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1 Abstract

All organisms require energy to maintain vital macroscopic and microscopic processes. Primary energy
supplied in form of light or as nutrients has to be converted to the universal energy currency ATP before
it can be used by the cells. The majority of ATP is produced at energy-converting membranes where a
series of respiratory enzyme complexes couple electron transport reactions to the generation of an
electrochemical proton gradient across the membrane. Similar to power generation at a hydroelectric
power turbine through water pressure, the electrochemical proton gradient energizes the production
of ATP by driving rotation of the molecular turbine of the ATP synthase. While the structures and mech-
anisms of most respiratory enzymes and the ATP synthase are well understood, relatively little is known
how these respiratory complexes interact with each other, including the influence of the environment
on the complexes and their interactions. Here, we used a bottom-up approach, in which the individual
enzymes are purified and reinserted into a lipid bilayer to investigate the functional interplay of these
enzymes. In the simplest scenario, the terminal respiratory bos; oxidase and the ATP synthase from E.
coli are coreconstituted into liposomes to form a minimal respiratory chain system, where proton
pumping by bos oxidase is initiated by adding its reduced substrate ubiquinol Q;, and ATP synthesis is
monitored in real-time under steady-state conditions. Nilsson et al. recently found a strong influence
of the lipid composition on the ATP synthesis rate in this system ! where the stepwise insertion of neg-
atively charged lipids into zwitterionic liposomes dramatically reduced ATP synthesis. The data indicate
lipid-dependent changes in the lateral distance between the two enzymes. In this PhD thesis, we aimed
to test this hypothesis by reversibly coupling bos oxidase and ATP synthase, reconstituting the complex
subsequently into liposomes of varying lipid composition and comparing coupled ATP synthesis rates
of the coupled complex with rates of freely floating enzymes. We describe three different approaches
for coupling of these two large complexes and the different challenges. While perfect stoichiometric
coupling of the two enzymes has not yet been achieved here, the results are promising and are the

basis for current experiments.

Instead of using the artificial DTT/Qa electron donor system, we have expanded the minimal respiratory
chain by the monotopic complex | analogue NDH-2 to supply the system with reduced quinol Qs,
thereby generating a more natural alternative. If this alternative system was subjected to a lipid screen-
ing, we observed an inverted lipid dependency than with the Q; system, with a strong requirement of
negatively charged lipids for coupled ATP synthesis. We were able to pinpoint this effect to an increased
NADH:ubiquinone oxidoreductase activity in presence of anionic liposomes in experiments with solu-
bilized NDH-2. We identified negatively charged liposomes to be essential for proper NDH-2 activity,

indicating a charge-mediated binding of NDH-2 to the membrane.
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The inverted lipid dependency of the two systems created doubt that a lipid-dependent lateral differ-
ence of the proteins is the only reason for the observed lipid effect. We thus wanted to analyze the
effect of the lipid composition on the orientation of the bos oxidase. To this end, we established a novel
method to determine the relative orientation of membrane proteins in liposomes that is independent
of protein function. Instead, the membrane protein is site-specifically labeled with a fluorophore that
is quenched stepwise after reconstitution into liposomes with membrane-impermeable quencher. A
strongly lipid-dependent orientation of bos oxidase in liposomes with lower fraction of desired inside-
out orientation in liposomes carrying a net negative charge compared to uncharged liposomes was in-
deed observed, in good agreement with the reduced ATP synthesis activity in negatively charged lipo-
somes described above. Furthermore, we show that the fraction of inside-out orientation could be in-
creased when reconstitution was carried out in presence of salt, suggesting an electrostatic-mediated

insertion of bo; oxidase into liposomes.

To suppress this unwanted effect on orientation, we aimed to achieve unidirectional inside-out orien-
tation of bo; oxidase. Based on the observation that the large head group of ATP synthase is unable to
cross the membrane during reconstitution, a large soluble protein (~100 kDa) was coupled to bo; oxi-
dase using the SpyTag/SpyCatcher methodology to guide its insertion in the favored inside-out orien-
tation. We present the successful procedure to produce the desired product keeping its native func-
tionality and preliminary experiments with ATP synthase look very promising and are the basis for on-

going trials of unidirectional bos oxidase reconstitution.
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2 Introduction

2.1 Membranes

Cells are the structural and functional units of all life, from the simplest bacterium to the most complex
multicellular organism. They are surrounded by membranes which are the external boundaries sepa-
rating the intracellular ingredients from the environment and in this way protecting the cell from for-
eign particles. Membranes enable cells to keep biomolecules or ions at relevant concentrations by uni-
directional uptake from the surrounding. While bacteria have either one (gram-positive bacteria) or
two (gram-negative bacteria) cell membranes, eukaryotic cells have one outer cell membrane and ad-
ditionally intracellular membranes surrounding compartments like nucleus, Golgi apparatus, endoso-
mal reticulum, mitochondria or chloroplasts. The main components of biological membranes are lipids,
forming a two-dimensional lipid bilayer, and membrane proteins (MPs), that are harbored by the lipid
bilayer and can protrude the lipid bilayer either on one or on both sides. When including MP parts
extruding from the membrane, the thickness of a membrane is 5-8 nm 2, where the lipid bilayer itself is
around 4 nm thick 3. Membranes are flexible and able to break and reseal which allows for fusion of or
fission into two sealed compartments without loss of interior molecules. This property is important e.g.
in cell growth and cell movement as well as endocytosis and exocytosis. Short scale movements such
as rotation of lipids, as well as membrane bending and thickness fluctuations render membranes highly
dynamic. Lipid exchange and lipid flip-flop on the other hand are much slower %. Membranes are the
site of many important cellular processes such as signaling, energy conversion or metabolism °. Their
two-dimensional character render membranes ideal structures for the spatial organization and control
of biochemical reactions due to a highly increased probability of intermolecular collisions compared to

in three-dimensional space 2°.

According to the Fluid Mosaic Model proposed by Singer and Nicolson ¢, membranes act as a two-di-
mensional fluid lipid bilayer harboring a mosaic of integral membrane proteins, where lipids and mem-
brane proteins can freely diffuse laterally in the membrane. As an enhancement of the model, laterally
structured microdomains have later been observed. These so-called lipid rafts are less fluid and slightly
thicker than the rest of the membrane and can be described as liquid-ordered domains drifting on an
ocean of a more fluid lipid bilayer 2. Although the biological function of lipid rafts remains to be defined,
they are proposed to play important roles in signhal transduction and membrane protein trafficking 7,
e.g. by enhancing the probability of contacts between receptors and signaling proteins present in the

same lipid raft 2,
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An important feature of membranes is their selective permeability, meaning that they are permeable
to small nonpolar but impermeable to most polar and charged molecules 2. The permeability of mem-
branes differs greatly between organelles. While e.g. the inner mitochondrial membrane has restricted
permeability even to most ions and small molecules, the outer mitochondrial membrane harbors many
pores which allow the passage of ions and bigger molecules up to 6 kDa &, and the nuclear pore complex
in the nuclear envelope even enables diffusion of molecules up to 40 kDa °. Moreover, membranes
harbor many different membrane proteins that enable the selective transport of polar molecules or
ions, either to import essential molecules such as nutrients or to actively pump ions across the mem-
brane against their gradient. By the means of the latter, an electrochemical ion gradient is established
over the membrane, which, according to the chemiosmotic theory of Mitchell °, enables membranes

to store energy, what is the basis of ATP synthesis via oxidative phosphorylation (see below).

The membrane composition differs a lot with the type of membrane, not only among different organ-
isms but also among different tissues within the same organism, and even among different membranes
of the same tissue. The complex lipid composition is specific for each type of membrane and adapted
to the cell’s function . The asymmetric distribution of lipids across the inner and outer leaflet of the
membrane (also due to low flip-flop movements) reveals that even the lipid composition of the two
leaflets varies in the same membrane “. Further, the protein fraction of membranes can vary greatly
between 30 % in human myelin sheath (where the membrane acts as electrical insulation and does not
need many proteins) and 75 % e.g. in Escherichia coli (where a lot of enzyme-catalyzed processes take

place) 2.

2.2 Lipids and detergents

2.2.1 Lipids

Lipids are biological molecules with the common property of being insoluble in water and with a broad
variety of functions and chemistry 2. While fats and oils are the principal chemical forms to store energy,
other lipids act as enzyme cofactors, hydrophobic anchors for proteins, hormones or intracellular mes-
sengers, or they are structural elements for biological membranes 2. The latter membrane lipids are
mainly composed of glycerophospholipids, sphingolipids and sterols 1. They are polar amphiphilic mol-
ecules, meaning that they have a hydrophilic head group and a hydrophobic tail. When resuspending
those lipids in aqueous solutions, they usually spontaneously form a lipid bilayer where the hydropho-
bic tails of the two leaflets interact with each other in the middle of the membrane while the hydrophilic

head groups interact with the surrounding water 2,
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Sterols and sphingolipids do not exist in bacteria and for this reason are not further discussed here. In
glycerophospholipids, two fatty acids are attached via ester linkage to two carbon atoms of a glycerol,
of which the third carbon binds to a highly polar or charged head group via phosphodiester bond 2
(Figure 1A). Glycerophospholipids have a high chemical diversity arising from different combinations of
the two fatty acids (Figure 1B) and the head group (Figure 1C) 1. The head group can be as simple as a
single phosphate (in phosphatidic acid PA), or it is composed of a hydrophilic group attached to the
phosphate such as ethanolamine (in phosphatidylethanolamine PE), choline (in phosphatidylcholine
PC), or glycerol (in phosphatidylglycerol PG). Depending on the hydrophilic moiety, the lipids are either
net negatively charged or uncharged. A special phospholipid is cardiolipin (CL, Figure 1D) which essen-
tially is built up of a PG attached to a PA molecule 2 and therefore contains four fatty acids. CL is pre-
dominantly found in membranes where oxidative phosphorylation takes place, as the bacterial plasma
membrane and the inner mitochondrial membrane 4. Fatty acids of glycerophospholipids can vary in
chain length, number and position of double bonds, and hydroxylation 1. Bacteria have fatty acids with

12 to 18 carbons, while eukaryotic fatty acids consist of up to 26 carbons *°. Furthermore, fatty acids
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" = o] 0
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ﬁ R RUTRGT R e \//‘\\,J J\.o/\]/\o
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i (/‘\/ T ‘/ﬁ//:\\/'/:\/ . \\/’\\:0 /
SN NN NN NN N0H  Olleic acid (18:1, n-9)
(o]
= 5 s n o fc Head g N
\\\/*“\/‘/* TN 0l a-Linolenic acid (18:3, n-3) NH,*
b on ;
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N o oH = NH,* o o
D Cardiolipin o o - - - &
; . \ PG PE ’S
L IR L 0 S k-0 I,
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FeCa Ve We Wl oW o W e 9
\/\’O/
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e = ’“\/U\O N(_,
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B N N N ¢ Cylindrical (PC, PG, PS) th . ‘tl'd Conical (PE, PA)
o Bilayer (Phosphoinositides) Hexagonal Il
Micelles

Figure 1 Chemical diversity of membrane lipids. A) General chemical structure of glycerophospholipids. A hydro-
philic head group (green) and two hydrophobic fatty acid chains (red) are linked via a glycerol backbone (blue). B)
Fatty acids differ in length, degree of saturation and position of the double bonds (in XX:Y, n-Z, XX indicates the
number of carbon atoms, Y the number of double bonds and Z the position of the first double bond from the
omega end). C) Head groups of phosphatidylcholine (PC), -glycerol (PG), -ethanolamine (PE) and -serine (PS). The
net charge of lipids depends on the head group and is -1 for PG and PS and 0 for PC and PE, respectively. D)
Structures of the special negatively charged cardiolipin (CL) and the synthetic positively charged lipid DOTAP. E)
The geometry of lipids is either cylindrical, conical or inverted-conical and defines whether the lipids form a bi-

layer, hexagonal Il structures or micelles in aqueous solution.
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can be either saturated (no double bonds) or unsaturated (one or several double bonds). Both the chain
length and the degree of saturation affect the physicochemical properties of the membrane. While long
and saturated fatty acids lead to thicker and less fluid membranes due to tight packing of the hydro-
phobic tails and strong lipid-lipid interactions, unsaturated lipids prevent tight packing due to acyl-chain
kinks ' which increases the fluidity of the membrane. Additionally, changes in lipid composition affect

the activity of MPs as well as non-membrane proteins that recognize specific lipids **.

The bacterial membrane of E. coli is composed of around 75 % PE, 20 % PG and 5 % CL with minor
amounts of PA, phosphatidylserine (PS) and others > and carries therefore a negative net charge. Bac-
teria have developed mechanisms to adapt membrane properties such as viscosity to match environ-
mental conditions by adjusting the lipid composition. They do so by regulating the enzymes responsible
for the formation and modulation of lipid head groups and fatty acids 6. For example, E. coli incorpo-
rates more unsaturated and shorter fatty acids when it grows at lower temperatures to maintain mem-

brane fluidity, while more long and saturated fatty acids are inserted at higher growth temperature /.

Depending on the head-to-chain size ratio, the lipid geometry can be either cylindrical (e. g. PC, PG, PS),
conical (e. g. PE, PA; these lipids are non-bilayer forming lipids meaning that it is not possible to produce
pure lipid bilayers thereof) or inverted-conical (e. g. lyso-glycerophospholipids containing only one fatty
acid, or phosphoinositides) #%* and co-determines the physical properties of membranes. It affects
membrane spontaneous curvature and therefore is crucial for fusion/fission events !, Furthermore,
the lipid geometry defines the type of lipid aggregates to be formed upon mixing in water. There are
three types of lipid aggregates (Figure 1E): 1) micelles are built from inverted-conical lipids and have a
spherical shape where the hydrophobic fatty acid chains define the water-free core, being surrounded
and shielded by the head groups; Il) bilayers are formed as described above by cylindrical lipids and
usually back-fold on themselves to reduce contact between hydrophobic edges and water forming hol-
low spheres called vesicles; Ill) and hexagonal Il structures are formed by conical lipids and are inverted
tubules where the hydrophilic head groups form an aqueous channel in the center surrounded by the

2,18,19

hydrophobic chains

2.2.2 Detergents

Detergents are organic molecules with a high diversity of structures. They are either extracted from
plants (e.g. digitonin) or synthetically produced (e.g. DDM; Figure 2), and they are indispensable for the
isolation and purification of MPs. Similar to lipids, they consist of a polar or charged head and a hydro-
phobic tail. In agueous solutions, detergents form micelles which are spherical aggregates of a defined
size and number of monomers (aggregation number), specific for each detergent species. As in micelles

of inverted-conical lipids, the hydrophobic tail of detergents points to the core of the micelle and is

15



W T W

o
e >

Triton X-100

Cholate oH

Figure 2 Structures of different detergents. Detergents are amphiphilic molecules with a hydrophilic head and a
hydrophobic tail. They are indispensable for the isolation and purification of membrane proteins as they interact

with the hydrophobic part of the protein, enabling its solubilization.

surrounded by the hydrophilic head. The property to form micelles is what makes detergents essential
for MP solubilization. The hydrophobic parts of MPs, naturally interacting with the fatty acids of lipids,
are covered by hydrophobic detergent tails while only the hydrophilic MP parts stick out of the micelles.
Micelles exist only in a distinct range of temperature and detergent concentration. The minimal con-
centration at which micelles are formed is called the critical micellar concentration (CMC) and is char-
acteristic for each detergent. 2 However, the CMC can vary with different conditions (pH, ionic strength,
temperature, or the presence of lipids, proteins or other detergents) .. For the solubilization of MPs,
usually high detergent concentrations are needed, while the detergent concentration is typically re-

duced for further purification steps but must not undershoot CMC. 2°

Detergents can be either anionic, cationic, nonionic or zwitterionic. lonic detergents are typically
harsher (i.e. more protein-denaturing) than nonionic and zwitterionic ones. Additionally, detergents
exhibiting a large head group and a long tail usually are milder than short-chain detergents (which tend
to result in MP denaturing or disruption of MP complexes) %2. Unfortunately, the ideal detergent as well
as the ideal concentration for solubilization has to be determined for each MP since there are no gen-
eral detergents suitable for all MPs, resulting in laborious trial-and-error processes. Thereby, it is im-
portant to consider also downstream processes as detergents can interfere with measurements. As an
example, detergents with an aromatic ring are not compatible with protein concentration determina-

tion measurements via UV absorption as they absorb UV light at 280 nm. 2°

Interestingly, some detergents are able to selectively solubilize certain membrane types. Triton X-100
for example only solubilizes bacterial inner membrane but not the outer membrane 23, and Digitonin
selectively solubilizes the eukaryotic plasma membrane but not the mitochondrial membrane .

2.3 Membrane proteins

Membrane proteins (MPs) can be classified into three groups: integral, peripheral and amphitropic

MPs. Integral MPs are firmly integrated into the lipid bilayer by hydrophobic forces and can only be
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extracted by the use of detergents, organic solvents or other molecules disrupting the membrane by
hydrophobic interactions #%. They are either polytopic transmembrane proteins (TM) meaning they
span both membrane leaflets, or monotopic when they are associated only with one leaflet 2. Struc-
tural elements of most transmembrane proteins are hydrophobic a-helical bundles or B-barrels 2. Fur-
ther, so-called annular lipids (lipids bound to the transmembrane region of a MP) 2 can be essential for
MP activity and for free diffusion of the MP in the lipid bilayer. Typically, annular lipids are removed
during treatment with harsh detergents while mild detergents do not remove them. Integral MPs are
represented e.g. by ion channels or respiratory complexes I-IV. Peripheral MPs are less firmly associated
with the membrane than integral MPs and interact with the membrane through electrostatic interac-
tions as well as hydrogen bonds with lipid head groups or hydrophilic domains of integral MPs. They
can be detached from biological membranes by treatments breaking electrostatic interactions or hy-
drogen bonds such as increasing ionic strength or changing the pH 2. The respiratory enzyme NDH-2
(see below) represents a peripheral membrane protein. Amphitropic proteins can be both cytosolic and
membrane bound resulting from regulated reversible association with the membrane. They either non-
covalently interact with lipids or membrane proteins, or they exhibit one or more covalently attached
lipids 2. The process of binding to lipids regulates their function ?’. As an example, the activity of the
amphitropic protein CTP:phosphocholine cytidylyltransferase (CCT), which catalyzes a rate-limiting step

in the synthesis of PC, is highly increased in the membrane-bound state compared to the soluble state

28

Typically, it is significant to know the MP’s structure to obtain a better understanding of its function.
30-40 % of proteins of most genomes are estimated to be MPs 262°, However, although the number of
published MP structures increased in the past years 331, only approximately 3 % of all published protein
structures in the protein data bank are MPs 332, This most likely is predicated on the difficulties to
overexpress and purify MPs in decent amounts for structure determination in a way they are function-
ally active 33. Additionally, MPs are purified with the use of detergents, which sometimes tend to be
quite harsh leading to incorrectly folded or inactive MPs. In other words, it is most often challenging to
obtain purified MPs that retain their activity and are at the same time useful for structure determina-
tion. The availability of MP structures is further important for the development of new drugs since MPs

are prominent drug targets 263* (they are target of more than 60 % of drugs on the market ).

2.3.1 The respiratory chain

2.3.1.1 The mitochondrial respiratory chain
All life relies on the continuous supply with external energy either in the form of light or nutrients. This
energy is converted into the universal energy carrier ATP in three main steps. Nutrients such as fats,

carbohydrates or amino acids are oxidized first to acetyl-coenzyme A and then, in a second step, to CO,,
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and the energy released in these reactions is stored in form of reduction equivalents such as NADH or
succinate. In the last step, electrons are transferred in a series of redox reactions from NADH to oxygen
to produce water. In this electron transport chain (ETC) called respiratory chain, respiratory enzyme
complexes use the energy of energetically ‘downhill’ electron transfer reactions to pump protons across
the membrane, so-called proton-coupled electron transfer 3°. Transport of protons across the mem-
brane is electrogenic and thus not only leads to a difference in pH on either side of the membrane
(ApH), but also to a transmembrane charge difference (AW). The so-generated electrochemical proton
gradient is termed proton motive force (pmf) Ap and consists of two components: |) a chemical proton
gradient resulting from the separation of protons by the membrane (ApH), and Il) an electric potential
generated by the separation of charge (AW) **. The pmf in turn drives the synthesis of ATP by the ATP

synthase.

The eukaryotic respiratory chain is located in the inner mitochondrial membrane and is composed of
four complexes CI-CIV (Figure 3) as well as the two electron carriers cytochrome ¢ and ubiquinone. In
the first step, Cl couples the electron transfer from NADH to the hydrophobic and membrane-embed-
ded ubiquinone to the transport of four protons across the membrane. Cll reduces ubiquinone while
oxidation of succinate to fumarate, and, unlike Cl, does not translocate protons across the membrane.
The ubiquinol coming from Cl and Cll is then re-oxidized by ClIl which transfers the two electrons from
ubiquinol to two molecules of cytochrome ¢, which is located in the intermembrane space. In the final
step, electrons are transferred from cytochrome c to the final electron acceptor oxygen by CIV, accom-
panied by proton transport to the intermembrane space and reduction of oxygen to water. In total, for
every two electrons from NADH, 10 protons are pumped across the membrane generating a pmf that

is used by the ATP synthase (and other mitochondrial transporters). 2

Intermembrane space
ide
P

+ ATP
NAD* + H* succinate fumarate +2H

ADP + P;

Figure 3 Mitochondrial respiratory chain consisting of complexes I-IV and the ATP synthase (V). Electrons are
transferred from NADH and succinate via ubiquinone Q and cytochrome c through complexes I-IV to the final
electron acceptor oxygen. The free energy from these electron transport processes is converted to an electro-
chemical proton gradient termed proton motive force (pmf) by proton pumping of complexes |, lll and IV, which

drives the ATP synthase to synthesize ATP.
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2.3.1.2 The respiratory chain from E. coli

The four complexes in the inner mitochondrial membrane constitute the prototypical respiratory chain
that is typically found in textbooks. While the basic concept, oxidation of reduction equivalents forming
a pmf, is the same in prokaryotes, the prokaryotic respiratory chain is much more versatile and diverse
36, E. coli is a gram-negative bacterium that possesses two membranes with the ETC located at the inner
bacterial membrane and consisting of two consecutive redox steps which are linked by quinones (Figure
4). In the first step, at least 15 different dehydrogenases oxidize ten different electron donor substrates
(e. g. NADH, succinate or hydrogen), thereby reducing quinone. The latter is re-oxidized in the second
step by different terminal reductases which transfer the electrons to at least six different electron ac-
ceptors (O, nitrate, nitrite, fumarate, trimethylamine N-oxide, or DMSO). E. coli lacks the intermediate
step of Clll/cytochrome ¢ found in mitochondria and electrons from the quinol pool are directly used
for the reduction of terminal electron acceptors. Most dehydrogenases can work together with most
terminal reductases building a branched respiratory chain. The complexity is even increased by the use
of three different quinones, namely ubiquinone (UQ-8 %7), menaquinone (MK-8 ¥’) or demethylmena-
quinone (DMK-8 ). 3 Thereby, ubiquinone is the main quinone under aerobic conditions while mena-
quinone and demethylmenaquinone are used mainly at lower oxygen concentrations 3. The diversity
of its respiratory chain allows E. coli to adapt to varying conditions such as the supply of nutrients or

oxygen.

While NDH-1 and bo; oxidase are able to pump protons across the membrane, most dehydrogenases
and terminal reductases generate a pmf by a redox loop mechanism. Thereby, electrons are transferred
in a first half-loop from the electron donor (on the P-side of the membrane) through the membrane to

qguinone, which consumes protons from the other side of the membrane (N-side), by a first enzyme.

Step 1 Step 2

NADH
Malate

Quinone pool
Dehydro- Oxidases

genases Reductases

(0]

2

Lactate TMAO

Ubiquinone
Demethylmenaquinone
Menaquinone

D-amino acids Nitrate

— —

Succinate Fumarate

Gly-3-P
H

DMSO

2 Nitrit

Figure 4 The respiratory chain of E. coli. In a first step, a total of 10 different substrates are oxidized by different

dehydrogenases, which transfer electrons to a quinone pool. Different oxidases and reductases re-oxidize the
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quinone pool by the reduction of several final electron acceptors.
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Quinol then crosses the membrane to be re-oxidized by another enzyme in the second half-loop, re-
leasing protons to the more positive side of the membrane (P-side). 3 Another group of enzymes (e.g.
NDH-2, see below) does not contribute directly to the pmf generation but is required for the supply or
consumption of quinone/quinol to allow the second respiratory enzyme to work and to contribute to
the pmf. Thereby, it is important that at least one of the two enzymes of an ETC is contributing to the
pmf.In E. coli, the combination of non-coupling dehydrogenases with non-coupling terminal reductases

is avoided by transcriptionally regulated expression of suitable enzymes. 340

2.3.1.3 NDH-2

One of the most important primary dehydrogenases of the E. coli respiratory chain is NDH-1 %, Being a
homolog of mitochondrial complex |, it catalyzes the electron transfer from NADH to quinone and cou-
ples this reaction to proton pumping which renders it the only proton-pumping dehydrogenase of the
respiratory chain of E. coli. NDH-1 is mainly expressed under anaerobic conditions, while it is present in
lower concentrations at higher oxygen levels %°. Under aerobic conditions, NADH dehydrogenase |l
(NDH-2) is the major NADH dehydrogenase in E. coli. 3® NDH-2 catalyzes the same reaction as NDH-1,
however, does not pump protons and thus does not make any direct contribution to the pmf. Although
the proton pumping NDH-1 conserves more energy than NDH-2, the latter might be essential because
it is not inhibited via a negative feedback loop by a high pmf. Thus, NDH-2 enables higher metabolic flux
resulting in higher rates of ATP synthesis **2. Furthermore, it regenerates NAD*, allowing glycolysis at

high pmf and preventing the bacteria from switching to fermentation 3.

NDH-2 (Figure 5) is a monotopic single-subunit enzyme with a molecular weight around 50 kDa located
at the cytosolic side of the inner bacterial membrane of E. coli * as well as other prokaryotes and is
even found in archaea, yeast, fungi and plants #°. It was shown to be essential in several bacterial path-
ogens. This, and its absence in animals, renders NDH-2 a potential drug target against human pathogens
and parasites *%. It catalyzes electron transfer from NADH mainly to quinone via a non-covalently bound
FAD cofactor #. The NDH-2 crystal structures of four organisms have been solved in the past ten years:

Ndil from Saccharomyces cerevisiae **, bacterial NDH-2 from Caldalkalibacillus thermarum **¢ and

Figure 5 Structure of the monotopic, single-subunit NDH-2 from C. thermarum. C-terminal region is depicted in
blue and non-covalently bound FAD is shown in red sticks. (PDB 6BDO *%)
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Staphylococcus aureus *°, and NDH2 from Plasmodium falciparum *°. In all structures, two Rossmann
folds (see ®!) non-covalently bind the cofactor FAD and the substrate NADH, and a third C-terminal
domain is responsible for membrane anchoring and quinone binding. The catalytic mechanism of NDH-
2 from C. thermarum was published in 2017 by Blaza et al. °2. It indicates that the two substrates bind
at distinct binding sites and that the reaction follows a ternary-complex mechanism during enzyme
turnover with NADH and menadione, meaning that after being oxidized, NAD* binds tightly to the re-
duced FAD and is not released before FAD is re-oxidized by menadione 2. Knowledge about the struc-

ture and mechanism of NDH-2 helps to develop new therapeutic drugs targeting NDH-2.

An open question is how NDH-2 binds to the membrane. Initially, it was suggested that NDH-2 binds via
two transmembrane helices located at the C-terminus of the enzyme >3. However, this was proven
wrong by Villegas et al. **: Treatment of NDH-2 containing membranes with either high ionic strength
or alkaline buffers (conditions known to selectively extract peripheral membrane proteins) resulted in
NDH-2 being present in the supernatant, excluding transmembrane binding of NDH-2. In further exper-
iments, Villegas et al. tested a hypothesis brought forward after bioinformatics analysis >* that the C-
terminal region of NDH-2 is responsible for membrane anchorage. Therefore, they expressed four trun-
cated NDH-2 mutants lacking 13, 28, 43 or 57 C-terminal amino acids, respectively, and could show by
SDS-PAGE that, while wildtype NDH-2 and the first two truncation mutants (13, 28 amino acids, respec-
tively) were present in the membrane fraction, the other two mutants were located mainly in the cyto-
solic fraction %, thus supporting the hypothesis. Similar results were obtained by Feng et al. *¢ and
Heikal et al. ** with truncated mutants of Ndil and the C. thermarum NDH-2, respectively. Furthermore,
the amino acid sequence supports the hypothesis of the C-terminal region being involved in membrane
binding. The C-terminal domains of NDH-2 enzymes discussed here are mainly composed of hydropho-
bic and positively charged amino acids. Membrane binding of NDH-2 is hypothetically achieved by I)
electrostatic interactions between the positively charged amino acids in the C-terminus of NDH-2 and
negatively charged lipid head groups of the membrane, and Il) hydrophobic interactions between the
hydrophobic amino acids mainly of the C-terminal domain of NDH-2 and the fatty acids of the mem-

brane. Experimental proof of this hypothesis however is still pending.

2.3.1.4  bos oxidase
Cytochrome bos ubiquinol oxidase, or short bos oxidase, is the main terminal oxidase of the respiratory
chain of E. coli expressed under aerobic conditions. It belongs to the superfamily of heme-copper oxi-

dases >>°°

and couples the reduction of oxygen to water with proton pumping. bos oxidase is composed
of four subunits I-IV (Figure 6A and B) with a total molecular mass of around 140 kDa, where subunit |
contains the catalytic site. Subunits I-1ll are homologues of the three mitochondrially encoded subunits

I-11l of the aas-type cytochrome c oxidase *’. The catalytic redox center (Figure 6C) in subunit | consists
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of a low-spin b heme and a binuclear center which is formed by a high-spin 03 heme and a copper ion
(Cus). As a substrate, bos oxidase uses ubiquinol Qs > from which electrons are transferred via the heme
b to the binuclear center, where they are used to reduce molecular oxygen to water >>%°, Thereby, bos
oxidase contributes to the pmf via two mechanisms: 1) the protons and electrons used for the reduction
of oxygen are taken from opposite sides of the membrane resulting in a net transfer of one positive
charge from the negative (N) to the positive (P) side of the membrane ©, and 1) by additional proton

pumping from the N-side to the P-side of the membrane .

The structure of bos oxidase was first solved in 2000 by Abramson et al. (PDB 1FFT) *° at a resolution of
3.5 A (Figure 6A). It has a similar overall structure as aas-type cytochrome c oxidase from P. denitrificans
61, Although 25 % of the complex could not be resolved and no ubiquinone was present in this X-ray
structure, Abramson et al. identified 25 transmembrane helices and were capable of modeling a ubig-
uinone molecule into a proposed binding site which is similar to ubiquinone binding sites of other mem-
brane proteins *°. Not until 20 years later, Su et al. published a second structure of bos oxidase (Figure
6B, PDB 6WTI) using a new methodology called ‘Build and Retrieve’ (see ®2) to determine cryo-EM struc-
tures at near-atomic resolution 62, They subjected a heterogeneous sample of Ni-affinity purified HpnN
from B. pseudomallei, which had been expressed in E. coli, to cryo-EM and found the most abundant

protein to be bos oxidase (followed by HpnN). By this means, Su et al. solved the structure of bosoxidase

P-side

Periplasm

N-side ’ZH* \
Cytoplasm translocation 2H*

Figure 6 bos oxidase from E. coli. A) First structure of E. coli bos oxidase solved by Abramson et al. (PDB 1FFT) *°.
B) Recently published structure of bos oxidase exhibiting cytoplasmic swelling in subunit | (PDB 6WTI) 2. All four
subunits | (green), Il (yellow), 11l (blue) and IV (red) are shown in cartoon and hemes b and 03 and the Cug ion are
shown in magenta sticks and red spheres, respectively (A and B). C) Electron and proton transfer in the reaction
center of bos oxidase. Electrons are transferred from quinol Qg via heme b to the binuclear reaction center com-
posed of heme 03 and Cus, where they reduce oxygen to water. The energy released by this reaction is used to
pump protons across the membrane from the N-side to the P-side. Additionally, protons are released from quinol
to the P-side, while protons for the reduction of oxygen are taken up from the N-side. By this means, bos oxidase

generates a pmf.
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at 2.20 A which consisted of 23 transmembrane helices where the distribution for subunits I, 11, Il and
IV was 13, 2, 5 and 3 transmembrane helices, respectively. Further, the structure clearly depicts heme
b, heme 03, Cug and even bound ubiquinol. Up to now, it is still under debate if bos; oxidase contains
rather one or two ubiquinol binding sites ®7%°. The new structure from Su et al. however strongly indi-
cates that ubiquinol has only one binding site in bos; oxidase which coincides with the high-affinity bind-
ing site proposed earlier ©2. Another striking difference in the two structures of Abramson and Su is
found in subunit I. The structure of Su et al. shows a swelling of the cytosolic part of subunit | clearly
protruding into the aqueous solution which was absent in the first structure from Abramson et al. but
had been present in the recently published structure of cytochrome aas-600 menaquinol oxidase from
Bacillus subtilis %. The new high-resolution structure of Su et al. will facilitate the investigation of bos

oxidase and the design of new mutants.

2.3.1.5 The ATP synthase

The F1Fo ATP synthase is a universally conserved nanomachine responsible for the synthesis of the ma-
jority of ATP produced in living cells . It is found in energy-transducing membranes of bacteria, mito-
chondria or chloroplasts % and is closely related to the vacuolar (V-type, acidifying intracellular com-
partments 2) and archaeal (A-type) ATPase ®. Normally, the ATP synthase catalyzes ATP production
from ADP and P; using pmf as an energy source. However, in some bacteria under anaerobic conditions,
when the pmf is low, the enzyme works in reverse and the hydrolysis of ATP is used to pump protons
against their electrochemical gradient to generate a pmf. Like this, the ATP synthase enables ATP gen-
erated by substrate level phosphorylation to be used to establish a pmf which in turn is essential for

many cellular functions such as chemotaxis or membrane transport processes .

The ATP synthase is composed of two major domains (Figure 7A), the water-soluble F; part and the
membrane-embedded Fo part which are connected via a central and a peripheral stalk. The mushroom-
shaped F; domain consists of subunits asBsy&e and has a total mass of around 380 kDa. It harbors the
ADP/ATP binding site and, by a rotary mechanism, catalyzes ATP synthesis and hydrolysis . Similar to
the segments of an orange, the six asBs subunits are arranged alternately around the central stalk sub-
units y and g, while each B subunit contains a catalytic ATP/ADP binding site. The rest of subunits y and
€ interact with the Fo domain. Like this, as the central stalk, subunit y attaches the F; head group to the
Fo part. The bacterial Fo domain is responsible for ion translocation across the membrane and is usually
composed of subunits ab,cs 15 7 (where the ¢ subunits form a cylindrical ring and the number of c
subunits depends on the organism but is constant in a given organism ®’; e.g. E. coli has a cio ring 7%73).
In the forward synthesis direction, ion translocation along the electrochemical ion gradient drives the

rotation of the c ring against subunits a and by, where b, (together with subunit 8) acts as a peripheral

stalk connecting subunit a with the asps head group. Altogether, the pmf-driven rotation of the rotor (c
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H+

Cytoplasm

Periplasm

Figure 7 The ATP synthase from E. coli A) Structure of FiFo ATP synthase from E. coli composed of a water-soluble
cytosolic F1 part and a membrane-bound Fo part. A pmf drives the c ring to turn against subunit a. This rotation is
transferred to subunit y which induces conformational changes in the asBs3 head group leading to the synthesis of
ATP from ADP and phosphate. B) The Fo part contains two half-channels in subunit a (transparent blue), separated
by a highly conserved arginine (yellow) in subunit a. Protons access the conserved glutamate/aspartate in subunit
c from the periplasmic side via a first half-channel and release after one rotation around the c ring to the cyto-

plasmic side via a second half-channel. (PDB 60QU 7?)

ring and subunits y and €) against the stator (subunits asB3dab,) induces conformational changes in the
catalytical asPs head, like this catalyzing ATP synthesis. Contrarily, ATP hydrolysis in the F; domain in-
duces rotator revolution in the opposite direction, driving ion transport across the membrane through
Fo against the electrochemical gradient, thereby generating a pmf. Depending on the organism, the
total subunit composition can vary, e.g. mammalian ATP synthases essentially having additional subu-

nits in the stalk region. 67,6970

While the structures of most ATP synthase subunits have been partially solved decades ago, subunit a
remained unresolved for a long time, mainly because it dissociates from the ATP synthase when it is
exposed extendedly to detergent 74 In earlier models, the arrangement of a-helices in subunit a was
expected to be transmembrane what is common for a-helices of any other known membrane protein.
It was thus a huge surprise in 2015 when the first structure was published showing horizontal a-helices
for subunit a that run almost perpendicular to the transmembrane helices of the ¢ ring 7. In the mean-
while, structures of subunit a have been solved for a number of organisms and for several types of ATP
synthases (F-type, V-type) %7877 All those structures had in common two membrane-intrinsic nearly
horizontal helices interacting with the c ring, making them a conserved feature of ATP synthases 7. In

2020, the structure of the E. coli ATP synthase was solved including subunit a 72, It exhibited the same
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membrane-intrinsic a-helices, and further showed that the N-terminus of subunit a is found on the

periplasmic side of the membrane while the C-terminus points to the cytoplasm.

With the new subunit a structures, the model of proton translocation through the Fo part was devel-
oped (Figure 7B). Protons access a highly conserved glutamate (or aspartate; D61 in E. coli) in the ion
binding site of the ¢ subunit via a half-channel in subunit a from the lumenal or periplasmic side of the
membrane. On the other hand, protons release from the glutamate via a second half-channel in subunit
a to the mitochondrial matrix or bacterial cytoplasm. Both half-channels span half the membrane, are
lined by polar and charged residues, and are separated by a highly conserved and essential arginine in
subunit a (R210in E. coli), which prevents proton leakage between the two channels. The current model
for torque generation in the Fo part envisages that protons access the c ring glutamate (or aspartate)
via the first half-channel and neutralize its negative charge, enabling the uncharged side chain to parti-
tion into the hydrophobic membrane. Movement of the c ring in counterclockwise direction (when
looking from the matrix or bacterial cytoplasm) renders the glutamate (or aspartate) of the adjacent ¢
subunit accessible to the first half-channel, where another protonation reaction happens. Like this, a
protonated subunit rotates all around the c ring until it encounters the second half-channel, where the
proton is released by the high pH of the mitochondrial matrix or bacterial cytoplasm. %7475’ The anew
deprotonated glutamate (or aspartate) is not able to partition back into the membrane due to its neg-
ative charge. Instead, it passes the arginine and accesses again the first half-channel to become re-
protonated. The relative location of the two half-channels, the conserved arginine as well as the direc-

tion of the pmf allow rotation of the c ring only in one direction. 7

2.3.1.6  Supercomplexes
In the past 20 years, it was recognized that mitochondrial respiratory complexes are organized in higher
order structures called supercomplexes which are composed of various stoichiometries of complexes |,

| 7%, whereas the ATP synthase has

Il and IV (such as the respirasome l1lll;1V1) 7 and possibly complex |
not been found to be part of supercomplexes so far. Supercomplexes were proposed to stabilize the
individual respiratory complexes, to regulate the ETC activity or to reduce the production of reactive
oxygen species (ROS) by reducing electron leakage. However, in spite of numerous studies, the physio-
logical role as well as the mechanism of assembly of supercomplexes remain unclear 37379, Supercom-
plexes were not only found in mitochondria but also in bacteria such as Paracoccus denitirificans  or
Rhodobacter spheroides 8. A strong enrichment of quinone in supercomplexes of P. denitrificans has
been observed, suggested to promote electron transfer, which raises the question of the role of qui-
none distribution for supercomplexes, a highly debated topic . Furthermore, cardiolipin, which is es-

sential for catalytic activities and influences the dynamics of supercomplexes in eukaryotes, has been

shown to be enriched at the poles of rod-shaped bacteria . The role of this uneven distribution for
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respiratory chain supramolecular complexes in prokaryotes remains another key question 8. E. coli was
shown to organize its respiratory complexes in subdomains rather than supercomplexes *°, where mul-
tiple copies of equal complexes co-localize but different complexes do not . Furthermore, pmf gener-
ating enzymes and pmf sinks (ATP synthase or flagellar motor) were found at different sites in the mem-
brane #. The lack of supercomplexes in E. coli was suggested to arise from the need of E. coli to quickly
adopt to changing environmental conditions, which would be strongly impeded if respiratory com-

plexes would be organized in stoichiometrically defined supercomplexes 8,

2.4 Membrane protein reconstitution in a nutshell

Section 2.4 is a reprint of our 2020 review #°:

In the seminal reconstitution experiment of Racker and Stoeckenius (described in ), native purple bac-
teria were mixed with cholate-extracted mitochondrial particles (containing enriched FiFg ATP syn-
thase) with asolectin lipids that had been sonicated and solubilized by the bile salt sodium cholate. This
mixture was then dialyzed to remove excess detergent allowing the formation of proteoliposomes ca-
pable of light-driven ATP synthesis.®® Almost 50 years later, close variants of this very method are still
powerful protocols to reconstitute MPs. Over the years, several other approaches to functionally re-
constitute purified MPs into liposomes were developed. Some employ organic solvents, or mechanical
means such as sonication, freeze-thawing, or French-press.®”28 However, the most common methods
are based on the use of detergents discussed in the next paragraphs. For an overview of different re-

constitution techniques consider the pioneering reviews®” and®, for more recent perspectives refer

to 21,90-92

Generally, the process of detergent-mediated reconstitution can be divided into two main steps. First,
a purified and detergent-solubilized MP is mixed with lipids. Second, the detergent is removed from the
mixture, leading to the incorporation of the MP into liposomes. In the first step, the lipids are added to
the solubilized MP either as fully solubilized mixed detergent-lipid micelles, or as preformed, detergent-
destabilized vesicles (for the latter see Figure 8). Detergent removal in the second step is achieved by
various methods based on the critical micelle concentration (CMC) of the employed detergent.®” For
small sized micelles (< 25 kDa, high CMC; e.g. sodium cholate, octyl glucoside), rapid dilution, dialysis
with an appropriately sized membrane or size exclusion chromatography can be used. For detergents
forming large micelles (typically very low CMC), adsorption to polystyrene beads or complex formation
with various cyclodextrins is used.’> Especially the use of cyclodextrins holds promise as different
ring sizes are available that offer some specificity for certain detergents,®® e.g. allowing the selective

removal of one detergent from a detergent mixture. While the exact mechanism of reconstitution by
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Figure 8 Typical detergent-mediated reconstitution process. Lipids are resuspended in chloroform and mixed in
a desired ratio in a round bottom flask followed by evaporation of chloroform to get a dried lipid film. The latter
is resuspended in buffer, achieving a suspension of multilamellar vesicles. To get unilamellar vesicles, the mixture
is subjected to a series of freeze-thaw cycles followed by extrusion through a polycarbonate filter, or, alterna-
tively, sonication. Detergent is then added in order to destabilize the lipid bilayer, enabling the insertion of deter-
gent-solubilized membrane proteins. Finally, the detergent is removed by one of several methods such as e.g. gel

filtration, rapid dilution or adsorption to polystyrene beads, resulting in tight proteoliposomes.

detergent removal is still not fully understood,?>®® there is agreement that at a critical detergent con-
centration (which depends on a variety of factors), solubilized MPs cannot be kept in a soluble state
any further and either precipitate or spontaneously integrate into the present phospholipid mem-
brane.?>*2 The efficiency of the reconstitution process (fraction of the solubilized MP that incorporates
into liposomes) depends on various factors, as e.g. the MP of interest itself, the type of detergent used,
the initial detergent concentration, the composition of the lipid membrane, the choice of buffer and

ionic strength and importantly, the method and rate of detergent removal %%

A special role is assigned to the lipid composition in proteoliposomes. Critical aspects for a good lipid
mixture are easy liposome formation, preservation of enzyme activity and tightness of the liposomes
towards leakage of protons or other ions. For many MPs, a (rather crude) lecithin (phosphatidylcholine
(PC)) extract of soybean has been successfully applied. In this extract, next to PC, phosphatidylethano-
lamine (PE), and the negative lipid phosphatidyl inositol (PI) are the other main components. Although
both PC and Pl are not found in bacteria, the extract has been successfully used for many prokaryotic
MPs. In addition, natural extracts from bacteria, e.g. from Escherichia coli or mixtures from synthetic
lipids are used. Tsai and Miller®” have convincingly shown that mixtures of synthetic lipids are much
tighter towards proton leakage compared to a polar extract of E. coli lipids. Although being outside of
the scope of this review, it is noteworthy that the correct lipid composition can have a direct impact on

the protein activity as briefly described in the following few examples. Non-bilayer lipids such as PE
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Table 1: Non-exhaustive list of different studies with a focus on coreconstitution of MPs or orientation of MPs. For the latter,
studies are further distinguished between simply investigating orientation under one or several different conditions and ac-

tively influencing orientation by different means. Studies are grouped according to the investigated MP and the origin of the

MP and the studied parameter is indicated. A short summary of the study is provided in the comments row.

Membrane Protein

Organism

Study

Comments

References

aasCcO

Rhodobacter sphaeroides

Coreconstitution

Coreconstitution of aasCcO with F;Fy ATP synthase (E. coli)
or spinach ATP synthase.

104

Investigating orientation

70 - 80 % CcO was found with soluble domain of subunit Il
carrying the cytochrome c-binding site towards the outside
of the liposomes. Functional unidirectionality can be im-
posed over orientation of the MP in the liposomal mem-
brane by providing cytochrome c and electrons only on one
side of the membrane.

105

Paracoccus denitrificans

Influencing orientation

MP was immobilized on Ni-NTA-functionalized silica nano-
particles for orientated encapsulation into liposomes (bead
on outside of proteoliposome).

106,107

ArcD2

Lactococcus lactis

Coreconstitution

Coreconstitution with OpuA and soluble proteins ArcA, B
and C (L. lactis)

108

bacteriorhodopsin

Halobacterium salinarum

Coreconstitution

Coreconstitution with ATP synthase from bovine heart mito-
chondria.

Investigating orientation

Only slight preference for inside-out was detected.

109

Orientation in proteoliposomes was shown to depend on li-
pid composition of the liposomes, pH value, ionic strength,
& membrane curvature (in order of decreasing influence on
orientation).

110

Ca?*-P-ATPase

rabbit sarcoplasmic reticu-

Investigating orientation

Unidirectional orientation with 80% - 100% of the cytoplas-

111

lum mic domain facing outwards was observed, depending on
the rate of detergent removal
cytochrome bos ubig-  E. coli Coreconstitution coreconstitution of bo; oxidase with FiFg ATP synthase (E. 112113

uinol oxidase

coli) via charge-mediated fusion of liposomes to GUVs

coreconstitution of bos oxidase with FiFy ATP synthase (E.
coli) or spinach ATP synthase

104

coreconstitution of bos oxidase with FiFy ATP synthase (E.
coli) via SNARE-mediated fusion

114

Investigating orientation

72 - 77 % to pump protons out of liposomes

115,116

Unidirectional orientation is reported using a reconstitution
method based on Rigaud et al.®” However, no biochemical
proof of unidirectionality is provided.

117

cytochrome b-563/c-
554 (Qbc)

Synechococcus 6716

Coreconstitution

Coreconstitution with H*-ATP synthase from Synechococcus
6716.

118

F1Fo ATP synthase

E. coli

Coreconstitution

Refer to cytochrome bos ubiquinol oxidase. Further corecon-
stitutions with Na*/H* antiporters (Thermus thermophilus
NapA and human NHA2),rat VGLUT2 as well as mitochon-
drial complex | from Bos Taurus together with alternative ox-
idase from Trypanosoma brucei brucei.

119-122

Investigating orientation

> 97 % of F; facing outwards was shown.

123

LacS

Streptococcus thermophi-
lus

Investigating orientation

Different detergents & detergent concentrations were eval-
uated as well as different rates of detergent removal. Unidi-

124,125
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rectional inside-out orientation is reported for reconstitu-
tion with Triton X-100 and random orientation for reconsti-
tution with n-Dodecyl B-D-maltoside.

large-conductance
calcium- and voltage-
activated potassium
channel (BK)

Homo sapiens

Investigating orientation

70% inside-out orientation of MP is reported.

126

mechanosensitive
channel of small con-
ductance (MscS)

Bacterial (no further state-
ment made)

Investigating orientation

Unidirectional incorporation is reported based solely on
electrophysiological results; no physical evidence is pro-
vided. Two ion channel reconstitution methods based on de-
hydration/rehydration of liposomes in presence of MP were
tested.

127

Na*/K*-P-ATPase

Electrophorus electricus or
Squalus acanthias

Investigating orientation

Functional unidirectionality was imposed over orientation of
MP in membrane by selective inhibition of one of the two
orientation populations with ouabain (exterior) or vanadate
ions (interior).

128,129

dark red outer medulla of
kidney of adult New Zea-
land white rabbits

Investigating orientation

Different protein-to-lipid ratios, different phospholipids and
methods of detergent removal were investigated.

130

proteorhodopsin

uncultured Gammaproteo-
bacterium EBAC31A08

Coreconstitution

Coreconstitution with Spinacia oleracea PSIl and Bacillus
pseudofirmus ATP synthase

131

Influencing orientation

Interaction of MP with the surface of the liposomes was
shown to dictate orientation. The surface charge of lipo-
somes was modulated to prearrange orientation.

132,133

MP was immobilized on Ni-NTA-functionalized silicate beads
for orientated reconstitution (bead on outside of proteolipo-
some).

134

Fusion domains were reported to guide the orientated inser-
tion of proteorhodopsin into liposomes.

135

various (Ca?*-P-
ATPase, H*-F-ATPase,
LacS)

various

Investigating orientation

More uniform orientation of MPs was observed in the recon-
stituted liposomal bilayer when reconstituted into pre-
formed, detergent-destabilized liposomes.

125,136-139

voltage-dependent K*
channel (KyAP)

Aeropyrum pernix

Influencing orientation

Ni-NTA-functionalized beads were used as membrane or-
ganization centers during bilayer reconstitution (bead in
proteoliposome; bSUM).

140

YidC

Escherichia Coli

Coreconstitution

Coreconstitution with LacY and SecYEG as a fusion construct

141,142

were shown to stimulate the activity of secondary transporters (e.g. Lypl of Saccheromyces cere-
visiae).%® Furthermore, the head groups of lipids, especially of anionic lipids, are responsible for the
topology and the regulation of conformational dynamics of transporters by interacting with the

99—

transport proteins.?®>™1% The importance of negatively charged lipids, especially cardiolipin, for the ac-

tivity and stability of bacterial and mitochondrial respiratory (super)complexes has also been de-

scribed 14,143,144

The impact of lipids on the reconstitution process has been studied for some proteins, e.g. Na*/K*-
ATPase. 130145148 De ima Santos et al.*° proposed that the lipids surrounding the MP, as well as the
physical state of the lipid environment as e.g. its fluidity, have a stabilizing effect on MPs. Longer satu-
rated fatty acyl chains decreased membrane fluidity leading to activity loss of the MP. Thus, phospho-

lipid mixtures that contribute to membrane fluidity (higher fractions of short-chain or unsaturated fatty
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acyl chains) can reduce activity loss.130145147.149 Eyrther excellent studies, in which many of these pa-
rameters have been described, were published for bacteriorhodopsin and ATP synthase by Paternostre
and colleagues, as well as for LacS by Knol and colleagues (see Table 1 and references therein as well
as Lichtenberg et al.).’ These studies show that the lipid composition can affect both the reconstitu-
tion yield and the orientation of the protein in the membrane (see below). A final complication is the
natural asymmetry of lipid composition in the two leaflets of the bilayer as observed in eukaryotes and
151-153

prokaryotes

scribed. 41>

and first protocols for the generation of asymmetric liposomes have been de-

In contrast with natural membranes, proteoliposomes contain much fewer proteins (< 5% of lipid
weight), as higher amounts of protein often negatively affect the reconstitution process. An interesting
approach to tackle this problem is the GreCon method, in which the solubilized protein is placed onto
a sucrose density gradient with increasing concentrations of cyclodextrin and detergent destabilized
liposomes. During centrifugation, the detergent is gradually replaced by lipids, yielding liposomes with
very high protein content, even triggering 2D-cristallization.®® In the density gradient, proteoliposomes
and empty liposomes migrate differently and are visible as opaque bands allowing their facile separa-
tion. Such proteoliposomes have been successfully used for electron tomography imaging using large
membrane complexes,’” but have not yet been tested for transport measurements. In recent years,

158 ;

peptides mimicking the properties of nanodiscs,™® i.e. embedding the MP in small lipid bilayer discs
surrounded by a scaffold protein, have been described.'>°716! While these have the advantage over tra-
ditional nanodiscs that their size can be modulated by varying the peptide to lipid ratio, they share the
common drawback that they cannot be used to extract protein from native membranes, making the
prior use of detergent necessary. A MP extraction method not requiring any detergent is based on the
use of styrene maleic acid (SMA) lipid particles (SMALPs), which has been successfully employed to

162,163 and also functionally reconstitute MPs into lipid bilayers.’%4% Recent examples are the

purify
purification and reconstitution of cytochrome ¢ oxidase from Saccharomyces cerevisiae'®” and of a plant
sodium/proton antiporter.%® Although not without downside (the solubilization properties of SMAs are

pH-dependent),'® these novel molecules are valuable gadgets in the toolbox of MP biochemists.

2.5 Coreconstitution of membrane proteins

Section 2.5 is a reprint of our 2020 review %:

The incorporation of different MPs into the same liposomal membrane is called coreconstitution and is
desirable for several reasons. The small interior volume of liposomes leads to quick accumulation or

depletion of the transported substrate, which does not allow for long steady-state measurements and
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thus complicates quantitative interpretation of the data. For instance, if a membrane potential is re-
quired for the transport process, often a potassium/valinomycin diffusion potential is used that quickly
exhausts due to the rapid change of the internal K* concentration. Furthermore, as our understanding
of biological processes increases, the interplay of different proteins at the molecular level becomes an
important field of research. An impressive example of cooperating enzymes are the members of the
respiratory chain which have been shown to form different supercomplexes in mitochondria.”®’® Func-
tional measurements comparing kinetics and efficiencies between individual complexes or multiple
complexes arranged in a supercomplex are necessary to understand the functional relevance of such

supramolecular arrangements. %172

There are relatively few reports on the coreconstitution of more than one type of MP in the same lipo-
somal membrane. Most work has been published on the coreconstitution of ATP synthase together
with proton pumps such as bacteriorhodopsin, cytochrome bos ubiquinol oxidase and cytochrome ¢
oxidase, which energize the liposomal membrane with an electrochemical potential. Such systems have

1.12! added trypanosomal alterna-

been recently extended by the addition of peripheral MPs. Biner et a
tive oxidase to proteoliposomes containing coreconstituted ATP synthase from E. coli and mitochon-
drial complex | to generate a minimal respiratory chain. Furthermore, ATP synthase has been used as a
constant generator of proton motive force for several proton dependent secondary transporters, such
as Na*/H* antiporter!'®!22 and glutamate transporter.!?° An alternative way to regenerate ATP from ADP
and phosphate was recently shown in a synthetic metabolic network consisting of coreconstituted ArcD
and OpuA as well as soluble proteins ArcA, B and C entrapped in the vesicle lumen. In this complex
network, ArcA — D couple the breakdown of arginine to the regeneration of ATP which is then used by
OpuA for glycine betaine transport which regulates the internal osmotic balance of the vesicles.!®® Non-
transport related processes can also be studied by coreconstitution such as the chaperone activity of
the MP YidC on the folding of LacY.'*! Further examples of coreconstitutions are given in Table 1. In all
these examples, both types of integral MPs have been reconstituted in parallel. However, given the
individual requirements of every MP for optimal reconstitution and orientation, it has to be assumed

that these coreconstitutions were far from being optimal 2104118

One way to resolve this problem is to split the coreconstitution into two steps. First, either protein of
interest is reconstituted under optimal conditions individually, followed by fusion of the two popula-
tions. Successful functional coreconstitution of two MPs by fusion was first reported using a minimal
SNARE machinery that fused liposome populations containing either FiFo ATP synthase or bo; oxi-
dase.’ The same enzymes have also been successfully coreconstituted using fusion of oppositely
charged proteoliposome populations.’'?113 However, the latter method requires the use of non-natural

positively charged lipids, limiting the free choice of the lipid composition. Alternative techniques which
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have been used for “pure” liposome fusion are coiled-coil forming peptides'’? as well as complementary

DNA strands.’#17> However these methods have not yet been tested with MP containing liposomes.1’®

From the above considerations on coreconstitution experiments, it is obvious that the relative number
of MPs reconstituted (stoichiometry) and the distribution of orientation of these MPs is of high im-
portance for quantitative interpretations. Given the various parameters influencing reconstitution effi-
ciency and orientation (see below), this seems an almost insuperable obstacle. A ray of hope was pro-
vided by Raschle et al. with a method that ensures a 1:1 reconstitution stoichiometry of MPs. Using
maleimide chemistry, complementary DNA molecules were attached to a unique cysteine of individual
VDAC populations'’’. Upon DNA hybridization, the two populations form a stable complex that can be
purified and reconstituted. This technique should be applicable to any MP and using DNA linkers of
appropriate lengths might not only ensure the correct stoichiometry, but also correct relative orienta-
tion of the reconstituted proteins. Alternatively, proteins can be genetically linked by creating a fusion
construct that can be cleaved via proteases, as was used in the coreconstitution of SecYEG and YidC in

a 1:1 stoichiometry.#?

2.6 The importance of the lipid composition on coupled bos-ATP synthesis ac-

tivity

The respiratory complexes have been studied in detail and many mechanistic details have been eluci-
dated by a variety of biochemical and biophysical methods 6267178175 However, functional interac-
tions between different primary proton pumping complexes as well as between primary proton pumps
and the ATP synthase remain unelucidated. The latter might be of particular interest to understand
how protons pumped by the respiratory complexes reach the ATP synthase to drive ATP synthesis. In
text books, typically a large ApH between the two bulks on either side of the membrane of mitochondria
or bacteria is illustrated as part of the pmf in order to explain the driving force of ATP synthesis. How-
ever, the actual ApH in the cristae membranes (the mitochondrial invaginations harboring the respira-
tory complexes and the ATP synthase) of yeast cells has been shown to be too small (ApH = 0.1) to
support ATP synthesis by the ATP synthase . Furthermore, alkaliphilic organisms exhibit an inverted
ApH due to their highly alkaliphilic environment (pH 10-13) which renders the total pmftoo low to drive
ATP synthesis 181, As a possible explanation to overcome these problems, a phenomenon called lateral
proton transfer along the membrane has been suggested where proton equilibration with the bulk so-
lution after being ejected by a proton pump is kinetically delayed. Protons are instead hypothesized to
be transferred laterally along the membrane surface 8018218 Thjs scenario would enhance the possi-

bility of a proton to reach a proton consumer, such as the ATP synthase, and would thus enable ATP
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Figure 9 Influence of lipid composition on coupled bos-ATP synthesis activity. A) Scheme of coupled bos-ATP
synthesis activity. Upon addition of DTT and quinone Qz, bos oxidase pumps protons into liposomes, generating a
pmf which is used by the ATP synthase to produce ATP. B) Nilsson et al. ! observed a drastic decrease in bos-ATP
synthesis activity when negatively charged lipids (DOPG, cardiolipin, DOPA) or another zwitterionic lipid (DOPE)
are inserted into DOPC liposomes. C) The lipid dependency is vanished in larger liposomes (i.e. with lower enzyme
density). Nilsson et al. hypothesize that either the lateral proton transfer rate (D) or the lateral enzyme distance

(E) is changed by the lipid composition. (Figures B-E are taken from 1)

synthesis at low or inverted ApH. Two mechanisms for this phenomenon are currently debated. In the
first proposal (the proton hopping mechanism), the phospholipid head groups are supposed to retain
protons at the surface as transient buffer molecules 8718, while in the second, protons are kept in a
structured water layer between the membrane surface and the bulk solution which delays their equili-

bration with the bulk 18191,

A few years ago, our group has established a minimal system of respiratory chain, bos oxidase and ATP
synthase both from E. coli coreconstituted into liposomes 19419 (Figure 9A). Upon addition of an elec-
tron donor (DTT/Qy) to the system, bos oxidase pumps protons into liposomes generating a pmf which
leads to ATP synthesis by the ATP synthase. In 2016, Nilsson et al. investigated the influence of the lipid
composition on this so-called coupled bos-ATP synthesis activity * (Figure 9B). As a standard lipid com-
position, they used liposomes of 100 % DOPC and the observed ATP synthesis activity was 100 %. They
added increasing fractions of negatively charged lipids (DOPG, DOPA, CL) to zwitterionic DOPC lipo-
somes and observed a strong decrease in coupled bos-ATP synthesis activity. In contrast, the effect of
the addition of another zwitterionic lipid (DOPE) was less pronounced. Interestingly, this lipid depend-
ency was only observed at high protein per liposome density (Figure 9C). The authors excluded a num-
ber of trivial lipid-dependent effects: 1) a lipid-dependent activity of the individual enzymes; II) lipid-
dependent quinol diffusion; Il1) lipid-dependent proton permeability of the membrane. Additionally, on

the basis of their findings that the lipid dependency vanished at an enzyme density below a certain
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threshold, the authors suggested a lipid-independent reconstitution efficiency and lipid-independent
protein orientation. The lipid composition thus seems to affect the rate of proton exchange between
the two enzymes. To explain their findings, the authors proposed two hypotheses: Either I) the lateral
distance between bos oxidase and ATP synthase is changed by differing lipid composition (Figure 9E),
or ll) the rate of lateral proton transfer along the membrane surface is altered (Figure 9D). In both cases,
the probability of a proton to reach the ATP synthase is affected by the lipid composition. With their
experiments, Nilsson et al. could not discriminate between the two hypotheses. In a follow-up study,
Sjoholm et al. performed fluorescence correlation spectroscopy (FCS) and fluorescence cross-correla-
tion spectroscopy (FCCS) experiments with fluorescently labeled bos; oxidase and ATP synthase and
compared the data with activity measurements 9. They could show a link between lateral enzyme
distance and coupled bos-ATP synthesis activity, which would support the first hypothesis of . These
findings indicate a mechanism for cells to regulate the ATP synthesis rate by changing the lateral en-

zyme distance rather than changing the activity of the enzymes themselves 1%,

2.7 SpyTag/SpyCatcher

Peptide tags have become indispensable in the world of biochemists. The fact that they are easily inte-
grable into proteins by genetic tools but also their minimally disruptive properties make them im-
portant for protein purification, detection or immobilization 497, A drawback of peptide tags, how-
ever, is their binding with low affinity. An elegant and powerful system to covalently connect two poly-
peptide chains in vivo or in vitro was developed by Zakeri et al. 1¥’. They split the collagen adhesion
domain CnaB2 from the fibronectin binding protein FbaB found in Streptococcus pyogenes into a 13
amino acid peptide tag and a 138 amino acid protein partner which they termed SpyTag and Spy-
Catcher, respectively (Figure 10A). Both SpyTag and SpyCatcher are genetically introduced as fusion
partner of the proteins of interest. By simply mixing the two partners together, the unprotonated Lys31
in SpyCatcher nucleophilically attacks the carbonyl group of Asp117 in SpyTag to form an irreversible
isopeptide bond (the € amino group of Lys31 reacts with the side chain of Asp117), catalyzed by Spy-
Catcher-Glu77 8 (Figure 10B), as it takes place in the original protein CnaB2. The reaction was shown
to be highly specific and high yielding and its robustness to diverse pH, buffer, temperature and deter-
gent conditions renders it suitable to many in vivo and in vitro applications such as live cell imaging or
cell lysate pull-downs. Beneficially, SpyTag was reactive when fused to either terminus or internally of

a protein.

Although the amide bond formation of SpyTag and SpyCatcher is fast, its reaction rate (1.4 x 103 M s

1) 199 js far from the ideal where protein-protein interactions take place at the diffusion limit (>10°-10°

34



E77
/ OH

Spy CnaB2
complete SpyCatcher o] SpyTag

domain NH, HO D117
K3l/\/ ﬁ}/\
~ o

SpyCatcher Split domain,
(protein optimize partners
partner) SpyTag R
ey tide) v N
mmsch':gg Asp (pep * SpyTag/SpyCatcher
A

(6]
Isopeptide bond

Figure 10 SpyTag/SpyCatcher system. A) CnaB2 from Streptococcus pyogenes was split to gain SpyCatcher protein
and SpyTag peptide (Figure from ). B) Isopeptide bond formation between Lys31 of SpyCatcher and Asp117 of

SpyTag, promoted by SpyCatcher Glu77, is spontaneous and irreversible.

M s1) 200 By phage display selection, Keeble et al. improved the reaction rate more than 12-fold, gen-
erating the SpyTag002/SpyCatcher002 pair 2°* and by further optimization of the two partners, they
developed the third-generation SpyTag003/SpyCatcher003 variants °°. Mainly structural stabilization
and increasing of surface polarity of SpyCatcher but also the introduction of positive charge on the
SpyTag’s N-terminus increased the reaction rate of the 003 pair by a factor of nearly 400 compared to
SpyTag/SpyCatcher '*°, With a rate constant of 5.5 x 10° M? s, the isopeptide formation of
SpyTag003/SpyCatcher003 is now in the onset range of diffusion-controlled protein-protein interac-
tions 2%, Important features of the new SpyTag003/SpyCatcher003 generation are further its lack of
side reactions, its specificity in a series of cellular systems and the absence of cysteines in both Tag and
Catcher '*°, enabling specific chemical modification of site-specifically introduced cysteines on the pro-
tein of interest. Moreover, the third generation SpyTag003/SpyCatcher003 are backwards compatible

with earlier versions.

Usually, SpyTag-containing proteins have been purified via a His-tag. The His-tag, however, most often
is redundant after purification and for many applications has to be cleaved off afterwards which in turn
is time-consuming and reduces the yield. To overcome this problem, Khairil Anuar et al. remodeled

SpyCatcher to SpyDock which is still binding SpyTag but is no longer able to covalently catch it 22

, ena-
bling protein purification via SpyTag. This was reached by the introduction of negative charge and re-
duced flexibility in SpyCatcher002, and especially by mutating the catalytically active Glu77 to Ala77.
An additionally introduced Cys at position Ser49 enabled the site-specific linkage of SpyDock to se-
pharose beads to give maximum purification yield. Although elution has to be carried out at 2.5 M
imidazole, proteins tested so far revealed little aggregation and were still active. The authors moreover
showed that both SpyTag and SpyTag002 were suitable for purification via SpyDock and that the SpyTag
could be at any site of the protein. With this so-called Spy&Go purification, the purity of proteins could

be increased from 66.4 % to 98.9 % in contrast to His-tag purification 22, Similarly, SpyDock-coupled
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beads can be used to remove unreacted SpyTagged proteins from a SpyTag/SpyCatcher coupling reac-

tion 292,

2.8 The problem of protein orientation

Section 2.8 is a reprint of our 2020 review %:

In cells, insertion of MPs in membranes is thought to happen co-translationally and the final orientation
of the protein is fixed during insertion and remains static (see 2% for a recent discussion on the topic).
Unfortunately, this is not the case during MP reconstitution into liposomes as no translational machin-

ery or chaperones are present that help to insert MPs into the liposomal bilayer.11%:204

The relative orientation of the inserted MP strongly affects functional studies. As liposomes typically
contain many copies of the MP in a random orientation, hundreds of different proteoliposome popula-
tions are formed during a single reconstitution process, causing a strong heterogeneity in the experi-
mental system (see Figure 11B). In some cases, functional unidirectionality can be imposed over ran-
dom orientation of the MPs by using substrates which are unable to penetrate the membrane (e.g. ATP,
NADH, cytochrome c), but in others, the substrate binding site is located in the hydrophobic part of the
membrane and, hence, both populations are stimulated (e.g. quinone-coupled enzymes). Alternatively,
membrane-impermeable inhibitors can be used, which selectively inhibit one enzyme population.'*® In
a worst-case scenario, the reconstitution method yields unidirectional insertion, but in the non-pre-
ferred orientation (e.g. substrate binding site on the inside), complicating functional experiments. The
orientation of MPs is not only important for primary ion pumps but has to be considered as well for
secondary transport proteins. While these can often catalyze transport of their substrates in both di-
rections, the affinities for the substrate might be different on either side of the membrane, a situation
that severely complicates the quantitative interpretation of experimental results. The difficulties im-
posed by uncontrolled orientation are even more pronounced if the coupled activity of two or more
MPs coreconstituted in the same liposomal membrane is investigated (see Table 1). The orientation of
reconstituted MPs is difficult to predict and even harder to influence, and it seems to be essentially
unique for each protein and specific set of reconstitution technique.*® Over the past decades, however,
several studies have accumulated knowledge on protein orientation (see Table 1). Many reports de-
scribe the use of bacteriorhodopsin or proteorhodopsin, which are good models for monomeric MPs
with no soluble domain, but inadequate as models for large multi-subunit MPs or MPs harboring large
soluble domains. A prerequisite for the investigation of MP orientation in liposomal membranes is a
reliable assay to determine the ratio of the two possible populations. If feasible, orientation can be

assessed via a functional assay that is able to discriminate the relative contribution of both populations.
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As an example, the orientation of respiratory complex | in liposomes can be determined by measuring
NADH:hexaammineruthenium oxidoreductase activity that can be spectroscopically followed at 340
nm. If NADH, which is membrane-impermeable, is added to liposomes, only the population with the
NADH binding site oriented towards the outside will contribute to the activity. Upon solubilization of
the proteoliposomes with detergent, all complex | molecules will contribute to the activity. Setting both
activities in relation allows for estimation of the orientation of complex | in the liposomes.?®> However,
care has to be taken in such approaches, as detergents often affect turnover activities of enzymes.
Furthermore, if the measured activity is independent of the presence of the membrane, non-incorpo-
rated enzyme also contributes to the activity. A different method that has been used to determine
orientation of proteo-/bacteriorhodopsin, is the use of proteases which will only digest MP domains
accessible from the outside of the liposomes due to their inability to cross the lipid bilayer. The cleavage
pattern can then be analyzed by SDS-PAGE, Western blot or mass spectrometry.133206297 However, this
cannot be considered as a general approach, since cleavage patterns are expected to become increas-
ingly complex with larger proteins, and proteolysis might be incomplete. A special case is the FiFo ATP
synthase, in which those hydrophilic F1 head groups that are located on the outside of the liposomes
can be specifically stripped off using defined buffer conditions.'?® Yet another approach, often used for
secondary antiporters, is based on the selective labelling of cysteine residues from the outside by a
membrane impermeable thiol-reactive compound. This is followed by complete labelling with mem-
brane permeable biotin-maleimide that can later be detected by Western-blot analysis.??>2%20° Fyrther

attempts to determine orientation of MPs reconstituted into liposomes can be found in Table 1.

Over the years, it has been found that numerous parameters can affect enzyme orientation during re-
constitution. De Lima Santos et al.*° report that at a slow detergent removal rate, liposome formation
precedes protein incorporation into liposomes (leading to a more unidirectional incorporation of the
MP), while liposome formation and protein incorporation happen simultaneously with fast detergent
removal (resulting in a random orientation of MPs). Knol et al.** found a similar behavior for Lacs,
including further differences depending on the detergent used for reconstitution. If unidirectional ori-
entation is not desirable, repetitive freeze/thaw cycles were shown to randomize orientation.** In gen-
eral, experiments have shown that orientation seems to be more uniform when the MPs are reconsti-
tuted into preformed, partially detergent-solubilized liposomes.?®137:138211 A rationale behind this ob-
servation is that the most hydrophilic domain will be least efficient in crossing the bilayer, and the pro-
tein will insert with its most hydrophobic side first.® However, experiments with cytochrome c oxidases
show that the hydrophilic extramembraneous cytochrome c-binding domain (~ 25 kDa) of subunit Il is

not sufficient to promote more asymmetry than a 70:30 ratio.'® F1Fo ATP synthase, on the other hand,
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Figure 11 The ins and outs of membrane protein reconstitution A) The general procedure for the formation of
proteoliposomes is shown as well as a few alternative approaches for the in vitro study of membrane protein (MP)
function. In a first step, MPs are extracted and purified from the native cell environment using detergents. In
parallel, liposomes are formed by rehydration of a dried lipid film and subsequent extrusion or sonication of the
vesicles. These liposomes are partially solubilized by the addition of detergents and mixed with the detergent-
solubilized MP to form proteoliposomes after removal of the detergent by a variety of methods. Detergent-free
extraction of MPs from the cell can be achieved by generating inside-out vesicles? or using styrene-maleic acid
(SMA) copolymers to generate SMALPs. The latter can be used for the detergent-free reconstitution of MPs into
liposomes.1627188 |f 3 closed compartment is not needed, detergent-solubilized MPs can also be reconstituted into
planer supported lipid bilayers or nanodiscs.?? B) The calculated distribution of proteoliposome populations after
reconstitution with a 1:1 liposome to protein stoichiometry and a 70% green-side out preference in orientation.
Values were calculated assuming a Poisson distribution for reconstitution and a binomial distribution for orienta-
tion. Only populations >1% are shown. C) Coreconstitution of more than one membrane protein. Shown are core-
constitutions by a combined incubation of both MPs with liposomes, via fusion of different proteoliposome pop-

ulations (e.g. charge-mediated fusion, red lipids = negatively charged, blue lipids = positively charged),'>13 or via

38



covalent/transient coupling of the MPs prior to reconstitution.’” D) Methods for the guided orientation during

reconstitutions. Shown are examples of charge-controlled insertion,'32'33 by coupling the MP to a solid support

140

a) that will be encapsulated by the liposome'*° or by attaching a fusion domain*** or coupling to a solid support
(a) th ill b lated by the li b hi fusion d in13 li lid

(b)106:107 that will be excluded from the vesicle interior. (Figure prepared by Nicolas Dolder)

with its soluble 350 kDa F; head group, has been reported to incorporate >95% with its head piece
towards the outside with a similar reconstitution protocol.'? In proteins such as bR and pR, where no
large soluble domain is present, the interaction of the surface charge of the proteins and liposomes
seems to play a role.?®?33 Tunuguntla et al. hold the asymmetry of charge distribution of pR, i.e. an
overall positive charge at the C-terminus and a negative charge at the N-terminus, responsible for the
lipid-charge dependent orientation of pR in liposomes. Through the use of either positively or nega-
tively charged lipids in their liposomes, the N- or the C-terminus could be attracted towards the liposo-
mal membrane, respectively, promoting a unidirectional orientation of pR.1** In one of the very few
attempts to actively influence orientation, Ritzmann et al.**> recently showed that fusion domains can
guide orientated insertion of pR into liposomes. By genetic engineering, GFP and mCherry were added
to the C-terminus or to the N-terminus as fusion domains, respectively. The resulting fusion proteins
pumped protons across the liposomal membrane in opposite directions upon reconstitution. This ele-
gant method is unique in the sense that both orientations can be chosen by attaching a fusion domain
on either end of the protein and is a promising approach for small proteins with no soluble domain.
Whether the addition of a GFP is sufficient to orient larger MPs remains to be determined. Other ap-
proaches for guided orientation employed Ni-NTA-functionalized beads to immobilize His-tagged MPs

106,107,140 5 method also used to form planar bilayers for AFM studies.?'2?13 The

prior to reconstitution,
liposomal membrane was formed de novo between the immobilized MPs either around the bead-sup-
port,*® or the beads were suggested to force unidirectional orientation because they were too big to
be incorporated into the newly formed liposomes.'%1%” However, a more thorough characterization of
these methods, e.g. regarding membrane leakiness, is required. Taken together, despite identification
of several parameters that influence orientation of a MP in liposomes, there is still no general method
to reconstitute MPs independently of all these parameters. The rather unpredictable effect of the lipid
composition on the yield and on the orientation displays a major problem, as the effect of different
lipid compositions on protein activity is a frequent aspect of research. A general method for guided
orientation of MPs independent of the lipid composition is highly desirable. Approaches, in which ori-
entation is guided by steric constraints might display a promising tool that has to be further developed
in the future 106107135140 pohyst and easy to implement methods for the quantitative determination of

incorporation yield and relative protein orientation are required to compare established and develop

new reconstitution protocols, e.g. only a small subset of detergents have been used in reconstitution.
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3 Aims of the thesis

To investigate membrane proteins, they are typically overexpressed, isolated and reconstituted into a
membrane-mimetic system such as liposomes. The relative orientation of a membrane protein thereby
is critical for its function and therefore knowledge of orientation is requested for quantitative analysis
of functional assays. Current orientation determination methods typically rely on functional measure-
ments that are specific for a certain type of membrane protein, or they rely on time-consuming and
laborious assays, but so far, no simple and generally applicable method has been reported. In a first
part of this thesis, we established a novel method to estimate the relative orientation of membrane

proteins in liposomes.

As a first application of this method, we measured the orientation of the terminal respiratory bo; oxi-
dase from E. coli in liposomes of different lipid composition to get more insight into the way bos oxidase
inserts into the lipid bilayer during reconstitution. This is relevant as a few years ago, bos oxidase core-
constituted with the E. coli ATP synthase showed a very strong lipid dependency with the reasons not
fully understood. The hypothesis put forward by the authors is based on a lipid-dependent proton trans-
fer between bos oxidase and ATP synthase. In a second part of this thesis, we aimed to understand this
phenomenon better, including the dependence of protein orientation by the liposome composition. In
addition, we aimed to reversibly but tightly couple bos oxidase and ATP synthase to be able to fix the
lateral distance to measure ATP synthesis activity with proteins coupled or freely floating in the bilayer
of the liposome. Three different approaches are proposed: I) Coupling via oligonucleotides site-specif-
ically attached to the individual enzymes; Il) Expression and purification of a hybrid enzyme where one
subunit of each complex is fused and separated via a linker containing a protease cleavage site; and Ill)

Coupling via SpyTag/SpyCatcher ¥’ fused to one subunit of bos; oxidase and ATP synthase, respectively.

Finally, we explored ways to extend the minimal respiratory system using the monotopic respiratory
enzyme NDH-2 as well as natural bos oxidase substrate ubiquinone Qg to induce proton pumping by bos
oxidase and consequently ATP synthesis. We further intended to investigate the importance of the lipid
composition on this extended system as well as to shed light on the binding mechanism of NDH-2 to

the lipid bilayer by using different NDH-2 mutants.
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4.1.2  Abstract

The topological organization of proteins embedded in bio- i
TCEP
logical membranes is crucial for the tight interplay between ¢ 0.05%
. . . T 100-pims
these enzymes and their accessibility to substrates in order :;
to fulfil enzymatic activity. The orientation of a membrane F
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protein reconstituted in artificial membranes depends on 9
=
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erty independent of the enzymatic activity of the reconsti- Time [min]

tuted protein. Based on cysteine-specific chemical modification of a target membrane protein with a
cyanine fluorophore and a corresponding membrane-impermeable fluorescence quencher, the novel
strategy allows rapid evaluation of the distribution of the two orientations after reconstitution. The
assay has been tested for the respiratory complexes bos oxidase and ATP synthase of Escherichia coli
and the results agree well with other orientation determination approaches. Given the simple proce-
dure, the proposed method is a powerful tool for optimization of reconstitution conditions or quanti-

tative orientation information prior to functional measurements.

4.1.3 Introduction

Biological membranes are two-dimensional barriers that separate cellular compartments with poten-
tially different chemical properties. These membranes are packed with proteins that organize and me-
diate communication and molecule transport between the two sides of the membrane. A membrane
protein (MP) can span the membrane in two possible orientations — right-side out as found in the intact
cell or inside-out as found e.g. in inverted membrane vesicles. The orientation of a MP has direct con-
sequences for the access to substrates and ligands and is therefore critical for its functionality. In cells,

203 gnd usually unidirectional.

insertion is co-translational and mediated by the translation machinery,
Insertion of MPs into artificial membranes such as liposomes, however, occurs in the absence of any
auxiliary enzymes leading to more random orientation. The topological organization in liposomes is
specific for each MP and depends strongly on the reconstitution method and conditions,*® and it is
hardly predictable. Highly unidirectional reconstitution has rarely been described, while a preference
for one orientation is often observed.8109115123,206214 K nowledge of the orientation distribution of the
protein is highly desirable to design proteoliposome experiments and their quantitative analysis. In the
past, relative orientation of MPs has been measured with functional assays if the substrate is mem-
brane-impermeable, and enzyme activity is readily determined (e.g. ATPase activity,'*® NADH-

dehydrogenase | activity?®). If this is not possible (e.g. light-driven enzymes, membrane-permeable

substrates, elaborate functional assays or non-enzymatic MPs), alternative methods have been applied.
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Figure 4.1.1 A) Scheme of the TCEP-based orientation determination assay. A single-cysteine MP is labeled with
DY647P1 via maleimide chemistry and reconstituted into liposomes partially solubilized with cholate. The two
possible orientation populations are sequentially quenched. In a first step, outwards oriented dye is quenched
by TCEP addition, while residual fluorophores are quenched upon solubilization of liposomes by Triton X-100 in
a second step. B) Fluorescence image of SDS-PAGE from different single-cysteine bos oxidase-DY647P1 and ATP
synthase-DY647P1 mutants. bos oxidase subunits | and Il as well as ATP synthase subunits § and € are indicated
on the right side. C) Chemical structures of cyanine dye Cy5 and quencher TCEP as well as Cy5-TCEP adduct, and
DY647P1. D) Emission scan (Aex = 639 nm) of TCEP titration to 100 nM DY647P1-labeled bos oxidase in 250 mM
Tris-HCI pH 8.5 containing 0.05% Triton X-100.

Functionally independent methods include side-selective protease digestion of reconstituted MPs and
subsequent analysis via SDS-PAGE¥2% or site-specific biotinylation of cysteine residues followed by
Western-Blot analysis.?'> Both methods are rather time-consuming and proteolysis approaches are
likely to be limited to small proteins as band pattern complexity increases for larger proteins (for recent

review on the topic, see Ref.?%).

In the present work, we set out to establish a straightforward and rapid assay to measure MP orienta-
tion in liposomes independent of function and applicable to a wide variety of MPs (Figure 4.1.1A). The
assay is based on the recent observation that certain cyanine fluorophores (e.g. Cy5 or DY647P1) can
be rapidly and selectively quenched by the membrane-impermeable chemical Tris(2-carboxy-
ethyl)phosphine (TCEP), a widely used reductant.?’® We have selectively labeled single-cysteine mu-
tants of the E. coli multi-subunit respiratory enzymes bos oxidase and ATP synthase with the fluorescent

dye DY647P1 based on maleimide chemistry. The labeled protein was reconstituted into liposomes and

43



fluorescence of DY647P1 was monitored before and after addition of TCEP to determine the amount of
fluorophore accessible to the quencher. Finally, liposomes were solubilized, allowing TCEP to quench

the remainder of fluorophores, and orientation was calculated as the ratio of initial to total quench.

4.1.4 Results

Protein labeling and setup of experiment

The motivation to develop such an assay is our interest in terminal quinol oxidases, such as bosand bd
oxidase of E. coli. They react with membrane-embedded ubiquinol and reduce molecular oxygen to
water, coupled to proton pumping. Thereby, they establish a directed proton motive force (pmf) across
biological membranes, fueling ATP synthesis by the FiFo ATP synthase or many other pmf-driven pro-
cesses such as nutrient uptake by secondary transport proteins. As ubiquinol binding happens in the
transmembrane part of the enzyme,?” both populations are activated in the presence of ubiquinol and
cancel each other’s pmf out, complicating quantitative interpretation of proton transport or ATP syn-
thesis measurements. The recent observation of Vaughan et al. that Cy5, but not Cy2 or Cy3, is rapidly
quenched by TCEP (Figure 4.1.1C) via 1,4-addition at the y-carbon of the polymethine bridge?®
prompted us to exploit this property. The overall scheme of the experiment is depicted in Figure 4.1.1A.
Purified bos oxidase labeled with Cy5 on a single-cysteine mutant is reconstituted into liposomes, yield-
ing proteoliposomes with an unknown orientation distribution of bos oxidase. Addition of a sufficiently
high TCEP concentration quenches selectively fluorophores located on the outside of the liposomes, as
TCEP cannot readily cross membranes.?* Further addition of a minimal but sufficient amount of deter-
gent destabilizes the liposomes, allowing TCEP to reach the remainder of the fluorophores located on
the inside. Several closely related dyes to Cy5 are commercially available and due to its slightly higher

solubility and lower price, we have settled for DY647P1 (Figure 4.1.1C) in our experiments.

Consistent with,?! efficient quenching was reached with the deprotonated phosphorus form of TCEP

(pKa = 7.66%1%) and experiments were thus performed in high buffer at pH 8.5.

The eight natural cysteines in bos oxidase (except C25 on subunit Il, which is palmitoylated??°) were
replaced by alanine using molecular biology techniques and a single cysteine was introduced either at
position D578 in subunit | (N-side of bos; see Figure 4.1.2A) or at position A236 in subunit Il (P-side of
bos). Care was taken to choose sites at the distance from the membrane with good aqueous accessibil-
ity. Cysteines were selectively labeled via maleimide derivatization?’® and specificity of the labeling
towards the respective subunits was confirmed using SDS-PAGE and fluorescence detection (Figure
4.1.1B). The lack of a fluorescent band for subunit Il in the ID578C sample shows the inaccessibility of

the remaining C25 for DY647P1 labeling due to palmitoylation.
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Figure 4.1.2 A) Cartoon representation of E. coli boz oxidase structure (PDB 6WTI) with subunit | (pale green), Il
(yellow), lll (pale orange), IV (light blue). Residues ID578C and IIA236C used for single cysteine labeling are de-
picted in blue and red spheres, respectively. B) Raw data of a typical TCEP-based orientation measurement. After
monitoring a baseline, TCEP is added, yielding a rapid drop in fluorescence, indicating quenching of the accessible
fluorophores by TCEP. A second quench is obtained after addition of detergent to solubilize liposomes, rendering
all fluorophores accessible to TCEP quenching. C) Principle of liposome flotation assay to separate non- reconsti-
tuted MPs from proteoliposomes. Reconstituted liposomes are mixed with a final concentration of 30% sucrose
(blue) and layered in an ultracentrifugation tube with 25% sucrose solution (green) and finally with buffer (yel-
low). After centrifugation (3 h, >200,000xg) in a fixed-angle rotor, liposomes floating in the interface of the two
top layers are collected while non-reconstituted or aggregated MP is pelleted. D) Percentage of dye oriented to
the outside of liposomes of bos oxidase mutants ID578C and [IA236C after reconstitution followed by ultracen-
trifugation (UC) or liposome flotation assay (Sucrose + UC), respectively. Inside-out and right-side out oriented

bos oxidase populations are determined by ID578C and 11A236C, respectively.

To find an optimal TCEP concentration for our quenching experiments, DY647P1-labeled bos oxidase
solubilized in detergent solution was titrated with TCEP up to 30 mM. For the remainder of the experi-
ments, 14 mM was used which resulted in >85% quenching (Figure 4.1.1D). Linear dilution effects by

addition of aqueous quencher and detergent solutions were considered during data evaluation.

Orientation measurement of bos oxidase

Raw data from a typical TCEP-based orientation determination measurement is depicted in Figure
4.1.2B. Liposomes (10-100 uL) containing ID578C-labeled bos oxidase were suspended in measurement
buffer (1.4 mL) and a fluorescence baseline was recorded (corresponding to 100 % fluorescence: Figure
4.1.2B blue line). After ~1 min, 14 mM TCEP was added from a 1 M stock solution and a rapid fluores-

cence decrease to ~70 % was observed. Addition of 0.05 % Triton X-100, allowing TCEP to access and
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guench dyes located on the inside of liposomes, decreased fluorescence to 5-10% of the starting value.
Orientation, or rather distribution of the two enzyme populations, was calculated from the ratio of the
first to the total quench (Figure S4.1.1). Similar results were obtained if liposomes were solubilized with
0.05 % DDM instead of Triton X-100, indicating that the second quench can be induced also by other
detergents. The experiment displayed in Figure 4.1.2B yields a ~40 % inside-out orientation of bos oxi-

dase, well in agreement with estimations made from single molecule studies (~70 % right-side out'?®).

To validate our method, we repeated the experiment with bos oxidase labeled at position 11A236 on
subunit Il, being on the opposite side of the membrane than ID578 (Figure 4.1.2A). Convincingly, the
results are inverted, and the first quench was now larger than observed with ID578 mutant (Figure
4.1.2B red line), yielding a ~65 % orientation right-side out. Theoretically, the relative values of the first
quench of the two experiments should add up to 100 %. Data from three independent measurements
however yielded a slightly higher value of 105-110 % (Figure 4.1.2D, red bars), which indicates an over-
estimation of the first quench. A possible reason for an overestimation is non-reconstituted MP, either
aggregated or soluble, that will contribute to the first quench. We have addressed this problem using
an additional liposome purification step termed liposome flotation assay (Figure 4.1.2C). Here, the lip-
osome suspension is deposited on a two-step sucrose gradient and centrifuged for 3 h. Non-incorpo-
rated or aggregated proteins have a higher density and will be pelleted on the bottom of the tube, while
the lighter proteoliposome fraction floats on top of the upper sucrose layer.2?2?2 The results from these
experiments indeed affected the orientation ratio in the expected direction and the total sum was now

close to 100 % (Figure 4.1.2D, blue bars; for more detail see Figure $4.1.2).

Recently, Yue et al.?** and Huang et al.??® have used a related approach to verify calculations that predict
peptide insertion into membranes. Peptides were labeled using TAMRA and fluorescence quenching
was titrated by tryptophan addition to the solution. Using the Stern-Volmer equation describing the

guenching behavior, the relative orientation of the peptides in the membrane was calculated.

We have adapted this approach and titrated liposomes containing reconstituted bos oxidase (labeled
with DY647P1 either at ID578 or 11A236) with different amounts of TCEP (Figure 4.1.3A). Although
guenching of DY647P1 by TCEP is based on a covalent bond formation, the concentration dependent
guenching followed the Stern-Volmer relationship (Supplementary Figure S4.1.3A). We therefore ap-
plied the same equation as Yue et al.??* used for tryptophan-TAMRA quenching. The apparent Stern-
Volmer quenching constant for the different enzymes was determined in the absence of liposomes but
in presence of 0.05 % Triton X-100 (Equation (1), see Experimental Section; Figure S4.1.3A). In a second
step, TCEP was titrated to reconstituted liposomes and the data was fitted with Equation (2) (see Ex-

perimental Section; Figure 4.1.3A, S4.1.3B), allowing calculation of bos oxidase orientation in liposomes.
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As shown in Figure 4.1.3B, the values obtained with the rapid method above (red bars) correlated well

with the more laborious titration experiments (blue bars).

Orientation measurement of ATP synthase

The ATP synthase is a highly conserved enzyme that uses the pmf generated by terminal oxidases such
as bos oxidase to catalyze ATP synthesis from ADP and phosphate by its rotational mechanism. The
enzyme harbors a relatively small membrane part (Fo) and a large mushroom-like extra-membrane part
(F1 part, consisting of asPsyed and harboring ADP/ATP binding site; Figure 4.1.3C). To determine the
orientation of reconstituted ATP synthase, its reversible reaction of ATP hydrolysis is exploited typically

in an ATP regenerating assay.!?226227 Ag ATP is not membrane-permeable, its addition only leads to
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Figure 4.1.3 A) Fluorescence quenching titration assay 224225, TCEP was titrated to liposomes reconstituted with
DY647P1-labeled bos oxidase mutants ID578C and 11A236C for orientation determination by fitting the data to
Equation (2) (see Experimental Section). The apparent Stern-Volmer constant was measured for both mutants in
detergent solution (see Figure S4.1.3B). B) Comparison of two step and titration quenching method. bos oxidase
orientation was determined either by the here presented TCEP-based method (Two-step) or by fluorescence ti-
tration (Titration)?2*2%> for both ID578C and IA236C mutants (see text for details). C) Overall structure of the E.
coli ATP synthase (PDB 60QU). BA168 and €H57 are shown in blue and red spheres, respectively, and the mem-
brane is depicted by lines. D) Orientation of E. coli ATP synthase was determined by the here presented TCEP-
based method (Two-step), by fluorescence quenching titration (Titration)?2422> or by a function-based alamethicin
assay (see Figure S4.1.4) ! for both mutants BA168C and eH57C. For the fluorescence quenching titration assay,
the Stern-Volmer constant was measured for both mutants in detergent and the data were fitted with Equation

(2) (see Experimental Section; Figure S4.1.3).
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ATP hydrolysis from the enzymes with F; heads oriented towards the outside. After addition of ala-
methicin, a membrane pore-forming agent,??® ATP can also access the internally located ATP binding
sites and total ATP hydrolysis can be determined (Figure S4.1.4). To compare this activity-based method
with the two fluorescence-based methods, two single-cysteine variants in the F; part were constructed.
Single cysteines either located in subunit B at position A168 or at position H57 of subunit € were labeled
with DY647P1 using maleimide chemistry as described above. In contrast to labeling at subunit €, label-
ing at subunit B was poor, despite the presence of three cysteine copies per enzyme (see discussion).
Figure 4.1.3D shows that the three different assays yielded similar results for each mutant. Interest-
ingly, however, a significant discrepancy of the orientation distribution between the two mutants was

observed that is discussed in detail below.

4.1.5 Discussion

Reconstitution of purified MPs is a powerful technique to investigate the function and reaction mech-
anism of an enzyme, and is widely used for respiratory enzymes, primary and secondary transporters,
and receptors. The best-known reconstitution technique was established by Rigaud*® and many other
colleagues and is based on formation of a ternary complex of preformed liposomes, detergent and MP.
After an appropriate incubation time, the detergent is removed by one of several established tech-
niques. Here, we have employed sodium cholate as a detergent and have destabilized preformed lipo-
somes before the MP was added. The small cholate micelles were then removed by a Zetadex-25 gel
filtration column. Liposome reconstitution is accompanied by an unpredictable distribution of the two
possible enzyme orientations after the ternary complex has been formed and the detergent is removed.
For a variety of reasons, it is interesting to determine the relative protein orientation, but no general
and convenient methods exist.®> Here, we took advantage of the membrane-impermeability of TCEP to
guench Cy5 related fluorophores site-specifically attached to MPs to distinguish the inside-out from

right-side out oriented population by quenching the fluorescence of the two populations sequentially.

Care has to be taken that labeling of the MP occurs specifically and that uncontrolled labeling is sup-
pressed. We have chosen maleimide-based labeling of single-cysteine variants of the enzymes that oc-
curs specifically with reasonable reaction rates. Further strategies are N-terminal amine labeling (at
lower pH) or fusion of SNAP or HALO Tag to the protein of interest. Alternatively, fast and specific la-
beling can be achieved by bioorthogonal reactions if an unnatural, click-chemistry competent amino
acid is introduced in the protein using amber tRNA suppression methods (e. g. amino acids containing
alkine, azide, trans-cyclooctene handle).??® Complete labeling of the enzyme population is not neces-
sary, but a sufficient fluorescence signal is desirable for reliable orientation determination. If down-

stream experiments are planned with the same liposomes, the labeled protein should be tested for
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activity (all mutants tested here retained protein function). We suggest a location of the cysteine at the
protein surface to ensure good accessibility to the aqueous environment, allowing rapid labeling and
efficient quenching by TCEP. While the bos oxidase mutants ID578C and [IA236C showed similar labeling
efficiencies, ATP synthase mutant BA168C was significantly less labeled than eH57C. For optimal results,
several single-cysteine variants of the protein of interest should be tested. The protocol described here
was not tested with fluorophores attached to protein residues close to the membrane surface, but we
would not recommend such constructs. Although not described for Cy5, fluorophores typically react
highly sensitively to their local environment, and accessibility of a negatively charged compound as

TCEP might also be affected by the charged (negative or zwitterionic) surface of a lipid bilayer.

Fluorescence of DY647P1 was measured at excitation and emission wavelengths 649 nm and 672 nm,
respectively. In an effort to minimize light scattering effects, we blueshifted the excitation to 580 nm,
while keeping emission at 672 nm, yielding a lower starting fluorescence that required more liposomes
per measurement. No difference of orientation values was observed between the two settings and we

therefore suggest to use Aex = 649 nm to minimize sample volume.

TCEP quenching is most efficient if the solution pH is above the phosphorous pKa of TCEP (7.66%'°) and
membrane impermeability is warranted by the three deprotonated carboxylic acid side chains. If one
or more of the acids is esterified, the pKa decreases to <5 for the triply esterified version, however at
the expense of membrane permeability.?'® Measurement conditions of pH 8.5, however, are unprob-
lematic and liposome integrity is not affected. High buffer capacity was used to avoid any changes on
pH after addition of the acidic TCEP stock solution. In our experiments, we settled for 14 mM TCEP,

showing >85 % quenching and allowing a rapid experimental procedure.

We have verified the working principle of our method using two bos oxidase mutants that are labeled
on opposite sides of the membrane. In these, the first quench reflects thus either the fraction of inside-
out or the fraction of right-side out oriented MPs. In theory, the sum of the two experiments should

add up to 100 %, but it was found to be slightly above.

A likely explanation is that incorporation of protein into liposomes is not complete and that a remainder
is dissolved or suspended as protein or protein-lipid aggregates. The fluorescence of these non-incor-
porated proteins will be quenched after addition of TCEP (first quench), leading to an overestimation
of the outwards oriented fluorophore population. These aggregates are neither removed during recon-
stitution nor during the following ultracentrifuge collection. Non-continuous density gradients have
been used to separate liposomes from non-incorporated protein or even differentiate between empty

liposomes and liposomes containing protein, but these require centrifugation times >12 hours. A more
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222,223 in which proteoliposomes are mixed with a 30 %

rapid approach is the liposome flotation assay,
sucrose solution and layered with an equal volume of 25 % sucrose and a thin buffer layer and subjected
to ultracentrifugation for three hours. The liposome fraction devoid of non-incorporated protein mi-
grates to the top of the gradient and can be conveniently collected and used for orientation measure-
ments or activity measurements. We found that the procedure indeed decreases the first quench in all
our measurements and is therefore recommended for more exact results. However, a solid estimation
of MP orientation is also possible without this additional step, providing the method to be a fast and

easy assay to estimate the orientation of MPs prior to other experiments or for reconstitution optimi-

zation.

We further compared our rapid two-step method with the results obtained by a fluorescence quench-

ing titration assay??*??°

and found very similar results. In the latter, it is not necessary to solubilize the
liposomes and the fraction of outwards oriented fluorophore is calculated using the Stern-Volmer equa-
tion. The method, however, relies on the Stern-Volmer constant that must be determined prior to ori-
entation determination in the absence of liposomes. Finally, we tested our method with reconstitution
of the E. coli ATP synthase and compared it with another method based on enzyme activity. Here, mem-
brane-impermeable ATP is added to liposomes and ATP hydrolysis is first assessed on the outside, be-
fore pore-forming alamethicin is added to allow ATP to reach also the catalytic sites of the inwardly-
oriented ATP synthases. It is preferred to not use detergents in functional assays, as these often affect

turnover number of enzymes (typically increasing) by uncoupling them 8121230 Results of this function-

based assay supported the accuracy of our novel method.

We were surprised to see the relatively random orientation of the E. coli ATP synthase (60 to 75 % with
the F; head towards the outside). In an earlier work, our group found an almost unidirectional orienta-
tion of >90 % with the same enzyme using Western Blotting, and a recent publication reports around
75420 %.1*! While the enzyme used in these experiments was always the E. coli ATP synthase, the pu-
rification protocols and the reconstitution conditions were not identical. In the experiments with high-
est level of orientation, purified protein was reconstituted into liposomes of high density (30 mg/mL),
while here and in the recent report, only 10 mg/mL or 5 mg/mL were used, respectively. It is beyond
the scope of the present manuscript to discuss the possible implications in detail, but such differences
in liposome concentration can lead to different levels of liposome solubilization and thus a different
kinetics of protein insertion into liposomes can be envisioned as discussed in impressive detail for
lacS.2* We also attribute the observed difference in orientation with the ATP synthase labeled either
at BA168C or eH57C to similar phenomena. Not only were they purified using two different purification

protocols (see Experimental Section), but the former was also less efficiently labeled, yielding a larger
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enzyme volume used for reconstitution for BA168C than for eH57C. This increases also the detergent
concentration during reconstitution and likely affects the properties of ternary complex and the kinetics
of detergent removal, two important properties that influence orientation.8>136:214231 These findings
underline the importance and usefulness of a rapid assay that assesses the influence of several param-
eters during reconstitution, independent of the protein’s function, which is often sensitive to experi-

mental parameters (e.g. lipid composition, detergent used, kinetics of detergent removal).

In conclusion, we provide methodology and testing of a robust and straightforward estimation of MP
orientation after reconstitution into liposomes. Although it is generally applicable, it must be optimized
for every single protein by finding an appropriate position for labeling. However, once this is done, the
method is rapid and powerful, and determination of orientation can be performed before every meas-
urement. To increase the accuracy of the determination, we suggest performing a liposome flotation
assay to remove non-incorporated protein. This additional procedure will further allow to determine
the efficiency of the reconstitution process by comparing total fluorescence before and after the flota-
tion assay. Here, it is important to critically monitor the exact volumes of the different fractions and
correct for dilution effects during the procedure. This is not critical for the determination of the orien-
tation, however, since a ratiometric value is obtained that is independent of the liposome yield in the

flotation assay.

4.1.6 Experimental section

Expression of ATP Synthase

ATP synthase variants BA168C and eH57C were constructed from cysteine-free plasmid pFV2%2 using
standard molecular biology techniques and constitutively expressed in E. coli DK8 cells (lacking the
whole ATP operon). Cells were grown in LB medium containing 100 pg/ml ampicillin and 1 mM MgCl,

from precultures for at least 4-5 h in a LEX48 system (epiphyte3) at 38 °C.

Purification of ATP synthase variant 6A168C

Cells were harvested by centrifugation and broken by 3 passes through MAXIMATOR (HPL6 High-Pres-
sure Homogenizer, Maximator AG) at 1200 bar at 2 °C in Buffer A (50 mM HEPES pH 8, 100 mM NacCl,
5 % glycerol) containing DNase | (spatula tip) and protease inhibitors PMSF (0.1 mM) and Pefabloc (spat-
ula tip; Biomol). After removal of cell debris (centrifugation at 5000 x g for 0.5 h, 4 °C), membranes
were pelleted by ultracentrifugation (175’000 x g, 1.5 h, 4 °C) and resuspended in 10 mM Tris-HCI pH
7.5 (1 ml per g of wet cells). For solubilization, homogenized membranes were diluted with 2 x solubil-
ization buffer S (50 mM Hepes pH 7.5, 100 mM KCI, 250 mM sucrose, 20 mM imidazole, 40 mM 6-
aminohexanoic acid, 15 mM P-aminobenzamidin, 5 mM MgS04,0.1 mM Na,-EDTA, 0.2 mM DTT, 0.8 %
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soy bean type_ll asolectin, 1.5 % n-octyl B-D-glucopyranoside, 0.5 % sodium deoxycholate, 0.5 % so-
dium cholate, 2.5 % glycerol) in a ratio of 1:1 and incubated at 4 °C for 1.5 h while stirring. Non-solubil-
ized material was removed by ultracentrifugation (200’000 x g, 30 min, 4 °C) and the supernatant was
looped on a prepacked 5 ml HisTrap column (GE Healthcare) equilibrated with buffer S at 4 °C for 2 h.
The column was washed with 4 column volumes (cv) of buffer S containing 40 mM imidazole and 2 cv
of buffer S containing 90 mM imidazole. Purified protein was eluted with buffer S containing 250 mM
imidazole and fractions containing ATP synthase were identified by ATP regenerating assay #*® and

pooled. The pooled fraction was divided into aliquots, frozen in liquid nitrogen and stored at -80° C.

Purification of ATP synthase variant eH57C

Cells were harvested and membranes were prepared as described above in Buffer B (50 mM
MOPS/NaOH pH 8, 100 mM NaCl, 5 mM MgCly, 5% glycerol). Pelleted membranes (2 ml per g of wet
cells) were resuspended in Buffer C (50 mM MOPS/NaOH pH 8, 100 mM NacCl, 5 mM MgCl,, 30 g/l
sucrose, 10% glycerol). For solubilization, LMNG (Anatrace) was added to a final concentration of 2 %
from a 5 % stock solution. After the suspension was stirred for 30 min at room temperature and 30 min
at 4 °Cin presence of 1 mM PMSF, 5 ml of Buffer C was added per g of membranes and non-solubilized
material was removed by ultracentrifugation (200’000 x g, 0.5 h, 4 °C). The supernatant was loaded
onto a prepacked 5 ml HisTrap column (GE Healthcare) in presence of 10 mM imidazole via loop loading
for 2 h at 4 °C. Bound protein was eluted via gradient elution from 20 mM to 400 mM imidazole in
Buffer C containing 0.005 % LMNG. Fractions containing ATP synthase were identified by ATP regener-
ating assay %%, pooled and concentrated with a 100 kDa MWCO Amicon Ultra-15 filter (Merck Milli-

pore). The pooled fraction was divided into aliquots, frozen in liquid nitrogen and stored at -80 °C.

Purification of cytochrome bos oxidase variants

233 cells containing the appropriate plas-

bos oxidase mutants were expressed in E. coli strain C43Acyo
mid based on pETcyo 24 encoding for the entire cyo operon. Cells were grown either in M63 minimal
medium (3 g/l KH,PQO4, 7 g/l K;HPO4, 0.5 mg/l FeSO4, 100 pg/ml ampicillin, 1 mM MgS0,, 100 mg/I thi-
amine, 10 uM CuSO,, 0.2 % glucose, 0.2 % NH4Cl) containing 100-200 pg/ml ampicillin in a LEX48 system
at 38 °C. Expression was induced at an ODggo of 0.5-1 with 1 mM IPTG (Santa Cruz) followed by an
additional incubation at 38 °C for at least 4-5 h. Cells were harvested by centrifugation, resuspended in
Buffer D (50 mM Hepes pH 8.3, 5 mM MgCl,) containing DNase | and protease inhibitors PMSF (1 mM)
and Pefabloc (spatula tip; Biomol) and lysed by 3-4 passes through MAXIMATOR (HPL6 High-Pressure
Homogenizer, Maximator AG) at 2 °C. After cell debris was removed by centrifugation (8’000 x g, 0.5 h,

4 °C), membranes were harvested by ultracentrifugation (200’000 x g, 1 h, 4 °C) and resuspended in

Buffer E (50 mM K;HPO4, pH 8.3) containing 5 mM imidazole. Solubilization was performed with 1 %
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DDM (Glycon Biochemicals GmbH) for 2 h at 4 °C, followed by ultracentrifugation (200’000 x g, 45 min,
4 °C). Solubilized protein was loaded on prepacked 5 ml HisTrap columns (GE Healthcare), washed with
buffer E containing 0.05% DDM and 35 mM imidazole and eluted with the same buffer containing 100
mM imidazole. Fractions containing bos; oxidase were pooled and concentrated with a 100 kDa MWCO
Amicon Ultra-15 filter (Merck Millipore). The pooled fraction was divided into aliquots, frozen in liquid

nitrogen and stored at -80° C.

Site-specific labelling with DY647P1-maleimide

Labeling was essentially performed as described.??! Purified protein (20-40 uM for bos oxidase mutants
and 2-5 uM for ATP synthase mutants) was diluted in a ratio of 1:5 with maleimide reaction buffer (20
mM Hepes pH 6.5, 100 mM KOAc, and either 0.05 % DDM (bos oxidase) or 0.005 % LMNG (ATP syn-
thase)) to adjust the pH. Cysteines were reduced by the addition of 0.4 mM TCEP and the samples were
incubated overnight at 4 °C (end-over-end rotation) with a 10-fold excess of DY647P1-maleimide (Dy-
omics GmbH). Excess dye was removed by gel filtration using CentriPure P10 column (emp Biotech

GmbH) and three cycles of diluting and concentrating with an Amicon Ultra-15 filter (Merck Millipore).

Liposome preparation

Lipids were dissolved in chloroform and mixed in a PC/DOPG (LIPOID E PCS; LIPOID PG 18:1/18:1) ratio
of 60/40 % (w/w). Chloroform was evaporated overnight in a desiccator and lipids resuspended in lip-
osome buffer L (50 mM MOPS-BTP, pH 6.75) at a concentration of 40 mg/ml. The liposomes were made
unilamellar by 7 cycles of freezing (liquid nitrogen), thawing (at 29.4 °C) and 10 s vortexing. Liposomes
were aliquoted, frozen in liquid nitrogen and stored at -80°C. Directly before use, an aliquot was thawed
at 29.4 °C, diluted with buffer L to 10 mg/ml and extruded 21 times through a Whatman polycarbonate

membrane (Sigma Aldrich) with a 100 nm pore size.

Reconstitution of membrane proteins

Reconstitution of ATP synthase or bos oxidase was performed as described by von Ballmoos et al.1%,
Briefly, liposomes were partially solubilized by 0.4 % sodium cholate (from a 30 % stock solution) before
enzymes were added. We used varying amounts of protein to adjust for fluorescence signal (3-5 pro-
teins per 100 nm liposome; lipid:protein ratios (w/w) were = 120-140 for bo; oxidase and 25-100 for
ATP synthase). The mixture was incubated for 30 min at 4 °C with occasional flicking of the tube, fol-
lowed by removal of the detergent by gel filtration (CentriPure P10, emp Biotech GmbH). Equilibration
and elution usually were done with Reconstitution buffer (100 mM MOPS pH 7.5, 25 mM K;S04 1 mM
MgCl,). Liposomes were either pelleted by ultracentrifugation (Ti 70.1 rotor, 200°'000 x g, 1 h, 4 °C) or

subjected to a liposome flotation assay (see below).
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Liposome flotation assay

Non-reconstituted enzyme was separated from the liposome mixture by a sucrose gradient after re-
constitution as described???22 with minor adaptations. Briefly, 1.2 ml of P10 eluate after reconstitution
was mixed homogenously with 1.6 ml 60 % sucrose (dissolved in Reconstitution buffer) and 400 ul Re-
constitution buffer to get a final concentration of 30 % sucrose. In a Beckman Type 70.1 Ti rotor tube,
the mixture was then carefully layered first with 4 ml 25 % sucrose and then with 800 ul Reconstitution
buffer. All solutions were precooled to 4° C to improve layering experience. Sucrose gradients were
centrifuged in the fixed-angle Beckman Type 70.1 Ti rotor at 200’000 x g for 3 h at 4 °C, setting acceler-
ation and deceleration (coast) to the minimum. The liposome layer was removed from the sucrose gra-
dient (~1 ml) and liposomes were pelleted by ultracentrifugation at 200’000 x g for 45 min at 4 °C to

remove sucrose. Pelleted liposomes were resuspended in 200 ul Reconstitution buffer.

Orientation Determination by TCEP-Based Assay

For the TCEP-based orientation determination assay, 10-100 ul liposomes was diluted in 1.4 ml 250
mM Tris-HCl, pH 8.5 and fluorescence of DY647P1 was monitored (excitation 649 nm or 580 nm, emis-
sion 672 nm) on a Cary Eclipse Fluorescence Spectrometer (Agilent Technologies). After the baseline
was stable (~1 min), 14 mM TCEP was added from a 1 M stock solution, leading to a first quenching
plateau. After ~2.5 min, 0.05 % Triton X-100 from a 20 % stock solution was added and fluorescence
monitored until the signal was stable (~5 min). The orientation was determined by calculating the ratio
between the first and the total quench. Dilution effects from TCEP and Triton X-100 adding were con-
sidered during calculation, assuming a linear decrease of fluorescence proportional to dilution of fluor-

ophore.

Fluorescence quenching titration assay

Fluorescence quenching titration experiments were performed as described in Yue et al 22%, First, ~100
nM labelled bos oxidase or ATP synthase solubilized in 250 mM Tris-HCI, pH 8.5, 0.05 % Triton was mixed
with increasing TCEP concentrations (0 mM-20 mM) and fluorescence quenching was monitored as
described above. The apparent Stern-Volmer constant (Ks) was obtained from fitting the obtained flu-

orescence ratios to the Stern-Volmer equation (Equation (1)) (Prism software, GraphPad).
ITO =1+ Ksv [TCEP] (Equation 1)

As described in Yue et al. %%, the percentage of outside oriented dye (x) in liposomes can be determined
with various fluorescence ratios obtained with increasing TCEP concentration using the previously cal-

culated K, according to the following formula:
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o _ 14+Ksv*[TCEP]
I~ (1-x)*(1+Ksv*[TCEP])+x

(Equation 2)

Alamethicin assay

ATP hydrolysis based orientation measurements were performed according to Biner et al.}?! In brief,
ATP hydrolysis of proteoliposomes was measured with ATP regenerating system that couples ATP re-
generation to NADH oxidation?? in presence of 100 nM valinomycin and 2 pM FCCP to prohibit the
buildup of an inhibitory pmf. ATP was added (2.5 mM) from a 250 mM stock solution and NADH oxida-
tion was followed spectrometrically at 340 nm. After a few minutes, the pore-forming substance Ala-
methicin from T. viride (20 ug/ml; 5 mg/ml stock solution in DMSO) was added and NADH oxidation was
monitored. The orientation was calculated by dividing the NADH oxidation slope before and after Ala-
methicin addition (Figure S4.1.4). A linear range of at least 1 minute was chosen to calculate the slope

of ATP hydrolysis.
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4.1.9 Supplementary
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Figure S4.1.1 TCEP-based approach to determine MP orientation in liposomes. Fluorescence of DY647P1 was
monitored (649 nm, 672 nm) until a stable baseline was reached. First quench (Q1) was initiated with adding 14
mM of membrane-impermeable TCEP corresponding to outside-oriented fluorophores. After reaching a plateau,
maximal quench (Q2) was induced with adding 0.05 % TX-100, allowing TCEP to quench residual fluorophores.
The fraction of dye outside liposomes (corresponding to inside-out or right-side out orientation, depending on

the dye’s location on the MP) was calculated according to the formula shown on the right side.
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Figure S4.1.2 A) Workflow of detergent-mediated reconstitution of labeled MPs. Detergent-destabilized lip-
osomes were mixed with labeled target MP and incubated for 0.5 h at 4 °C, followed by P10 size exclusion
chromatography to remove detergent (P10). Proteoliposomes were either pelleted by ultracentrifugation
and resuspended (UC), or mixed with 60 % sucrose in a ratio of 1:1 (lightblue). The mixture was layered with
25 % sucrose solution (green) and buffer (yellow) and proteoliposomes were separated from unreconstituted
MPs by ultracentrifugation for 3 h in a liposome flotation assay. Liposomes floating on top of the sucrose
gradient (Sucrose) were pelleted afterwards by an additional ultracentrifugation step and subsequently re-
suspended for measurements (Sucrose + UC). B) Orientation of bosz oxidase determined with TCEP-based
assay using samples of the afore-mentioned workflow. For the bar plot, measurements of several experi-
mental setups (e.g. different lipid composition, different bos oxidase mutants) were combined and values

were normalized to orientation of bosoxidase determined after P10.
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Figure S4.1.3 Fluorescence quenching titration assay according to 224225, A) Apparent Stern-Volmer constant was
determined for every mutant in detergent-containing buffer with increasing TCEP concentration and fitted in a
linear regression. B) Proteoliposomes harboring ATP synthase mutants were titrated with TCEP and orientation

was determined by fitting the values to Equation (2) (see Experimental Section).
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Figure S4.1.4 Alamethicin assay ! to determine ATP synthase orientation. ATP hydrolysis was measured with
an ATP regenerating assay 2%® detecting absorption at 340 nm. ATP synthase with the F1 headpiece outside of
liposomes were activated by addition of membrane-impermeable substrate ATP, leading to slope S1. Addition of
pore-forming substance alamethicin resulted in activation of the second ATP synthase population with the head

piece inside of liposomes (slope S2). The orientation was then calculated by taking the ratio of slopes before and

after alamethicin addition.
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4.2.2  Abstract

Mimetic respiratory chain systems are powerful tools to investigate interactions between different res-
piratory complexes and how these interactions are influenced by their environment. One such system
is the coreconstitution of the terminal cytochrome bos; oxidase and the ATP synthase from E. coli in
liposomes, where bos oxidase provides a proton motive force that drives ATP synthesis by the ATP syn-
thase. Here, we extend this system and use either complex Il or NDH-2 as electron entry points allowing
to use the natural ubiquinone Qs. We find a strong requirement for negatively charged lipids for the
NDH-2 dependent system that is in contrast to earlier results without NDH-2 that are also reproduced
here. First, we show that NDH-2 requires negatively charged lipids for activity and second, we identify
the relative orientation of bo; oxidase in liposomes as a contributing parameter of the strong lipid de-
pendency. The fraction of desired inside-out oriented bos oxidase (inside pumping) in overall negatively
charged liposomes was significantly decreased compared to neutral or positively charged liposomes,
consequently resulting in decreased proton motive force generation and decreased ATP synthesis rates.
Reconstitution in the presence of varying salt concentration indicate an electrostatic-mediated inser-
tion of bos oxidase into the lipid bilayer. To enable a uniform insertion, independent of the lipid com-
position, of bos into liposomes, we present our efforts to actively orient bos oxidase by coupling a large

soluble unit to the cytosolic side of the enzyme that should favor inside-out insertion.

4.2.3 Introduction

Biological life relies on the continuous supply of energy to fulfill a great diversity of tasks such as bio-
synthesis of macromolecules, transport processes, or signal transduction 3. Energy is ultimately gained
either from reduced energy-rich substrates or from light, and the majority is converted into the univer-
sal energy currency adenosine triphosphate (ATP). The majority of ATP is produced at energy converting
biological membranes, where a series of respiratory complexes in mitochondria or aerobic bacteria
couple electron transfer reactions to the transport of protons across the membrane, thus generating a
transmembrane electrochemical proton gradient termed proton motive force (pmf) which serves to
drive ATP synthesis by the ATP synthase and many other transmembrane transport processes. While
the highly conserved respiratory chain of eukaryotes is located in mitochondria and consists of four
enzyme complexes, bacterial electron transfer chains show astonishing diversity and flexibility 6. The
respiratory chain from E. coli, e.g., consists of two consecutive redox steps — oxidation of electron donor
substrates and reduction of terminal electron acceptors — which are linked by the electron mediator
quinone 32, In the past decades, respiratory complexes have been extensively studied 9267179 while
functional interactions between the individual complexes and especially with the ATP synthase remain
obscure. An interesting question concerns the importance of the membrane lipid environment on such

interactions. Cardiolipin, e.g., which is specifically found in energy-converting membranes, was shown
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to be essential for oxidative phosphorylation, associating with several respiratory complexes %> and
modulating their activities 8. It has further been implicated in the stability of mitochondrial supercom-
plexes and the oligomerization of prokaryotic respiratory complexes 2. An elegant approach to study
protein-lipid interactions is to overexpress and purify the individual complexes and coreconstitute them
subsequently into membrane-mimetic systems such as liposomes, in a bottom-up approach. Minimal
respiratory systems have been established in liposomes by this means, where one or more respiratory
complexes (pmf generators) has been coreconstituted with the FiFo ATP synthase (pmf consumer)
1104121 'One example is the coreconstitution of the terminal bos oxidase with the ATP synthase from E.
coli 1%, The primary proton pump bos oxidase reduces molecular oxygen to water using membrane-
bound ubiquinol as electron donor. Thereby, a total of 8 H" are transported per reduced O; from the N-
side to the P-side of the membrane, establishing a pmf. The ATP synthase on the other hand is a highly
conserved enzyme responsible for the synthesis of the majority of ATP produced in cells. It consists of
a water-soluble F; part containing the ATP/ADP binding sites, and a membrane-embedded F, part re-
sponsible for proton translocation. The pmf drives rotation of a rotatory part in Fo against a stator part
that is transmitted into the active sites via a rotating central shaft resulting in ATP synthesis. In the
coreconstituted system of bos; oxidase and ATP synthase, proton pumping by bos oxidase is initiated by
addition of water-soluble quinol Qi in combination with an electron source (DTT) and the ATP synthesis
rate can be monitored under steady state conditions 192236, Applying this system, Nilsson et al. inves-
tigated the influence of the lipid composition on coupled ATP synthesis activity in liposomes of varying
lipid composition and found a strong effect of negatively charged lipids (DOPG, DOPA, cardiolipin (CL))
present in DOPC liposomes, strongly decreasing coupled ATP synthesis rates compared to pure un-
charged liposomes (DOPC) . As a direct impact of individual enzyme activities was excluded by a series
of control experiments, the authors suggested that the altered lipid composition affects the proton
exchange between the two enzymes. In the past, a so-called lateral proton transfer along the mem-
brane surface has been proposed, where equilibration of protons with the bulk solution is kinetically
delayed and protons ejected by primary proton pumps are first transferred laterally along the mem-
brane 827191 The phenomenon is dependent on proton diffusion and enzyme distance and the findings
of Nilsson et al. thus indicate that the different lipid compositions either influence the proton transfer
rate or the lateral distance between bos oxidase and ATP synthase 1. The latter was supported by fluo-
rescence correlation spectroscopy (FCS) and fluorescence cross-correlation spectroscopy (FCCS) exper-

iments 3

one year later. While Nilsson et al. could exclude a number of trivial lipid-dependent effects,
they were not able to determine the effect of the lipids on the relative orientation of the two enzymes
in liposomes, especially the orientation of bos oxidase 1. Importantly, the relative orientation of bos

oxidase is expected to have a strong effect on the observed ATP synthesis. As both bos populations are
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activated by the membrane-embedded quinol, the “wrongly oriented” population counteracts pmf for-
mation of the “correctly oriented”. The ATP synthase has been shown to insert almost exclusively in an
inside-out orientation in preformed liposomes treated with non-solubilizing concentrations of deter-
gent 13, In a single-molecule study, it has been shown that bos oxidase orients more randomly in crude
soybean lipids, with around 70 % in a right-side out orientation, which would provide a net pmf to the
wrong side, incapable of supporting ATP synthesis 1>116, Furthermore, the effect of coreconstitution
on the relative orientation has not been discussed or investigated so far. This is mainly due to the lack
of a fast and activity-independent assay to determine the orientation of membrane proteins in lipo-
somes. Recently, we have established an assay to measure the orientation of membrane proteins in
liposomes based on fluorescently labeled membrane protein mutants and a membrane-impermeable

guencher (see Chapter 4.1). This assay is generally applicable and independent on the enzyme activity.

Here, we expanded the minimal respiratory system using NDH-2 from E. coli and its substrate NADH to
induce coupled ATP synthesis by coreconstituted bos; oxidase and ATP synthase using full-length ubiqg-
uinone Qg as a more natural alternative to the commonly used DTT/Q; and investigated the influence
of the lipid composition on this system. We found negatively charged lipids to be essential for NDH-
2/NADH induced coupled ATP synthesis, indicating an inversed lipid dependency compared to the
DTT/Qa induced coupled activity (observed by !). Experiments with purified NDH-2 indicate that nega-
tively charged lipids are essential for efficient quinone reduction. Next, we investigated lipid depend-
ency of bos oxidase orientation in liposomes with the novel fluorescence-based orientation determina-
tion method. We found a substantial lipid effect, in which negatively charged lipids shift the orientation
distribution towards the less favorable right-side out orientation. Finally, we show our efforts to influ-
ence bos oxidase orientation towards the inside-out orientation by site-specific coupling of a large sol-

uble unit to guide bos oxidase insertion in the desired orientation.

4.2.4 Results

Three-component artificial E. coli respiratory chain

In our earlier attempts with liposomes containing coreconstituted bos oxidase and ATP synthase, elec-
trons required for bos activity were added from the outside by addition of DTT and water-soluble ubig-
uinone analogue Qa. To lift our system to the next level, we aimed to use the natural ubiquinone Qs
from E. coli. In contrast to short chain quinones, however, Qs does not react with DTT and has to be
reduced very harshly (e.g. sodium borohydrate) which is incompatible with biological systems. In E. coli
the quinone pool is reduced by a series of dehydrogenases, e.g. complex |, Il or NDH-2. In a first set of
experiments, we aimed to mimic the natural scenario with the purified enzymes of fumarate reductase

or the non-proton pumping NADH dehydrogenase NDH-2. Lipids dissolved in chloroform were mixed
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Figure 4.2.1 A) Bottom-up approaches of artificial respiratory chain of E. coli. For approach |, FRD, bos oxidase and
ATP synthase are coreconstituted into liposomes containing e-mediator ubiquinol Qg. Addition of succinate leads
to Qg reduction by FRD, followed by re-oxidation of Qs and simultaneous proton translocation through bos oxi-
dase. The so-generated pmfis used by FiFo ATP synthase to produce ATP which in turn is detected via lumines-
cence. In an alternative approach Il, Qg is reduced upon NADH addition by the peripheral membrane protein NDH-
2, which can be added to proteoliposomes during measurements. B) Approach I. ATP synthesis was initiated by
adding 1 mM succinate and inhibited by 400 uM of FRD inhibitor malonate. C) Approach Il. To start ATP synthesis,
NDH-2 and 200 uM NADH were added and ATP production was monitored until NADH was fully oxidized. Addition
of extra NADH reactivated ATP synthesis until 50 mM KCN addition, which inhibits bos oxidase. D) Coupled ATP
synthesis rate initiated either by NDH-2/NADH or Q1/DTT 92 in DOPC liposomes containing varying amounts of
DOPG or cardiolipin. For Q1/DTT induced ATP synthesis, 20 uM Q1 and 4 mM DTT were used to start the reaction,
while NDH-2/NADH induced ATP synthesis was measured as described in (C). Rates were normalized to either 100
% DOPC (Qa/DTT induced) or to 80 % DOPC (NDH-2/NADH induced). E) NDH-2/NADH induced coupled ATP
synthesis activity in different liposomes. 500 nM NDH-2 were added to proteoliposomes containing bos oxidase,
ATP synthase and Qg and ATP synthesis was initiated by 200 uM NADH. ECPE: E. coli polar extract. (B, C and E

measured by Olivier Biner)
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with Qg, and the solvent was evaporated before liposome formation by buffer rehydration.

First, in addition to bos oxidase and ATP synthase, also purified FRD was added during the reconstitution
process (Figure 4.2.1A, approach 1). FRD catalyzes oxidation of succinate to fumarate coupled to qui-
none reduction in the membrane. The reaction was started by addition of succinate and ATP synthesis
was followed in situ using luciferin/luciferase. As depicted in Figure 4.2.1B, ATP synthesis was detected
immediately after succinate addition, indicating FRD-catalyzed quinone reduction, re-oxidation of
quinol with simultaneous pmf generation through proton translocation by bos oxidase, and finally ATP
synthesis by ATP synthase?¥’. The reaction was inhibited by FRD complex Il inhibitor malonate. Titration

of succinate dependence is found in Figure S4.2.1.

Next, we replaced FRD with the monotopic NADH dehydrogenase NDH-2 (Figure 4.2.1A, approach ll).
The advantage of the peripheral membrane protein NDH-2 (Figure 4.2.2A) is that it can be added to
liposomes during measurements and has not to be present in the reconstitution mixture. In this sce-
nario, NDH-2 is added from a stock solution to liposomes containing bos oxidase and ATP synthase and
the reaction is started by addition of NADH. High rates of steady state ATP synthesis was measured until
NADH was fully oxidized and could be regained after further addition of NADH (Figure 4.2.1C). The re-
action could be inhibited by KCN, a bos oxidase inhibitor. Titration of the relevant parameters quinone
Qs, NADH and added NDH-2 are shown in Fig. S4.2.1. In comparison to the FRD liposomes, much higher
ATP synthesis rates were obtained, although the amount of bo; oxidase and ATP synthase were similar
in the two experiments. This can be explained by a faster quinone reduction rate of NDH-2 than FRD

(higher turnover number and number of NDH-2 than FRD per liposome).

Next, we tested the influence of the lipid composition on the latter experimental system and we found
that high ATP synthesis rates were only observed in liposomes containing negatively charged lipids
(DOPG, CL, E. coli polar extract ECPE; Figure 4.2.1D (red and blue), 4.2.1E), but not in liposomes con-
taining only zwitterionic DOPE or DOPC lipids. While the rate in DOPC/PE = 1:1 was drastically reduced,
essentially no synthesis was observed in pure DOPC liposomes. This is in stark contrast to results ob-
tained earlier, when ATP synthesis is induced by DTT/Q;. We therefore used the same liposomes as
above and followed ATP synthesis also in the presence of DTT/Qjs. Indeed, the dependency pattern was
inverted, with highest activities found in pure DOPC liposomes and reduced rates in liposomes contain-
ing negatively charged lipids (Figure 4.2.1D, green and black). The lipid dependency was somewhat less
pronounced than published ?, but the overall trend was identical with a clearly reduced activity in lipo-

somes containing the negatively charged lipids DOPG or CL.
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Figure 4.2.2 A) Homology model of E. coli peripheral membrane protein NDH-2. Positively charged amino acids
in the C-terminal domain are colored yellow, and positively charged amino acids in the N-terminal domain are
colored orange. The C-terminus is depicted in red. The membrane is indicated in purple. B) NADH:quinone oxi-
doreductase activity measurement of NDH-2. Absorption of NADH is monitored at 340 nm. After reaching a base-
line of buffer (20 mM Hepes pH 7.4, 200 mM NaCl, 20 mM KCl) containing 100 uM NADH, 1 mg/ml liposomes
and 100 uM Qz, NADH oxidation is initiated by the addition of NDH-2. C) Lipid-dependent NDH-2 activity. NADH
oxidation activity of NDH-2 was measured in presence or in absence (buffer or 0.05 % DDM) of different lipo-
somes (1 mg/ml). The maximal slope was depicted as a bar plot. CL: cardiolipin; ECPE: E. coli polar extract. Blue
dots represent measurements performed (by Martin Schori) with an NDH-2 batch provided by the lab of Martin

Hogbom (Stockholm) while red dots were measured with homemade NDH-2.

A straight-forward explanation of this observation is the requirement of negatively charged lipids for
NDH-2 activity. It has been proposed that NDH-2 interacts via an amphipathic helix with the membrane
surface, but its effect on activity has not been described to our knowledge. We therefore spectroscop-
ically measured NADH oxidation activity of NDH-2 in presence of liposomes with different lipid compo-
sitions (Figure 4.2.2). Short chain ubiquinone Q, was used as electron acceptor and bo; was added to
keep the quinone pool oxidized. As seen in Figure 4.2.2B, NADH oxidation is observed as a decrease in
absorption at 340 nm that is proportional to NADH:ubiquinone Q; oxidoreductase activity of NDH-2.
First, we titrated empty liposomes (up to 1 mg/ml) made from ECPE to a solution containing 3.3 nM
NDH-2 and found a strong activation of NADH oxidation activity, which was saturated at >0.1 mg/ml
liposomes (Figure S4.2.2A). Next, we measured the same activity in the presence of different liposomes
(1 mg/ml) and our results show that NADH:ubiquinone oxidoreductase activity is indeed lipid-depend-
ent (Figure 4.2.2C) with higher activity in presence of net negatively charged liposomes (ECPE, DOPG,
CL) than in presence of uncharged DOPC or positively charged DOTAP liposomes, or in absence of any
liposomes (buffer or DDM). We observed this effect for all purified NDH-2 batches, however, it was
most prominent in one batch which was purified in the lab of Martin Hogbom from the University of

Stockholm (Figure 4.2.2C, blue dots). The differences might arise from different levels of co-purified
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lipids. In the absence of quinone, only slow NADH oxidation is observed that can be attributed to

NADH:0; oxidoreductase activity, i.e. formation of superoxide 2%,

bos oxidase orientation

Although the effect of negatively charged liposomes was less drastic than initially described (see dis-
cussion for possible explanations), the negative impact was highly reproducible. This is surprising, as
natural membranes are negatively charged and cardiolipin has even been proposed to be crucial for
oxidative phosphorylation 2*°, In a second part of this work, we therefore committed ourselves to re-
solve the observed lipid dependency of DTT/Q; induced ATP synthesis activity. A possible explanation
that could not be investigated in the previous work was a lipid-dependent orientation of the pmf-gen-
erating bos oxidase. As both populations are activated by membrane-embedded quinone, already a
slight shift in the orientation distribution could have a pronounced effect on pmf size and thus ATP
synthesis rate. With the method established in our lab and described in Chapter 4.1, we investigated
bo; oxidase orientation in liposomes of different lipid composition. Briefly, a single cysteine introduced

either at position D578 on subunit |, position A21 on subunit lll (N-side of protein; Figure 4.2.3A), or
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Figure 4.2.3 A) Structure of bos oxidase. Single-cysteine mutants used for orientation determination are depicted
in spheres. Cysteines were located either at periplasmic side (11A236C) or at cytoplasmic side (ID578C or [11A21C).
B) TCEP-based orientation determination of bos oxidase. Site-specifically DY647P1-labeled bos oxidase mutants
are reconstituted in liposomes. To determine the orientation, fluorescence was monitored and fluorophores lo-
cated on the outside of liposomes are quenched in a first step by 14 mM TCEP. Full quench was achieved in a
second step after adding 0.05 % Triton X-100. To calculate the orientation, the first quench was set in relation to
the full quench (see also Chapter 4.1). Liposomes were composed of either only PC or 6:4 PC:PG. C) bosz oxidase
orientation in different liposomes. bos oxidase was reconstituted in liposomes (10 mg/ml) partially solubilized by
0.4 % sodium cholate. After removal of sodium cholate by gel filtration, liposomes were pelleted by ultracentrif-
ugation and orientation was determined via TCEP-based assay. Liposomes were composed of pure PC, or of 60

% PC and either 40 % PG, 40 % PS or 40 % DOTAP.
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position A236 on subunit Il (P-side of protein) in an otherwise cysless bos oxidase was labeled with
fluorophore DY647P1 via maleimide chemistry. Labeling specificity was controlled via SDS-PAGE and
fluorescence detection (Figure S4.2.4). The three labeled enzymes were then reconstituted individually
into liposomes, where the label is present either inside or outside the liposome, depending on the ori-
entation of the enzyme. For orientation determination, the fluorescence of DY647P1 was monitored
and DY647P1 present on the outside of liposomes was rapidly quenched by membrane-impermeable
TCEP (Figure 4.2.3B). After reaching a plateau, full quench was induced by solubilization of liposomes
with Triton X-100, rendering also dyes initially present on the inside of liposomes accessible to TCEP
qguench. We could determine the fraction of dye present on the outside of liposomes by setting the first
guench in relation to the full quench. A representative raw trace is shown in Figure 4.2.3B for an exper-
iment with ID578C-labeled bos oxidase reconstituted in pure PC or 6:4 PC:DOPG liposomes, indicating
a pronounced difference in orientation. In detail, we measured either the fraction of inside-out (with
ID578C or 111A21C) or right-way out (with 11A236C) oriented bos oxidase, respectively, where inside-out
is the desired orientation for coupled ATP synthesis. The results of all measurements are summarized
in Figure 4.2.3C, every point indicating a separate reconstitution experiment. While the orientation of
bos oxidase in pure PC liposomes is around 60 % inside-out, only 35 % inside-out orientation is found in
liposomes containing 40 % DOPG lipids. The effect of negatively charged lipids was corroborated in
liposomes containing other negatively charged lipids (47 % in PC/PS (3:2) liposomes, Figure 4.2.3C; 42
% and 38 % in PC/CL (9:1) and PC/CL (4:1) liposomes, respectively, (n=1)). Impressively, we could revert
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Figure 4.2.4 A) and B) Orientation of bos oxidase after reconstitution in presence or in absence of salt. DY647P1-
labeled bos oxidase-I11A21C was reconstituted in absence or in presence of 100 mM/300 mM NaCl either in pure
PC liposomes (PC) or in 4:6 PG/PC (PG). Orientation was determined via TCEP-based assay and depicted in bar
plots either as fraction of inside-out orientation (A) or normalized to the orientation in absence of salt (B). B)
Surface charge distribution of bos oxidase with side view (left) and top and bottom view (right), respectively.
Positively charged and negatively charged areas are colored in blue and red, respectively. (Drawn with PyMOL

with PDB 6WTI)
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the effect using positively charged (non-natural) lipids (PC:DOTAP=3:2) that yielded proteoliposomes

with 88 % bos enzymes in the inside-out orientation (Figure 4.2.3C).

These data strongly point towards an important role of electrostatic interactions during the reconstitu-
tion of bo; oxidase into liposomes. We reasoned that high amount of salt concentrations might weaken
this interactions and influence the orientation distribution. We thus reconstituted bos; oxidase in pres-
ence of salt (100 mM and 300 mM NaCl) and determined the orientation. As depicted in Figure 4.2.4,
an increased fraction of inside-out orientation in negatively charged liposomes (DOPG) was indeed ob-
served in the presence of increasing amounts of NaCl, while no salt effect was observed in zwitterionic
PC liposomes. An electrostatic effect on orientation can be rationalized based on the surface charge
distribution in the bos oxidase structure. As depicted in Figure 4.2.4C, the cytoplasmic facing surface is
more positively charged than the periplasmic facing side. An electrostatic interaction between the cy-
toplasmic surface and the negatively charged liposome surface might guide bos oxidase to enter with
that side of the protein into the partially solubilized liposome first, leading to a preferentially right-side

out orientation as observed in our experiments.

Next, we repeated the orientation measurements in the presence of ATP synthase that has been shown
to preferentially orient in the inside-out orientation with its large F1 moiety on the outside of the lipo-
somes '3, Although no direct interaction between bos oxidase and ATP synthase has been described,

we wondered if the presence of preferentially inside-out reconstituted ATP synthase might affect the
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Figure 4.2.5 A) Schematic representation of reconstituted and coreconstituted enzymes. bos oxidase from E. coli
was labeled with DY647P1 at the cytoplasmic side of the enzyme and either reconstituted into liposomes of
different lipid composition (Rec) or coreconstituted into the same liposomes together with the ATP synthase
from E. coli. The orientation of bos oxidase was then determined with the TCEP-based orientation determination
assay. B) and C) Orientation of boz oxidase in liposomes composed of PC with varying amounts of negatively
charged (PG, CL) or positively charged (DOTAP) lipids. Orientation is depicted as fraction of inside-out orientation

(B) or as relative increase in orientation (inside-out) when bos oxidase was coreconstituted with ATP synthase

Orientation (corec)

compared to when it was reconstituted alone ( * 100) (C).

Orientation (rec)
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orientation of bos oxidase. As depicted in Figure 4.2.5, we indeed observed that the fraction of inside-
out orientation of bos oxidase was significantly increased if bos oxidase was coreconstituted with the
ATP synthase from E. coli compared to when it was reconstituted alone. The same effect was observed
for all lipid mixtures that we tested (pure PC, 40 % PG, 10/20 % CL, 40 % DOTAP), but was most promi-

nent in liposomes containing PG lipids.

Towards uniform bos orientation during reconstitution

The data presented above clearly show that the lipid composition affects the orientation of bos oxidase
during reconstitution. The findings show that when liposomes carry a net negative charge less bos oxi-
dase molecules are oriented in the inside-out orientation, which is required for acidification of the lip-
osomal lumen and thus ATP synthesis, and are in line with the observations made earlier . Obviously,
these findings complicate the understanding of how lipids influence the proton transfer between bos;
oxidase and ATP synthase. In the following, we show our efforts to suppress this unwanted side-effect
by a maximizing uniform orientation of bos oxidase in the inside-out topology. The basic idea of the
approach is based on the reconstitution method developed by Rigaud and Levy . Preformed liposomes
are only partially solubilized with sodium cholate, i.e. they are not losing their spherical shape, before
detergent-solubilized protein is added that forms a ternary complex with the mixed lipid-detergent mi-
celles. Subsequent removal of detergent by gel filtration, dialysis or polystyrene beads renders prote-
oliposomes. Using this method, a general trend can be observed that membrane proteins with a large
soluble domain enter the membrane preferentially with this domain on the outside of the liposomes.
Reports of such proteins, e.g. ATP synthase, complex |, membrane transhydrogenase, show uniform
orientations >75 % 21123239 We have recently successfully oriented the small membrane protein pro-
teorhodopsin (~25 kDa) by coupling a large soluble protein (~60 kDa) to either the N- or the C-terminus
that are located on opposite sides of the protein. Coupling was achieved by in vitro coupling using
SpyTag/SpyCatcher technology 1°7'%°, Technically, the 13 amino acid SpyTag was either fused to the N-
or the C-terminus of proteorhodopsin. The soluble domain, maltose binding protein fused to Spy-
Catcher, was expressed and purified separately. The two proteins were then mixed in order to allow
coupling and the coupled product purified via gel filtration. With this approach, we showed that de-
pending on the site of coupling, light-driven proton transport occurred in opposite direction, supporting

(%%, manuscript in preparation). Here, we used the same strategy with the bos

a guided orientation
oxidase by coupling an even larger soluble domain (2x MBP (MBPx) + SpyCatcher003 = 95 kDa) to the
cytoplasmic side of the protein that should orient the protein in its inside-out orientation. First attempts
with SpyTag fused to the C-terminus of subunit | (the only C-terminus on the cytoplasmic side) showed
poor coupling efficiency and we therefore employed a purified single-cysteine mutant of bos oxidase

(ID578C), which was labeled with a SpyTag003 peptide, equipped with an N-terminal maleimide (Figure
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4.2.6A). In parallel, MBPx-SpyCatcher003 fusion protein was expressed and purified, and then coupled
with bos-SpyTag003 by incubation. If maleimide labeling was incomplete, SpyTag003 labeled of bos ox-
idase was purified using Spy&Go purification 22, before it was mixed with MBPx-SpyCatcher003 for
coupling. Coupling efficiency was then ~90 % according to SDS-PAGE analysis (Figure 4.2.6B). The puri-
fied coupling product bos-MBPx was then coreconstituted with ATP synthase in pure PC liposomes as
well as in liposomes containing 40 % DOPG. As a control, we coreconstituted the uncoupled single-
cysteine bosz oxidase-SpyTag003 variant with ATP synthase. The four liposome preparations were then
subjected to DTT/Q driven ATP synthesis experiments and ATP synthesis was followed by the luciferase

system. The results depicted in Figure 4.2.6C show that >2 x higher ATP synthesis rates were observed
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Figure 4.2.6 A) Coupling of boz oxidase with MBPx via SpyTag003/SpyCatcher003. Single-cysteine mutant bos-
ID578C was labeled with SpyTag003 peptide via maleimide chemistry. Unlabeled bos oxidase was then removed
in a Spy&Go purification step using SpyDock coupled to SulfoLink® Coupling Resin (ThermoFisher) before bos-
SpyTag003 was coupled with MBPx-SC003 by incubation for 3 h at 25 °C, 1200 rpm. bos-MBPx was then purified
via gel filtration and coreconstituted with ATP synthase for coupled ATP synthesis activity measurements. B) Sil-
ver-stained SDS-PAGE (9 %) of bos-MBPx coupling. With 1: bos-MBPx; 2: bos-ID578C-SpyTag003; 3: MBPx-Spy-
Catcher003; L: PageRuler™ Prestained Protein Ladder, 10 to 180 kDa (Thermo Scientific). C) Coupled ATP synthesis
activity with bos and bos-MBPx. ATP synthase was coreconstituted with either bos-SpyTag003 (uncoupled) or with
bo3-MBPx (coupled) and coupled ATP synthesis activity was measured via luminescence. Therefore, the reaction
was initiated with 4 mM DTT and 100 uM Q2. ATP synthesis rates were normalized to rates obtained with uncou-

pled bos-SpyTag003. Activity was measured in pure PC liposomes or in PC liposomes containing 40 % PG.
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in experiments with bos-MBPx compared to uncoupled bos in both PC liposomes and PG-containing
liposomes, indicating that the relative amount of inside-out orientation was increased in both prepara-
tions. The threefold difference between ATP synthesis rates between PC and PG containing lipids ob-
served with the uncoupled bo; oxidase, however, remained unchanged in the preparations with bos-
MBPx protein. Same amounts of the two bos; oxidase preparations (coupled and uncoupled) were used

in reconstitution experiments and their oxygen consumption rates were identical (130+10 e’/s/bos).

4.2.5 Discussion

Mimetic respiratory chain systems are important building blocks for the bottom-up construction of ar-
tificial cells. A few years ago, our group developed a robust system, in which the E. coli enzymes bos
oxidase and ATP synthase are coreconstituted, enabling steady-state ATP synthesis by addition of DTT
as electron source. Nilsson et al ! found that the rate of ATP synthesis depends strongly on the lipid
composition of the liposomes. Here, we found the same trend (maximal rate observed in pure PC lipids
and up to 50 % decreased coupled ATP synthesis activity in presence of negatively charged lipids) alt-
hough less pronounced than in * (up to 90 % decreased ATP synthesis activity). Since we did the overall
same procedure using similar protocols, the difference in effect is not fully clear. First, the ATP synthase
was purified in a buffer with a complex composition, called Magic buffer, that was originally described
by Ishmukhametov et al. 222, One component of Magic buffer is crude soy bean lipids that has been
suggested to stabilize extracted ATP synthase. These lipids, however, also might influence the lipid-
dependent changes in coupled ATP synthesis activity by contributing to the overall lipid composition.
The lipid concentration in Magic buffer was 8 mg/ml, thus contributing up to 20 % to the total lipid
composition during reconstitution. However, when we decreased the lipid content in Magic buffer to 3
mg/ml, we could not see differences in lipid effects. Since the overall purification procedure of both bos
oxidase and ATP synthase were the same as in !, with only minor changes, we exclude the purification

of the enzymes being responsible for the weaker lipid effect observed in our lab.

A further reason for a changed lipid effect could be based on differences in the reconstitution proce-
dure, e.g. when more detergent is used leading to more complete solubilization of liposomes during
reconstitution, which has been shown to influence membrane protein orientation 214241, However, our
protocols applied were identical to ! (with 0.4 % cholate, 5 enzymes each per liposome, 10 mg/ml lipo-
somes). Finally, the purity or the quality of the lipids used might influence the effect. While Nilsson et
al. * used Avanti lipids, we have used lipids from different companies (Avanti, Lipoid), but could not
detect differences between the different preparations, and we are thus unable to currently understand

the observed differences in lipid effect.
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Mimicking respiratory system with complex Il or NDH-2

The use of DTT and water-soluble quinone Qi enables in vitro steady-state ATP synthesis by coreconsti-
tuted bos oxidase and ATP synthase. This electron donor/mediator pair, however, reflects not the phys-
iological substrates. E. coli rather uses membrane-soluble ubiquinone Qg that is reduced by different
dehydrogenases . We therefore improved the minimal respiratory system of coreconstituted bos oxi-
dase and ATP synthase by using membrane-soluble Qs and two different E. coli quinone-reducing en-
zymes (FRD or NDH-2), resulting in a complete aerobic respiratory chain from E. coli, composed of three

enzymes.

In a first approach, we were able to successfully coreconstitute three enzymes (FRD, bo; oxidase, ATP
synthase) in one reconstitution step into liposomes containing Qg, and to initiate ATP synthesis by add-
ing succinate to those proteoliposomes that was blocked after addition of FRD inhibitor malonate. In a
second approach, FRD was replaced by NDH-2, which under aerobic conditions is the major NADH de-
hydrogenase expressed in E. coli 3. NDH-2 is a peripheral membrane protein and can be added directly
to proteoliposomes containing bos oxidase, ATP synthase and Qs, and in the presence of NADH initiated
steady-state ATP synthesis. The apparent Ky values for succinate, Qs and NADH were titrated and found
comparable with literature values 12242243 (Figure S4.2.1), indicating that the synthetic respiratory sys-

tems reflects the physiological situation well.

The NDH-2 system yielded higher ATP synthesis rates, comparable to the ones found with DDT/Q; and
we therefore compared the lipid dependency profile of these two systems, as the initial experiments
were done in E. coli polar lipid extract. Interestingly, essentially no ATP was synthesized in net un-
charged liposomes, if NADH/NDH-2 was used as an electron source, while increasing ATP synthesis rates
were observed in liposomes containing increasing amounts of negatively charged lipids. Since in both
systems, bos oxidase is the only proton pump and the basic concept is equal, the difference indicates
either lipid-dependent changes in Qg diffusion rates or lipid-dependent NDH-2 activity. It was shown by
! that Q; diffusion, binding to bos oxidase and electron transfer was lipid-independent. However, this
has not been reported for Qg so far. A decreased Qg diffusion rate in uncharged compared to in nega-
tively charged liposomes would slow down electron transfer from NDH-2 to bos; oxidase leading to a
decreased pmf that could explain our findings. However, this has to be tested. Alternatively, the lipid
effect rises from altered quinone reduction through NDH-2. We thus further investigated the influence
of the lipid composition on NADH:quinone oxidoreductase activity of NDH-2 (Figure 4.2.2C), using wa-
ter-soluble Q; (that behaves similarly to Qi) as a substrate. We found that the lipid dependency of
NADH:Q; oxidoreductase activity was indeed very similar to the one observed for ATP synthesis activity,
with higher activity in presence of anionic compared to uncharged or cationic liposomes. The highest

activity was observed in presence of negatively charged ECPE liposomes, which is an extract of polar
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lipids from E. coli and therefore mimics the physiological environment of NDH-2. ECPE liposome titra-
tion to the assay revealed that only small amounts of liposomes already largely increased NADH oxida-
tion activity of NDH-2 (Figure S4.2.2A). We also titrated Q, to NDH-2 in NADH:Q, oxidoreductase meas-
urements and observed a ~30 fold higher K., when the reaction happened in presence of ECPE lipo-
somes than in buffer, while vmax was 5 fold increased (Figure S4.2.2B). These results together indicate
that NDH-2 activity is increased if bound to liposomes and only poorly active in solution. The increased
Km of Qz in the presence of liposomes suggests the two following aspects: First, the quinone binding
site of NDH-2 is in close contact with the membrane part (likely embedded) that requires that Q, can
predominantly reach it via the membrane, but not via the aqueous solution. Second, the increased K,
value might be explained by the ubiquinone’s property to form micelles at low concentrations (14 uM
244) thus stabilizing the aqueous form and delaying the entry of Q; into the liposomes. The effect should

be less drastic with Q; that has a much higher CMC than Qa, but this was not yet tested.

While the lipid-dependent effect is similar in both NDH-2 activity and bos oxidase/ATP synthase activity,
it is more pronounced in the latter. In coupled ATP synthesis, we could not detect activity in DOPC
liposomes, while a substantial amount of NADH oxidation activity was observed with the same lipo-
somes. A likely reason for this difference is the different quinones used. The very hydrophobic Qg is
present only in the lipid bilayer, while the more hydrophilic Q; is found both in solution and in the lipid
bilayer. Thus, NDH-2 could be activated also in a non-membrane bound state in presence of Qy, but it
is only reducing Qs and inducing ATP synthesis when it is bound to bos oxidase/ATP synthase-containing
liposomes. Despite this promiscuous activity in the absence of a membrane, the data support that mem-
brane binding itself stimulates NADH:ubiquonone oxidoreductase activity and that this binding and in-

crease in activity is strongly enhanced if the membrane carries a net negative charge.

NDH-2 binding to the membrane is proposed to happen via the C-terminal amphipathic helix which was
shown to be essential for membrane-localization and its deletion resulted in water-soluble NDH-2
414445 This alpha-helical domain, consists both of positively charged and hydrophobic residues, but
lacks negatively charged amino acids, yielding a net positive charge. Since positively charged amphi-
pathic domains are known to mediate binding to anionic membranes >, the cationic amino acids in the
C-terminal domain of NDH-2 could be responsible for NDH-2 membrane binding. It could be hypothe-
sized that NDH-2 is localized at the membrane through electrostatic interactions between positively
charged amino acids and negatively charged lipid head groups and that membrane-binding is supported
by hydrophobic interactions between hydrophobic amino acids of the C-terminal domain and fatty ac-
ids of lipids. We wanted to experimentally verify this hypothesis and designed mutants with altered C-
terminal domains. Since no structure is available for NDH-2 from E. coli, a 3D homology model (Figure

4.2.2A) based on the structure of NDH-2 from Caldalkalibacillus thermarum (which has a sequence
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identity with E. coli NDH-2 of 23 % and also a net positively charged C-terminal domain; PDB 6BDO) was
built. In a first mutant, we replaced the C-terminal positively charged amino acids with glutamine
(R391Q, R394Q, R402Q, H409Q and K413Q; mutant “charges to Q”). The same mutations were present
in the second mutant “charges to Q truncated” which had an additional deletion of the 10 C-terminal
amino acids. Finally, in mutant “N-term charges to A” a number of positively charged amino acids at
the N-terminus of NDH-2, which were suggested to support NDH-2 localization at the membrane >,
were replaced by alanine (K27A, RKK(30-32)AAA). The mutants were expressed in E. coli cells and mem-
branes were prepared and collected by ultracentrifugation. Pellet and supernatant were analyzed by
Western Blot (anti His-tag) to track localization of the mutant protein (Figure S4.2.3). Interestingly, only
the wildtype NDH-2 was found mainly in the membrane fraction, while all three mutants were in the
cytosolic fraction, indicating that they were no longer able to bind to the membrane. This is an indica-
tion that positively charged amino acids both at the N- and C-terminus are essential for membrane
localization of NDH-2. Unfortunately, we were unable to purify the mutants in sufficient quantity and
purity to repeat the lipid dependency experiments as described for the wildtype (NADH:quinone oxi-
doreductase and NDH-2 induced ATP synthesis activity). Further purification trials thus will be required

in future.

The orientation of bos oxidase and ATP synthase

The original observation by Nilsson et al. ! that negatively charged lipids decrease respiratory coupled
ATP synthesis in liposomes was strongly counter-intuitive. The lipid composition of E. coli consists of
roughly 75 % PE, 20 % PG and 5 % cardiolipin *°. Thus, highest coupled activity was expected in nega-
tively charged rather than in uncharged liposomes, as the former mimic the natural environment of the
enzymes much better. The question thus arises if the effect has rather an unnatural source created
during our in vitro measurements. Nilsson et al. ! could exclude a number of trivial lipid-dependent
effects such as lipid-dependent overall enzyme activity, quinol diffusion or proton leaks. As a matter of
fact, ATP synthesis activity driven by a synthetic pmf was higher in the presence of negatively charged
lipids. They also argued that the lipid dependency is unlikely due to changes in the orientation of the
two enzymes, without experimentally determining the orientation, though. From single enzyme meas-
urements, the orientation of bos oxidase in liposomes has been estimated earlier to be around 70 %
right-side out (measured in liposomes of ECPE 1516 and soybean lipid extracts 1*°), but no data from
other lipid compositions exist. We therefore developed the method described in Chapter 4.1 and used
it to determine the orientation of bos; oxidase in liposomes with different lipid compositions (Figure
4.2.3C). While we could confirm an inside-out orientation of bos oxidase of around 35-45 % in liposomes
containing negatively charged lipids DOPG, CL and DOPS (which is in good agreement with the above-

mentioned literature values of 70 % right-side out), the fraction of inside-out oriented bos; oxidase was
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significantly increased to 50-60 % in uncharged PC liposomes and even higher in liposomes containing
positively charged DOTAP lipids. Insertion of purified membrane proteins into liposomes is a complex
process and the interaction of the protein with the lipid bilayer prior to insertion is expected to be a
critical step #2°. Thus, our data strongly indicate an electrostatic interaction between the protein and
the membrane that influences the process. This hypothesis is supported by the surface charge distribu-
tion of bos; oxidase (Figure 4.2.4C) showing an overall positively charged and negatively charged surface
at its cytoplasmic and periplasmic side of the membrane, respectively. During reconstitution of bos ox-
idase into negatively charged liposomes, the positively charged cytoplasmic part of bos oxidase is sup-
posed to be attracted by the negatively charged lipid bilayer via electrostatic interactions more fre-
guently than the negatively charged periplasmic part, increasing its chance to be inserted into the mem-
brane and resulting in a higher fraction of bos oxidase in a right-side out orientation (and thus a lower
fraction of inside-out orientation). In our experiments with increasing salt concentrations, these elec-
trostatic interactions were weakened, leading to an increased fraction of inside-out oriented bos oxi-
dase in PG liposomes, while salt did not have an effect on the orientation in PC liposomes (Figure 4.2.4A
and B). Charge-mediated insertion into liposomes had also been reported for other enzymes in the past

225245246 3nd seems to be a general phenomenon.

Interestingly, preliminary experiments show also an effect of the presence of ATP synthase on bos oxi-
dase orientation during reconstitution. We found that the presence of ATP synthase, which is expected
to be mainly inside-out (see also Chapter 4.1), increases the fraction of inside-out oriented bos; oxidase
in both PC and PG-containing liposomes, but stronger in the latter. We want to emphasize that the data

is preliminary and incomplete, but all performed experiments so far support the initial observation.

Effect of bos oxidase orientation on coupled ATP synthesis activity

Orientation of a membrane protein reconstituted in liposomes directly affects its functionality if the
substrate is not membrane permeable and only one population is activated. In case of the ATP synthase,
the membrane-impermeable substrates ADP and phosphate only activate the inside-out population of
ATP synthase with its catalytically active F; part located on the outside of liposomes. Thus, the right-
side out oriented ATP synthase population remains silent in functional experiments, but of course af-
fects the number of functionally active enzymes. On the other hand, the membrane-soluble quinol act-
ing as a substrate for bos oxidase activates both orientation populations 1>'2, As mentioned above,
bos oxidase reduces molecular oxygen to water which is coupled to proton pumping from the N-side to
the P-side of the membrane and generating a directed pmf. In liposomes with mixed orientations, the
activities of the two populations thus compete with each other and the final pmf is the sum of both
activities. The presence of “wrongly” oriented right-side out bos oxidases are therefore a more complex

problem than right-side out oriented ATP synthases.
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Ideally for our purposes of respiratory ATP synthesis, liposomes contain unidirectionally inside-out ori-
ented bos; oxidase and ATP synthase, where bos oxidase pumps protons into liposomes that are ex-
ported by the ATP synthase during ATP synthesis, allowing an endless proton cycle. Thus, each bos oxi-
dase being present in a right-side out orientation leads to a decrease in coupled ATP synthesis activity.
If the “natural” orientation of bos; oxidase in liposomes is close to 50:50, already slightly increased frac-
tions of right-side out oriented bos oxidase results in a substantial decrease in pmfand finally in coupled
ATP synthesis rate. The higher right-side out orientation of bos; oxidase measured in PG-containing
(~65% right-side out) compared to pure PC liposomes (~50 % right-side out) is thus a very relevant

finding in explaining the decreased coupled ATP synthesis activity observed in those liposomes *.

In PC liposomes, we have determined that the majority of bos oxidases pumps to the inside (~65%),
enabling ATP synthesis. However, this is not the case in PG-containing liposomes, where the majority
of bos oxidase is present in a right-side out orientation, yielding a net outside pumping of protons.
Nevertheless, ATP synthesis, although decreased, is also observed in these vesicles. How is that even
possible if net proton transport is to the outside? We will discuss this problem with the example of

liposomes containing 40 % PG, however, it is also valid for other negatively charged liposomes.

I) An unexpected, but potentially important finding was the significantly increased fraction of inside-
out oriented bos oxidase if coreconstituted with ATP synthase. The reason for this finding is unknown
so far but deserves further investigation. We hypothesize that the increased bos; oxidase orientation is
either due to interactions between bos oxidase and ATP synthase during reconstitution where the high
inside-out orientation of the large ATP synthase forces the small bos oxidase in the same orientation,
or that reconstituted ATP synthase locally changes the environment in the lipid bilayer guiding the bos
oxidase to insert in the inside-out orientation. The mitochondrial ATP synthase dimer has been shown
to bend the lipid bilayer by 90 ° inducing cristae formation in mitochondria, while also the ATP synthase
monomer bends the membrane (45 °) 272% | g similar bending property is assumed for the E. coli ATP
synthase, its presence in the membrane could influence bos oxidase insertion. Such an interplay is not
unlikely, as respiratory membranes (IMM or cytoplasmic membranes of bacteria) are extremely packed
with proteins (up to 3:1 protein/lipid (w/w)) and a correct relative orientation of the two enzymes is
likely energetically favorable. In PG liposomes, inside-out orientation of bos oxidase up to 45-55 % were

measured when reconstituted with ATP synthase, making ATP synthesis much more likely.

II) The number of enzymes and their distribution in liposomes has also to be considered. Typically, a
theoretical number of 5 bos oxidase and 5 ATP synthase per liposome was used, which means that with
a bos oxidase orientation of 40 % inside-out and a constant number of liposomes, the net pumping

direction would be outwards (3 pump out, 2 pump in) and thus no ATP could be produced by ATP syn-
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thase. However, proteins are not homogeneously distributed into liposomes, but rather follow a Pois-
son distribution 2°. The non-unidirectional orientation of the enzymes and the fact that both bos oxi-
dase orientations are active and pump competitively in or out of the liposomes, respectively, enhances
the complexity. In a simplified model, we calculated the fraction of vesicles able to generate an inside-
positive pmf (which is needed for ATP synthesis), as well as the amount of protons per liposome that
are net inwards pumped per second into this fraction of liposomes assuming a theoretical number of
100 protons pumped per bos oxidase per second (see Supplementary for calculations). Orientation of
ATP synthase was neglected. According to our calculations, assuming a 40 % inside-out bos oxidase
orientation, indeed ~25 % of liposomes exhibit net inwards pumping (liposomes with more bos oxidases
inside-out than right-side out) with an average net inwards pumping of ~45 protons per liposome in
this fraction (where 500 protons per liposome is the theoretical maximum in case of unidirectional in-
side-out orientation of bos oxidase). This indicates that although less than 50 % of bos oxidase is ori-
ented in the desired orientation, still a relatively high fraction of liposomes is theoretically able to syn-

thesize ATP.

[ll) Generally and especially in textbooks, it is assumed that proton transfer from bos; oxidase to the ATP
synthase occurs via bulk solution. However, a long standing hypothesis has been postulated already in
the 1960 that protons might be transferred via lateral proton transfer in case the lateral enzyme dis-
tance is below a certain threshold 1827191 |n this scenario, proton equilibration with the bulk solution
is kinetically delayed and protons instead are transferred along the membrane surface, until they are
picked up by an ATP synthase or released from the membrane to the bulk. This hypothesis is also im-
portant in the discussion how alkaliphilic bacteria are able to synthesize ATP under unfavorable ener-
getic conditions of a large inverted ApH 2222, In our scenario, this hypothesis would kinetically uncou-
ple the two different bos populations and ATP synthesis is possible from the fraction of enzymes that
pump to the inside, irrespective of the presence of a majority of outwards pumping enzymes in the

same liposome.

Ubiquinone

Ubiquinone
tail

Figure 4.2.7 E. coli bos oxidase represented in surface with ubiquinone Qs (red) bound in a groove in subunit |

(green). Structure was drawn with PyMOL (PDB 6WTI).
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IV) Finally and rather trivial, it cannot be excluded that for unknown reasons, the inside-out oriented
population of bos oxidase is more active than the one of right-side out oriented. Such an asymmetric
activity pattern would allow the generation of a net pmf that energizes ATP synthesis. A potential asym-
metry might arise from the fact, that quinol is only formed on the outside of the liposome (as DTT is
not membrane permeable and Qi thus has to travel in and out of the liposomes to the binding site).
Very recent cryo-EM structures 62217 show that the quinone binding site is located close to the P-side of
the membrane (Figure 4.2.7) , rendering the binding sites of the outwards-pumping population closer
to the reduced quinol pool in the environment. On the other hand, access to the binding site seems to
occur via a groove formed by several transmembrane helices with an entry site close to the N-side of
the membrane 2%, If entry of quinol into this access groove is limiting, the inwards-pumping population

might be favored.

Although it is likely that the lipid effects observed by ! are affected from the described differences in
bo;s oxidase orientation (further discussed below), not all experiments can be explained by this means.
First, we also measured the orientation of bos oxidase in liposomes containing 60 % PC and 40 % PE
(both zwitterionic lipids) and observed a similar orientation as in pure PC liposomes in agreement with
electrostatic interactions being important during reconstitution. However, bos oxidase orientation is
thus not responsible for the 65 % decrease in coupled ATP synthesis activity in these liposomes meas-
ured by ! and indicates other effects leading to the drop in activity, such as changes in lateral proton
transfer rates as discussed in ®. Second, without measuring it, Nilsson et al. assumed a constant bos
oxidase orientation in different liposomes mainly due to the following observation. If the same number
of proteins were reconstituted in 200 nm instead of 100 nm liposomes, the enzyme density was de-
creased 4-times which led to a markedly decreased overall ATP synthesis activity which was found to
be independent of the lipid composition. They hypothesize that in 200 nm vesicles, the distance be-
tween bo; oxidase and ATP synthase is now too large to allow direct lateral proton transfer between
them and that protons rather exclusively are transferred via bulk solution. To support this hypothesis,
they had to assume that enzyme orientation was neither affected by liposome size nor lipid composi-
tion. Our data, however, are in contrast to this assumption and bos oxidase orientation is indeed af-
fected by lipid composition. In the following, we thus want to discuss several options for the lipid-inde-

pendent coupled ATP synthesis activity observed * in 200 nm vesicles.

[) In the current project, we only measured the effect of lipids on bos oxidase orientation in 100 nm
liposomes. It is possible that bos oxidase orientation is less lipid-dependent in 200 nm liposomes. An
increase in liposome size leads to changes in membrane bending stress. As Huang et al showed 2%,
decreased membrane bending stress in larger liposomes results in impeded insertion of bacteriorho-

dopsin (bR) into liposomes. Although they could not observe significant changes in orientation of bR

77



when increasing liposome diameter from 50 nm to 100 nm liposomes, they stated that more experi-
ments are required to elucidate effects of the membrane curvature on membrane protein orientation.
Further, bR is a small single-subunit enzyme with only 7 transmembrane helices (TMHs) and might not
be a good model enzyme to compare with the multi-subunit bos oxidase with its 23 TMHs ® that is more

likely to be affected.

I) It is possible that the reconstitution efficiency and relative distribution of enzymes is altered by the
liposome size (as mentioned above 2%°). If the change in reconstitution efficiency e.g. is more pro-
nounced in PC than in PG liposomes (i.e. worse reconstitution in PC than in PG in larger liposomes), the

benefit of PC liposomes due to increased inside-out orientation of bos oxidase might be canceled out.

However, Nilsson et al also show that if the number of proteins per vesicle is increased in 200 nm lipo-
somes (up to 42 enzymes per 200 nm vesicle), the lipid dependency, although weaker was recovered.
This recovery effect makes indeed a strong case for an important role of enzyme density and thus en-
zyme distance, as the two reasons discussed above (membrane curvature, reconstitution efficiency)
should not influence these results. It thus seems that the observed lipid dependency in coupled ATP

synthesis activity observed by ! is a combined result of at least two effects.

Similarly to above (see also Supplementary), we have calculated the number of protons being pumped
inside liposomes with a net inwards pumping (liposomes containing more inside-out than right-side out
oriented bo; oxidases) when the orientation of bos oxidase is 75 % (PC liposomes) and 53 % (PG lipo-
somes), respectively, as an indication for the statistical possibility for ATP synthesis in these liposomes.
While in average 262 protons/liposome are pumped into PC liposomes, 103 protons/liposome are
pumped in liposomes containing 40 % PG. Thus, a 2.5 fold higher ATP production would be expected in
PC than in PG liposomes. Although, as mentioned above, our calculations are highly simplified, they
indicate a decrease in ATP synthesis rates in PG liposomes due to decreased bos; oxidase orientation.
However, it is much less than the 10 fold decrease in ATP synthesis activity observed by Nilsson et al.,
which indicates that enzyme orientation might not be the only influence but it is rather a combination

of different effects.

In a follow-up study of ! by the same authors, Sjoholm et al. provided further evidence for a functional
link between lateral enzyme distance and coupled ATP synthesis activity 3. They performed fluores-
cence correlation spectroscopy (FCS) and fluorescence cross-correlation spectroscopy (FCCS) experi-
ments using fluorescently labeled bos oxidase and ATP synthase and found no indication for a specific
interaction between the two enzymes, when hydrophilic dyes were used. However, if hydrophobic dyes
were used, an inadvertent cross-correlation was observed that was assigned to an unspecific hydro-

phobic interaction of the two dyes in the aqueous environment. Interestingly, liposomes with these
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proteins showed a higher ATP synthesis activity than those with hydrophilic dyes, thus coupling lateral
distance and ATP synthesis activity. Taken together, these and our data indicate that the lipid-depend-
ent ATP synthesis rates observed are caused by a combination of effects, in which both lipid-dependent
alterations of the lateral enzyme distance of bos; oxidase and ATP synthase as well as bo; oxidase (and
maybe ATP synthase) orientation play an important role. A further effect could be a lipid-dependent
change in the lateral proton transfer rate, as it has been observed for protonation kinetics of lipid-

coupled fluorescein 2%,

A better picture of the lipid effect on coupled ATP synthesis activity could be obtained if one or both
observed factors (lateral enzyme distance or bos oxidase orientation) can be eliminated. Within this
thesis, we therefore also intended to orient bos oxidase lipid-independently in liposomes (see below),
and to fix the lateral distance between bos oxidase and ATP synthase by reversible coupling (see Chap-

ter 4.3).

Actively influencing bos oxidase orientation

As a paradigm for unidirectional and lipid-independent protein orientation, ATP synthase was chosen,
which prior to the start of this work, was shown to orient >90 % in the inside-out orientation in lipo-
somes made from soybean extract with a ~¥30 % negative charged. We later found that ATP synthase
orientation also depends on the detergent concentration used (see Chapter 4.1), but values >75 % can
be expected. The high inside-out oriented fraction is assumed to originate from the presence of the
very large peripheral and water-soluble F; part of the ATP synthase that is unlikely to penetrate the
liposomal membrane during reconstitution 2%21, However, it is critical to mention that this rationale
can only be applied to reconstitution techniques in which the liposomes are not fully solubilized as
described by Levy and Rigaud 8. We therefore envisaged to guide inside-out orientation of bos oxidase
in a similar fashion by attaching a large soluble unit to the cytosolic part of the enzyme which similarly
to the F; part of the ATP synthase should not cross the lipid bilayer. In our lab, we have successfully
developed the system for the smaller light-driven proton pump proteorhodopsin. Using the
SpyTag/SpyCatcher system, we coupled a highly water-soluble protein consisting of two copies of the
maltose binding protein (MBPx) and a SpyCatcher protein (~95 kDa in total) to bos oxidase (see Figure
4.2.6A) and coreconstituted the coupling product into liposomes together with ATP synthase. Prelimi-
nary measurements indicate a twofold increase in ATP synthesis activity if the coupled bos-MBPx was
coreconstituted with ATP synthase compared to the uncoupled bo; oxidase. The bos oxidase constructs
were also assayed for oxygen consumption activities but no difference was observed between the un-
coupled and MBPx-coupled bos oxidase. The ATP synthesis rate was increased in both PC and PG lipo-
somes and the difference between the two samples remained (3 times higher activity in PC than PG-

containing liposomes). Unfortunately, no orientation measurements were done so far because of time

79



reasons. Efficient coupling of bos to MBPx was a difficult process. As we were unable to find a good
localization for a SpyTag with the primary sequence of bos oxidase, we used a single cysteine mutant
and coupled SpyTag via maleimide chemistry. With the cysteine already taken for SpyTagging, we could
not label the protein with DY647P1 and measure orientation as described in Chapter 4.1. In the future,
we aim to label MBPx with DY647P1, which will facilitate the experiments. Although MBPx likely helps
to orient bos in the inside-out orientation, the 3x higher ATP synthesis rates in PC than in PG liposomes
with coupled bos-MBPx indicate that the orientation is still not equal in the two samples. MBPx-Spy-
Catcher003 has ~100 kDa and thus is slightly smaller than bo; oxidase and not sufficiently large to affect
orientation efficiently. It thus might be interesting to use even larger soluble units than MBPx such as
the soluble asBsye subunits from the ATP synthase that form the F; head. If fusion of a SpyCatcher
subunit (~20 kDa) is successful to one of the subunits, a powerful handle with a molecular weight of
330 kDa could be used (Figure S4.2.5). Furthermore, reconstitution should be done in high salt condi-

tions to reduce electrostatic interactions during the reconstitution process.

In conclusion, we investigated the influence of the lipid composition on artificial E. coli respiratory chain
in liposomes and found it to be an extremely difficult and challenging topic. The lipid composition has
been shown to be crucial for membrane protein structure and function in many cases 182 We
demonstrated coreconstitution of a three-component respiratory chain from E. coli using either FRD or
NDH-2 to initiate coupled ATP synthesis by bos oxidase and ATP synthase and showed that negatively
charged lipids are required for the latter system. This was confirmed in NADH:Q; oxidoreductase meas-
urements with isolated NDH-2, indicating charge-mediated docking of NDH-2 to liposomes, corrobo-
rated with several NDH-2 mutants in which important cationic amino acids in the C-terminal domain
were replaced. Moreover, we measured the orientation of bo; oxidase in liposomes and observed in-
creasing fractions of bos; oxidase being present in the undesired right-side out orientation in liposomes
with increasing fraction of anionic lipids. We identified this lipid-dependent bos oxidase orientation to
be very likely one of the components contributing to lipid dependency in coupled ATP synthesis activity
observed by Nilsson et al. *. Finally, initial successful trials are presented to guide unidirectional orien-

tation of bo; oxidase in the desired inside-out orientation by coupling it to a large soluble unit MBPx.
4.2.6 Material and methods

All chemicals, if not otherwise stated, were purchased from Sigma-Aldrich.

Expression and purification of bos oxidase mutants
Single-cysteine bos oxidase mutants (ID578C, 11A236C, I1IA21C) were constructed from plasmid pETcyoll
234 encoding for the entire cyo operon. Wildtype and mutant bos oxidase was expressed in E. coli strain

C43Acyo 23 cells. Cells were grown either in M63 minimal medium (3 g/| KH,POa, 7 g/ K;HPO4, 0.5 mg/!
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FeSQa, 100 pug/ml ampicillin, 1 mM MgS0,, 100 mg/| thiamine, 10 uM CuSQs, 0.2 % glucose, 0.2 % NH,4CI)
or in petcyo medium (0.5 % yeast extract, 1 % peptone from meat, 1 % NaCl, 0.5 % glycerol, 2 mM
MgS0., 30 UM FeSO4, 10 uM CuS0Q,) containing 100-200 pg/ml ampicillin in a LEX48 system at 38 °C.
Expression was induced at an ODggo of 0.5-1 with 1 mM IPTG (Santa Cruz) followed by an additional
incubation at 38 °C for at least 4-5 h. Cells were harvested by centrifugation, resuspended in Buffer D
(50 mM Hepes pH 8.3, 5 mM MgCl,) containing DNase | and protease inhibitors PMSF (1 mM) and Pe-
fabloc (spatula tip; Biomol) and lysed by 3-4 passes through MAXIMATOR (HPL6 High-Pressure Homog-
enizer, Maximator AG) at 2 °C. After cell debris was removed by centrifugation (8’000 x g, 0.5 h, 4 °C),
membranes were harvested by ultracentrifugation (200°000 x g, 1 h, 4 °C) and resuspended in Buffer E
(50 mM K;HPO4, pH 8.3) containing 5 mM imidazole. Solubilization was performed with 1 % DDM (Gly-
con Biochemicals GmbH) for 2 h at 4 °C (typically with additional PMSF), followed by ultracentrifugation
(200’000 x g, 45 min, 4 °C). Solubilized protein was loaded on prepacked 5 ml HisTrap columns (GE
Healthcare), washed with buffer E containing 0.05% DDM and 35 mM imidazole and eluted with the
same buffer containing 100 mM imidazole. Fractions containing bos; oxidase were pooled and concen-
trated with a 100 kDa MWCO Amicon Ultra-15 filter (Merck Millipore). The pooled fraction was divided

into aliquots, frozen in LN, and stored at -80° C.

Expression of ATP synthase mutants

Single-cysteine ATP synthase variants were constructed from cysteine-free plasmid pFV2 232 using
standard molecular biology techniques and constitutively expressed in E. coli DK8 cells (lacking the
whole ATP operon). Cells were grown in LB medium containing 100 pg/ml ampicillin and 1 mM MgCl,
from precultures for at least 4-5 h in a LEX48 system (epiphyte3) at 38 °C. ATP synthase was either
purified with Magic Buffer (Buffer S) or with buffer containing LMNG (see below). ATP synthase purified
in Magic buffer was used for most experiments, while ATP synthase in LMNG was used for experiments

in Figure 4.2.6.

Purification of ATP synthase in Magic buffer

Cells were harvested by centrifugation and broken by 3 passes through MAXIMATOR (HPL6 High-Pres-
sure Homogenizer, Maximator AG) at 1200 bar at 2 °C in Buffer A (50 mM HEPES pH 8, 100 mM Nacl,
5 % glycerol) containing DNase | (spatula tip) and protease inhibitors PMSF (0.1 mM) and Pefabloc (spat-
ula tip; Biomol). After removal of cell debris (centrifugation at 5000 x g for 0.5 h, 4 °C), membranes
were pelleted by ultracentrifugation (175’000 x g, 1.5 h, 4 °C) and resuspended in 10 mM Tris-HCI pH
7.5 (1 ml per g of wet cells). For solubilization, homogenized membranes were diluted with 2 x solubil-
ization buffer S (50 mM Hepes pH 7.5, 100 mM KCl, 250 mM sucrose, 20 mM imidazole, 40 mM 6-
aminohexanoic acid, 15 mM P-aminobenzamidine, 5 mM MgSQ4, 0.1 mM Na,-EDTA, 0.2 mM DTT, 0.8 %
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soy bean type Il asolectin, 1.5 % n-octyl B-D-glucopyranoside, 0.5 % sodium deoxycholate, 0.5 % sodium
cholate, 2.5 % glycerol; Magic buffer) in a ratio of 1:1 and incubated at 4 °C for 1.5 h while stirring. Non-
solubilized material was removed by ultracentrifugation (200’000 x g, 30 min, 4 °C) and the supernatant
was looped on a prepacked 5 ml HisTrap column (GE Healthcare) equilibrated with buffer S at 4 °C for
2 h. The column was washed with 5 column volumes (cv) of buffer S containing 40 mM imidazole and 3
cv of buffer S containing 90 mM imidazole. Purified protein was eluted with buffer S containing 250 mM
imidazole and fractions containing ATP synthase were identified by ATP regenerating assay #*® and
pooled. The pooled fraction was divided into aliquots without concentrating, frozen in LN, and stored

at-80° C.

Purification of ATP synthase in LMNG

Cells were harvested and membranes were prepared as described above in Buffer B (50 mM
MOPS/NaOH pH 8, 100 mM NacCl, 5 mM MgCl,, 5 % glycerol). Pelleted membranes were resuspended
(2 ml per g of wet cells) in Buffer C (50 mM MOPS/NaOH pH 8, 100 mM NaCl, 5 mM MgCl,, 30 g/l
sucrose, 10 % glycerol). For solubilization, LMNG (Anatrace) was added to a final concentration of 2 %
from a 5 % stock solution (in water). After the suspension was stirred for 30 min at room temperature
and 30 min at 4 °Cin presence of 1 mM PMSF, 5 ml of Buffer C was added per g of membranes and non-
solubilized material was removed by ultracentrifugation (200’000 x g, 0.5 h, 4 °C). The supernatant was
loaded onto a prepacked 5 ml HisTrap column (GE Healthcare) in presence of 10 mM imidazole via loop-
loading for 2 h at 4 °C. Bound protein was eluted via gradient elution from 20 mM to 400 mM imidazole
in Buffer C containing 0.005 % LMNG. Fractions containing ATP synthase were identified by ATP regen-
erating assay %%, pooled and concentrated with a 100 kDa MWCO Amicon Ultra-15 filter (Merck Milli-

pore). The pooled fraction was divided into aliquots, frozen in LN, and stored at -80 °C.

Expression and purification of NDH-2

NDH-2 was expressed in BL21Acyo(DE3) or BL21(DE3)pLysS using the plasmid pETNDH-2_N5 (gift from
Robert Gennis from the University of lllinois). Cells were grown in LB medium containing 100 pug/ml
ampicillin and 1 mM MgSQ, either in a shaker or in a LEX48 system at 37 °C until ODeoo reached 0.6,
followed by induction with 0.5-1 mM IPTG. NDH-2 was expressed for an additional 4 h at 37 °C and cells
were harvested by centrifugation and resuspended in Buffer F (10 mM Hepes pH 7.4, 100 mM NaCl, 10
mM KCI) containing 20 % glycerol, 2 mM MgCl,, 1 mM PMSF and a spatula tip of Pefabloc (Biomol) and
DNasel. Cells were broken by 3 passes through MAXIMATOR (HPL6 High-Pressure Homogenizer, Maxi-
mator AG) at 1500-2000 bar at 2 °C and unbroken cells were removed by centrifugation (8000 x g, 30

min, 4 °C) before membranes were pelleted by ultracentrifugation (175’000 x g, 1 h, 4 °C). Membranes
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were resuspended in Buffer F (2 ml per g of wet cells) containing 1 mM PMSF and a spatula tip of Pe-
fabloc. For solubilization, 2 % DDM (Glycon Biochemicals GmbH) was added from a 20 % stock solution
and the sample was diluted with Buffer F to a final DDM concentration of 1 %. After incubation for 1 h
at 4 °C while stirring, non-solubilized material was removed by ultracentrifugation (175’000 x g, 1 h,
4 °C) and 10 mM imidazole was added to supernatant. The supernatant was then bound either onto a
prepacked 5 ml HisTrap column (GE Healthcare) or Ni-NTA beads equilibrated with Buffer F containing
0.05 % DDM and 10 mM imidazole. Bound protein was eluted either via gradient elution in Buffer F
containing 0.05 % DDM from 5 mM to 300 mM imidazole, or washed first with 10 cv Buffer F containing
0.05 % DDM and 20 mM imidazole followed by same buffer containing 50 mM imidazole and eluted
with 5 cv of the same buffer containing 200 mM imidazole. Yellow or peak fractions were pooled and
concentrated with a 100 kDa MWCO Amicon Ultra-15 filter (Merck Millipore). The pooled fraction was

divided into aliquots, frozen in LN; and stored at -80 °C.

Expression and purification of Fumarate reductase

Fumarate reductase from E. coli was overexpressed and purified as described 4. (Done by Olivier Biner)

Expression and purification of MBPx-SpyCatcher003

pET21-MBPx-SpyCatcher003-3xFLAG was constructed from pET21-MBPx-SpyCatcher-3xFLAG (from Dr.
Andrea Amati 2*°) and SpyCatcher003 insert (ordered at Gene Universal) using standard molecular bi-
ology techniques. It contains an N-terminal 6xHis-Thrombin site-3xFLAG-tag sequence and was ex-
pressed in E. coli BL21 pLysS. Cells were grown in LB medium containing 100 pg/ml ampicillin at 38 °C
in a LEX48 system (epiphyte3) until reaching ODegoo of 1. After induction with 1 mM IPTG (Santa Cruz),

MBPx-SpyCatcher003 was expressed overnight at 27 °C.

MBPx-SpyCatcher003 was purified via affinity chromatography as described % with some changes. In
brief, cells were harvested by centrifugation and resuspended in Ni-NTA buffer (50 mM TrisHCI pH 7.8,
300 mM NaCl) containing DNase |, PMSF and Pefabloc (Biomol). Cells were broken by MAXIMATOR (3
passes, 1500-2000 bar, 2 °C; HPL6 High-Pressure Homogenizer, Maximator AG) and insoluble material
was removed by centrifugation (8000 x g, 0.5 h, 4 °C). The supernatant containing His-tagged MBPx-
SpyCatcher003 was loaded on PureCube 100 Ni-NTA Agarose beads (Cube Biotech) in presence of 5
mM imidazole via batch-binding by stirring for 2 h at 4°C. Unspecifically bound proteins were washed
off by 15 cv Ni-NTA buffer containing 40 mM imidazole and purified MBPx-SpyCatcher003 was eluted
with 5-7 cv Ni-NTA buffer containing 250 mM imidazole. Fractions containing protein were identified
by OD,so, pooled and concentrated using an Amicon Ultra-15 filter (Merck Millipore) with a 50 kDa
MWCO.
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For further purification, MBPx-SpyCatcher003 was applied to thrombin (Lee Biosolutions) digestion to
remove the His-tag (overnight incubation at 4 °C). The reaction was stopped by the addition of 0.2 mM
PMSF and thrombin was removed by passing the sample through a HiTrap Heparin column (GE
Healthcare). The flow-through was then passed through a prepacked HisTrap column (GE Healthcare)
to remove free His-tag and concentrated with an Amicon Ultra-15 filter (Merck Millipore) with a 50 kDa

MWCO.

Site-specific labeling with DY647P1-maleimide

Labeling was performed as described %225, |n brief, purified single-cysteine mutants were diluted with
maleimide reaction buffer (20 mM Hepes pH 6.5, 100 mM KOAc, 0.05 % DDM) in a ratio of 1:5 to adjust
the pH. The cysteines were reduced with 0.4 mM TCEP and the samples were incubated with a 10-fold
excess of DY647P1-maleimide (Dyomics GmbH) over the protein overnight at 4 °C (end-over-tail rota-
tion). Excess dye was removed by gel filtration (CentriPure P10 or P50, emp Biotech GmbH) using ma-
leimide reaction buffer for equilibration and elution and three cycles of diluting and concentrating with

a 100 kDa Amicon Ultra-15 filter (Merck Millipore).

Site-specific labeling with SpyTag003-peptide-maleimide

For bos-SpyTag003, single-cysteine ID578C bos oxidase mutant was labeled with SpyTag003-peptide-
maleimide. Therefore, Ni-NTA purified bos; oxidase with a concentration of 50-60 pM was incubated
with a 20-fold excess of TCEP over the protein for 1.5 h at 23 °C, 300 rpm and TCEP was removed by gel
filtration using CentriPure P5 column (emp Biotech GmbH) equilibrated with 100 mM Hepes pH 7.4
containing 0.05 % DDM.

SpyTag003-peptide containing an N-terminal maleimide (GenScript) was dissolved in 50 mM Hepes pH
6.1 at a concentration of 10 mM. A 20-fold excess of SpyTag003-peptide over protein was added to the
pre-reduced bos oxidase mutant and the reaction was incubated for 2 h at 23 °C, 300 rpm. Excess
SpyTag003-peptide was removed by gel filtration using CentriPure P5 column (emp Biotech GmbH)
equilibrated with 100 mM Hepes pH 7.4 containing 0.05 % DDM and by three cycles of diluting and
concentrating with an Amicon Ultra-15 filter of 100 kDa MWCO (Merck Millipore).

The efficiency of peptide labeling was monitored by coupling with MBPx-SpyCatcher003 and subse-
guent SDS-PAGE analysis. In samples with low coupling efficiency, labeled bos; oxidase molecules were

d 202 with some changes. In brief,

separated by unlabeled ones via SpyDock purification as describe
SpyDock was expressed and purified as described 2°2 by our lab technician Leticia Herran Villalain and
coupled to SulfoLink™ Coupling Resin (ThermoFisher Scientific) according to 2°2. SulfoLink-SpyDock
beads were then equilibrated with TP buffer (25 mM orthophosphoric acid, 0.05 % DDM, pH 7 adjusted

with Tris base). bos-SpyTag003 was diluted with TP buffer in a ratio of 1:1 and bound via batch-binding
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to SulfoLink-SpyDock for 1 h at 4 °C. Via gravity flow, beads were washed first with 150 cv of TP buffer
and then with 100 cv of TP buffer containing 500 mM imidazole. bos-SpyTag003 was eluted with 3 cv of
TP buffer pH 8 containing 5 M imidazole. Imidazole was removed immediately after elution via gel fil-
tration using CentriPure P10 column (emp Biotech GmbH) and one cycle of diluting/concentrating with

Amicon Ultra-15 filter of 100 kDa MWCO (Merck Millipore).

SpyTag/SpyCatcher coupling
For the coupling of bo; oxidase-SpyTag003 with MBPx-SpyCatcher003, the enzymes were mixed with a
2x molar excess of MBPx-SpyCatcher003 and 0.05 % DDM was added. Coupling reaction was incubated

for 2 h at 25 °C, 1200 rpm. Coupling products were frozen as aliquots in LN, and stored at -80 °C.

Liposome preparation

Lipids used were purchased from Avanti Polar Lipids (18:1 Cardiolipin; E. coli Extract Polar; 18:1 (A9-Cis)
PC (DOPC); 18:1 (A9-Cis) PE (DOPE); 18:1 TAP (DOTAP)) or from Lipoid (LIPOID E PC S; LIPOID PG
18:1/18:1; LIPOID E PE). Lipids were dissolved in chloroform and mixed in appropriate ratios. If neces-
sary, 2 mol% Qg (dissolved in chloroform) was mixed with lipids. Chloroform was evaporated in a des-
iccator overnight and lipids were resuspended either in Buffer L1A (20 mM Hepes pH 7.5, 2.5 mM MgCl,,
50 g/l sucrose) or L1B (50 mM MOPS-BTP pH 6.75) at a concentration of 5-10 mg/ml for coupled ATP
synthesis measurements, in Buffer L2 (20 mM Hepes pH 7.4, 200 mM NaCl, 20 mM KCI) at a concentra-
tion of 5-10 mg/ml for NADH oxidation measurements with NDH-2, or in Buffer L1B (50 mM MOPS-BTP
pH 6.75) at a concentration of 40 mg/ml for orientation measurements. To get unilamellar liposomes,
the suspension was subjected to 7 cycles of freezing (liquid nitrogen) and thawing (at 29.4 °C), each
cycle followed by vortexing for some seconds. Liposomes were divided into aliquots, frozen in LN, and

stored at -80 °C.

Liposomes used for coupled ATP synthesis measurements were thawed directly before use and ex-
truded 21 times through a Whatman polycarbonate membrane (Little Chalfont or Sigma Aldrich) with

a 100 nm pore size.

Liposomes used for NADH:ubiquinone oxidoreductase measurements of NDH-2 were thawed directly

before use and sonicated with a tip sonicator (5 min, pulse on 30 s, pulse off 30 s, amplitude 40 %).

Liposomes used for orientation measurements were thawed directly before use, diluted with Buffer
L1B to 10 mg/ml and extruded 21 times through a Whatman polycarbonate membrane (Sigma Aldrich)

with a 100 nm pore size.

Reconstitution/Coreconstitution of membrane proteins
Reconstitution of the individual enzymes ATP synthase or bos oxidase was performed similarly to core-

constitution of the two enzymes as described by von Ballmoos et al. 1%, Briefly, liposomes were partially
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solubilized with 0.4 % sodium cholate using a 30 % stock solution, before the enzymes were added. For
coupled ATP synthesis measurements, we used 5 enzymes per liposome each, while for orientation
measurements, varying amounts of fluorescently labeled protein were used (3-5 enzymes per lipo-
some) to adjust for fluorescence signal. The mixture was incubated for 0.5 h at 4 °C (let stand) or at
room temperature (300 rpm), followed by gel filtration (CentriPure P10 column, emp Biotech GmbH)
to remove detergent. Equilibration and elution were done either with Buffer R1 (20 mM Hepes, pH 7.5,
2.5 mM MgCl,, 25 g/l sucrose) for coupled ATP synthesis measurements or with Buffer R2 (100 mM
MOPS pH 7.5, 25 mM K;SO;4 1 mM MgCl,) for orientation measurements. Depending on the down-
stream application, the liposomes were either pelleted by ultracentrifugation (Type 70.1 Ti rotor,

200°000 x g, 1 h, 4 °C) or directly used for measurements.

For coreconstitution of bo; oxidase, ATP synthase and FRD, 250 ul 5 mg/ml liposomes were partially
solubilized with 0.6 % cholate and mixed with the three enzymes, before the detergent was removed

by gel filtration (CentriPure P10 column, emp Biotech GmbH) after 30 min. (Done by Olivier Biner)

Coupled ATP synthesis activity measurements

Coupled ATP synthesis activity was measured as described *. Briefly, proteoliposomes were mixed with
500 pl measuring buffer M (20 mM Tris-PO4 pH 7.5, 5 mM MgCl,, 4 mM DTT, 80 uM ADP, 0.2 mg/ml
ATP Bioluminescence Assay Kit CLS Il (Roche)). After measuring a baseline with GloMax® 20/20 Lumi-
nometer (Promega) for 30 s, the reaction was started with 20 uM Q; and luminescence was measured
for 90 s. The reaction was stopped with the addition of at least 50 uM KCN. A known amount of ATP
was added and ATP synthesis rates [pmol ATP/s] were calculated by subtraction of baseline slope and

normalization with ATP addition.

For NDH-2/NADH induced or FRD-induced coupled ATP synthesis activity measurements, proteolipo-
somes containing Qs were mixed with buffer M lacking DTT and baseline luminescence was detected.
The reaction was started by adding either 200 uM NADH and 300-500 nM NDH-2 or 1 mM succinate,

respectively. FRD was inhibited with 400 uM malonate.

NADH oxidation measurements with NDH-2

NADH:Q, oxidoreductase activity of NDH-2 was measured spectroscopically at 430 nm with a Cary 60
UV-Vis Spectrophotometer (Agilent Technologies). Absorption of 1 ml Buffer L2 (20 mM Hepes pH 7.4,
200 mM NaCl, 20 mM KCl) containing 100 pM NADH, 100 uM Q; (homemade, Sandra Schér), 1 mg/ml
liposomes and 3.2-32 nM wildtype bos oxidase was measured until reaching a stable baseline, before
NADH oxidation was initiated by addition of 0.8-80 nM NDH-2. NDH-2 activity was determined with the
slope after NDH-2 addition and depicted as relative activity normalized to activity in presence of ECPE

liposomes.
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Orientation determination

For the TCEP-based orientation determination assay, site-specifically DY647P1-labeled single-cysteine
mutants were reconstituted into liposomes as described above. After ultracentrifugation, liposomes
were resuspended in Buffer R2 (typically % of volume of liposomes used for reconstitution) and 10-100
ul were diluted in 1.4 ml 250 mM TrisHCI pH 8.5. Fluorescence of DY647P1 was monitored (excitation
649 nm, emission 672 nm; slits 5 nm/10 nm) on a Cary Eclipse Fluorescence Spectrometer (Agilent
Technologies). After reaching a stable baseline (1 min), a first quenching plateau was induced by addi-
tion of 14 mM tris(2-carboxyethyl)phosphine (TCEP). After 2.5 min, liposomes were solubilized by add-
ing 0.05 % Triton X-100 (20 % stock solution) leading to a total quench, and fluorescence was monitored
until the signal was stable (5min). The orientation was calculated as the ratio between the first and the

total quench.
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4.2.7 Supplementary
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Figure S4.2.1 Titrations of synthetic respiratory chain components. bos oxidase, ATP synthase and FRD were
coreconstituted into 5 mg/ml ECPE liposomes (100 nm), while NDH-2 was added to liposomes during measure-
ments. One component was titrated at a time, while the others were kept in excess (500 nM NDH-2; 200 uM
NADH; 1 mM succinate; 2 mol% Qs). Values were fitted in GraphPad Prism (Michaelis-Menten (Qg); Sigmoidal,

4PL, X is concentration (Succinate, NADH, NDH-2)). Kv values are indicated. (Experiments done by Olivier Biner)
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Figure S4.2.2 Titration experiments of NADH:Q: oxidoreductase activity of NDH-2. A) ECPE liposomes were ti-
trated to NADH oxidation measurements. (Done by Martin Schori) B) Quinone Q; was titrated to NADH oxidation
measurements in presence and in absence of 1 mg/ml ECPE liposomes. For both (A) and (B), NADH absorption

was measured at 340 nm and NADH oxidation was initiated by adding NDH-2. Negative slopes were fitted by

Michaelis-Menten equation in GraphPad Prism.
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Figure S4.2.3 Western Blot against His-tag from test expressions of NHD-2 wildtype and mutants. 1 pl of
membrane vesicles and cytosolic fraction after cell breakage were loaded on a 12 % gel and blotted on a PVDF
membrane probing for His-tag. Total protein amount was determined with a Pierce™ BCA Protein Assay Kit

(Thermo Scientific) and is indicated below the blot. (Experiments done by Martin Schori)
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Figure S4.2.4 Fluorescence image of SDS-PAGE from single-cysteine bos oxidase-DY647P1 mutants ID578C,
11A236C and 111A21C. bos oxidase subunits I, Il or lll are indicated on the right side of the gel. (111A21C done by Lukas

Rimle)

Figure $4.2.5 Structural representation of bos oxidase (green) coupled to either MBPx (lightblue, left) or asBsye
from the FiFo ATP synthase (yellow/orange, right) via SpyTag (blue)/SpyCatcher (red). MBPx/asBsye can be cou-

pled covalently via SpyTag/SpyCatcher to a single-cysteine of bos oxidase.
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Calculation of liposome fractions with net inwards pumping of protons:
Fractions of liposomes with net inwards pumping activity were calculated in Microsoft Excel. In a matrix,
the probability of a certain liposome (characterized by the total number of reconstituted proteins and
the fraction of the (desired) inside-out orientation populations) to occur is calculated by Formula 1:
= [FERROR((POISSON.DIST(a,b, FALSE) * BINOM.DIST(c,a,d, FALSE)),0)

with:

- : Number of proteins reconstituted in a distinct liposome

- b: Mean number of proteins per liposome

- : Number of inside-out oriented proteins in a distinct liposome

d: Orientation of the membrane protein

In Figure S4.2.6, each cell of the table calculated with Formula 1 represents a liposome with a distinct
number of reconstituted proteins of which a specific number of proteins is present in the desired inside-
out orientation. Exemplarily, the cells with 0, 1, 2 and 3 proteins/liposome are represented in Figure
S4.2.7. To calculate the percentage of liposomes that exhibit net inside proton-pumping, all cells har-
boring more inside-out oriented than right-side out oriented proteins (yellow cells in Figure S4.2.6)

were summed up (resulting in blue cells; distribution see in Figure 54.2.7).

0 0 0 0[ 3E-15

0] 0.007| 0.02| 0.03] 0.03]| 0.023| 0.014| 0.007| 0.003| 0.001| 4E-04| 1E-04| 3E-05| 7E-06| 2E-06( 4E-07| 7E-08( 1E-08| 2E-09( 4E-10| 6E-11 1E-11
1 0] 0.013]| 0.04f 0.061] 0.061 0.045] 0.027( 0.014| 0.006| 0.002| 7E-04| 2E-04| 6E-05| 1E-05| 3E-06| 7E-07| 1E-07| 3E-08| 5E-09| 8E-10| 1E-10|
2] 0 0[ 0.013| 0.04f 0.061]| 0.061| 0.045] 0.027| 0.014] 0.006| 0.002| 7E-04| 2E-04| 6E-05| 1E-05| 3E-06| 7E-07| 1E-07| 3E-08| 5E-09| 8E-10
3 0 0 0| 0.009| 0.027| 0.04| 0.04 0.03]| 0.018( 0.009| 0.004( 0.001| 5E-04| 1E-04| 4E-05| 1E-05| 2E-06| 5E-07| 1E-07| 2E-08| 3E-09
4 0 0 0 0[ 0.004| 0.013| 0.02] 0.02| 0.015] 0.009{ 0.005| 0.002| 7E-04| 2E-04| 7E-05| 2E-05| 5E-06| 1E-06| 2E-07| 5E-08| 9E-09
5 0 0 0 0 0| 0.002| 0.005| 0.008| 0.008| 0.006| 0.004( 0.002| 8E-04| 3E-04| 1E-04| 3E-05| 8E-06| 2E-06| 5E-07| 1E-07| 2E-08
6 0 0 0 0 0 0f 6E-04| 0.002| 0.003| 0.003| 0.002| 0.001| 6E-04| 3E-04| 1E-04| 3E-05| 1E-05| 3E-06| 7E-07| 2E-07| 3E-08
7 0 0 0 0 0 0 0| 2E-04| S5E-04| 8E-04| 8E-04| 6E-04| 3E-04| 2E-04) 7E-05| 3E-05| 9E-06| 3E-06| 8E-07| 2E-07| 4E-08
8| 0 0 0 0 0 0 0 0| 4E-05| 1E-04| 2E-04| 2E-04| 1E-04| 9E-05( 4E-05| 2E-05| 7E-06| 2E-06( 7E-07| 2E-07 | 5E-08
9 0 0 0 0 0 0 0 0 0| 1E-05| 3E-05| 4E-05| 4E-05| 3E-05| 2E-05| 1E-05( 4E-06| 2E-06| 5E-07| 2E-07| 4E-08
10 0 0 0 0 0 0 0 0 0 0| 2E-06| 6E-06| 9E-06| 9E-06| 6E-06| 4E-06( 2E-06| 8E-07( 3E-07| 1E-07 | 3E-08
11 0 0 0 0 0 0 0 0 0 0 0| 3E-07| 1E-06| 2E-06| 2E-06| 1E-06| 7E-07| 4E-07| 2E-07| 6E-08| 2E-08
12 0 0 0 0 0 0 0 0 0 0 0 0| 6E-08| 2E-07| 3E-07| 3E-07| 2E-07| 1E-07| 6E-08| 3E-08| 9E-09
13 0 0 0 0 0 0 0 0 0 0 0 0 0| 9E-09| 3E-08| 4E-08| 4E-08| 3E-08| 2E-08| 9E-09| 4E-09
14 0 0 0 0 0 0 0 0 0 0 0 0 0 0| 1E-09| 4E-09( 6E-09| 6E-09| 4E-09| 3E-09| 1E-09
15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0| 2E-10| 5E-10| 8E-10| 8E-10| 6E-10| 3E-10
16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Of 2E-11| 6E-11 9E-11| 9E-11( 7E-11
47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0| 2E-12( 7E-12) 1E-11] 1E-11
18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0| 3E-13| 8E-13| 1E-12
19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0| 3E-14| 9E-14|
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Figure S4.2.6 Table of probabilities of a distinct liposome to occur calculated with Formula 1. Each cell repre-
sents a liposome with a given number of reconstituted proteins and a given number of proteins in the desired
inside-out orientation. The probability to have a distinct number of proteins/liposome (red cells) were calculated
by summing up the cells of the appropriate column. To calculate the fraction of liposomes exhibiting net inside
pumping (blue cells), the probabilities of the yellow cells (harboring more inside-out oriented than right-side out
oriented proteins) were summed up. Calculations in this example were made with a mean number of 5 pro-

teins/liposome and an inside-out orientation of bos oxidase of 40 %.

90



02 1 Proteins/liposome

0 1 2 3
Net inwards
Jolsls
¢_>f Total g
5 €
I B
& :
3
9
v
£
0 . : : ’
0 5 10 15 20 3

Enzymes/liposome

Figure $4.2.7 Probability of liposomes. Left: The probability of liposomes containing a specific number of enzymes
(red cells in Figure S4.2.6) was plotted against the number of proteins/liposome (Total). Similarly, the probability
of liposomes exhibiting net inwards pumping (blue cells in Figure S4.2.6) was plotted (Net inwards pumping).
Calculations in this example were made with a mean number of 5 proteins/liposome and an inside-out orientation
of bos oxidase of 40 %. Right: Representation of possible liposomes exhibiting a distinct number of proteins per
liposome with a specific number of inside-out oriented proteins exemplarily with 0, 1, 2 or 3 proteins/liposome.
The lightblue shadow marks the liposomes with net inside proton pumping (more inside-out than right-side out

oriented proteins).

In a second table, we calculated the number of totally inside pumped protons for each of those yellow
cells by assuming a pumping activity of 100 protons/bo; oxidase with Formula 2:

= (Number of insideout oriented — Number of rightside out oriented) * 100
We then multiplied this number with the table in Figure S4.2.6 and again summed up all cells to calcu-
late the average number of protons that are net pumped inside liposomes. In the specific example in
Figure S4.2.6 and S4.2.7 (of 5 proteins/liposome and an inside-out orientation of 40 %), 24.7 % of all
liposomes exhibit net inside-pumping with an average of 45.5 protons/liposome pumped inside this

fraction of liposomes.
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4.3 Investigating the importance of lateral enzyme distance on proton cou-
pling of bos oxidase and ATP synthase

43.1 List of contributions
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Status
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Sabina Deutschmann, Christoph von Ballmoos

The project was supervised by Christoph von Ballmoos.

Experiments were designed, analyzed and results were interpreted by Chris-
toph von Ballmoos and Sabina Deutschmann.

Experiments were performed by Sabina Deutschmann.

Cloning, expression and purification of bos-IST was performed by Sandra
Schar.

Cloning, expression and purification of ATPs-aSCHA was performed by Micha
Marti during his bachelor thesis supervised by Sabina Deutschmann.



4.3.2 Introduction

Our group has established a bottom-up minimal respiratory system through the coreconstitution of the
E. coli respiratory enzymes bos oxidase and ATP synthase into liposomes. There, proton pumping by bos
oxidase is initiated by the addition of an electron donor (DTT/Qu) leading to the generation of a pmf,
which fuels ATP synthesis by the ATP synthase. In 2016, Nilsson et al. investigated the influence of the
lipid composition on this system 1. They coreconstituted the two enzymes into liposomes of varying
lipid compositions and unexpectedly observed a massively decreased ATP synthesis rate in liposomes
carrying a net negative charge (DOPG, cardiolipin (CL), DOPA) compared to uncharged liposomes
(DOPC). The effect was not observed, though, if the enzyme density was decreased by increasing the
liposome size. In the article, the results are discussed in connection to the phenomenon of lateral pro-
ton transfer along the membrane which had been proposed and intensively investigated in the past 182~
184,186,188,189,256-259 in \which protons ejected by proton pumps (e.g. bos oxidase) do not immediately
equilibrate with the bulk, but are initially restricted to transfer along the membrane surface where they
can be consumed by proton acceptors such as the ATP synthase. The probability of such transfer is
controlled by the proton diffusion rate and the distance between producer (bos oxidase) and consumer
(ATP synthase). The authors ! thus conclude that the lipid composition either influences the lateral pro-
ton transfer rate or the lateral distance between bos oxidase and ATP synthase. In a follow-up study,
Sjoholm et al. found a link between lateral enzyme distance and ATP synthesis rates with fluorescence
correlation spectroscopy (FCS) and fluorescence cross-correlation spectroscopy (FCCS) experiments %3,
They conclude that negatively charged lipids increase the average lateral distance between bos oxidase
and ATP synthase, thus decreasing the probability of protons to be directly transferred from bos oxidase

to ATP synthase via the membrane resulting in decreased ATP synthesis rates.

In this project, we aimed to test this hypothesis experimentally by physically, but reversibly, coupling
bos oxidase and ATP synthase in a stoichiometric ratio to fix the lateral distance between the two en-
zymes. Next, the coupled complex is reconstituted into liposomes with varying lipid composition and
respiratory ATP synthesis with DTT/Qa is measured before and after cleaving the two enzymes. This
strategy has the advantage that the results can be displayed in a ratiometric manner, e.g. before cleav-
age:after cleavage for every lipid composition. Consequently, several factors such as reconstitution ef-
ficiency or relative orientation of the enzymes in liposomes are excluded. Over the course of this PhD,
we used three different approaches to couple bos oxidase and ATP synthase with varying success: |)
Coupling via oligonucleotides that are coupled to single-cysteine mutants of the enzymes via maleimide
chemistry where cleavage is possible via DNase treatment; Il) Construction, expression and purification

of a bos oxidase-ATP synthase fusion enzyme containing a protease cleavage site in the linker between
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the two fused subunits; 11l) Coupling via SpyTag/SpyCatcher 1°1%° fused to bos oxidase and ATP syn-
thase, respectively, with linkers containing protease cleavage sites. In this chapter, the effort of the

three approaches are explained and discussed.

433 Results and discussion

Coupling via oligonucleotides

In a first approach, we were inspired by a protocol from Raschle et al. 7 who coupled two or three
voltage-gated anion channels (VDAC) via oligonucleotides to control protein stoichiometry and compo-
sition during nanodisc reconstitution. They labeled different batches of single-cysteine VDAC mutants
with short oligonucleotides and formed homodimeric or homotrimeric complexes via basepairing of
complementary DNA sequences. Upon reconstitution of the purified complexes into nanodiscs and sub-
sequent DNase digestion, they obtained reconstituted untethered membrane proteins in nanodiscs in

a defined stoichiometry.

Similarly, we aimed to label bos oxidase and ATP synthase with single-stranded complementary oligo-
nucleotides that will basepair after mixing, and to reconstitute the obtained complex into liposomes
with varying lipid composition. ATP synthesis will then be measured before and after DNA cleavage via
DNase digestion. Our lab has recently used an oligonucleotide-based method to entrap fluorescent dyes
on the inside of liposomes 2%, First, single-cysteines were introduced at different locations into other-
wise cysless bos oxidase (except 11C25, which is postranslationally palmitoylated ?2° and is thus not re-
active for maleimide) and ATP synthase. The mutations were based on the structures available at that
time (bos oxidase: PDB 1FFT; ATP synthase: PDB 5T4Q) and expressed in E. coli bos; oxidase or ATP syn-
thase knockout strains, respectively. After affinity chromatography purification, the proteins were la-
beled with Cy5-maleimide to test for labeling specificity (Figure S4.3.1), before coupling with single-
stranded DNA fragments. As a control, we also purified and incubated cysteine-free mutants of bo;
oxidase (both with unmutated 1IC25 and with 1IC25A) and ATP synthase with Cy5-maleimide. All single-
cysteine and cysteine-free mutants were expressed in reasonable amounts and were active in oxygen
turnover and ATP hydrolysis measurements, respectively, after purification. While all cysteines were
available for labeling, however, the specificity was poor, and Cy5 fluorescence was also found in the
cysless control mutants. For further improvement of labeling specificity, we subjected purified single-
cysteine mutants to gel filtration, but the results were unsatisfactory. Therefore, we decided relatively

early in the process to abandon this approach.
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Figure 4.3.1 A) Schematic representation of bos oxidase-ATP synthase fusion enzyme. In red: Subunit Ill (bosz oxi-
dase) is fused C-terminally to subunit a (ATP synthase) with a 38-66 amino acid linker containing an HRV 3C
PreScission protease cleavage site. The membrane is indicated as black lines. B) SDS-PAGE of fusion enzyme ex-
pressed in DK8 cells (silver-stained). 1: bos oxidase-ATP synthase fusion enzyme; 2: ATP synthase wildtype; bos
oxidase wildtype. C) Coupled ATP synthesis activity of different fusion enzyme samples. Fusion enzymes or
wildtype ATP synthase were reconstituted either alone or coreconstituted with wildtype bos oxidase. The activity
of the reconstituted enzymes is depicted relative to the corresponding activity of the coreconstituted wildtype
enzymes. D) Oxygen consumption activity of different fusion enzyme samples. Oxygen consumption rates were

measured in buffer containing 0.1 % DDM and normalized to wildtype bos oxidase.

bos oxidase-ATP synthase fusion enzyme

In the second approach, we aimed to connect bos; oxidase and ATP synthase by means of a genetic
fusion of the two enzymes. E. coli bos oxidase and ATP synthase are both multi-subunit enzymes com-
posed of 4 and 8 different subunits, respectively. As a strategy, we aimed to fuse one subunit of each
complex, while the other subunits remain unchanged. The two fused subunits are connected by a linker
moiety which on the one hand defines the distance between bos oxidase and ATP synthase and on the
other hand contains a protease cleavage site that allows separation of the two complexes during down-
stream measurements. Importantly, to be accessible for protease digestion the linker needs to be pre-
sent on the outside of the liposomes and thus at the N-side of the proteins. To avoid loss of activity,

non-catalytic subunits, if possible, are preferred targets for fusion. With regard to these criteria, we
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decided to fuse subunit Ill from bos oxidase C-terminally to subunit a from ATP synthase (Figure 4.3.1A).
We therefore cloned subunit 1l into the pBWU13 plasmid encoding the ATP synthase subunits, with a
38 amino acid linker, containing an HRV 3C PreScission cleavage site, separating the two fused subunits
a and llI. It has been shown that the bos oxidase subunits Ill and IV assemble first 2, followed by addi-
tion of subunits I and Il. To enhance bos oxidase subunit assembly in the fusion enzyme, subunit IV was
cloned downstream of subunit a-1ll into the pPBWU13 plasmid (resulting in plasmid pBWU13-llI-1V; Fig-
ure S4.3.2A).

In a first attempt, we expressed the fusion enzyme in E. coli DK8 strain, which lacks the operon for the
ATP synthase, but contains the full bos operon, using the pBWU13-1lI-IV plasmid. Thus, the residual bos
oxidase subunits (I and Il) are not overexpressed here, but were rather expected to be complemented
from the genomic expression of bos; oxidase subunits in DK8 cells. Membranes were detergent-ex-
tracted and subjected to Ni-NTA affinity chromatography to pull on the His-tag present on subunit B
(ATP synthase) and analyzed via SDS-PAGE. All ATP synthase subunits as well as the a-Ill fusion subunit
are well detectable. To measure ATP synthesis activity and thus the functionality of the ATP synthase
part of the hybrid enzyme, we coreconstituted the fusion enzyme with wildtype bos oxidase. Rather
surprisingly, the fusion enzyme exhibited high ATP synthesis activity (~¥80 % from wildtype ATP synthase
activity (Figure S4.3.3, red bars)), indicating that fusion of the 22 kDa transmembrane subunit Il to the
C-terminus of subunit a was well tolerated and did not affect ATP synthase integrity and function sig-
nificantly. On the other hand, subunits I, Il or IV from bo; oxidase are not detected on the SDS-PAGE. In
good agreement, the oxygen consumption activity of the fusion enzyme was very scarce (Figure 4.3.1D).
These results indicate the lack of remaining bos oxidase subunits in the fusion enzyme, especially the
catalytic subunit I. This is further supported by the absence of the characteristic heme peaks in UV/Vis

absorption spectra.

We therefore tried to enhance the amount of missing bos oxidase subunits in the fusion enzyme by
overexpressing them in parallel from a second plasmid (pET-cyo-Alll; Figure S4.3.2B) in which subunit
IIl was removed from the bos operon. The two plasmids (pBWU13-Ill-IV and pET-cyo-Alll) confer two
different antibiotic resistances and were co-transformed into three different E. coli strains (DK8; DK8
(DE3); C43 (DE3)) to overexpress the entire fusion enzyme. The fusion enzyme (referred to as bos-
ATPase) was purified similarly as ATPase-IlI-IV via Ni-NTA chromatography (pET-cyo-Alll does not carry
a His-Tag). We first tested the oxygen consumption activities of the different purified products (Figure
4.3.1D). Unfortunately, they were all low and only a slight increase was observed compared to the ex-
pression without additional bos plasmid. Again, if reconstituted with wildtype bos oxidase, all constructs
showed ATP synthesis activity (Figure S4.3.3, red bars), although expression in C43 cells only yielded

low values. Finally, we measured coupled ATP synthesis activity of the fusion enzyme without additional
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wildtype bos oxidase to estimate the amount of coupled ATP synthesis activity fueled from fusion bos
oxidase activity (absolute values shown in Figure S4.3.3, blue bars; ratio of ATP synthesis from single
reconstitution to coreconstitution shown in Figure 4.3.1C). While most batches showed very low values,
one batch (DK8) showed 50 % of the coupled ATP synthesis activity with the fusion enzyme reconsti-
tuted alone. A second batch (C43 (DE3)) showed the same behavior, however exhibited very low abso-
lute ATP synthesis and oxygen consumption activities and was thus not considered for downstream
measurements. Both low general oxygen consumption activity and missing spectroscopic evidence for
hemes in all batches indicated very poor bo; oxidase assembly and absence of the catalytic subunit|. A
possible explanation is a too short linker between subunit a and subunit Il thus preventing efficient bos
oxidase assembly. Next, the length of the linker between subunits a and Ill was extended from 38 to 66
amino acids in the pBWU13-IlI-IV plasmid and was subsequently co-expressed with pET-cyo-Alll in E.
coli DK8 and DK8 (DE3) strains (named bos-ATPase-L2). However, the amount of bos; oxidase subunit |
and consequently bos oxidase activity could not be increased in the hybrid enzyme containing an in-

creased linker (Figure 4.3.1D; 4.3.1C; S4.3.3, blue bars).

Although it showed low bos oxidase assembly and activity, “bos -ATPase (DK8)” (expressed in DK8 with
first generation linker) was the best sample concerning relative and absolute activities of both enzymes.
It showed all expected ATP synthase subunits and additionally the a-lll fusion subunit, but lacked in bo;
oxidase subunit bands on an SDS-PAGE (Figure 4.3.1B). Importantly, it showed 50 % ATP synthesis ac-
tivity if reconstituted alone compared to coreconstitution with wildtype bo; oxidase. We therefore in-
tended to use this batch for our “main experiment” mentioned above, i.e. reconstitution into different
liposomes, protease cleavage and subsequent comparison of ATP synthesis rates of coupled and
cleaved enzymes. Prior to that, we wanted to establish protocols for efficient protease digestion of the
linker protein. To monitor cleavage, an HA-tag was inserted into the (first generation) linker between
subunits a and Ill which enables detection of the fusion subunit before and after cleavage via Western
Blot. As seen in Figure 4.3.2A, cleavage performed in solution was complete after overnight HRV 3C

digestion at 5 °C.

For the “main experiment”, we thus reconstituted the fusion enzyme (1 or 10 enzymes per liposome,
respectively) into pure DOPC as well as 3:7 DOPG/DOPC liposomes. Half of the sample was cleaved with
HRV 3C PreScission protease and the other half was incubated with buffer, but without protease and
both preparations were subjected to coupled ATP synthesis measurements. As a control, we corecon-
stituted wildtype bos oxidase and ATP synthase and treated them the same way. From the hypothesis

I. 1%, we would not expect large differences in coupled

put forward by Nilsson et al. ! and Sjéholm et a
ATP synthesis rates of the fusion enzymes in DOPC and DOPG liposomes (since bos oxidase and ATP

synthase are in close proximity). After cleavage, however, the enzymes are expected to drift apart and
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Figure 4.3.2 A) Western Blot of HRV 3C cleavage of fusion enzyme (anti HA-tag; HA-tag present in linker between
subunit a and Ill). Cleavage was performed in Buffer H overnight at 5 °C. L: PageRuler™ Prestained Protein Ladder,
10 to 180 kDa (Thermo Scientific); 1: uncleaved boz oxidase-ATP synthase fusion protein; 2: cleaved fusion en-
zyme. B) Investigation of the influence of lateral enzyme distance on coupled ATP synthesis activity (“main exper-
iment”). Fusion enzyme (sample bos-ATPase (DK8)) was reconstituted either into 100 % PC or in 3:7 DOPG/DOPC
liposomes (10 e/v and 1 e/v; either 10 or 1 enzymes per vesicle (e/v)) and ATP synthesis initiated with DTT/Q1 was
measured with a luminometer. As a control, wildtype bos oxidase and ATP synthase (10 e/v each) were corecon-

stituted. The activity of the cleaved fusion enzyme is depicted relative to the activity of uncleaved fusion enzyme.

ATP synthesis is expected to drop stronger in DOPG-containing than in DOPC liposomes containing 10
enzymes. In experiments with liposomes containing only 1 enzyme (which is below the threshold of
enzyme density where Nilsson et al. observed the lipid dependency 1), the difference between the two
liposome compositions is expected to be smaller. Interestingly, we observed only negligible decrease
in ATP synthesis rates after cleavage and these were independent of the lipid composition and enzyme
density (Figure 4.3.2B, coupled activity of cleaved enzymes normalized to activity of uncleaved com-
plex). A similar decrease was also observed with coreconstituted wildtype bos oxidase and ATP syn-
thase, where the lateral enzyme distance is expected to be independent of protease treatment, and is
likely an artifact of the incubation procedure. Taken together, the fusion enzyme thus exhibits similar

behavior as wildtype enzymes and falls short of our expectations.

Although the data indicate that the lateral distance between bos oxidase and ATP synthase is not con-
tributing to the lipid dependency in coupled activity observed by !, we were hesitant to over-interpret
the present data due to several reasons. First, the experiment was done only once without control
experiments, e.g. of the individual enzymes. Second, as mentioned above, the conditions of the fusion
enzyme were far from optimal since bo; oxidase subunits were missing in UV/VIS spectroscopy meas-
urements. Third, we cannot exclude that the bos oxidase activity arises from co-purified wildtype rather
than from internally fused bos oxidase. It is a well-known phenomenon that wildtype bos oxidase is co-
purified during affinity purification of any membrane protein of interest via His-tag due to a naturally

occurring histidine-rich sequence in subunit Ill 262, However, since wildtype ATP synthase was purified
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at the same day as the bos-ATPase batch used for the “main experiment”, using the same protocol and
buffers, and did not show bo; oxidase activity (ATP synthase sample in Figure 4.3.1C and 4.3.1D), this
scenario seems unlikely. The high coupled ATP synthesis activity of the “bos-ATPase (DK8)” despite very
low oxygen consumption activity and lack of subunit | rather indicates that the few bos oxidase mole-
cules are coupled to ATP synthase. However, it is possible that these few particles exhibited high activity

but were protected from TEV protease cleavage (by the presence of the other bos subunits).

The expression and purification of a complex in which bos; oxidase and ATP synthase are fused is very
tempting as next to the fixed distance, it exhibits also a fixed bos; to ATP synthase stoichiometry. How-
ever, the genetic fusion of two such large multi-subunit enzymes during expression also requires proper
parallel assembly of the two enzymes, which is obviously a challenging task. A further reason for low
assembly of the bos oxidase might be competition of the fusion subunit a-Ill with wildtype subunit Il
that is expressed in DK8 from the chromosomal gene. To circumvent this problem, the fusion enzyme
could be expressed in a bos oxidase/ATP synthase double knockout E. coli strain, such as e.g. strain RA1
263 Unfortunately, the RA1 cells we obtained were not viable. Taken together, an approach in which
the two proteins are coupled as fully folded holoenzymes is more promising. We therefore started a
new approach which allowed covalent linkage after purification, however without the requirement of

labeling the individual complexes.

Coupling via SpyTag/SpyCatcher
In a third approach, we combined the two previous approaches by coupling the complexes post trans-
lationally via SpyTag/SpyCatcher coupling 7% (Figure 4.3.3A). The Howarth lab developed a powerful

system to covalently couple two polypeptide chains in vivo or in vitro ¥’

via pure genetic tools. They
split the protein CnaB2 from Streptococcus pyogenes into a short peptide of 13 amino acids and a small
protein partner of 12.3 kDa which they termed SpyTag and SpyCatcher, respectively. By simple incuba-
tion of the two partners together, a covalent isopeptide bond between the two partners is formed. For
our experiments, we chose bo; oxidase to carry the SpyTag C-terminally fused to subunit | (plasmid
cloned earlier (plasmid map in Figure S4.3.5B) and purified by former lab technician Sandra Schar for
another project). Since C-terminal fusion of bos oxidase subunit Ill to ATP synthase subunit a did not
impair ATP synthase activity substantially in our second approach (see above), we also fused SpyCatcher
C-terminally to subunit a (plasmid map Figure S4.3.5A) as a reaction partner. We expressed the ATP
synthase-aSpyCatcher complex in E. coli DK8 strain and purified it via His-tag affinity chromatography.
The purified protein showed all expected subunits on an SDS-PAGE with fusion subunit a-SpyCatcher
(Figure 4.3.3B, lane 1). If coreconstituted with bos; oxidase, it retained 50 % of wildtype ATP synthesis

activity (Figure 4.3.3C). In a next step, epitope tags were inserted into both bo; oxidase-ISpyTag and
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Figure 4.3.3 A) Schematic representation of bosz oxidase-ATP synthase complex coupled via SpyTag/SpyCatcher.
In red: SpyCatcher is fused C-terminally to subunit a (ATP synthase) with a 56 amino acid linker containing an HRV
3C PreScission and a TEV protease cleavage site. Blue: SpyTag is fused C-terminally to subunit | (boz oxidase) with
a 28 amino acid linker containing an HRV 3C PreScission protease cleavage site. B) SDS-PAGE (silver-stained). 1:
ATP synthase-aSpyCatcher; 2: ATP synthase wildtype. C) ATP synthesis activity. Wildtype ATP synthase (wt) and
ATP synthase-aSpyCatcher were both coreconstituted with wildtype bos oxidase and coupled ATP synthesis activ-

ity initiated with DTT/Q1 was measured via luminescence.

ATP synthase-aSpyCacher to monitor the SpyTag/SpyCatcher coupling reaction and subsequent prote-
ase cleavage via Western Blot. Using molecular biology techniques, we inserted an HA-tag C-terminally
of subunit a-SpyCatcher, and a 3xFLAG-tag N-terminally of subunit I-SpyTag. SDS-PAGE analysis and
activity measurements of the purified enzyme complexes indicated no impairment of the enzymes

through inserted epitope tags.

Next, the two complexes were mixed and coupling was monitored. Unfortunately, coupling seems to
be inhibited in presence of both epitope tags (Figure S4.3.6), while good (or complete) coupling of sub-
units was observed when only one of the two enzymes was carrying an epitope tag. Since detection of
HA-tag resulted in much clearer bands than 3xFLAG-tag, we continued optimizing the coupling with the
detection of HA-tag using bos oxidase lacking FlagTag. Interestingly, if the amount of bos oxidase was
increased, the desired coupling product decreased, indicating an inhibitory effect of either bos oxidase
or bos oxidase buffer ingredients. To further investigate this effect, we titrated detergent to the cou-
pling reactions and observed an inhibitory effect of DDM (Figure S4.3.7) as well as cholate (data not
shown) already in small concentrations. Although this is in contrast to observations of Zakeri et al. ¥’
that did not see impaired coupling in presence of detergents, there are important differences. While
we coupled two membrane proteins (naturally interacting with detergents), Zakeri et al. coupled solu-
ble proteins (SpyTag-MBP with SpyCatcher) in presence of different detergents. For further coupling
reactions, the detergent concentration was therefore tried to be kept minimal (i.e. 0.05 % DDM in

buffer (slightly above CMC) and keeping the volume of bos oxidase for coupling minimal).
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While we were able to efficiently couple ATP synthase subunit a-SpyCatcher, we cannot estimate the
coupling efficiency of bos oxidase subunit I-SpyTag by this means. We also investigated coupling capa-
bility of bos oxidase with another SpyCatcher target, MBPx-SpyCatcher003 (third generation Spy-
Catcher003 %, see below) that was used to orient bos oxidase (see previous chapter). Since the cou-
pling reaction with a single subunit protein (MBPx) yields a simpler band pattern on SDS-PAGE than
with ATP synthase, analysis via Western Blot was avoided. While we observed a band of coupled subunit
I-MBPx, coupling efficiency was very scarce and a high fraction of subunit | rendered uncoupled. In
attempts to increase coupling efficiency, e.g. by increasing incubation time or changing detergent, it
became evident that purified bos-ISpyTag consists of two populations, where one population is able to
couple rapidly, while the other does not couple at all. We assume that the non-reactive population is
unable to couple because the SpyTag is sterically hindered to couple or lacks for unknown reasons com-
pletely. To remove the non-reactive population, sample purification via affinity purification using
Spy&Go purification 2°% is an option, where the active population binds to SpyDock protein (engineered
from SpyCatcher retaining affinity for SpyTag without the ability to form a covalent bond) linked to
maleimide activated beads and the bound protein can be eluted with high imidazole concentrations.
This strategy should drastically increase the yield of the coupling reaction between bos oxidase and ATP

synthase.

For the “main experiment”, a bos oxidase-ATP synthase complex with a 1:1 stoichiometry is required.
Consequently, uncoupled enzymes need to be avoided, either by complete reaction of both partners
or subsequent separation of the coupled complex from uncoupled enzymes. Since no complete cou-
pling was observed, we opted for purification of the final product, however, both proteins contain a
HisTag, rendering a post-coupling Ni-NTA purification not an ideal choice. Interestingly, Lukas Rimle
(another PhD student in the lab) found that bos oxidase elutes in two steps (at ¥60 mM and ~125 mM
imidazole) with proteins hardly distinguishable on SDS-PAGE and in activity measurements. He investi-
gated the difference of the two peaks by Western Blot analysis and mass spectrometry and found that
only bos oxidase of the second peak is the desired full-length enzyme, while the first peak bos; oxidase
exhibits a truncated subunit Il lacking a C-terminal part including the His-tag (which resulted in early
elution during affinity chromatography; Figure S4.3.8A). This protein still binds reasonably well to Ni-
NTA material because of its above-mentioned histidine-rich stretch in the N-terminus of subunit Il act-
ing as “natural His-tag”. We thus used the material from the first peak and coupled it with ATP synthase-
aSpyCatcher-HA and purified the complex via the His-tag on subunit B of the ATP synthase. As con-
firmed via Western Blot analysis against HA-tag, >50 % of the ATP synthase was coupled. Unexpectedly,

however, Western Blot analysis against His-tag also revealed that the sample contained bos oxidase
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Figure 4.3.4 A) Western Blot of HRV 3C cleavage of SpyTag/SpyCatcher coupled bos oxidase-ATP synthase (anti
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HA-tag; HA-tag present C-terminally of SpyCatcher). Coupled bos oxidase-ATP synthase complex was reconsti-
tuted into liposomes (either 100 % DOPC or 3:7 DOPG/DOPC) and cleavage was performed in liposomes overnight
at 4 °C. L: PageRuler™ Prestained Protein Ladder, 10 to 180 kDa (Thermo Scientific); 1: coupled in DOPC liposomes;
2: cleaved in DOPC liposomes; 3: coupled in DOPG liposomes; 4: cleaved in DOPG liposomes. B-D) Investigation
of the influence of lateral enzyme distance on coupled ATP synthesis activity (“main experiment”). SpyTag/Spy-
Catcher coupled bos oxidase-ATP synthase was reconstituted into liposomes (100 % DOPC, 3:7 DOPC/DOPG or
1:2:7 CL/DOPG/DOPC), cleaved and ATP hydrolysis (B), oxygen consumption (C) or coupled ATP synthesis (D) ac-
tivity was measured. Activity of cleaved enzymes is depicted relative to the activity of uncleaved enzymes. For D,

relative increase/decrease in activity of the individual enzymes (B, C) was considered.

with a His-tag on subunit Il (Figure S4.3.8B). Therefore, we cannot assume that all bos oxidase present

in the purified sample is coupled to ATP synthase and we did not follow this approach further.

A radically different approach was tried when inverted membrane vesicles of cells either containing
overexpressed bos oxidase-ISpyTag or ATP synthase-aSpyCatcher-HA were mixed. The rationale of this
experiments is to omit the use of detergent during coupling, potentially leading to increased coupling
efficiency. We analyzed coupling efficiency via Western Blot against HA-tag and tried a series of differ-
ent conditions to promote membrane fusion (in presence of PEG 8000, Ca?*, EDTA, Triton X-100 or li-

pids), however, coupling was not successful with any of the conditions.

Although coupling efficiency was not ideal, we took our best preparation that showed almost full ATP
synthase coupling (with potentially excess of free bos oxidase however) and reconstituted it into lipo-
somes (pure DOPC, 3:7 DOPG/DOPC, 1:2:7 CL/DOPG/DOPC) at a density of 5 enzymes per liposome to
perform the “main experiment”. Again, half of the sample was cleaved after reconstitution with HRV
3C PreScission protease (Figure 4.3.4A), which seemed to be complete, and we compared coupled ATP
synthesis activity of coupled and cleaved samples. Interestingly, we observed an increase in coupled
ATP synthesis activity after protease cleavage in all liposomes. To estimate the effect of cleavage on
the individual activities of the enzymes, we determined the activities of the individual enzymes before
and after cleavage, and a 1.5- to 2-fold increase in activity was found for ATP hydrolysis (Figure 4.3.4B),

while only a small effect was seen for oxygen consumption (Figure 4.3.4C). To calculate coupled ATP
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synthesis activity (Figure 4.3.4D), we considered the activities of the individual enzymes before and
after cleavage and obtained no significant effect of cleavage on coupled activity in DOPC liposomes,
while coupled activity was increased in net negatively charged liposomes (containing DOPG, or CL and
DOPG, respectively) after cleavage. This was surprising, since we would have expected a drop in activity
in negatively charged liposomes after cleavage due to increased lateral distance between bos oxidase
and ATP synthase, similar to what was observed by Nilsson et al 1. At this point, we do not want to over-
interpret this data as several prerequisites for the experiment were not ideal. First, a change in the
activity of the individual enzymes upon cleavage is highly unfavorable and if possible should be avoided.
Even though we considered changes in activity of the individual enzymes for calculation of Figure
4.3.4D, it might not represent actual coupled activity (e.g. since we measured ATP hydrolysis instead of
ATP synthesis). A prerequisite of the experiment is thus individual enzyme activities that are independ-
ent on coupling or cleavage. The significant increase in ATP synthesis and ATP hydrolysis rates after
cleavage indicates that the general activity of the enzyme is affected by the presence of the SpyCatcher
fusion. Since the construct contains both cleavage sites before and after the SpyCatcher part, we re-
moved the first and hoped to eliminate the problem. The clone is ready for expression and purification,
but due to time reasons has not been tested yet. Second, we need a method to monitor the amount of
uncoupled bos present in the sample. As an alternative to the inhibitory FLAG-tag on subunit I, we will
insert a single-cysteine on subunit | that can be labeled with a fluorophore via maleimide chemistry
allowing detection of coupling efficiency of bos oxidase-ISpyTag via fluorescent scan of SDS-PAGE. How-
ever, at the moment, this is still ongoing. Due to the above-mentioned reasons, we might not be able

to interpret the data in Figure 4.3.4.

Despite all our efforts, we were not able to obtain a pure coupled bos oxidase-ATP synthase complex
by SpyTag/SpyCatcher so far. Currently, the master student Yannick Bartschi continues the project using
third generation SpyTag003/SpyCatcher003 ° sequences that required new cloning, but the new con-
structs are expected to couple up to 400 times faster. Additionally, he inserted a single-cysteine into
subunit I-SpyTag which will allow tracking of coupling efficiency of this subunit after fluorescent label-
ing. Preliminary experiments look promising showing better coupling efficiencies. Using LMNG as a de-
tergent and very slow flow-rates, he is able to separate a large fraction of free bos from the complex by

size exclusion chromatography.

As an alternative to SpyCatcher, Keeble et al. recently established the DogTag/DogCatcher pair by split-
ting the adhesin RrgA from Streptococcus pneumoniae, which upon incubation covalently couples via
transamidation 24, Similarly to SpyTag/SpyCatcher, the reaction is tolerant to a variety of conditions.
However, DogTag is especially developed to be inserted into protein loops, where it reacts much faster

than SpyTag, which characteristic is mainly explained by its B hairpin structure. This will expand the

103



possibilities of efficient Tag insertion into bos oxidase and might provide a good alternative to

SpyTag003/SpyCatcher003.

In an alternative approach, bo; oxidase-ISpyTag might be expressed without a His-tag and coupled after
solubilization of membrane vesicles (however, without prior purification) with ATP synthase-

aSpyCatcher, followed by His-tag purification via ATP synthase-BHis.

4.3.4 Conclusion and outlook

In this chapter, we aimed to investigate the influence of the lateral distance between bo; oxidase and
ATP synthase on coupled ATP synthesis activity. An indispensable prerequisite of our experiment is a
stoichiometric complex of bos oxidase and ATP synthase that can be separated during the experiment.
We tried to obtain this complex via three different approaches. In a first approach, the labeling speci-
ficity of single-cysteine mutants via maleimide chemistry was very low, preventing subsequent steps of
maleimide-based coupling of single-stranded DNA fragments to achieve bos oxidase-ATP synthase cou-
pling via basepairing. In the two other approaches, we tried to achieve coupling either via genetic fusion
of two subunits (one from each complex) or via SpyTag/SpyCatcher coupling technology. A key problem
of these two approaches was to experimentally verify the integrity and the stoichiometry of the com-
plexes. While complications of the fusion enzyme might have arisen mainly at the assembly step of the
complex during expression resulting in incomplete bos oxidase-ATP synthase complex, we had difficul-
ties to track coupling via SpyTag/SpyCatcher due to inhibitory effects of epitope tags on the reaction.
Expression of the fusion enzyme in a double knockout E. coli strain (lacking both bos oxidase and ATP
synthase operons, e.g. RA1 strain) could circumvent the problem of bad assembly by avoiding assembly

of wildtype subunits a/lll competing with fusion subunit a-III.

SpyCatcher fusion to subunit a seems to inhibit ATP synthase function resulting in significant gain in
activity upon protease cleavage, which renders data interpretation difficult. To circumvent this prob-
lem, the cleavage site between subunit a and SpyCatcher will be removed. In an ongoing master project
in our group, the SpyTag/SpyCatcher was further exchanged by more efficient third generation
SpyTag003/SpyCatcher003 pair and a single-cysteine was inserted in subunit | to be able to track cou-

pling of bos oxidase via fluorescence.

While we knew that the project was very challenging from the start, we did not expect such difficulties
in obtaining the desired results. However, we are convinced that such experiments where proteins
could be coupled together to mimic the natural cellular proximity (given by the high protein:lipid ratio)
would be a powerful tool to investigate interdependencies of membrane proteins and effects of lipids
by circumventing the natural drawback of the “dilution” of the proteins if reconstituted into liposomes.

The SpyCatcher technologies holds great promise for such experiments since the coupling partner can
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be incorporated by genetic tools omitting posttranslational modifications such as cysteine labeling and

enabling high complex assembly during expression.

4.3.5 Material and methods

Material

If not otherwise stated, chemicals were purchased from Sigma-Aldrich.

Cloning

Single-cysteine ATP synthase variants were constructed from cysteine-free plasmid pFV2 32, pPBWU13-
llI-IV was cloned by insertion of a’-lll-IV-insert ordered at Gene Universal into pBWU13. pBWU13-
aSpyCatcher was constructed from pBWU13 using a SpyCatcher insert ordered at Gene Universal. ATP
synthase-aSpyCatcher-HA was cloned from pBWU13-aSpyCatcher by former Bachelor student Micha

Marti. Amino acid sequences of fusion subunits are found in appendix.

Single-cysteine bos oxidase mutants were cloned from cysteine-free plasmid pETcyo-CL (with unmu-
tated C25 on subunit Il; provided by Christoph von Ballmoos from Postdoc in Stockholm). Mutants bos-
[IA76C and bos-11Y78C were provided by Christoph von Ballmoos. pET-cyo-Alll (kan") was cloned by mu-
tating H6 in subunit lll of pETcyolll to a stop codon. pETcyo-ISpyTag was cloned from pETcyoll by former
lab technician Sandra Schar through separating the genes for subunit | and Ill (which in pETcyoll are
overlapping) and fusion of SpyTag C-terminally to subunit | via linker. Amino acid sequences of fusion

subunits are found in appendix.
Standard molecular biology techniques were used.

Expression and purification

Single-cysteine ATP synthase variants, as well as ATP synthase-aSpyCatcher(-HA) were expressed in E.
coli strain DK8 (lacking the whole ATP operon) transformed with the appropriate plasmid and purified
with solubilization buffer S as described in Chapter 4.1. bo; oxidase-ATP synthase fusion enzyme was
expressed in E. coli strains DK8, DK8 (DE3) or C43 (DE3) either transformed only with pBWU13-III-IV or
with pBWU13-1lI-1V and pET-cyo-Alll in LB containing FeSO4 and CuSQ,, induced with 1 mM IPTG if re-

quired, and purified with solubilization buffer S as described in Chapter 4.1.

Single-cysteine bos oxidase variants as well as bos-ISpyTag were expressed in E. coli strain C43Acyo 233
either using a standard shaker or a LEX48 system at 37 °C as described in Chapter 4.1 and purified as
described in Chapter 4.1.
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Site-specific labeling with Sulfo-Cy5

Enzymes were incubated with 6x excess of TCEP in Buffer G (100 mM Tris-phosphate pH 7) for 10 min
at room temperature, before 20x excess of Sulfo-Cy5-maleimide over the enzyme was added. The sam-
ples were incubated for 2 h at room temperature, concentrated with a Vivaspin 500 (Sartorius) 100 kDa

MWCO and loaded on an SDS-PAGE.

Coupling

For the coupling of bos; oxidase-ISpyTag with ATP synthase-aSpyCatcher, the enzymes were mixed in
corec buffer H (20 mM Hepes pH 7.5, 2.5 mM MgSQ,, 50 g/l sucrose) in an appropriate ratio (1:1 when
coreconstituted for “main experiment”). Coupling reaction was incubated either only for 2 h at 25 °C,

1200 rpm, or additionally overnight at 4 °C, 1200 rpm.

Cleavage

Cleavage of fusion enzyme or SpyTag/SpyCatcher coupled enzyme was performed either with solubil-
ized enzyme (in Buffer H) or with enzymes reconstituted in liposomes. Enzymes were cleaved with a 5-
10x weight excess of HRV 3C PreScission protease (expressed and purified by former Postdoc Linda

Nasvik Ojemyr) over the complex.

Reconstitution/Coreconstitution of complexes

Reconstitution was performed as described ®. Briefly, wildtype bos oxidase and ATP synthase, fusion
enzyme or SpyTag/SpyCatcher coupled enzyme were (co)reconstituted into liposomes partially solubil-
ized with 0.4 % cholate. Cholate was removed by gel filtration (CentriPure P10, emp Biotech GmbH)
after incubation for 30 min at 4 °C. Equilibration and elution were done either with Buffer H or with
Buffer | (10 mM MOPS-KOH pH 7.5, 5 mM MgCl,, 100 mM KCl). After elution, liposomes were either
used for protease digestion or directly used for activity measurements. Usually, 5 enzymes per liposome

were reconstituted.

Liposome preparation

Liposomes were essentially prepared as described in Chapter 4.1. Dried lipids were resuspended either
in Buffer H or in Buffer | at a concentration of 10 mg/ml. After 7 cycles of freeze-thawing (LN,, 29.4 °C),
liposomes were aliquoted, frozen in LN; and stored at -80°C. Directly before use, an aliquot was thawed
at 29.4 °C and extruded 21 times through a Whatman polycarbonate membrane (Sigma Aldrich) with a
100 nm pore size. Lipids were purchased from Avanti (18:1 (A9-Cis) PC (DOPC), 18:1 (A9-Cis) PG (DOPG),
18:1 Cardiolipin).

Oxygen consumption measurement
Oxygen consumption was measured with an Oxygraph+ (Hansatech Instruments). A baseline of 1 ml

Buffer N (50 mM Hepes pH 8, or 50 mM K,;HPO, pH 8, 0.1 % DDM if measured in solution; 50 mM K;HPO,

106



pH 8.3, 30 mM NH4Cl if measured in liposomes) containing 2 mM DTT and solubilized or reconstituted
enzyme, respectively, was measured until stable, before 20 UM quinone Q; was added to start the re-

action. For bar plots, the slope was normalized to the slope of wildtype bos oxidase.

Regenerating ATP hydrolysis assay

ATP hydrolysis activity was determined by ATP regenerating assay 2%°. Briefly, absorption at 340 nm was
measured with a Cary 60 UV-Vis Spectrophotometer (Agilent Technologies). After baseline of Buffer K
(50 mM Hepes pH 7.5, 100 mM K,S04, 3 mM K-phosphoenol pyruvate, 0.25 mM NADH, 150 U lactate
dehydrogenase, 100 U pyruvate kinase, 2 mM NaCl, 10 mM MgCl,, 0.01 % Triton X-100, 2.5 mM ATP)
was stable, the reaction was started by the addition of sample. For bar plots, usually negative slopes of

cleaved samples were normalized to negative slopes of the appropriate uncleaved samples.

Coupled ATP synthesis activity measurements

Coupled ATP synthesis activity was measured as described 1. Briefly, 10-50 ul liposomes were added to
500 ul measuring buffer M (20 mM Tris-PO,4 pH 7.5, 5 mM MgCl,, 4 mM DTT, 80 uM ADP, 0.2 mg/ml
ATP Bioluminescence Assay Kit CLS Il (Roche)) and a baseline was measured with GloMax® 20/20 Lumi-
nometer (Promega) for 30 s. The reaction was started with 20 uM Q; and luminescence was measured
for 90 s. For normalization of ATP synthesis rates, 0.4 uM ATP was added. ATP synthesis rates [pmol

ATP/s] were calculated by subtraction of baseline slope and normalization with ATP addition.

Western Blot

For Western Blotting, proteins were separated by SDS-PAGE and blotted on a PVDF Transfer Membrane
(ThermoFisher Scientific) at 4 °C. The membrane was blocked with blocking buffer (5 % fat-free milk,
0.05 % Tween 20 in PBS) for 2 h at room temperature before overnight incubation at 4 °C with primary
antibody in the same buffer at concentrations suggested by the company. The membrane was washed
with PBS containing 0.1 % Tween 20 and incubated, if necessary, with secondary antibody in the same
buffer for 1 h at room temperature, followed by another washing step. The membrane was scanned by

Odyssey infrared imager (LI-COR).
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4.3.6  Supplementary
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Figure S4.3.1 Fluorescent scan of SDS-PAGE with fluorescently labeled bos oxidase (1-7) and ATP synthase (8-10)
mutants. Single-cysteine mutants were labeled with Sulfo-Cy5-maleimide for 2 h at RT or overnight at 4 °C before
being loaded on an SDS-PAGE. Gels were scanned with a G:BOX (Syngene). 1: Cysteine-free; 2: 11A283C; 3: IIA76C;
4: 1IY78C; 5: 11IA21C; 6: 1IC25A; 7: 11G214C; 8: Cysteine-free; 9: aH95C; 10: bA32C. All boz oxidase mutants except
IIC25A contain C25 which is postranslationally palmitoylated and thus should not be accessible for maleimide

labeling.
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Figure S4.3.2 Plasmid map of pBWU13-llI-IV-LHA (A) and pET-cyo-Alll (B). A) bos oxidase subunit lll was fused C-
terminally to subunit a of ATP synthase into pBWU13 (encoding ATP synthase operon, His-tag on subunit §, Amp")
separated by a linker containing HRV 3C PreScission cleavage site and HA-tag. Subunit IV (bos oxidase) was addi-
tionally introduced into the plasmid. B) To avoid expression of subunit Ill, a stop codon was inserted after 6 amino

acids of subunit lll in pETcyolll (His-tag would be N-terminal of subunit I, Kan').
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Figure S4.3.3 Coupled ATP synthesis activity of wildtype bos oxidase and ATP synthase (control) as well as differ-
ent batches of bos-ATPase fusion enzymes either coreconstituted with wildtype bosz oxidase (red) or reconstituted
alone (blue). Rates were normalized to coreconstitution of wildtype enzymes. ATP production was detected via

luminescence.
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Figure S4.3.4 Coupled ATP synthesis activity with bos-ATPase fusion enzyme of Figure 4.3.2B depicted as pmol
ATP synthesized per second. Wildtype bos oxidase and ATP synthase ((A), 10 enzymes per vesicle (e/v)) or fusion
enzyme (10 e/v (B) or 1 e/v (C)) were (co)reconstituted into 100 % DOPC or 3:7 DOPG:DOPC liposomes before
treating with HRV 3C PreScission protease. Coupled ATP synthesis activity of uncleaved and cleaved samples was

measured via luminescence.
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Figure S4.3.5 Plasmid map of pBWU13-aSpyCatcher-HA (A) and pETcyo-3xFLAG-ISpyTag (B). A) SpyCatcher con-
taining a C-terminal HA-tag was fused C-terminally to subunit a of ATP synthase into pBWU13 (encoding ATP
synthase operon, His-tag on subunit 8, Amp") separated by a linker containing HRV 3C PreScission and TEV cleav-
age site. B) SpyTag was fused C-terminally to subunit | containing an N-terminal 3xFLAG-tag separated by a linker

containing HRV 3C PreScission cleavage site into pETcyoll (Amp', cloned by former lab technician Sandra Schar).
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Figure S4.3.6 Western Blot analysis of SpyTag/SpyCatcher coupling. bos oxidase and ATP synthase were coupled
via SpyTag/SpyCatcher by incubation for 3 h at 25 °C, 1200 rpm and coupling products were subjected to SDS-
PAGE followed by Western Blot analysis. A) Anti HA-tag (ATP synthase subunit a-SpyCatcher-HA). B) Anti FLAG-
tag (bosz oxidase subunit I-SpyTag-3xFLAG). Coupling of: 1: ATPase-aSpyCatcher-HA and bos-3xFLAG-ISpyTag; 2:
ATPase-aSpyCatcher and bos3-3xFLAG-ISpyTag; 3: ATPase-aSpyCatcher-HA and bos-ISpyTag. 4: ATPase-
aSpyCatcher-HA; 5: bos-3xFLAG-ISpyTag.
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Figure S4.3.7 Western Blot analysis anti HA-tag (ATP synthase subunit a-SpyCatcher) of DDM titration to

SpyTag/SpyCatcher coupling. Coupling was performed by mixing ATPase-aSpyCatcher-HA and bos-ISpyTag and

incubation for 2 h at 25 °C, 1200 rpm, in presence of 0-1 % DDM. Subunits I-SpyTag and a-SpyCatcher are indi-

cated.
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Figure $4.3.8 A) Western Blot against His-tag and silver-stained SDS-PAGE from affinity purification of boz oxidase

via His-tag with peak 1 (1) containing a truncated subunit Il without His-tag, and peak 2 (2) containing full-length

subunit Il with His-tag. B) Western Blot against HA-tag (left) and against His-tag (right) of coupling product after

His-tag purification. After coupling of bos oxidase-ISpyTag from peak 1 with ATP synthase-aSpyCatcher-HA (con-

taining a His-tag on subunit B), the product was loaded on Ni-beads (PureCube 100 Ni-NTA Agarose, Cube Bio-

tech), washed with 40 mM and 90 mM imidazole, and eluted with 250 mM imidazole.
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Amino acid sequences
a-lll fusion subunit in pPBWU213-IlI-IV (subunits are colored as a- -HRV 3C cleavage site-l):

MASENMTPQDYIGHHLNNLQLDLRTFSLVDPQNPPATFWTINIDSMFFSVVLGLLFLVLFRSVAKKATSGVPGKFQT
AIELVIGFVNGSVKDMYHGKSKLIAPLALTIFVWVFLMNLMDLLPIDLLPYIAEHVLGLPALRVVPSADVNVTLSMALG
VFILILFYSIKMKGIGGFTKELTLQPFNHWAFIPVNLILEGVSLLSKPVSLGLRLFGNMYAGELIFILIAGLLPWWSQWIL
NVPWAIFHILITLQAFIFMVLTIVYLSMASEEH LEVLFQGP MATDT
LTHATAHAHEHGHHDAGGTKIFGFWIYLMSDAILFSILFATYAVLVNGTAGGPTGKDIFELPFVLVETFLLLFSSITYGM
AAIAMYKNNKSQVISWLALTWLFGAGFIGMEIYEFHHLIVNGMGPDRSGFLSAFFALVGTHGLHVTSGLIWMAVL
MVQIARRGLTSTNRTRIMALSLFWHFLDVVWIAVFTVVYLMGAM

a-lll fusion subunit in pBWU13-IlI-IV-L2 (subunits are colored as a- - HRV 3C cleavage site-Ill):

MASENMTPQDYIGHHLNNLQLDLRTFSLVDPONPPATFWTINIDSMFFSVVLGLLFLVLFRSVAKKATSGVPGKFQT
AIELVIGFVNGSVKDMYHGKSKLIAPLALTIFVWVFLMNLMDLLPIDLLPYIAEHVLGLPALRVVPSADVNVTLSMALG
VFILILFYSIKMKGIGGFTKELTLQPFNHWAFIPVNLILEGVSLLSKPVSLGLRLFGNMYAGELIFILIAGLLPWWSQWIL
NVPWAIFHILIHTLQAFIFMVLTIVYLSMASEEH LEVLFQGP

LEVLFQGP MATDTLTHATAHAHEHGHHDAGGTKIFGFWIYLMSDAILFSILFATYAVLVNG
TAGGPTGKDIFELPFVLVETFLLLFSSITYGMAAIAMYKNNKSQVISWLALTWLFGAGFIGMEIYEFHHLIVNGMGPD
RSGFLSAFFALVGTHGLHVTSGLIWMAVLMVQIARRGLTSTNRTRIMALSLFWHFLDVVWIAVFTVVYLMGAM

a-lllI-HA fusion subunit in pBWU13-IlI-IV-HA (subunits are colored as a- - HRV 3C cleavage site-HA-
tag-I):

MASENMTPQDYIGHHLNNLQLDLRTFSLVDPQNPPATFWTINIDSMFFSVVLGLLFLVLFRSVAKKATSGVPGKFQT
AIELVIGFVNGSVKDMYHGKSKLIAPLALTIFVWVFLMNLMDLLPIDLLPYIAEHVLGLPALRVVPSADVNVTLSMALG
VFILILFYSIKMKGIGGFTKELTLQPFNHWAFIPVNLILEGVSLLSKPVSLGLRLFGNMYAGELIFILIAGLLPWWSQWIL
NVPWAIFHILIITLQAFIFMVLTIVYLSMASEEH LEVLFQGP YPYDVP
DYA MATDTLTHATAHAHEHGHHDAGGTKIFGFWIYLMSDAILFSILFATYAVLVNGTAGGPTGKDIFELPFVLV
ETFLLLFSSITYGMAAIAMYKNNKSQVISWLALTWLFGAGFIGMEIYEFHHLIVNGMGPDRSGFLSAFFALVGTHGLH
VTSGLIWMAVLMVQIARRGLTSTNRTRIMALSLFWHFLDVVWIAVFTVVYLMGAM

a-SpyCatcher fusion subunit in pBWU13-aSpyCatcher (subunits are colored as a- -HRV 3C cleavage
sit-TEV cleavage site-SpyCatcher-(HA-tag))

MASENMTPQDYIGHHLNNLQLDLRTFSLVDPONPPATFWTINIDSMFFSVVLGLLFLVLFRSVAKKATSGVPGKFQT
AIELVIGFVNGSVKDMYHGKSKLIAPLALTIFVWVFLMNLMDLLPIDLLPYIAEHVLGLPALRVVPSADVNVTLSMALG
VFILILFYSIKMKGIGGFTKELTLQPFNHWAFIPVNLILEGVSLLSKPVSLGLRLFGNMYAGELIFILIAGLLPWWSQWIL
NVPWAIFHILIHTLQAFIFMVLTIVYLSMASEEH LEVLFQGP
ENLYFOGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDEDGKELAGATMELRDSSGKTISTWISDGQ
VKDFYLYPGKYTFVETAAPDGYEVATAITFTVNEQGQVTVNGKATKGDAHI(YPYDVPDYA)
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I-SpyTag fusion subunit in pETcyoll-ISpyTag (subunits are colored as I- -HRV 3C cleavage site-
SpyTag):

MFGKLSLDAVPFHEPIVMVTIAGIILGGLALVGLITYFGKWTYLWKEWLTSVDHKRLGIMYIIVAIVMLLRGFADAIM
MRSQQALASAGEAGFLPPHHYDQIFTAHGVIMIFFVAMPFVIGLMNLVVPLQIGARDVAFPFLNNLSFWFTVVGVI
LVNVSLGVGEFAQTGWLAYPPLSGIEYSPGVGVDYWIWSLQLSGIGTTLTGINFFVTILKMRAPGMTMFKMPVFTW
ASLCANVLIIASFPILTVTVALLTLDRYLGTHFFTNDMGGNMMMYINLIWAWGHPEVYILILPVFGVFSEIAATFSRKR
LFGYTSLVWATVCITVLSFIVWLHHFFTMGAGANVNAFFGITTMIIAIPTGVKIFNWLFTMYQGRIVFHSAMLWTIG
FIVTFSVGGMTGVLLAVPGADFVLHNSLFLIAHFHNVIIGGVVFGCFAGMTYWWPKAFGFKLNETWGKRAFWFWII
GFFVAFMPLYALGFMGMTRRLSQQIDPQFHTMLMIAASGAVLIALGILCLVIOMYVSIRDRDONRDLTGDPWGGR
TLEWATSSPPPFYNFAVVPHVHERDAFWEMKEKGEAYKKPDHYEEIHMPKNSGAGIVIAAFSTIFGFAMIWHIWW
LAIVGFAGMIITWIVKSFDEDVDYYVPVAEIEKLENQHFDEITKAGLKNGN LEVLFQGP
AHIVMVDAYKPTK

I-SpyTag fusion subunit in pETcyoll-3xFLAG-ISpyTag (subunits are colored as 3xFLAG-tag-I- -HRV
3C cleavage site-SpyTag):

DYKDHDGDYKDHDIDYKDDDDKMFGKLSLDAVPFHEPIVMVTIAGIILGGLALVGLITYFGKWTYLWKEWLTSVDH
KRLGIMYIIVAIVMLLRGFADAIMMRSQQALASAGEAGFLPPHHYDQIFTAHGVIMIFFVAMPFVIGLMNLVVPLQI
GARDVAFPFLNNLSFWFTVVGVILVNVSLGVGEFAQTGWLAYPPLSGIEYSPGVGVDYWIWSLQLSGIGTTLTGINF
FVTILKMRAPGMTMFKMPVFTWASLCANVLIASFPILTVTVALLTLDRYLGTHFFTNDMGGNMMMYINLIWAWG
HPEVYILILPVFGVFSEIAATFSRKRLFGYTSLVWATVCITVLSFIVWLHHFFTMGAGANVNAFFGITTMIIAIPTGVKIF
NWLFTMYQGRIVFHSAMLWTIGFIVTFSVGGMTGVLLAVPGADFVLHNSLFLIAHFHNVIIGGVVFGCFAGMTYW
WPKAFGFKLNETWGKRAFWFWIIGFFVAFMPLYALGFMGMTRRLSQQIDPQFHTMLMIAASGAVLIALGILCLVIQ
MYVSIRDRDONRDLTGDPWGGRTLEWATSSPPPFYNFAVVPHVHERDAFWEMKEKGEAYKKPDHYEEIHMPKNS
GAGIVIAAFSTIFGFAMIWHIWWLAIVGFAGMIITWIVKSFDEDVDYYVPVAEIEKLENQHFDEITKAGLKNGN
LEVLFQGP AHIVMVDAYKPTK
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5 Overall discussion, conclusions and outlook

Investigation of lipid dependency

The lipid composition of biological membranes is highly diverse and can differ enormously not only
among different species but also among different tissues, organelles, and even among the two leaflets
of the same lipid bilayer. The lipid composition is adapted to the function of a particular membrane
conferring its unique physicochemical properties. Example properties are membrane fluidity, thickness
or membrane curvature — considering also the interdependency of most of these properties 2%,
Thereby, it is rather the sum of membrane properties than the specific lipid composition that define a
membrane’s function 2%°. Cells consequently have developed a broad variety of mechanisms to main-
tain physicochemical membrane homeostasis, of which the molecular mechanism is largely unknown
to date. There is also very little knowledge about the exact mechanisms how lipid changes are directly
implicated in diseases 1. However, the great number of diseases related to lipids (e.g. Alzheimer’s dis-
ease, cystic fibrosis or cancer) impressively illustrates the importance of the lipid composition for
proper membrane function and health. Only small differences in both the lipid head group and the fatty
acid chain were reported to have severe effects, either by disrupting metabolic pathways resulting in a
lack of desired products and subsequent accumulation of substrates or unexpected products, or by
altering membrane properties %6728, Changes in the latter can affect membrane protein structure and
function through different mechanisms, e.g. by altering membrane protein recruitment or activity
through conformational changes. The general physicochemical properties of the membrane, but also
direct interactions with the innermost shell of lipids, called annular lipids, are crucial for proper trans-

membrane protein conformation and function.

During in vitro investigation of membrane proteins, they are typically biochemically isolated from ex-
pression cells and subsequently reconstituted into membrane mimicking systems such as liposomes,
which are generally considered to be a convenient system to analyze lipid-lipid and lipid-protein inter-
actions and due to their compartmentalization are suitable to study enzymes with a vectorial function.
Although powerful, these experiments require critical quality control to discriminate between biological
and artificial effects, i.e. membrane protein orientation or reconstitution efficiency. We used liposomes
to investigate minimal respiratory systems composed of two or three different respiratory complexes
from E. coli, in which bos oxidase is initiated to pump protons inside liposomes and the so-generated
pmf is used by the ATP synthase to produce ATP, which in turn can be detected via luminescence. We
are especially interested in investigating the importance of the lipid composition on these particular
systems. In order to better compare quantitative results of this kind of activity measurements, we ad-
dressed the relative orientation of the enzymes in liposomes, a parameter which had been neglected

so far but is assumed to have major effects on the system. In this thesis (see Chapter 4.1), we have
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developed a novel assay to rapidly estimate the relative orientation of membrane proteins in liposomes
on the basis of site-specific fluorescent labeling of a membrane protein of interest with subsequent
reconstitution and sequential quenching of the two orientation populations by a membrane-imperme-
able quencher. Although the method requires designing of suitable single-cysteine mutants and subse-
guent labeling, once this is established, the procedure displays a powerful method to estimate the ori-
entation of membrane proteins. A major advantage of the here developed method is its independence
of the membrane protein’s function, enabling its use also for structural proteins. It is compatible with

many downstream experiments and can easily be performed in advance.

On the basis of this method, we have identified a strong lipid-dependent orientation of bos oxidase in
liposomes with decreasing fraction of inside-out orientation (~35 %) in net negatively charged com-
pared to uncharged liposomes (~60 %). As elucidated in chapter 4.2, the observed lipid dependency
seems to be caused by electrostatic-mediated insertion of bos oxidase into the lipid bilayer during re-
constitution. Electrostatic interactions affecting orientation of a target membrane protein have been

previously reported for various membrane proteins 110:24>.246

, indicating that charge-mediated reconsti-
tution seems to be a general phenomenon. Unpredictable orientation of bos oxidase (and other mem-
brane proteins) affects functional measurements (e.g. the two orientation populations canceling out
each other’s pmf), illustrating impressively the potential impact of non-biological effects on in vitro
measurements. In order to obtain quantitative results with such proteins, the orientation either has to
be rigorously determined in advance (what however does not consequently rule out complicated data

analysis) or reconstitution protocols yielding uniform orientation have to be established.

Several approaches have been described to unidirectionally orient membrane proteins in liposomes in
literature. Exemplarily, it was possible to increase insertion of proteorhodopsin in the desired orienta-
tion when changing the lipid composition 33, however, this method is not suitable if the impact of dif-
ferent lipid compositions is at the core of the investigation. In another approach, unidirectional inser-
tion in the desired orientation was increased through immobilization of His-tagged protein on Ni-NTA-
functionalized beads, followed by de novo formation of a lipid bilayer around the beads to achieve pro-
teo-lipobeads 1°%140.269 However, it will not be possible to remove the beads after reconstitution which
is likely to influence membrane properties such as tightness, an indispensable necessity for investiga-
tions on ion pumps. Alternatively, fusion of a soluble unit (GFP or mCherry) to the small protein prote-
orhodopsin (~ 25 kDa) resulted in successfully guided unidirectional insertion into liposomes since the
more hydrophobic part of the protein enters the membrane first, rendering the hydrophilic fusion do-
main outside of the liposomes. Although the fusion of GFP or mCherry might be too small to guide
unidirectional orientation with respect to the size of the multi-subunit complex bos oxidase (~150 kDa),

the general principle is expected to be applicable if a larger hydrophilic domain is used. However, fusion
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of a sufficiently large domain to a multi-subunit protein with a delicate assembly process ?° is expected
to affect protein expression and folding negatively. In addition, bacterial expression of very large pro-
teins is rare 2’1 Therefore, an approach in which the soluble domain could be added post-translationally
or in vitro would be more elegant and promising. A former PhD student in our lab, Dr. Andrea Amati,
approached coupling of a large soluble domain to membrane proteins by various strategies. One of the
most promising approaches was coupling via SpyTag/SpyCatcher. Using this strategy, together with a
former master student Stefan Moning, he was able to unidirectionally insert proteorhodopsin into lip-
osomes. For this reason, we used the Spy system to couple bos; oxidase with the soluble unit MBPx
(consisting of two copies of MBP and a SpyCatcher domain, resulting in a soluble ~95 kDa protein). As
shown in chapter 4.3, while we have not achieved unidirectional and lipid-independent orientation with
this method, preliminary experiments indicated a strong effect of the soluble unit on membrane protein
orientation. This approach will be improved in near future. When considering the sizes of bos; oxidase
and MBPx (~150 kDa vs ~100 kDa), the soluble fraction is less than 50 % of the coupled construct. It
seems obvious and intuitive to get a correlation between the size of the hydrophilic domain and mem-
brane protein orientation. For that reason, a further goal will be to increase the fraction, e.g. using
hydrophilic asBsye from the F; part of ATP synthase (>300 kDa) which has around double the size of bos

oxidase. In other words, the larger the soluble unit, the better the orientation we would expect.

Further approaches to guide more unidirectional orientation could involve reconstitution in presence
of high salt concentrations in order to reduce electrostatic-mediated insertion. While this e.g. increased
the inside-out orientation of bos oxidase in anionic liposomes (see Chapter 4.2), however, unidirectional
orientation was not achieved. Furthermore, this approach is not suitable when reconstituting into un-
charged liposomes. It might thus especially be useful when unidirectional orientation is not mandatory
for an experiment, but rather the orientation needs to be comparable in different liposomes. In case
the lipid composition does not matter for downstream experiments, but the orientation should be en-
hanced, the use of positively charged lipids (e.g. DOTAP or EPC) might provide a powerful approach.
Protonable lipids (e.g. DODAP) which are positively charged only at low pH but neutral at pH 7 might
be of particular interest as they avoid unnaturally positively charged membrane surfaces during meas-
urements. Similarly, the positive charge of DOTAP liposomes could be neutralized when the liposomes
are fused with negatively charge liposomes after reconstitution via charge-mediated fusion 3¢, Moreo-
ver, Knol et al. 1?* showed a clear difference in the orientation of LacS when they reconstituted with
DDM compared to Triton X-100. The authors observed that the two nonionic detergents behaved com-
pletely differently during solubilization of liposomes. While Triton X-100 maintained the liposomal
structure even at concentrations beyond the onset of solubilization, DDM disrupted liposomes already

at the onset of solubilization. LacS ended up to be oriented more unidirectionally with Triton X-100 than
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with DDM with the hydrophilic part of the protein exposed to the outside, which was assumed to arise
from different lipid-detergent structures formed with the two different detergents. In other words,
while the hydrophilic part of LacS is unfavorable to penetrate the membrane and predominantly stays
outside liposomes treated with Triton X-100 (leading to more unidirectional insertion into liposomes),
lost integrity of the liposomes after DDM treatment leads to the insertion of LacS into the lipid bilayer
from both surfaces (resulting in random orientation). Although this does not provide a generally appli-
cable method to unidirectionally insert membrane proteins in the desired orientation (e.g. bos; oxidase
has a larger soluble fraction at the side to be inserted into liposomes) it is important to understand the
impact detergents can have on reconstitution and orientation. This will be of particular interest when
applying the above-mentioned method of coupling a large soluble unit to a membrane protein to guide

unidirectional orientation (e.g. to avoid MBPs in the construct bos-MBPx to penetrate the membrane).

The effect of lipids on proton coupling

Nilsson et al. did not observe an effect of the lipid head group on the individual activities of bos oxidase
and ATP synthase if coreconstituted into liposomes . However, the authors provided experimental ev-
idence that proton coupling between the two enzymes is highly impaired by negative charges of the
lipid head groups, indicating an effect of the lipid composition either on lateral proton transfer rate or
on the lateral distance between bos oxidase and ATP synthase. For the investigation of the latter, we

intended to reversibly link the two enzymes mechanically fixing the lateral distance between them.

The Spy system is a powerful tool for coupling two proteins or protein complexes, as the reactive parts
can be introduced genetically and a covalent bond is formed, but several parameters have to be taken
into account. First, although coupling efficiency is typically high, it might be impeded by several factors
(e.g. detergent or other buffer components, steric hindrance, or low accessibility of SpyTag). In order
to evaluate the afore-mentioned parameters as well as to prove the reaction, a method to monitor
coupling efficiency during experiments is desirable. While SDS-PAGE is the preferred method to choose
when coupling small and single-subunit proteins, complex band patterns and overlapping bands of dif-
ferent subunits prevent detection of disappearing and appearing bands of coupling educts and prod-
ucts, respectively, via SDS-PAGE if multi-subunit protein complexes are coupled. Coupling of structurally
sophisticated proteins like the respiratory complexes used in this thesis thus requests other methods,
for instance Western Blotting or fluorescent labeling of the subunits to couple. While mass spectrome-
try might display another possibility to prove coupling efficiency, sample complexity might increase as

well with increasing number of different subunits, leading to complicated data analysis.

Depending on the application in downstream experiments, it is further essential to separate products
from unreacted educts. A common way to separate proteins is via gel filtration. However, the separa-

tion of large protein complexes via gel filtration usually is a finicky process due to low peak resolution,
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often resulting in non-quantitative separation of large complexes. Alternatively, affinity tags could be
employed for the separation of unreacted educts. In case the same tag is present in both educts, such
as e.g. the widely-used His-tag, the strategy is only useful when the tag was removed from one of the
educts before coupling. This process, however, increases the number of experimental steps, typically
leading to reduced product yield. More elegantly, Irsyad et al. recently presented Spy&Go purification
202 in which the non-reactive but still SpyTag-affine SpyDock protein is coupled to agarose beads ena-
bling quantitative elimination of unreacted SpyTag-fused protein. In case the coupling reaction was
performed with an excess of SpyTag protein (assuming that all SpyCatcher had reacted), this approach

illustrates a good method to achieve pure coupled product.

However, during the time frame of this thesis, it was not possible to achieve a pure stoichiometric cou-
pling product of bos; oxidase and ATP synthase, and it remains a future goal to investigate the effect of
the lateral enzyme distance on proton coupling. However, once achieved, the construct will not only fix
the initial distance between the two proteins but is also likely to suppress lipid-dependent orientation
of bos oxidase due to the large soluble domain of the ATP synthase. This assumption, however, has to
be proven experimentally based on orientation determination measurements. Nevertheless, we would
expect that coupling with ATP synthase might have a positive influence on bo; oxidase orienting in de-

sired inside-out orientation supported by the ATP synthase.

The covalent coupling of two (membrane) proteins via the SpyTag/Catcher technology is also interest-
ing for the investigation of proteins beyond respiratory enzymes. The comparison of a coupled proton
pump and a secondary transporter that is driven by the proton motive force with the free floating indi-
vidual enzymes will yield powerful insights. Spatial proximity of V-ATPase and Na*/H* antiporter has

been described to be important e.g. for proper functioning of pH homeostasis in endosomes 272,

Cleavage of bos oxidase-ATP synthase in situ will reveal the actual impact of the distance, both in the
presence and absence of negatively charged lipids. Theoretically, a lipid-dependent change in proton
coupling between bos oxidase and ATP synthase displays a suitable mechanism by which a cell can reg-
ulate ATP production via oxidative phosphorylation by altering interactions between primary proton
pumps and ATP synthase rather than by modulating the activity of the individual enzymes . Given the
high dynamics and rapid changes in membrane lipid composition, this mechanism might provide a con-
venient way of ATP synthesis regulation. On the other hand, our highly simplified respiratory mimicking
system does not reflect physiological conditions well with regard to enzyme density and the consequent
limitations have to be considered. The enzyme density in liposomes is very low (protein:lipid ratio =
1:25) compared to living cells, where respiratory enzymes are tightly packed (protein:lipid ratio = 1:0.25
in the inner mitochondrial membrane #73). The chance of a proton ejected from a primary proton pump

to reach an ATP synthase molecule in vivo is thus extremely high, especially when concerning the 80

118



nm distance, in which lateral proton transfer is deasible to occur 13, Additionally, the requirement of
negatively charged lipids like e.g. the special lipid cardiolipin for efficient respiratory coupling 2% coun-
ters the physiological role of the lipid dependency observed in vitro. Nevertheless, only such in vitro
experiments are able to identify possible mechanistic details like lateral proton transfer, while obser-
vation is suppressed in in vivo systems by the high protein density. The necessity of negatively charged
lipids as observed in all membranes but especially respiratory membranes was also reflected in our
experiments with NDH-2 in Chapter 4.2, a membrane-associated NADH dehydrogenase, that requires

negatively charged lipids to efficiently reduce ubiquinone.

So far, only effects by changing the lipid head groups were investigated. Perspective experiments
should also focus on the impact of the acyl chain on proton coupling between the two enzymes as well
as on other biological and artificial effects. Similarly, the influence of other physiochemical properties

(e.g. membrane curvature or membrane fluidity) on proton coupling might be interesting.

Coupling of bos oxidase and ATP synthase might provide further advantages irrespective of the above-
mentioned application of investigating a possible link between enzyme distance and proton coupling.
A special interest of our group is the bottom-up construction of a complete respiratory chain, where
the individually purified enzymes are coreconstituted into the same mimicking membrane system (e.g.
liposomes or GUVs). Reversible coupling of the enzymes would provide an efficient method to achieve
stoichiometric reconstitution, which would be crucial for quantitative downstream investigations of
respiratory processes. Furthermore, it will provide a possibility to achieve coreconstitution of the two
enzymes in nanodiscs in a 1:1 ratio. This experimental setup would allow to investigate lateral proton
transfer along the membrane surface as nanodiscs do not provide a closed compartment °> and coupled
ATP synthesis therefore is expected to occur only in case of an existing lateral proton transfer. Addi-
tionally, since the crosslink is chosen to be present on the outside of liposomes after reconstitution, it
might also help to orient bos oxidase in the desired inside-out orientation due to the high fraction of

inside-out oriented ATP synthase.
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Membrane proteins (MPs) are the gatekeepers between different biological compartments
separated by lipid bilayers. Being receptors, channels, transporters, or primary pumps,
they fulfill a wide variety of cellular functions and their importance is reflected in the
increasing number of drugs that target MPs. Functional studies of MPs within a native
cellular context, however, is difficult due to the innate complexity of the densely packed
membranes. Over the past decades, detergent-based extraction and purification of MPs
and their reconstitution into lipid mimetic systems has been a very powerful tool to sim-
plify the experimental system. In this review, we focus on proteoliposomes that have
become an indispensable experimental system for enzymes with a vectorial function,
including many of the here described energy transducing MPs. We first address long
standing questions on the difficulty of successful reconstitution and controlled orientation
of MPs into liposomes. A special emphasis is given on coreconstitution of several MPs
into the same bilayer. Second, we discuss recent progress in the development of fluores-
cent dyes that offer sensitive detection with high temporal resolution. Finally, we briefly
cover the use of giant unilamellar vesicles for the investigation of complex enzymatic cas-
cades, a very promising experimental tool considering our increasing knowledge of the
interplay of different cellular components.

Introduction
Lipid membranes are found in all living cells and provide several vital functions. Not only do they
protect the organism from a potentially hostile environment, but they also allow chemical compart-
mentalization, e.g. reducing und oxidizing conditions in bacterial cytoplasm and periplasm, respect-
ively. In eukaryotes, cellular organelles such as mitochondria, endoplasmic reticulum or endosomes
are also surrounded by membranes. The chemical scaffold of these membranes is a bilayer of lipid
molecules, that hosts small hydrophobic components such as vitamins, quinones, and pigments, as
well as very large and complex membrane proteins (MPs). The mass percentage of proteins in natural
membranes varies between 25% in the myelin sheath and 75% in energy transducing membranes such
as the mitochondrial inner membrane [1-3]. This complexity makes the direct investigation of MP
function in native membranes difficult. To circumvent this problem, MPs are purified and reinserted
into membrane mimetic systems, such as protein wrapped lipid patches (nanodiscs), (supported)
planar lipid bilayers or lipid vesicles [4]. Here, we focus on the use of small to giant unilamellar vesi-
cles (GUVs) (diameter ranging from 30 nm to 50 wm), called liposomes, to study MPs with vectorial
functions. Bordered by a single lipid bilayer, liposomes form spontaneously from dried lipids resus-
pended in aqueous solution.
Received: 14 May 2020 The advent of proteoliposome studies is tightly coupled to the experimental verification of the che-
Revised: 10 July 2020 miosmotic theory brought forward by Peter Mitchell in 1961 [5,6]. This hypothesis led to a contro-
Accepted: 14 July 2020 versy amongst research groups across continents that lasted for decades [7]. A crucial experiment,
Version of Record published: positively stimulating the debate, was the coreconstitution of purple membrane Halobacterium
24 August 2020 salinarum (ie. essentially 2D-crystallized bacteriorhodopsin) and the F;F, ATP synthase from
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mitochondria, showing ATP synthesis upon illumination, as described by Racker and Stoeckenius [8] along
with other coreconstitutions [9-11]. It was the simplicity of these experiments which stood out and manifested
the connection between an electrochemical gradient and ATP synthesis. The use of purified components
inserted into an empty lipid bilayer ensured that no unknown factors had to be considered during the inter-
pretation of results. Racker’s method was readily picked up by many researchers to advance the mechanistic
understanding of various MPs. A comprehensive overview of numerous pioneering experiments is given by
Etemadi [12].

In general, proteins embedded in liposomes can be investigated employing the same techniques that are also
used to study enzymes in solution, such as UV/VIS and fluorescence spectroscopy. Nevertheless, the
signal-to-noise ratio of optical measurements is typically decreased in proteoliposomes due to light scattering.
Importantly, proteoliposomes also allow for electrometric techniques to follow charge movements across the
membranes, as initially developed by Drachev et al. [13,14] for light-inducible reactions and recently adapted
by Fendler and colleagues [15,16] for slower reactions that require mixing techniques (SSM electrophysiology).
Proteoliposomes can also be immobilized onto many different kinds of support further increasing their experi-
mental value [17].

Besides examining transmembrane transport, liposomes have been used to investigate other membrane
related biological phenomena, especially membrane fusion events. Fusion of lipid bilayers is vital during virus
entry into their host cells, for instance, where it is either triggered by direct virus-membrane interaction or it is
receptor-mediated. Liposome studies have successfully been used to investigate virus-target cell interactions and
potential inhibitors [18], mechanistic studies of virus-membrane fusion [19-22], or interaction of viral protein,
receptor and antibodies in HIV [23]. Furthermore, proteoliposomes have been used for NMR based structure
determination of MPs, wherein the membrane ensures proper protein folding due to the near-native environ-
ment [24-26]. Finally, liposomes have been long-known as promising drug delivery systems for both hydro-
phobic and hydrophilic drugs alike [27-32], which is a very active field of research.

In this short review, we will highlight three different aspects of current proteoliposome research. In the first,
main part, we will focus on the use of liposomes for the investigation of MPs, many of them being ion-
translocating enzymes involved in cellular bioenergetics. As our knowledge of the interplay of cellular components
vastly expanded in the last years, experimental setups of more complex systems are of increasing interest. This
also involves the coreconstitution of several MPs in desired orientations into the same liposomal membrane.
However, robust protocols to measure or guide orientation of reconstituted proteins or to coreconstitute MPs into
the same membrane are still in development. We discuss current problems during reconstitution of MPs and
their joining into more complex systems. In the second part, we will discuss recent progress in the development
of fluorescent dyes that are suitable for proteoliposome studies. Using orthogonal chemistry and different linker
techniques, such dyes can be tailored to meet specific requirements, ensuring high sensitivity and temporal
resolution. Finally, we briefly describe the use of giant vesicles in the bottom-up construction of synthetic cells,
highlighting recent projects, in which an impressive complexity of experimental systems was achieved.

Membrane protein reconstitution in a nutshell

In the seminal experiment of Racker and Stoeckenius described above, native purple bacteria were mixed with
cholate-extracted mitochondrial particles (containing enriched F;F, ATP synthase) with asolectin lipids that
had been sonicated and solubilized by the bile salt sodium cholate. This mixture was then dialyzed to remove
excess detergent allowing the formation of proteoliposomes capable of light-driven ATP synthesis [8]. Almost
50 years later, close variants of this very method are still powerful protocols to reconstitute MPs. Over the
years, several other approaches to functionally reconstitute purified MPs into liposomes were developed. Some
employ organic solvents, or mechanical means such as sonication, freeze-thawing, or French-press [33,34].
However, the most common methods are based on the use of detergents discussed in the next paragraphs. For
an overview of different reconstitution techniques consider the pioneering reviews [33] and [12], for more
recent perspectives refer to [4,35-37].

Generally, the process of detergent-mediated reconstitution can be divided into two main steps. First, a puri-
fied and detergent-solubilized MP is mixed with lipids. Second, the detergent is removed from the mixture,
leading to the incorporation of the MP into liposomes. In the first step, the lipids are added to the solubilized
MP either as fully solubilized mixed detergent-lipid micelles, or as preformed, detergent-destabilized vesicles.
Detergent removal in the second step is achieved by various methods based on the critical micelle concentra-
tion (CMC) of the employed detergent [33]. For small sized micelles (<25 kDa, high CMC; e.g. sodium cholate,
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octyl glucoside), rapid dilution, dialysis with an appropriately sized membrane or size exclusion chromatog-
raphy can be used. For detergents forming large micelles (typically very low CMC), adsorption to polystyrene
beads or complex formation with various cyclodextrins is used [35,38-40]. Especially the use of cyclodextrins
holds promise as different ring sizes are available that offer some specificity for certain detergents [38], e.g.
allowing the selective removal of one detergent from a detergent mixture. While the exact mechanism of recon-
stitution by detergent removal is still not fully understood [36,41], there is agreement that at a critical detergent
concentration (which depends on a variety of factors), solubilized MPs cannot be kept in a soluble state any
further and either precipitate or spontaneously integrate into the present phospholipid membrane [4,36]. The
efficiency of the reconstitution process (fraction of the solubilized MP that incorporates into liposomes)
depends on various factors, as e.g. the MP of interest itself, the type of detergent used, the initial detergent con-
centration, the composition of the lipid membrane, the choice of buffer and ionic strength and importantly, the
method and rate of detergent removal [33,36].

A special role is assigned to the lipid composition in proteoliposomes. Critical aspects for a good lipid
mixture are easy liposome formation, preservation of enzyme activity and tightness of the liposomes towards
leakage of protons or other ions. For many MPs, a (rather crude) lecithin (phosphatidylcholine (PC)) extract of
soybean has been successfully applied. In this extract, next to PC, phosphatidylethanolamine (PE), and the
negative lipid phosphatidyl inositol (PI) are the other main components. Although both PC and PI are not
found in bacteria, the extract has been successfully used for many prokaryotic MPs. In addition, natural extracts
from bacteria, e.g. from Escherichia coli or mixtures from synthetic lipids are used. Tsai and Miller [42] have
convincingly shown that mixtures of synthetic lipids are much tighter towards proton leakage compared with a
polar extract of E. coli lipids. Although being outside of the scope of this review, it is noteworthy that the
correct lipid composition can have a direct impact on the protein activity as briefly described in the following
few examples. Non-bilayer lipids such as PE were shown to stimulate the activity of secondary transporters (e.g.
Lypl of Saccheromyces cerevisiae) [43]. Furthermore, the head groups of lipids, especially of anionic lipids, are
responsible for the topology and the regulation of conformational dynamics of transporters by interacting with
the transport proteins [44-48]. The importance of negatively charged lipids, especially cardiolipin, for the activ-
ity and stability of bacterial and mitochondrial respiratory (super)complexes has also been described [49-51].

The impact of lipids on the reconstitution process has been studied for some proteins, e.g. Na*/K™-ATPase
[52-56]. De Lima Santos et al. [52] proposed that the lipids surrounding the MP, as well as the physical state
of the lipid environment as e.g. its fluidity, have a stabilizing effect on MPs. Longer saturated fatty acyl chains
decreased membrane fluidity leading to activity loss of the MP. Thus, phospholipid mixtures that contribute to
membrane fluidity (higher fractions of short-chain or unsaturated fatty acyl chains) can reduce activity loss
[52,53,55,57]. Further excellent studies, in which many of these parameters have been described, were published
for bacteriorhodopsin and ATP synthase by Paternostre and colleagues, as well as for LacS by Knol and collea-
gues (see Table 1 and references therein as well as Lichtenberg et al.) [58]. These studies show that the lipid
composition can affect both the reconstitution yield and the orientation of the protein in the membrane (see
below). A final complication is the natural asymmetry of lipid composition in the two leaflets of the bilayer as
observed in eukaryotes and prokaryotes [59-61] and first protocols for the generation of asymmetric liposomes
have been described [62,63].

In contrast with natural membranes, proteoliposomes contain much fewer proteins (<5% of lipid weight), as
higher amounts of protein often negatively affect the reconstitution process. An interesting approach to tackle
this problem is the GreCon method, in which the solubilized protein is placed onto a sucrose density gradient
with increasing concentrations of cyclodextrin and detergent-destabilized liposomes. During centrifugation, the
detergent is gradually replaced by lipids, yielding liposomes with very high protein content, even triggering
2D-cristallization [64]. In the density gradient, proteoliposomes and empty liposomes migrate differently and
are visible as opaque bands allowing their facile separation. Such proteoliposomes have been successfully used
for electron tomography imaging using large membrane complexes [65], but have not yet been tested for trans-
port measurements.

In recent years, peptides mimicking the properties of nanodiscs [66], i.e. embedding the MP in small lipid
bilayer discs surrounded by a scaffold protein, have been described [67-69]. While these have the advantage
over traditional nanodiscs that their size can be modulated by varying the peptide to lipid ratio, they share the
common drawback that they cannot be used to extract protein from native membranes, making the prior use
of detergent necessary. A MP extraction method not requiring any detergent is based on the use of styrene
maleic acid (SMA) lipid particles (SMALPs), which has been successfully employed to purify [70,71] and also
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Table 1. Non-exhaustive list of different studies with a focus on coreconstitution of MPs or orientation of MPs

Part 1 of 3

Membrane protein

Organism

Study

Comments

References

aag CcO

ArcD2

Bacteriorhodopsin

Ca?*-P-ATPase

Cytochrome boz ubiguinol
oxidase

Cytochrome b-563/c-554
(Qbce)

F1Fo ATP synthase

LacS

Rhodobacter sphaeroides

Paracoccus denitrificans

Lactococcus lactis

Halobacterium salinarum

Rabbit sarcoplasmic reticulum

E. coli

Synechococcus 6716

E. coli

Streptococcus thermophilus

Coreconstitution

Investigating
orientation

Influencing
orientation

Coreconstitution

Coreconstitution

Investigating
orientation

Investigating
orientation

Coreconstitution

Investigating
orientation

Coreconstitution

Coreconstitution

Investigating
orientation

Investigating
orientation

Coreconstitution of aaz CcO with F1Fg ATP
synthase (E. coli) or spinach ATP synthase.
70-80% CcO was found with soluble domain
of subunit Il carrying the cytochrome
c-binding site towards the outside of the
liposomes. Functional unidirectionality can be
imposed over orientation of the MP in the
liposomal membrane by providing cytochrome
¢ and electrons only on one side of the
membrane.

MP was immobilized on Ni-NTA-functionalized
silica nanoparticles for orientated
encapsulation into liposomes (bead on
outside of proteoliposome).

Coreconstitution with OpuA and soluble
proteins ArcA, B and C (L. /actis)

Coreconstitution with ATP synthase from
bovine heart mitochondria.

Only slight preference for inside-out was
detected.

Orientation in proteoliposomes was shown to
depend on lipid composition of the liposomes,
pH value, ionic strength, and membrane
curvature (in order of decreasing influence on
orientation).

Unidirectional orientation with 80-100% of the
cytoplasmic domain facing outwards was
observed, depending on the rate of detergent
removal

Coreconstitution of boz oxidase with F1Fy ATP
synthase (E. coli) via charge-mediated fusion
of liposomes to GUVs

Coreconstitution of boz oxidase with F1Fy ATP
synthase (E. coli) or spinach ATP synthase
Coreconstitution of boz oxidase with FiFo ATP
synthase (E. coli) via SNARE-mediated fusion
72-77% to pump protons out of liposomes
Unidirectional orientation is reported using a
reconstitution method based on Rigaud et al.
[33] However, no biochemical proof of
unidirectionality is provided.

Coreconstitution with H™-ATP synthase from
Synechococcus 6716.

Refer to cytochrome boz ubiquinol oxidase.
Further coreconstitutions with Na*/H*
antiporters (Thermus thermophilus NapA and
human NHAZ2), rat VGLUT2 as well as
mitochondrial complex | from Bos taurus
together with alternative oxidase from
Trypanosoma brucei brucei.

>97% of F; facing outwards was shown.

Different detergents and detergent
concentrations were evaluated as well as
different rates of detergent removal.
Unidirectional inside-out orientation is reported

[112]

(93]

[97,98]

[109]

[205]

(80]

[206]

[114,115]

[112]
[113]

[162,167]
[207]

[111]

[105-108]

(86]

[87,208]
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Table 1. Non-exhaustive list of different studies with a focus on coreconstitution of MPs or orientation of MPs Part 2 of 3

Membrane protein Organism Study Comments References

for reconstitution with Triton X-100 and
random orientation for reconstitution with
n-Dodecy! B-p-maltoside.

Large-conductance calcium-  Homo sapiens Investigating 70% inside-out orientation of MP is reported.  [209]
and voltage-activated orientation

potassium channel (BK)

Mechanosensitive channel of ~ Bacterial (no further statement Investigating Unidirectional incorporation is reported based [210]
small conductance (MscS) made) orientation solely on electrophysiological results; no

physical evidence is provided. Two ion
channel reconstitution methods based on
dehydration/rehydration of liposomes in
presence of MP were tested.

Na*/K*-P-ATPase Electrophorus electricus or Investigating Functional unidirectionality was imposed over [211,212]
Squalus acanthias orientation orientation of MP in membrane by selective
inhibition of one of the two orientation
populations with ouabain (exterior) or
vanadate ions (interior).

Dark red outer medulla of kidney Investigating Different protein-to-lipid ratios, different [62]
of adult New Zealand white orientation phosphoalipids and methods of detergent
rabbits removal were investigated.
Proteorhodopsin Uncultured Coreconstitution  Coreconstitution with Spinacia oleracea PSII [189]
Gammaproteobacterium and Bacillus pseudofirmus ATP synthase
EBAC31A08 Influencing Interaction of MP with the surface of the [85,94]
orientation liposomes was shown to dictate orientation.

The surface charge of liposomes was

modulated to prearrange orientation.

MP was immobilized on Ni-NTA-functionalized [213]
silicate beads for orientated reconstitution

(bead on outside of proteoliposome).

Fusion domains were reported to guide the [95]

orientated insertion of proteorhodopsin into

liposomes.
Various (Ca®*-P-ATPase, Various Investigating More uniform orientation of MPs was [81,87,90,91,214]
H*-F-ATPase, LacS) orientation observed in the reconstituted liposomal bilayer

when reconstituted into preformed,
detergent-destabilized liposomes.

Voltage-dependent K* Aeropyrum pernix Influencing Ni-NTA-functionalized beads were used as [96]
channel (K\AP) orientation membrane organization centers during bilayer
reconstitution (bead in protecliposome;
bSUM).
YidC Escherichia coli Coreconstitution  Coreconstitution with LacY and SecYEG asa [110,121]

fusion construct

For the latter, studies are further distinguished between simply investigating orientation under one or several different conditions and actively influencing orientation by
different means. Studies are grouped according to the investigated MP and the origin of the MP and the studied parameter is indicated. A short summary of the study is
provided in the comments row.

functionally reconstitute MPs into lipid bilayers [72-76]. Recent examples are the purification and reconstitu-
tion of cytochrome ¢ oxidase from S. cerevisiae [75] and of a plant sodium/proton antiporter [76]. Although
not without downside (the solubilization properties of SMAs are pH-dependent) [77], these novel molecules
are valuable gadgets in the toolbox of MP biochemists.

The problem of protein orientation

In cells, insertion of MPs in membranes is thought to happen co-translationally and the final orientation of the
protein is fixed during insertion and remains static (see [78] for a recent discussion on the topic).
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Proteoliposome populations after reconstitution
Shown are the different populations after a 1:1
reconstitution with a 70:30 orientation preference

Orientation

Orientation measurement
using functional assays,
limited proteolysis or
cysteine labeling

Part 1 of 2

(A) The general procedure for the formation of proteoliposomes is shown as well as a few alternative approaches for the in vitro study of membrane
protein (MP) function. In a first step, MPs are extracted and purified from the native cell environment using detergents. In parallel, liposomes are
formed by rehydration of a dried lipid film and subsequent extrusion or sonication of the vesicles. These liposomes are partially solubilized by the

Unfortunately, this is not the case during MP reconstitution into liposomes as no translational machinery or
chaperones are present that help to insert MPs into the liposomal bilayer [79,80].

The relative orientation of the inserted MP strongly affects functional studies. As liposomes typically contain
many copies of the MP in a random orientation, hundreds of different proteoliposome populations are formed
during a single reconstitution process, causing a strong heterogeneity in the experimental system (see
Figure 1B). In some cases, functional unidirectionality can be imposed over random orientation of the MPs by
using substrates which are unable to penetrate the membrane (e.g. ATP, NADH, cytochrome c), but in others,
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Figure 1. The ins and outs of membrane protein reconstitution Part 2 of 2
addition of detergents and mixed with the detergent-solubilized MP to form proteoliposomes after removal of the detergent by
a variety of methods. Detergent-free extraction of MPs from the cell can be achieved by generating inside-out vesicles [204] or
using styrene maleic acid (SMA) copolymers to generate SMALPs. The latter can be used for the detergent-free reconstitution
of MPs into liposomes [70-76]. If a closed compartment is not needed, detergent-solubilized MPs can also be reconstituted
into planer supported lipid bilayers or nanodiscs [4]. (B) The calculated distribution of proteoliposome populations after
reconstitution with a 1: 1 liposome to protein stoichiometry and a 70% green-side out preference in orientation. Values were
calculated assuming a Poisson distribution for reconstitution and a binomial distribution for orientation. Only populations >1%
are shown. (C) Coreconstitution of more than one membrane protein. Shown are coreconstitutions by a combined incubation of
both MPs with liposomes, via fusion of different proteoliposome populations (e.g. charge-mediated fusion, red lipids =
negatively charged, blue lipids = positively charged) [114,115], or via covalent/transient coupling of the MPs prior to
reconstitution [120]. (D) Methods for the guided orientation during reconstitutions. Shown are examples of charge-controlled
insertion [85,94], by coupling the MP to a solid support (a) that will be encapsulated by the liposome [96] or by attaching a
fusion domain [95] or coupling to a solid support (b) [97,98] that will be excluded from the vesicle interior.

the substrate binding site is located in the hydrophobic part of the membrane and, hence, both populations are
stimulated (e.g. quinone-coupled enzymes). Alternatively, membrane impermeable inhibitors can be used,
which selectively inhibit one enzyme population [81]. In a worst-case scenario, the reconstitution method
yields unidirectional insertion, but in the non-preferred orientation (e.g. substrate binding site on the inside),
complicating functional experiments. The orientation of MPs is not only important for primary ion pumps but
has to be considered as well for secondary transport proteins. While these can often catalyze transport of their
substrates in both directions, the affinities for the substrate might be different on either side of the membrane,
a situation that severely complicates the quantitative interpretation of experimental results. The difficulties
imposed by uncontrolled orientation are even more pronounced if the coupled activity of two or more MPs
coreconstituted in the same liposomal membrane is investigated (see Table 1).

The orientation of reconstituted MPs is difficult to predict and even harder to influence, and it seems to be
essentially unique for each protein and specific set of reconstitution technique [36]. Over the past decades,
however, several studies have accumulated knowledge on protein orientation (see Table 1). Many reports describe
the use of bacteriorhodopsin or proteorhodopsin, which are good models for monomeric MPs with no soluble
domain, but inadequate as models for large multi-subunit MPs or MPs harboring large soluble domains. A pre-
requisite for the investigation of MP orientation in liposomal membranes is a reliable assay to determine the ratio
of the two possible populations. If feasible, orientation can be assessed via a functional assay that is able to dis-
criminate the relative contribution of both populations. As an example, the orientation of respiratory complex I
in liposomes can be determined by measuring NADH:hexaammineruthenium oxidoreductase activity that can be
spectroscopically followed at 340 nm. If NADH, which is membrane-impermeable, is added to liposomes, only
the population with the NADH binding site oriented towards the outside will contribute to the activity. Upon
solubilization of the proteoliposomes with detergent, all complex I molecules will contribute to the activity.
Setting both activities in relation allows for estimation of the orientation of complex I in the liposomes [82].
However, care has to be taken in such approaches, as detergents often affect turnover activities of enzymes.
Furthermore, if the measured activity is independent of the presence of the membrane, nonincorporated enzyme
also contributes to the activity. A different method that has been used to determine orientation of proteo-/bacter-
iorhodopsin, is the use of proteases which will only digest MP domains accessible from the outside of the lipo-
somes due to their inability to cross the lipid bilayer. The cleavage pattern can then be analyzed by SDS-PAGE,
Western blot or mass spectrometry [83-85]. However, this cannot be considered as a general approach, since
cleavage patterns are expected to become increasingly complex with larger proteins, and proteolysis might be
incomplete. A special case is the F;F, ATP synthase, in which those hydrophilic F; head groups that are located
on the outside of the liposomes can be specifically stripped off using defined buffer conditions [86]. Yet another
approach, often used for secondary antiporters, is based on the selective labeling of cysteine residues from the
outside by a membrane impermeable thiol-reactive compound. This is followed by complete labelling with mem-
brane permeable biotin-maleimide that can later be detected by Western-blot analysis [87-89]. Further attempts
to determine orientation of MPs reconstituted into liposomes can be found in Table 1.
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Over the years, it has been found that numerous parameters can affect enzyme orientation during reconstitu-
tion. De Lima Santos et al. [52] report that at a slow detergent removal rate, liposome formation precedes
protein incorporation into liposomes (leading to a more unidirectional incorporation of the MP), while lipo-
some formation and protein incorporation happen simultaneously with fast detergent removal (resulting in a
random orientation of MPs). Knol et al. [87] found a similar behavior for LacS, including further differences
depending on the detergent used for reconstitution. If unidirectional orientation is not desirable, repetitive
freeze/thaw cycles were shown to randomize orientation [39].

In general, experiments have shown that orientation seems to be more uniform when the MPs are reconstituted
into preformed, partially detergent-solubilized liposomes [41,90-92]. A rationale behind this observation is that
the most hydrophilic domain will be least efficient in crossing the bilayer, and the protein will insert with its
most hydrophobic side first [41]. However, experiments with cytochrome ¢ oxidases show that the hydrophilic
extramembraneous cytochrome ¢-binding domain (~25 kDa) of subunit II is not sufficient to promote more
asymmetry than a 70:30 ratio [93]. F;F, ATP synthase, on the other hand, with its soluble 350 kDa F; head
group, has been reported to incorporate >95% with its head piece towards the outside with a similar reconstitu-
tion protocol [86]. In proteins such as bR and pR, where no large soluble domain is present, the interaction of
the surface charge of the proteins and liposomes seems to play a role [85,94]. Tunuguntla et al. hold the asym-
metry of charge distribution of pR, i.e. an overall positive charge at the C-terminus and a negative charge at the
N-terminus, responsible for the lipid-charge dependent orientation of pR in liposomes. Through the use of either
positively or negatively charged lipids in their liposomes, the N- or the C-terminus could be attracted towards the
liposomal membrane, respectively, promoting a unidirectional orientation of pR [85].

In one of the very few attempts to actively influence orientation, Ritzmann et al. [95] recently showed that
fusion domains can guide orientated insertion of pR into liposomes. By genetic engineering, GFP and
mCherry were added to the C-terminus or to the N-terminus as fusion domains, respectively. The resulting
fusion proteins pumped protons across the liposomal membrane in opposite directions upon reconstitution.
This elegant method is unique in the sense that both orientations can be chosen by attaching a fusion
domain on either end of the protein and is a promising approach for small proteins with no soluble domain.
Whether the addition of a GFP is sufficient to orient larger MPs remains to be determined. Other
approaches for guided orientation employed Ni-NTA-functionalized beads to immobilize His-tagged MPs
prior to reconstitution [96-98], a method also used to form planar bilayers for AFM studies [99,100]. The
liposomal membrane was formed de novo between the immobilized MPs either around the bead-support
[96], or the beads were suggested to force unidirectional orientation because they were too big to be incorpo-
rated into the newly formed liposomes [97,98]. However, a more thorough characterization of these methods,
e.g. regarding membrane leakiness, is required. Taken together, despite identification of several parameters
that influence orientation of a MP in liposomes, there is still no general method to reconstitute MPs inde-
pendently of all these parameters. The rather unpredictable effect of the lipid composition on the yield and
on the orientation displays a major problem, as the effect of different lipid compositions on protein activity
is a frequent aspect of research. A general method for guided orientation of MPs independent of the lipid
composition is highly desirable. Approaches, in which orientation is guided by steric constraints might
display a promising tool that has to be further developed in the future [95-98]. Robust and easy to imple-
ment methods for the quantitative determination of incorporation yield and relative protein orientation are
required to compare established and develop new reconstitution protocols, e.g. only a small subset of deter-
gents have been used in reconstitution.

Coreconstitution of membrane proteins

The incorporation of different MPs into the same liposomal membrane is called coreconstitution and is desir-
able for several reasons. The small interior volume of liposomes leads to quick accumulation or depletion of
the transported substrate, which does not allow for long steady-state measurements and thus complicates quan-
titative interpretation of the data. For instance, if a membrane potential is required for the transport process,
often a potassium/valinomycin diffusion potential is used that quickly exhausts due to the rapid change of the
internal K™ concentration. Furthermore, as our understanding of biological processes increases, the interplay of
different proteins at the molecular level becomes an important field of research. An impressive example of
cooperating enzymes are the members of the respiratory chain which have been shown to form different super-
complexes in mitochondria [101,102]. Functional measurements comparing kinetics and efficiencies between
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individual complexes or multiple complexes arranged in a supercomplex are necessary to understand the func-
tional relevance of such supramolecular arrangements [103,104].

There are relatively few reports on the coreconstitution of more than one type of MP in the same liposomal
membrane. Most work has been published on the coreconstitution of ATP synthase together with proton
pumps such as bacteriorhodopsin, cytochrome bo; ubiquinol oxidase and cytochrome ¢ oxidase, which energize
the liposomal membrane with an electrochemical potential. Such systems have been recently extended by the
addition of peripheral MPs. Biner et al. [105] added trypanosomal alternative oxidase to proteoliposomes con-
taining coreconstituted ATP synthase from E. coli and mitochondrial complex I to generate a minimal respira-
tory chain. Furthermore, ATP synthase has been used as a constant generator of proton motive force for several
proton dependent secondary transporters, such as Na*/H* antiporter [106,107] and glutamate transporter
[108]. An alternative way to regenerate ATP from ADP and phosphate was recently shown in a synthetic meta-
bolic network consisting of coreconstituted ArcD and OpuA as well as soluble proteins ArcA, B and C
entrapped in the vesicle lumen. In this complex network, ArcA — D couple the breakdown of arginine to the
regeneration of ATP which is then used by OpuA for glycine betaine transport which regulates the internal
osmotic balance of the vesicles [109]. Non-transport related processes can also be studied by coreconstitution
such as the chaperone activity of the MP YidC on the folding of LacY [110]. Further examples of coreconstitu-
tions are given in Table 1. In all these examples, both types of integral MPs have been reconstituted in parallel.
However, given the individual requirements of every MP for optimal reconstitution and orientation, it has to be
assumed that these coreconstitutions were far from being optimal [8,111,112].

One way to resolve this problem is to split the coreconstitution into two steps. First, either protein of interest
is reconstituted under optimal conditions individually, followed by fusion of the two populations. Successful
functional coreconstitution of two MPs by fusion was first reported using a minimal SNARE machinery that
fused liposome populations containing either F;F, ATP synthase or bo; oxidase [113]. The same enzymes have
also been successfully coreconstituted using fusion of oppositely charged proteoliposome populations [114,115].
However, the latter method requires the use of non-natural positively charged lipids, limiting the free choice of
the lipid composition. Alternative techniques which have been used for ‘pure’ liposome fusion are coiled-coil
forming peptides [116] as well as complementary DNA strands [117,118]. However, these methods have not
yet been tested with MP containing liposomes [119].

From the above considerations on orientation and coreconstitution experiments, it is obvious that the relative
number of MPs reconstituted (stoichiometry) and the distribution of orientation of these MPs is of high
importance for quantitative interpretations. Given the various parameters influencing reconstitution efficiency
and orientation, this seems an almost insuperable obstacle. A ray of hope was provided by Raschle et al. with a
method that ensures a 1:1 reconstitution stoichiometry of MPs. Using maleimide chemistry, complementary
DNA molecules were attached to a unique cysteine of individual VDAC populations [120]. Upon DNA hybrid-
ization, the two populations form a stable complex that can be purified and reconstituted. This technique
should be applicable to any MP and using DNA linkers of appropriate lengths might not only ensure the
correct stoichiometry, but also correct relative orientation of the reconstituted proteins. Alternatively, proteins
can be genetically linked by creating a fusion construct that can be cleaved via proteases, as was used in the
coreconstitution of SecYEG and YidC in a 1:1 stoichiometry [121].

Rational design of fluorescent dyes to follow enzyme
function

As mentioned in the introduction, many different methods have been successfully used to follow chemical reactions
in proteoliposomes, ranging from fast techniques such as absorption spectroscopy or electrometry, over lumines-
cence (ATP detection) to slow methods such as micro electrodes, NMR, or uptake/release of isotope labeled sub-
strates [122-125]. Probably the best combination of high sensitivity and high temporal resolution is found in
fluorescent dyes which are able to detect a variety of reactions such as the change of proton or other ion concentra-
tions or the presence of a membrane potential. Some of these dyes are membrane impermeable and have to be
entrapped inside the liposomes (and the nonincorporated dye has to be removed) while others can be added from
the outside, where they typically interact with the membrane. These latter, hydrophobic dyes are mainly used for
the detection of proton gradients (e.g. ACMA, acridine orange) [112,126-129] or membrane potentials (e.g. oxonol
VI, TMRE, VoltageFluors) [130-134] and do not directly report the translocated substrates.
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In the following, we focus on membrane-anchored fluorescent probes that offer several advantages over
entrapped dyes. A prototype of such a lipid anchored dye is obtained by the reaction of an amine-reactive car-
boxyfluorescein derivative with PE, first reported in 1984 by Thelen et al. [135] Such lipophilic probes have
been mostly used in vivo [136-141] or to characterize different membrane properties [142]. Recently, Kemmer
et al. have coupled the ratiometric pH sensitive dyes pHrodo or SNARF to PE, which in contrast with fluores-
cein increase fluorescence upon acidification. Notably, they found a significant increase in the apparent pK, of
the lipid coupled dyes in comparison with their soluble counterparts, an effect that is likely related to the close
proximity of the dye to the membrane [143,144]. To avoid this pK, shift, a linker can be introduced between
the fluorophore and the lipophilic moiety [137].

The main advantage of membrane-anchored sensors compared with soluble dyes is their efficient incorporation
into the liposomes. The lipid moiety of the former ensures stable and efficient integration into the lipid bilayer
which reduces the amount of potentially costly dyes that have to be used, as entrapment of freely soluble dye is
an inherently inefficient procedure [145-150]. Even more importantly, membrane-anchored dyes do not leak
from the membrane, a problem often encountered with soluble dyes containing carboxylic acids. On the other
side, an obvious drawback of lipid coupled dyes is that they are randomly distributed in both leaflets and selective
removal or quenching is impossible or connected to the use of harsh chemicals that are often incompatible with
delicate MPs and their catalytic activities [151]. We have recently solved this limitation by using a DNA double
strand between the lipophilic anchor (cholesterol) and fluorescent moiety. Incorporation efficiency of the dye was
shown to be >90%, and the outer dye is conveniently removed by a short incubation of the liposomes with
DNase I and an ultracentrifugation step. In addition, the use of a DNA linker suppressed the undesired pK, shift,
previously observed with dyes directly coupled to a lipid. The simple chemistry involved makes this method
attractive for many different sensors and the use of DNA hybridization technology ensures a high versatility
[152]. In addition to these simple examples, more advanced membrane-anchored sensors rely on structural
changes of environmentally sensitive DNA motifs, such as the pH sensitive i-Motif [153,154], G-quadruplexes
[141,155,156], aptamers [138], DNAzymes [157], nanotweezers [158,159], and nanoswitches [160]. In these, the
structural changes are transformed into a fluorescent read-out by attaching fluorescence quencher or FRET pairs
to the DNA, in order to detect protons, metal ions and even small solutes such as ATP. Although mostly used
in vivo so far, such complex sensors could also be useful for liposomal studies.

The development of new fluorescent dyes that are photostable as well as progress in the sensitivity of micro-
scope cameras has further stimulated the field of single molecule techniques. Here, instead of observing the
readout of an ensemble of a large number of molecules, single enzymes are monitored by fluorescence micros-
copy which allows to classify them into populations with different enzymatic behaviors. While such techniques
have been around for many years for soluble enzymes and MPs in detergent solution [161-164], their applica-
tion with proteoliposomes is very limited so far. It is, however, thanks to single molecule experiments with
soluble and liposome embedded F;F, ATP synthase that we have such a detailed picture of the F; binding
change mechanism [165]. Apart from the ATP synthase, the groups of Jeuken and Stamou have performed
single molecule proton pumping measurements with the quinol oxidase of E. coli [162] and the plasmamem-
brane P-type ATPase [166], in which the pH change within the lumen of small unilamellar vesicles (SUVs) was
followed by fluorescent pH sensors. Surprisingly, in both systems they have observed long phases of enzymatic
inactivity or even passive proton leakage through the protein and have attributed their findings to a sensitive
enzyme regulation by the local environment (but see Berg et al. for a different finding) [167]. In case of the bos
oxidase, Jeuken and colleagues combined single protein/liposome studies with electrochemical measurements
by tethering the proteoliposome to a gold electrode. By applying a voltage to the electrode, electrons were
directly donated via lipid embedded ubiquinone to the bo; enzyme [162].

The challenges of fluorescent detection is to find a probe with all desired properties, such as high incorpor-
ation into vesicles, resistance to bleaching, specificity for the substrate/product, and high signal-to-noise ratio.
Rational design of fluorescent dyes using click-chemistry in combination with biomolecules such as DNA allow
for optimization of these properties leading to improved probes for the investigation of enzyme function in
proteoliposomes.

Towards a synthetic cell

In the last section, we would like to briefly touch the potential of GUVs to study MP function. In contrast with
‘classical’ liposomes, GUVs are much larger in size (1-100 pm) and can directly be observed by light micro-
scopic techniques [168]. On the downside, GUVs are less robust and their preparation is less straightforward
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Figure 2. Applications of membrane proteins (MPs) in giant unilamellar vesicles (GUVs) and polymerosomes. Part 1 of 2
(A) MPs embedded in a polymerosome membrane enables import and export of substrates and products from a synthetic
reaction cell. In that cell, pentafluoracetophenon (PFAP) is transformed to (S)-pentafluorophenyl ethanol ((S)-PFE) by
ketoreductase (KR) inside of polymerosomes with NADPH as cofactor. NADPH is regenerated by formate dehydrogenase
(FDH) which is fused to KR. As PFAP, (S)-PFE and formate do not readily diffuse across the polymerosome membrane, the
selective channel protein TodX and the outer membrane pore PhoE were reconstituted in the membrane to alleviate the mass
transport limitations [198]. (B) Membrane protein synthesis in GUVs by in vitro transcription and translation. Relevant
components shown for these processes are DNA, RNA polymerase (RNA pol), the produced mRNA, ribosomes, tRNAs and
amino acids (AA). After translation, the synthesized MP inserts either spontaneously [181] into the vesicle membrane, or
requires the Sec translocon for correct insertion [182]. (C) Regulated ATP synthesis promoting actin polymerization in synthetic
organelles. The membrane proteins F1Fo ATP synthase, photosystem Il (PSIl) and proteorhodopsin (pR) are coreconstituted in
SUVs that are entrapped in GUVs. Red light stimulates PSII leading to oxidation of water and thus acidification of the SUV
interior. Acidification leads to a proton gradient across the SUV membrane energizing ATP synthesis in the GUV lumen that is
used to polymerize actin. On the other hand, green light stimulates proton export from the SUV lumen by proteorhodopsin,
abolishing the proton gradient. Consequently, synthesis of ATP is stopped and actin polymerization is interrupted [189]. (D)
Design of minimal pancreatic beta cell. The glucose transporter GLUT2 is reconstituted into the membrane of GUVs containing
SUVs with encapsulated insulin. After uptake by GLUT2, glucose is oxidized by glucose oxidase (GOx) and catalase (CAT),
leading to an acidification of the GUV lumen. This pH drop leads to the dehybridization of DNA double strand anchored to the
SUV outer membrane by the formation of a pH sensitive motif, exposing the fusogenic peptide K on the outer SUV membrane.
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Figure 2. Applications of membrane proteins (MPs) in giant unilamellar vesicles (GUVs) and polymerosomes. Part 2 of 2
This allows fusion of the SUV with the GUV membrane via peptide E/K interaction, leading to the release of the encapsulated
insulin. Gramicidin present in the GUV membrane modulates the pH response and allows to discern between normal and
hyperglycemic conditions [191]. Figure 2A-D is adapted from the respective publications.

(see [169-178] for literature on GUV formation). Compared with SUVs, GUVs have a vastly increased surface
and inner volume that allows for the encapsulation of entire protein machineries, small vesicles or even whole
bacteria, in order to mimic increasingly complex functions of living cells [179]. Already in 2004, Noireaux and
Libchaber [180] demonstrated the successful in vitro transcription and translation (IVIT) of GFP within
GUVs, and recently similar systems were used to produce MPs directly inside GUVs, with either spontaneous
[181] or assisted insertion [182] into the membrane. Very few examples describe the use of GUVs as replace-
ment for SUVs in traditional vectorial transport experiments with MPs. A reason for this lack of transport
experiments is the less than straightforward insertion of MPs into the fragile GUV membrane which is an
ongoing field of research [114,115,168,183]. Levy and colleagues [184] showed successful detergent-mediated
(using very small amounts of detergent) incorporation of bacteriorhodopsin which acidified the GUV lumen
upon illumination and was followed by the pH sensitive dye pyranine. Biner et al. applied charge-mediated
fusion to insert up to three different MPs reconstituted in positively charged SUV into a negatively charged
GUV membrane [119]. Hansen et al. [185] finally reconstituted glucose transporter GLUT1 into GUVs using
hydrogel-assisted swelling. Passive uptake of glucose into the GUV lumen was detected with a glucose oxidase
coupled fluorescence system that was entrapped during GUV formation.

Given their size, GUVs are also of interest in the research on synthetic or artificial cells [183,186,187]. A
recent example is the light-induced energization of IVTT in GUVs after entrapment of SUVs containing bac-
teriorhodopsin and ATP synthase [188], mimicking a cellular organelle. Lee et al. used photosystem II (PSII)
and proteorhodopsin coreconstituted with ATP synthase in SUVs that can individually be stimulated by red
and green light, respectively. PSII generates a pH gradient by oxidation of water on the inside of the vesicles
and pR dissipates the gradient by outward proton pumping. These liposomes were entrapped in GUVs and,
depending on the used light, ATP synthesis is either stimulated or abolished [189].

Another impressive example to use GUVs as a cell-mimicking system was demonstrated by Ces and colleagues
by creating a non-natural signal cascade. Passive calcium influx into the GUV lumen via a-hemolysin activates
phospholipase A2 that triggered liposome embedded mechanosensitive channels. The successful signal cascade
was demonstrated by the release of calcein from the liposomes which can be detected as a fluorescence increase
[190]. Finally, Chen et al. demonstrated the bottom-up synthesis of pancreatic beta cells using GUVs. The uptake
of glucose via the glucose transporter GLUT2 into the GUV lumen triggered a cascade that mediated controlled
insulin release by fusion of insulin containing vesicles with the GUV membrane. Most impressively, the system
was able to discriminate between normal and hyperglycemic glucose concentrations [191].

As mentioned above, GUVs are not very stable and have also been shown to be susceptible for leakage
[192,193]. Cell-sized vesicles produced from synthetic block copolymers, so called polymerosomes [194] or
hybrids thereof with liposomes are improved in this regard [186,195] and have successfully been used to mimic
compartmentalization of the eukaryotic cell [196] or to achieve spatial separation of otherwise incompatible
multienzyme synthesis reactions [197,198]. However, initial experiments on polymersome embedded MPs have
shown that enzymatic activity was decreased compared with pure lipid vesicles [199,200]. Nevertheless, proton
pumping by bo; oxidase was recently demonstrated in hybrid polymer-lipid GUVs [201]. Some of these exam-
ples discussed above are depicted in Figure 2, see legend for further details.

These cell-mimetic applications greatly demonstrate the potential of giant vesicles. Importantly, a wise choice
of detection method is crucial that allows high temporal resolution combined with sufficient sensitivity. To this
end, photostable fluorophores are required to minimize bleaching during observation of single vesicles. To
allow for prolonged observation and addition of substrates, vesicles have to be immobilized, which might have
adverse effects on membrane properties such as the tightness of the membrane. Recently, experiments using
microfluidics have shown formation and entrapment of GUVs in a nano-factory on a chip [202,203], which in
the future might allow to create automated systems. However, many of the current approaches (single molecule
measurements, microfluidics) require technical expertize and specialized equipment which limits the use of the
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techniques in other laboratories. In the future, robust methods with a broad application and high reproducibil-
ity are critical for the success of GUVs in the field of MP research. Equivalently important is a detailed descrip-
tion of the data treatment. As microscopy experiments produce a large amount of data, user-friendly yet
powerful analytical software is a necessary support during data analysis.

Perspectives

e |mportance of the field: Proteoliposome research continues to be an indispensable tool for the
mechanistic understanding of MPs. With the advent of structure determination by cryo elec-
tron microscopy, functional measurements are becoming the rate-limiting step.

e Current thinking: Development of improved methods for the precise orientation and corecon-
stitution of MPs into membranes are required. This is especially relevant for the bottom-up
construction of artificial cells. Using fluorescent dyes with precisely tailored properties will
ensure high sensitivity and temporal resolution.

e Future directions: Microscopy based measuring techniques applied on liposomes will further
minimize the required amount of MPs, enabling the investigation of eukaryotic enzymes. The
use of microfluidics for the generation and manipulation of GUVs might allow a higher level of
control in lab-on-a-chip type experiments.
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