolite. Thus, nucleoside triphosphates such as ATP, which is
the most relevant for metabolism, bind with significant higher affinity to OEP21 compared to
monophosphorylated metabolites such as GAP. In addition, various OEP21 variants were
generated in which single positively charged lysine or arginine residues were mutated to
alanine, resulting in comparable binding affinity for ATP as for the wildtype. Since the removal
of individual positive charges was compensated by other positively charged residues in the
proximity, the binding mechanism appears to be rather promiscuous and depends mainly on
the bulk electrostatic properties of the OEP21 pore. This was also confirmed by the decreased
binding affinity in the presence of increased sodium chloride concentrations and by competition
experiments in which ATP binding was studied in the presence of other phosphorylated
compounds, particularly GAP. Furthermore, it was shown that the binding affinity of ATP to
OEP21 is significantly reduced in the presence of magnesium, which is present in increased
concentrations in the intermembrane space, for example. These data suggest that
phosphorylated metabolites use the same positively charged binding surface of OEP21 and
that dissociation of the high-affinity binder ATP can be achieved at cellular solute concentration
levels. Based on the results presented here on the binding mechanism and interplay of different
metabolites, metabolite transport through OEP21 was experimentally investigated in further

work, which provided a comprehensive understanding of the functionality of OEP21.



SUMMARY

Xl

Moreover, OEP21 forms larger oligomers in the outer envelope, and it could be shown that
oligomerization can be controlled by LDAO concentration in vitro. In addition, OEP21 can
appear as dimeric form meditated by a cysteine residue that is oriented toward the membrane
and well-positioned to form a disulfide bridge under oxidizing conditions. This oxidation-
dependent oligomerization of OEP21 in response to oxidative stress may be a critical switch
for plant cells in executing the hypersensitive response, a type of programmed cell death to

defend against pathogen infections in plants.

The second protein studied here is Tic40, which is a component of the protein import apparatus
of the inner envelope of chloroplasts. In this work, structural differences between the fertile
BnaAl10 and the non-fertile BnaC9 Tic40 variant were identified. Therefore, BnaA10 was
investigated by NMR spectroscopy, where *C chemical shift information revealed eleven
a-helical secondary structure elements in BnaA10. In addition, a structural model of BnaA10
was derived by a combined approach using structure prediction and known NMR structural
data. This structural model agreed very well with the a-helical secondary structural elements
determined using *C chemical shift information. However, the structural model showed an
elongated shape, lacking larger hydrophobic clusters that would be expected for a compactly
folded protein. In conclusion, based on the structural model, two mutated positions in the Tic40
variant BnaC9 were identified as a possible reason for the difference in fertility, where BnaC9
appears to exhibit a higher degree of protein flexibility and a weakening of the folding state,

causing its infertility.
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ZUSAMMENFASSUNG

Diese Arbeit liefert umfassende strukturelle und funktionelle Erkenntnisse uber das
Chloroplasten-Protein OEP21 (engl. outer envelope protein 21). Aul3erdem werden strukturelle
Daten zu Tic40 (engl. translocon at the inner envelope of chloroplasts, Untereinheit 40)
gezeigt.

Chloroplasten sind die Hauptorte der Photosynthese in Pflanzenzellen, wobei
Triosephosphate wie Glycerinaldehyd-3-phosphat (GAP) die wesentlichen Produkte der
photosynthetischen CO,-Fixierung darstellen. Dabei miissen diese Triosephosphate durch die
innere und aulere Hullmembran in das Cytosol transportiert werden, wo sie weiterverarbeitet
werden und Energie liefern. Wahrend der Transport durch die innere Hillmembran gut
verstanden ist, ist Uber die Transportproteine der &uReren Hillmembran bisher wenig bekannt.
Eines dieser Transportproteine ist das p-Fass-Porin OEP21, welches einen Anionen-
selektiven Kanal bildet, eine insgesamt kegelférmige Struktur aufweist und als primare
Ausgangspore fur Triosephosphate in C3-Pflanzen dient. In dieser Arbeit wird der Bindungs-
mechanismus von OEP21 im Detail untersucht, um die Grundlage fur die Untersuchung der
Funktionalitdt von OEP21 zu schaffen. Dazu wurden CD-, NMR-, ITC- und Fluoreszenz-
polarisations-Experimente durchgefiihrt, die zeigten, dass negativ geladene Metaboliten an
die stark positiv geladene innere Oberfliche von OEP21 binden kdnnen, wobei die
Bindungsaffinitat von der Anzahl der negativen Ladungen im Metaboliten abhangig ist. So
binden Nukleosidtriphosphate wie ATP, das fur den Stoffwechsel am wichtigsten ist, mit
deutlich hoherer Affinitat an OEP21 als mono-phosphorylierte Metabolite wie GAP. Daruber
hinaus wurden verschiedene OEP21-Varianten erzeugt, bei denen einzelne positiv geladene
Lysin- oder Arginin-Reste zu Alanin mutiert waren, was zu einer vergleichbaren
Bindungsaffinitat fir ATP filhrte wie beim Wildtyp. Da die Entfernung einzelner positiver
Ladungen durch andere positiv geladene Reste in der Nahe kompensiert wurde, scheint der
Bindungsmechanismus eher vielschichtig zu sein und hauptséchlich von den elektrostatischen
Eigenschaften der OEP21-Pore abzuhangen. Dies wurde auch durch die verringerte
Bindungsaffinitat in Gegenwart erhohter Natriumchlorid-Konzentrationen und durch
Konkurrenzexperimente bestatigt, bei denen die ATP-Bindung in Gegenwart anderer
phosphorylierter Verbindungen, insbesondere GAP, untersucht wurde. Aul3erdem konnte
gezeigt werden, dass die Bindungsaffinitat von ATP an OEP21 in Gegenwart von Magnesium,
das z. B. im Intermembranraum in erhdhter Konzentration vorhanden ist, deutlich reduziert ist.
Diese Daten deuten darauf hin, dass phosphorylierte Metaboliten die gleiche positiv geladene
Bindungsoberflache von OEP21 nutzen und dass die Dissoziation des hochaffinen Binders

ATP bei zellularen Konzentrationen erreicht werden kann.
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Auf der Grundlage der hier vorgestellten Ergebnisse tGber den Bindungsmechanismus und das
Zusammenspiel verschiedener Metaboliten wurde der Transport von Metaboliten durch
OEP21 in weiteren Arbeiten experimentell untersucht, was ein umfassendes Verstandnis der
Funktionalitdt von OEP21 ermdglichte. AuRerdem bildet OEP21 gréRere Oligomere in der
auReren Hullmembran, und es konnte gezeigt werden, dass die Oligomerisierung in vitro durch
die LDAO-Konzentration gesteuert werden kann. Dabei kann OEP21 als dimere Form
auftreten, die durch einen Cysteinrest vermittelt wird, der zur Membran hin orientiert und gut
positioniert ist, um unter oxidierenden Bedingungen eine Disulfidbriicke zu bilden. Diese
oxidationsabhangige Oligomerisierung von OEP21 als Reaktion auf oxidativen Stress kdnnte
ein kritischer Schalter fur Pflanzenzellen bei der Ausfihrung der hypersensitiven Reaktion

sein, einer Art von programmiertem Zelltod zur Abwehr von Pathogeninfektionen in Pflanzen.

Das zweite hier untersuchte Protein ist Tic40, das eine Komponente des Proteinimport-
apparats der inneren Hullmembran von Chloroplasten ist. In dieser Arbeit wurden strukturelle
Unterschiede zwischen der fruchtbaren BnaA10-Variante und der nicht-fruchtbaren BnaC9-
Variante festgestellt. Dabei wurde BnaAl10 mittels NMR-Spektroskopie untersucht, wobei die
Informationen Uber die chemische Verschiebung von 3C elf a-Helix-Sekundarstruktur-
elemente in BnaAl10 offenbarten. AuRerdem wurde ein Strukturmodell von BnaA10 durch
einen kombinierten Ansatz aus Strukturvorhersage und bekannten NMR-Strukturdaten
abgeleitet. Dieses Strukturmodell stimmte sehr gut mit den a-Helix-Sekundarstruktur-
elementen Uberein, die anhand der Informationen tber die chemische Verschiebung von *C
bestimmt wurden. Das Strukturmodell wies jedoch eine langliche Form auf und liel3 gréRere
hydrophobe Ansammlungen vermissen, die flr ein kompakt gefaltetes Protein zu erwarten
waren. Auf der Grundlage des Strukturmodells wurden zwei mutierte Positionen in der Tic40-
Variante BnaC9 als moglicher Grund fir den Unterschied in der Fruchtbarkeit identifiziert,
wobei BnaC9 einen hoheren Grad an Proteinflexibilitdt und eine schwéchere Faltung

aufzuweisen scheint, was seine Unfruchtbarkeit verursacht.
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1. INTRODUCTION

1.1. Biological background

1.1.1. Membrane proteins

Membrane proteins are located at the interface between two compartments, e.g. between
extracellular space and cytoplasm or between intermembrane space and mitochondrial matrix,
or else they account for most of the mass of small vesicles involved in endocytosis, exocytosis,
or intracellular trafficking . The amount of membrane proteins as part of membranes varies
depending on the membrane function. In the case of the internal membranes of chloroplasts
and mitochondria, which are involved in adenosine triphosphate (ATP) production, membrane
proteins can account for up to 75 % of the membrane mass . In contrast, membrane proteins
make up only up to 25 % of the mass of the myelin membrane, which mainly serves as
electrical insulation for nerve-cell axons . For most of their lives, membrane proteins interact
closely with lipids and water in their environment, where, like other proteins, they must be
synthesized by the ribosome and then make their way to various membrane locations within a
cell B, This results in unique and sometimes conflicting requirements for membrane protein
folding, translocation, and stability . Membrane proteins have a wide range of important
functions, including transport of molecules and ions, recognition of immune system molecules,
energy and signal transduction 1, which are critical for normal development and physiology
and, when disrupted, lead to a variety of diseases . Due to these diverse biological functions,
membrane proteins are of utmost importance for drug design and represent around 70 % of
all current drug targets  71. Therefore, a comprehensive understanding of their structure and
structure-function relationships is essential . Although membrane proteins make up about
30 % of the proteome, they are grossly underrepresented in solved atomic structures and
account for only about 1 % of the structures in the protein data bank (PDB) . This is due to
technical challenges associated with expressing and purifying membrane proteins in a
functional form and sufficient quantity for structural analysis, as well as the difficulties of
analyzing membrane proteins in their native-like environment as they are inserted into the lipid
membrane 58, Selecting an appropriate membrane mimetic that supports membrane protein

stability and function can be challenging because several membrane mimetics are available
[2]
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The major difficulty in studying membrane proteins is obtaining the membrane protein of
interest, since they are usually present only in small quantities in biological membranes and a
single protein species is rarely the major component of the membrane . Therefore, most
membrane proteins cannot be readily obtained in sufficient amounts from their native
environments, so attempts are made to overexpress them . The main problem in working
with heterologous expression systems is the aggregation of the membrane protein in the
cytoplasm, so that a high yield of stable and functional protein is rarely obtained © 9, In
addition, mammalian proteins often require post-translational modifications that are not

possible in bacterial hosts ©l.

Nevertheless, in recent years, many 3D structures of miscellaneous membrane proteins have
been solved by experimental methods such as nuclear magnetic resonance (NMR)
spectroscopy, X-ray crystallography, and cryo-electron microscopy . Therefore, knowledge
of membrane protein’s structure is a rich source of biological information, such as their

orientation with respect to the lipid bilayer that often provides clues to their function &,

1.1.2. Constitution of biological membranes

Biological membranes make life possible by forming compartments that provide separation
between the outside and inside of an organism, separating different cell organelles, and
controlling which substances enter and leave through their selective permeability ™. In
addition, biological membranes enable organisms to generate energy by allowing ions
gradients to form across the membrane, and they control the flow of messages between cells
by sending, receiving, and processing information in the form of electrical or signals .
Interestingly, the properties of biological membranes are remarkably similar from simple
unicellular prokaryotes to complex multicellular eukaryotes, such as humans ™. Biological
membranes consist of a bilayer of lipid molecules, and three types of lipids are found in
membranes, namely phospholipids, glycolipids, and sterols ¥, as illustrated in FIGURE 1. Due
to their composition, all membrane lipids are amphipathic, which results in the hydrophilic
heads facing outward towards the aqueous environment and the hydrophobic tails facing
inward toward each other Y. In addition to lipids, membrane proteins and sugars are also

important components of biological membranes 4.,



INTRODUCTION

3

Hydrophilic
Head

Cholesterol

Hydrophobic
Tail

Saturated Fatty Acid )
Saturated Fatty Acid |

Unsaturated Fatty Acid }i
Unsaturated Fatty Acid

FIGURE 1: Types of membrane lipids

The three types of membrane lipids are shown schematically, namely the glycerophospholipid phosphatidyl-
choline (A), a glycolipid (B), and the sterol cholesterol (C). This figure is based on WATsoN (2015) 14,

Phospholipids that contain two fatty acid chains linked to glycerol and a phosphate group are
called glycerophospholipids . An example of a glycerophospholipid is phosphatidylcholine,
which has a choline molecule attached to the phosphate group and is commonly found in
biological membranes Y. Besides choline, serine or ethanolamine can also be found at this
site, with the corresponding lipids being referred to as phosphatidylserine and phosphatidyl-
ethanolamine, respectively 4. In addition, phospholipids can be based on sphingosine and
are therefore called sphingophospholipids, such as sphingomyelin 1. Unlike phospholipids,
glycolipids always have a sugar, such as glucose, in place of the phosphate head and may
contain either glycerol or sphingosine Y. Sterols are absent from most bacterial membranes
but are important components of plant and animal membranes, in which stigmasterol and
cholesterol, respectively, may typically be present 11, Unlike phospholipids or glycolipids,
cholesterol has a very different structure consisting of a hydroxyl group, which is the hydrophilic

head region, a four-ring steroid structure, and a short hydrocarbon side chain 4,

According to the fluid mosaic model, biological membranes are dynamic because proteins and
lipids can diffuse laterally through the membrane % 2, Phospholipids can diffuse relatively
rapidly in their lipid bilayer, whereas membrane proteins generally move more slowly laterally
in the bilayer . In addition, phospholipids can rotate around their head-to-tail axis and their
lipid tails are very flexible, resulting in a dynamic and fluid membrane 2. In contrast, the
vertical movement — also known as flipflop — of proteins and lipids from one leaflet to another
is extremely slow due to energetic barriers Y. Therefore, the inner and outer leaflets of the
bilayer have different lipid compositions, and the membrane proteins can be inserted into the

bilayer in the correct orientation to function 4,
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1.1.3. Membrane mimetics

To create a native environment for membrane proteins and thus ensure their stability and
function, various membrane mimetics are available . Detergent micelles are the most used
membrane mimetics for the preparation of membrane protein and subsequent structural
studies [# 13, Detergents are generally amphipathic molecules consisting of a hydrophobic tail
and a polar head group that spontaneously form typically spherical micelle structures in
aqueous solutions . Detergents can be classified into four main categories according to their
structure, namely ionic detergents, bile acid salts, nonionic and zwitterionic detergents .. lonic
detergents contain a head group with a net cationic or anionic charge and are extremely
effective in solubilizing membrane proteins, but have a denaturing effect to some extent €. Bile
acid salts differ from ionic detergents in that their backbone consists of rigid steroidal groups,
which results in bile acid salts having a polar and an apolar face, rather than a well-defined
head group . Therefore, bile acid salts form small kidney-shaped aggregates instead of
spherical micelles and are relatively mild detergents .. Nonionic detergents contain uncharged
hydrophilic head groups constating of either polyoxyethylene or glycosidic groups and are
generally considered mild and relatively non-denaturing . Zwitterionic detergents combine
the properties of ionic and nonionic detergents and are generally more deactivating than
nonionic detergents 1. Lauryldimethylamine oxide (LDAO) and dodecylphosphocholine (DPC)
are examples for zwitterionic detergents. The general advantages of using detergent micelles
include ease of use and the availability of many different detergent scaffolds, which provide
the opportunity to make an optimal selection for a particular membrane protein of interest .
Although detergent micelles are commonly used for solution-state NMR spectroscopy, only a
small number have been shown to be suitable for high-resolution work, while they commonly
form relatively small micelles that offer the advantage of favorable NMR relaxation properties
for inserted membrane proteins @, Detergent micelles in many cases lead to a functionally
folded membrane protein preparation, especially for membrane proteins that exhibit high
thermodynamic stability . In contrast, the use of detergent micelles has some disadvantages,
as illustrated in FIGURE 2. They are usually quite harsh and therefore often incompatible with
more labile membrane proteins, as the detergent reduces their thermodynamic stability and
leads to a misfolded or unfolded membrane protein 9. In addition, detergent molecules often
bind to hydrophobic cavities of membrane proteins that are important for enzymatic activity .
Probably the most important problem is that detergent micelles can interfere with the binding
of partner proteins, leading to the unfolding or precipitation of soluble protein domains 2 14151,
When studying complexes of two different membrane proteins, detergents optimized
individually for each protein may not be compatible with each other, which could lead to

structural perturbations or unfolding of one or both membrane proteins in the complex 1.
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FIGURE 2: Common problems with the use of detergents as membrane mimetic

Extraction of a membrane protein from cells or refolding of inclusion bodies using detergent micelles can lead
to different scenarios that may require a lengthy optimization procedure. In the best case, the membrane protein
tolerates the initial detergent used for extraction (A). Other, more likely possibilities are that the membrane
protein is misfolded in the chosen detergent (B), a putative enzymatic activity is inhibited by detergent molecules
(C), or the detergent prevents interaction with or even leads to unfolding of a soluble partner protein (D).
Scenarios (C) - (D) would require iterative screening to identify detergents that are compatible with the desired
application and yet suitable for NMR spectroscopy. This figure has been adapted with permission from KLOPFER
and HAGN (2019) 1.

In general, the structures of membrane proteins can be significantly modulated by the selected
membrane mimetic > '8, This dilemma has been recognized and addressed by the introduction
of more native membrane mimetics that have the potential to solve most or all those issues
1. Moreover, crystal structures of membrane proteins solubilized in detergents often contain
bound lipids, highlighting the beneficial effect of a lipid environment on their structure and
stability > %€, Due to these limitations of detergent micelles, various membrane mimetics such
as lipid-detergent bicelles, amphipols, phospholipid nanodiscs, or liposomes are available to
provide a more native-like environment . In FIGURE 3, commonly used membrane mimetics

are illustrated.

Bicelles are discoidal lipid aggregates composed of long-chain phospholipids and detergents
2,191 They exhibit a more lipid-like behavior than micelles but can still lead to denaturation and
destabilization of membrane proteins as well as their partner proteins due to the presence of
detergent molecules 2. The major advantage of bicelles is their size scalability by simply
varying the molar ratio between the long-chain and detergent (or short-chain lipid) component
2, Moreover, the lipid composition in the planar region of bicelles can be tailored to the
requirements of the membrane protein under study, as is the case with any phospholipid

bilayer system ¥,
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FIGURE 3: Commonly used membrane mimetics

Various membrane mimetics are available, the most commonly used of which are illustrated and ranked
according to their ability to resemble a native membrane environment. This figure has been adapted with
permission from KLOPFER and HAGN (2019) 1,

Amphipols are polymer-based amphipathic membrane mimetics forming stable and
homogenous particles that are more native than bicelles due to the absence of detergent and
appear to be suitable for refolding certain membrane proteins 2 2021, Unfortunately, only one
amphipol is commercially available, which limits the use of this system 12,

The most native system would be pure liposomes or immobilized lipid bilayers for studying
membrane proteins, but these are very large and therefore not suitable for solution-state NMR
or most other structural methods [?. This issue has been resolved by the use of lipid-binding
proteins such as membrane scaffolding protein (MSP) or Saposin, styrene-maleic acid
copolymers, or amphiphilic peptides, which enclose a patch of the lipid bilayer and lead to the
formation of nanometer-diameter lipid discs called nanodiscs . These nanodiscs provide
native lipid bilayer properties and ensure the associated lateral pressure properties that are
often essential for proper function of membrane proteins and enable the binding of peripheral
membrane proteins to their partner proteins or a plain membrane surface in a detergent-free

lipid environment @,

The formation of MSP nanodiscs relies on the ability of apolipoprotein A-1to wrap around small
lipid bilayer patches, creating small membrane-like particles of defined size 22223 Qver time,
different versions of apolipoprotein A-l1 have been engineered for biophysical studies and have
been termed membrane scaffolding proteins 2 24, |deally, two copies of MSP surrounding a
patch of lipid bilayer in an antiparallel manner form a nanodisc with a well-defined diameter,
where the size of the nanodiscs is determined by the length of the MSP [2 24 25 Any kind of
bilayer-forming lipid can be used to assemble nanodiscs, depending on the requirements of
the membrane protein or of the experiment . In addition, circularized MSPs are available for
nanodisc assembly, which exhibit an improved size homogeneity and thermal stability
compared to the linear MSP nanodiscs that tend to disassemble with time due to the higher
strain in the MSP belt 2 26.27],
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Saposins are lipid-binding proteins and can be used to form nanodiscs, with Saposin A being
the most common member of the family, which tolerates a wide range of lipids and lipid-to-
Saposin ratios 2 28 29 Saposin A can be converted from a closed apo confirmation into an
open form, in which two Saposin A surrounding the bilayer are in a head-to-tail arrangement,
by the addition of detergents 2 3%, The assembly of nanodiscs with Saposin A, referred to as
Salipro nanodiscs, is based on the formation of Saposin A oligomers and thus allows the size
of the nanodisc to be easily adjusted by varying the Saposin A-to-lipid ratio . Moreover, such
an open system is useful for membrane protein oligomers that would not insert into an MSP

nanodisc due to their strictly defined diameter 2.

Polymer nanodiscs are based on the principle that amphipathic polymers can solubilize lipid
bilayers and form discoidal particles B, which led to the development of nanodiscs composed
of an amphipathic styrene and maleic-acid co-polymer 232, As with any chemical polymer, the
polydispersity of the chain must be considered, and due to protonation of the maleic acid
moiety at low pH, styrene maleic anhydride lipid particles tend to precipitate at pH values below
6.5 . In addition, divalent cations such as Ca?" and Mg?" are chelated by the polymer,
rendering the particles insoluble and limiting their use . These problems have been solved
by using modified polymers, such as SMA-QA that contains positively charged quaternary
ammonium compounds, or a non-styrene-containing styrene maleic anhydride co-polymer
called DIBMA 23334 The advantages of styrene maleic anhydride lipid particles are that they
provide a very mild environment for membrane proteins, yet can efficiently solubilize lipids, and

their ability to be used for the direct extraction of membrane proteins from cellular membranes
[2, 35]

Peptide nanodiscs are based on short amphipathic peptides that can bind to the hydrophobic
rim of a phospholipid bilayer membrane . The most used amphipathic peptide, named 18A,
is an eighteen amino acid peptide derived from apolipoprotein A-l 2 %638l The size of the
nanodisc can be easily adjusted by varying the peptide-to-lipid ratio 2. However,
disadvantages include the relative high cost of custom peptide synthesis and the lower stability
due to their non-covalent assembly 2. The latter problem has been solved by chemical

methods involving covalent ligation of individual peptides in assembled nanodiscs 2 %9,

Advantages and disadvantages of this commonly used membrane mimetics in general and for

their use in solution-state NMR are summarized in TABLE 1.
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TABLE 1. Advantages / disadvantages of membrane mimetics

Some advantages and disadvantages of commonly used membrane mimetics in general and for their use in

solution-state NMR are summarized as bullet points below, according to KLoPFER and HAGN (2019) 1.

Membrane

. h Advantages Disadvantages
mimetic
Detergent | « Large number of detergents available * Denaturation of membrane protein or
micelles partner protein
* Small size « Critical micelle concentration needs to be
considered
Bicelles * Tunable size « Denaturing effect of detergent component
» Easy to prepare
Amphipols | * Solubilization of membrane proteins » Sometimes too harsh for maintaining complexes
+ Suitable for refolding of GPCRs » Only one amphipol type is commercially available
MSP * Lipid-MSP-only system * Not suitable for large membrane protein oligomers
nanodiscs
* Any lipid can be incorporated » Dynamics of lipids affected by protein ‘belt’
* Tunable size » Optimization of assembly conditions
. can be time consuming
* Homogenous size
» Stable after assembly
Polymer « Stable * Size not tunable in an easy manner
nanodiscs . ) N .
« Extraction of membrane proteins from « Stability issues at low pH and in presence of
membrane is possible without use of divalent cations
detergents
 Easy handling * Less homogenous as compared to
, . MSP nanodiscs
» Commercially available
Saposin » Open system that can adapt to larger * Less stable than other nanodisc systems
nanodiscs membrane proteins and their oligomers
* Size tunable by saposin:lipid ratio * Production of saposins requires some experience
* Tight packing of saposin with » Low amount of lipids leads to reduced
membrane protein (small size) NMR spectral quality
Peptide « Suitable for membrane protein oligomers | « Lower stability
nanodiscs

« Size tunable by peptide-to-lipid ratio

+ Size homogeneity lower

1.1.4. Classification of membrane proteins

Since many different types of membrane proteins have been identified so far and one type of

membrane gradually blends into another, they are sometimes difficult to distinguish 1“0,

However, they can be divided into the two main classes according to the association of the

membrane protein with the membrane, namely integral and peripheral membrane proteins “3,

as illustrated in FIGURE 4.
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FIGURE 4: Classification of membrane proteins

Membrane proteins can be divided into peripheral and integral membrane proteins. For integral membrane
proteins, a further distinction can be made between membrane-anchored or transmembrane proteins.
Transmembrane (TM) proteins can generally consist of either a single a-helical transmembrane domain, or
multiple a-helical transmembrane domains that traverse the membrane multiple times, or B-sheet structures that
span the membrane in multiple passes and forming a so-called 3-barrel.

Peripheral membrane proteins are associated with cell membranes, but they are generally not
integrated into the hydrophobic region of the lipid bilayer interior and their entire mass is
located outside the hydrophobic interior of the membrane ®Y. Therefore, peripheral membrane
proteins can be easily removed, e.qg., by washing the membrane, changing the pH, or changing
the ionic strength B, In contrast, integral membrane proteins can generally only be removed
from the membrane by detergents or chaotropic agents that disrupt the membrane structure
or the water structure, respectively, because a part of the integral membrane protein is
integrated into the lipid bilayer structure Y. Integral membrane proteins can be further divided
into two subclasses, namely transmembrane proteins and anchored membrane proteins 4,
Transmembrane proteins span the lipid bilayer and a part of the protein appears on both sides
of the membrane . In contrast, anchored membrane proteins expose a part of their mass
only on one side of the membrane and bury a part of their mass in the hydrophobic interior of
the lipid bilayer, which serves as an anchor to hold the protein in the membrane “Y. As
illustrated in FIGURE 4, transmembrane proteins are divided here into three major subclasses,
whereas various definitions of the category of membrane proteins and their types exist in the
literature “2. This first class consists of generally a-helical single-pass transmembrane
proteins, sometimes distinguished by whether their C-terminus or N-terminus is located in the
cytosol and on which side of the membrane their soluble domain is located ¥?, The second
class consists of mostly a-helical transmembrane proteins that cross the lipid bilayer multiple

times and are referred to as multi-pass transmembrane proteins 2],
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These a-helical transmembrane segments consist of twenty to thirty amino acids spanning a
lipid bilayer and exhibit a high degree of hydrophobicity, often making them easy to be
identified in hydropathy plots (. In contrast, the third class consists of mostly B-sheet structures
that span the membrane in multiple passes and form a so-called B-barrel [ 4%, Because some
B-barrel proteins are pore-forming and have a hydrophilic interior, hydropathy plots cannot be
used to identify the membrane-spanning segments of a B-barrel transmembrane protein, in
which ten amino acids or fewer are sufficient to traverse a lipid bilayer as an extended [3-strand

and only every other amino acid side chain is hydrophobic .

The focus of this work is on membrane proteins, and four different membrane proteins, namely
outer envelope protein 21 (OEP21), translocon at the inner envelope of chloroplasts, subunit40
(Tic40), a disintegrin and metalloprotease 17 (ADAM17), and inactive rhomboid protein 2
(IRhom2), were studied. OEP21 is an example for a B-barrel porin transmembrane protein
located in the chloroplast outer envelope membrane “3. In contrast, Tic40 is a membrane-
anchored protein located at the inner envelope membrane ¥4, Other examples of membrane
proteins include ADAM17, which contains an a-helical single-pass transmembrane domain !
and seems to exist in most vertebrates and invertebrates % 461 or iRhom2, which consists of
seven a-helical transmembrane segments 9 and is found in addition to iRhom1 in vertebrates
[45. 471 This work will provide detailed structural and functional insights on OEP21 and structural
insights on Tic40, where for ADAM17 and iRhom2 protein production and purification is shown.
In the following chapters, information on the biological background and the state of research

on these proteins is provided.

1.2. The chloroplast proteins OEP21 and Tic40

1.2.1. Chloroplast proteins in general

Mitochondria and chloroplasts originated from two independent single endosymbiotic events,
respectively 8. About two bilion years ago, mitochondria originated from an
a-proteobacterium that was incorporated into an unknown host cell 8. Later, about 1.6-1.5
billion years ago, a heterotrophic cell that already contained mitochondria incorporated a
cyanobacteria-related organism, which was the ancestor of chloroplasts, resulting in a
eukaryotic cell capable of an autotrophic life style 8, This endosymbiotic process resulted in
a massive transfer of genetic information from the endosymbiont to the emerging host nucleus
41 However, a prerequisite for this process was the development and establishment of a
protein-import machinery for the import of chloroplast-localized proteins, which were now

synthesized cytosolically I,
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In general, chloroplasts are highly structured and consist of three membrane types that are
important for chloroplast biogenesis, nhamely the outer and inner envelope membrane
surrounding the organelle and the thylakoid membrane network containing the
photosynthetically active protein complexes “° 50, Almost all chloroplast proteins are
synthesized in the cytosol as precursor proteins, also known as preproteins, and imported
post-translationally into the organelle “°. Proteins destined for the thylakoid membrane,
stroma, and inner envelope are usually synthesized with an amino-terminal extension, called
presequence, which is proteolytically removed after import “9. Preproteins containing a
presequence necessary and sufficient for organelle recognition and translocation initiation are
recognized in a guanosine triphosphate (GTP)-regulated manner by receptors of the outer
envelope translocon, the translocon at the outer envelope of chloroplasts (Toc) complex 49 5%
%2, As a result, the preproteins cross the outer envelope through an agueous pore and are
subsequently transferred to the translocon in the inner envelope, the translocon at the inner
envelope of chloroplasts (Tic) complex “°!. The Toc and Tic translocons cooperate during the
translocation process, while the completion of import requires energy that likely comes from
the ATP-dependent function of molecular chaperones in the stroma “° %31, To obtain the mature
form of the protein, the presequence is subsequently cleaved by the stromal processing
peptidase M. According to the unified nomenclature, the individual subunits are named
according to their calculated molecular size and their affiliation with the outer or inner envelope
membrane of the chloroplast 4 %51, So far, several Toc and Tic subunits have been identified,
such as Toc34, Toc74, Tocl59, Tic110 B8 or Tic20, Tic21, Tic22, Tic32, Tic55, Tic62, Ticl10,
and Tic40 8. The role Tic40 has not been fully elucidated, as Tic40 is thought to mediate the
import of preproteins through the inner envelope, but protein import into chloroplast appears
to occur through either Tic40-independent or Tic40-dependent pathways, depending on the

types of preproteins 57,

In addition to the class of Toc proteins, several proteins have been identified that belong to
another class of proteins located in the outer envelope and referred to as outer envelope
protein (OEP) 1*8, OEPs are unique to chloroplasts and have different substrate specificities,
with OEPs named according to their molecular size in kilodaltons ®8 59, Due to the
endosymbiotic origin of the plastid, many OEPs have similar structural features to ion channels,
so-called porins located at the outer membrane of Gram-negative bacteria 5. A typical porin
in the outer membrane consists of eight to twenty-four transmembrane amphipathic B-strands
that form a B-barrel and thus the actual pore B8, The general porin is water-filled and porins
are often organized as trimers, while the porin monomer has an hourglass shape 8. Since
OEPs do not contain a presequence, their targeting towards the chloroplast must depend on
some other intrinsic factors of the proteins, which are not yet known ®8 8%, Prominent B-barrel
proteins in the outer envelope are Toc75, OEP24, OEP37, OEP40, and OEP21 58,
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1.2.2. OEP21 - outer envelope protein 21

Chloroplasts, chlorophyll-containing plastids, are the primary sites of photosynthesis in plant
cells and convert atmospheric CO- into carbohydrates, starch, and others that support plant
cell energy household and metabolism 3. During photosynthesis, ATP and nicotinamide
adenine dinucleotide phosphate (NADPH) are generated at the thylakoid membrane and in the
stroma, which are used to fix CO, into the triosephosphates such as glyceraldehyde 3-
phosphate (GAP) or 3-phophoglyceric acid (3-PGA) via the Calvin-Benson cycle ©Y, These
triosephosphates must be transported across the inner and outer envelope membranes into
the cytosol for further metabolic processing and energy supply, supplying carbon-backbones
for the synthesis of sugars or amino acids, and also providing ATP and nicotinamide adenine
dinucleotide (NADH) via the enzymatic conversion of triosephosphates back to 3-PGA [43.62],

The inner and outer membrane are equipped with a series of ion channels and transporters
that facilitate the transport of nutrients, solutes, and metabolites into and out of the chloroplast
[43. €31 Transport across the inner envelope membrane is well understood and mediated by
many proteins, e.g., triosephosphate / phosphate translocator (TPT), phosphoenolpyruvate /
phosphate translocator (PPT), or nucleotide transport proteins (NTT), which have different
substrate selectivity and specificity [“3 64671 |n contrast, the outer envelope membrane was
initially considered to be a permeable sieve that cannot form a barrier to small molecules €8,
This view was questioned by the finding that the outer envelope contains substrate-selective
and charge-selective channels 9 suggesting a more specific transport mechanism 9,

Nevertheless, a detailed picture of the transport proteins in the outer envelope remains elusive

[59, 71]

However, a growing number of channels for the transport of metabolites and solutes across
the outer envelope membrane have been discovered B 71, some of which are shown in
FIGURE 5. These include, in addition to the Toc75 channel, which is required for pre-protein
import into chloroplasts, the amine and amino acid transporter OEP16 "2, OEP21 ¥, the
cation selective channels OEP23 [ and OEP24 "4 as well as OEP37 [®, a highly conducting
solute channel that mediates the passage of ATP, phosphates, dicarboxylic acids, and charged
amino acids. The translocation of triosephosphates across the outer envelope membrane is
mainly conducted by OEP24 and OEP21, which forms a voltage-dependent, anion-selective
channel that selectively facilitates the translocation of 3-PGA and phosphate besides

triosephosphates 43 59, 71. 761,
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FIGURE 5: Metabolite transport across chloroplast membranes

The outer envelope membrane of chloroplasts contains outer envelope proteins (OEPSs), with OEPs named
according to their size in kDa. They are responsible for the transport of a variety of metabolites, e.g., amino
acids, sugars, or triosephosphates, across the outer envelope membrane. Toc75, OEP40, OEP37, OEP24, and
OEP21 form B-barrels, while OEP16 has an a-helical structure and OEP23 consists of a mixture of a-helices
and B-sheets. Before metabolites can pass the outer envelope membrane to be released into the cytosol, they
must be transported from the stroma through the inner envelope membrane into the intermembrane space. For
example, triosephosphates are transported into the intermembrane space by the triosephosphate / phosphate
translocator (TPT) in exchange for phosphates. Phosphates itself are transported into the intermembrane space
by the phosphoenolpyruvate / phosphate translocator (PPT) in exchange for phosphoenolpyruvate. In addition,
nucleotides are translocated by nucleotide transport proteins (NTT). Tic40 and Toc75 are part of the Tic and
Toc complexes that facilitate protein transport through the inner and outer envelope membrane, respectively.
This figure is based on FAccHINELLI and WEBER (2011) 'l and BARTH et al. (2022) [581,

Interestingly, the abundance of individual OEPs can vary widely in different plant species to
account for the different levels of metabolite flux. For instance, the larger and less selective
OEP24 pore is abundant in C4 plants, where a higher rate of carbon fixation and metabolite
flux occurs, while playing a minor role in C3 plants [®l. This functional redundancy may be the
reason why OEP37 knock-outs did not led to a phenotype in Arabidopsis thaliana ", In
contrast, the outward-rectifying OEP21 channel is more abundant in C3 plants and has been
shown to interact with ATP and triosephosphates or phosphate in a competitive manner #3781,
However, the molecular and structural features of metabolite transport and selectivity remain

elusive for OEP21, as well as the entire OEP transporter family.
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1.2.3. Tic40 -translocon at the inner envelope of chloroplasts, subunit 40

Tic40 consists of an N-terminal transmembrane domain that anchors the protein into the inner
envelope membrane and a large hydrophilic C-terminal domain facing the stromal side “& 54,

as shown in FIGURE 6.
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FIGURE 6: Overview of the structural features of Tic40

Tic40 consists of an N-terminal transmembrane domain (TM), a TPR-like domain, and a Hip/Hop-like domain,
sometimes referred to as an NP-repeat domain. The indicated amino acids positions of the beginning and end
of the structural features correspond to those of Arabidopsis thaliana.

The C-terminal part has a single tetratricopeptide repeat (TPR)-like domain and a domain with
similarities to Hsp70 interacting protein (Hip) / Hsp70-Hsp90 organizing protein (Hop) proteins,
sometimes referred to as an NP-repeat domain “* %8l TPR domains typically have multiple
copies of two antiparallel-helices with a total length of thirty-four amino acids and are known
to mediate protein-protein interactions & 7. The TPR domain of Tic40 appears to be involved
in the binding to Tic110, which is favored in the presence of precursor proteins, as revealed by
cross-linking experiments, yeast two hybrid and bimolecular fluorescence complementation
assays, suggesting proximity and interaction between Tic110 and Tic40 4 48 54.80.81] Hip pinds
to the adenosine triphosphatase (ATPase) domain of heat shock cognate protein 70 (Hsc70)
and stabilizes Hsc70 in its adenosine diphosphate (ADP) state, while Hop binds to the C-
termini of Hsp70 and Hsp90 and coordinates the functions of these two chaperones #+ 82, The
Hip/Hop domain of Tic40 mediates the interaction with Hsp93 and in vitro experiments
indicated that Tic40 stimulates the ATPase activity of Hsp93 44 48 811,

Compared to wild type plants, null mutants of Arabidopsis thaliana tic40 showed a pale green
phenotype, slower growth, and fewer grana stacks in the thylakoids “* %8, The decreased yield
of nuclear-encoded proteins in the chloroplasts was caused by a reduced import rate into the
chloroplasts from mutant plants, although the binding of precursor proteins according to the
functional Toc complex was not affected 8. From in vitro import experiments with Arabidopsis
thaliana tic40 null mutant chloroplasts, it can be concluded that Tic40 is involved in the re-
insertion of Tic21, Tic40, Ticl10, and itself into the envelope, as observed by increased

amounts of soluble intermediates of Tic21, Tic40, and Tic110 in the stroma [48 83,
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As shown by different Tic40 constructs lacking either the transmembrane domain, TPR-like
domain, or Hip/Hop-like domain that failed to complement the tic40 phenotype, the full-length
protein is required for proper activity [ 8%, The role of Tic40 as a co-chaperone was supported
by the use of a construct in which the Hip/Hop-like domain was replaced with the corresponding
domain of human Hip, complementing the phenotype of tic40 knockouts “&. Moreover, the
pattern of interaction with precursor and mature proteins during import experiments is very
similar for Tic40, Tic110, and Hsp93 4448l All this data strongly suggests a model of the import
channel Tic110 associated with the motor complex consisting of the co-chaperone Tic40 and
the chaperone Hsp93, which facilitates protein import into chloroplasts 81,

Recently, the structure of the NP-repeat domain of Tic40 was determined by NMR
spectroscopy, which revealed that NP-repeat domain consists mainly of five a-helices

stabilized by two hydrophobic cores %, as shown in FIGURE 7.

N-terminus

C-terminus

FIGURE 7: Structure of the NP-repeat domain of Tic40

The structure of the NP-repeat domain of Tic40 from Arabidopsis thaliana, comprising amino acids P396 to
G457 (see TaBLE 31 in the appendix for the sequence), was determined by NMR spectroscopy by Kao et al.
(2012) B9, The NP-repeat domain of Tic40 consists mainly of five a-helices stabilized by two hydrophobic cores.
The NMR chemical shift information and structural coordinates of the NP-repeat domain of Tic40 can be found
at the BMRB 84 under the accession code 18171 and the RCSB PDB 85 under the accession code 2LNM,
respectively. This figure was created with PyMOL.
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1.3. ADAM17 and iRhom?2

1.3.1. ADAM17 - a disintegrin and metalloprotease 17

Proteolytic release of transmembrane proteins, known as (ectodomain) shedding, is a key
mechanism in several biological processes, including cell-to-cell communication and immunity
[86. 871 Metalloproteinases such as ADAM17 are involved in this irreversible posttranslational
modification 8. Originally, ADAM17 was discovered in search for the factor that releases the
proinflammatory cytokine tumor necrosis factor a (TNFa) from the cell membrane, which is
why ADAM17 is also known as TNFa converting enzyme (TACE) 45881, Subsequent, ADAM17
was shown to be involved in many shedding events that control the release of several members
of the epidermal growth factor (EGF) family, critical adhesion molecules, cytokine receptors,
and proinflammatory mediators [“®l. Although the structure and function of ADAM17 are largely
known except for the structure of the transmembrane domain, it remains difficult to draw a
complete picture of its regulation . Since ADAML17 is directly participating in the release of
signaling molecules, it may be positively and negatively involved in various physiological
processes as well as inflammatory, fibrotic, and malignant pathologies 3. This participation in
different processes requires tight regulation at multiple levels, including phosphorylation,

various conformational changes, and endogenous inhibitors 19,

ADAM17 belongs to the ADAM family of single-pass transmembrane multi-domain
metalloproteinases “°, which are mainly involved in ectodomain shedding of cell membrane
proteins €. In mammals, around thirty ADAMs have been identified, only half of which possess
the characteristic metalloproteinase domain and proteolytic potential ¢ 81, The characteristic
catalytic domain of these proteolytically active ADAMSs is highly conserved in all members of
the metzincin superfamily ®8, with metzincins, including ADAM17, use a Zn?* ion for catalysis
that is coordinated to three histidines of the conserved binding motif HEXxHxxGxxH €6 901,
ADAML17 is synthesized as an inactive precursor and contains an N-terminal pro-domain that
restricts enzyme activity through a cysteine switch mechanism common to most metzincins ¢
%I, Therefore, a pivotal cysteine contained in the conserved PRCGxPD motif coordinates the
catalytic zinc and prevents it from coordinating water molecules and carrying out catalysis [©°l.
Removal of the pro-domain and activation of ADAM17 is carried out by furin and occurs
intracellularly within the secretory pathway ¢ °U. In addition, ADAM17 has three auxiliary
domains whose physiological functions are still largely unknown B¢, These are a short stalk
domain called conserved ADAM17 dynamic interaction sequence (CANDIS), a membrane
proximal domain (MPD) that regulates conformational changes of the enzyme, and a
disintegrin domain involved in molecular interactions with other transmembrane proteins

including integrins (6,
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Near the stalk region are a transmembrane domain mainly involved in the interaction of
ADAML17 with its essential regulators iRhom1 and iRhom2, and an intracellular cytoplasmic
domain whose physiological function is still unclear ®8 %I A schematic representation of
ADMAL17 is illustrated in FIGURE 8.

Metalloprotease
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CANDIS
Domain

Cytotail
Domain

FIGURE 8: Schematic representation of ADAM17

The six domains of ADAM17, i.e., a transmembrane (TM) domain with a cytotail domain, a MPD domain, a
CANDIS domain, a disintegrin domain as well as pro-domain that restricts proteolytic activity elicited by the
metalloprotease domain, are illustrated with different shapes and colors. This figure is based on CALLIGARIS et
al. (2021) (8],

To date, more than ninety different substrates of ADAM17 have been described, but it is still
not clear whether each substrate identified in vitro has a physiological relevant role in vivo [,
Besides TNFa, transforming growth factor alpha 3, amphiregulin 4 % interleukin 6 receptor
%€l and L-selectin 3 have also been shown to play important physiological roles 5. ADAM17
is a crucial hub for many signaling pathways and a central component of the so-called three-
membrane passing signal-transactivation, in which a signal from one pathway is converted into
a signal from another signaling pathway “°. For example, parts of the large variety of different
G-protein-coupled receptor signals can lead to ADAM17 activation, which then leads to the
shedding of ligands that bind in an autocrine or paracrine fashion to their receptors, thereby
initiating, e.g., EGF-receptor, TNFa-receptor, or interleukin 6 receptor signaling “®. Since
iRhoms critically affect the physiological and pathophysiological signaling processes regulated
by ADAM17, there is interest not only in ADAM17 but also in iRhoms as therapeutic targets
431 Therefore, the regulation of ADAM17 activity, and in particular its interaction with iRhoms,

needs to be well understood in order to exploit its therapeutic potential !,
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1.3.2. iRhom2 - inactive rhomboid protein 2

iRhoms have been linked to the development of several human diseases, including cancers
971 Moreover, the interaction of iRhoms with ADAM17 offers new therapeutic opportunities for
selective and simultaneous inactivation of the key signaling pathways closely associated with

disease development 7 %81,

Rhomboids are an evolutionarily conserved family of multi-span transmembrane proteins °%
100 some of which are catalytically active serine proteases that are capable of intramembrane
cleavage of their substrates . They were originally discovered in Drosophila melanogaster
as intramembrane proteases of EGF-receptor ligands ° 01, Although other members of the
rhomboid family are structurally similar, they are catalytically inactive and known as
pseudoproteases 9. Interestingly, these rhomboid pseudoproteases are evolutionarily
conserved, suggesting the presence of selection pressure despite the lack of proteolytic
activity, and implying functions important enough to be conserved 7%, iRhom1 and iRhom2,
encoded by the genes Rhbdfl and Rhbdf2, respectively, belong to the family of
pseudoproteases and have been named iRhom to indicate their proteolytic inactivity and their

affiliation with the rhomboid family % 102,

iRhoms have been identified as important interactors for ADAM17 and promote its trafficking,
maturation, and activity 1 193104 Moreover, the absence of iRhoms in cells leads to impaired
exit of the ADAM17 proform from the endoplasmic reticulum (ER), preventing maturation of
ADAML17 in the Golgi and subsequently preventing mature ADAM17 from reaching the cell
surface, where the shedding process would occur “5 103104 Detailed insight into the molecular
mechanism of the iRhom-mediated forward trafficking of ADAM17 is still incomplete, although
the role of iRhoms is not limited to ADAM17 forward trafficking, but they are also critically
involved in the direct regulation of its shedding activity at the cell surface “°.

iIRhoms possess a characteristic core of six transmembrane helices, referred to as rhomboid
fold, which is extended by an additional transmembrane helix at the C-terminus, resulting in a
so-called six-plus-one topology ¥ 471 as illustrated for iRhom2 in FIGURE 9. The N-terminal
cytosolic region of iRhoms is approximately four hundred amino acid residues long and is
involved in regulating the ADAM17-mediated shedding process 5 195191 Unjque to iRhoms is
the iRhom homology domain (IRHD) between the transmembrane helix one and two with a
length of about two hundred and fifty amino acids, while in other rhomboids only a short loop
(L1) of about thirty amino acids is located at this position 1%, Interestingly, neither the structure
nor the function of the IRHD are known, but recently it was shown that the absence of this

domain negatively impacts the binding and function of iRhoms to ADAM17 15 1061,
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FIGURE 9: Schematic representation of iRhom2

iRhom2 has the characteristic rhomboid fold consisting of seven transmembrane (TM) helices in a so-c