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[. Summary

I. Summary

In the first part of this work, the relationship between the bacteriostatic effect and the
effect on the membrane structure of 2-phenyl ethanol (2-PEtOH) and derivatives has
been investigated. Here, on the one hand, the influence on the fluidity of model
membranes was investigated by spectral fluorometric methods, and on the other hand,
the bacteriostatic effect was studied via following Escherichia coli (E. coli) growth in
presence of the respective substances. Our results show a clear correlation between the
hydrophobicity, of the molecules analyzed here and their bacteriostatic activity. Thus,
the biological activity of the molecules can be linked to the cell membrane. In the
future, this correlation may help to predict how likely or if a molecule influences the

membrane and/or an organism.

The second project focused on finding one or more molecules that specifically interact
with the lipid cardiolipin. Using in silico methods, we identified the necessary physical
and chemical cardiolipin binding properties of a molecule and screened a database for
promising candidates. The 22 identified molecules were then studied for their
cardiolipin specificity, using model membranes. We were able to identify one molecule
showing a clear preference towards cardiolipin. In the future, this molecule, we named
it CliB (Cardiolipin Binder), will allow to systematically analyze the role of cardiolipin
in biological membranes and membrane-bound processes. Furthermore, our workflow
can be applied to other databases and enable to screen for more promising cardiolipin

binders.

In the third project, we developed and established an enhanced yellow fluorescence
protein (eYFP)-coupled protein construct as a cardiolipin marker. Using genetic
engineering methods, the construct was produced and its specificity towards
cardiolipin was investigated using model membranes. We found a clear preference of
the construct towards cardiolipin compared to another negatively charged lipids.
Interestingly, the construct induces structural changes in model membranes. This
would have been expected for the full-length protein, but not for the truncated
construct. In order to use the construct as a specific cardiolipin marker, it should be

clarified where these changes come from and if they can be eliminated.

In the last project, membrane association of tafazzin was investigated in more detail.

We were able to show that the predicted N-terminal helix of the protein is involved in

11



[. Summary

membrane binding. However, our results also clearly show that it is not the only part
of the protein that attaches it to the membrane. Further studies are urgently needed to

definitively clarify what holds tafazzin at the membrane.
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Il. Zusammenfassung

II. Zusammenfassung

Im ersten Teil dieser Arbeit wurde der Zusammenhang zwischen der
bakteriostatischen Wirkung und der Wirkung von 2-PEtOH und einiger seiner
Derivate auf die Membranstruktur von biologischen Membranen untersucht. Dabei
wurde zum einen mittels fluoriemetrischer Methoden der Einfluss auf die Fluiditat von
Modellmembranen und zum anderen mittels des Wachstums von E. coli die
bakteriostatische Wirkung, untersucht. Unsere Ergebnisse zeigen eine Kklare
Korrelation zwischen der Hydrophobizitit der hier analysierten Molekiile und ihrer
bakteriostatischen Aktivitat. Die biologische Aktivitat der Molekiile 1asst sich somit mit
der Zellmembran in Verbindung bringen. In Zukunft kann dieser Zusammenhang
helfen, vorherzusagen, wie wahrscheinlich es ist, ob ein Molekiil einen Einfluss auf eine

Membran und/oder einen Organismus hat.

Das zweite Projekt konzentrierte sich auf die Suche nach einem oder mehreren
Molekiilen, die spezifisch mit dem Lipid Cardiolipin interagieren. Mithilfe von in silico
Methoden haben wir die erforderlichen physikalischen und chemischen Cardiolipin-
Bindungseigenschaften ermittelt und eine Datenbank nach vielversprechenden
Kandidaten durchsucht. Die 22 identifizierten Molekiile wurden dann mit Hilfe von
Modellmembranen auf ihre Cardiolipin-Spezifitit untersucht. Wir konnten ein
Molekiil identifizieren, das eine klare Priaferenz gegeniiber Cardiolipin aufweist. Dieses
Molekiil, das wir CliB genannt haben, wird es in Zukunft ermd6glichen, die Rolle von
Cardiolipin in biologischen Membranen und membrangebundenen Prozessen
systematisch zu analysieren. AuBerdem kann unser Arbeitsablauf auf andere
Datenbanken angewendet werden und dabei helfen, weitere vielversprechende

Cardiolipin-Binder zu identifizieren.

Im dritten Projekt haben wir ein eYFP-gekoppeltes Proteinkonstrukt konstruiert und
als Cardiolipin-Marker etabliert. Mithilfe gentechnischer Methoden wurde das
Konstrukt hergestellt und seine Spezifitit gegeniiber Cardiolipin mit Hilfe von
Modellmembranen untersucht. Wir fanden eine klare Praferenz des Konstrukts fiir
Cardiolipin im Vergleich zu anderen negativ geladenen Lipiden. Interessanterweise
fithrt das Konstrukt zu strukturellen Veranderungen in den Modellmembranen. Dies
wiare fiir das entsprechende Volllangenprotein zu erwarten, nicht aber fiir das

Konstrukt. Um das Konstrukt als spezifischen Cardiolipin-Marker verwenden zu
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Il. Zusammenfassung

konnen, muss geklart werden, woher diese Veranderungen kommen und ob und wie

sie eliminiert werden konnen.

Im letzten Projekt wurde die Membranassoziation von Tafazzin eingehender
untersucht. Wir konnten zeigen, dass die vorhergesagte N-terminale Helix des Proteins
an der Membranbindung beteiligt ist. Unsere Ergebnisse zeigen jedoch auch, dass dies
nicht der einzige Teil des Proteins ist, der es mit der Membran assoziiert. Weitere
Studien sind dringend erforderlich, um endgiiltig zu klaren, wie Tafazzin an die

Membran assoziiert.
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1. Introduction

1. Introduction

1.1. Membranes

Without biological membranes life as we know it today wouldn’t exist. Biological
membranes separate cells from their environment and delimit reaction spaces in
higher organisms, such as organelles. They are highly selective permeable barriers that
build closed compartments. Furthermore, they are responsible for the interaction
between the cell/organelle and the environment. Besides their structural function,
biological membranes contain receptors, enable signalling, induce enzymatic activity
and are responsible for fusion-fission, endocytosis, and transport of molecules among
others [1].

Biological membranes mainly consist of lipids. In addition, sugars and membrane
proteins are among their main components [2]. Because function and properties of
biomembranes control highly complex processes in organisms and play a key role in

biological reactions, they are an important subject of current research activities.

1.1.1. Structure and Properties of Biological Membranes

Involvement of lipids in the cell structure were first described by Charles E. Overton in
the 19th century. About 30 years later the first membrane organization models were
postulated [1]. These models ranged from mono- to trilayers of lipids and proteins. The
most accepted model, which in principle is still valid today, is the fluid mosaic model
proposed by Singer and Nicolson in 1972 [3]. In this model membranes are described
as lipid bilayers with embedded proteins. The lipids and proteins are in permanent
motion free to switch between the bilayers, to rotate and to move laterally [4]. In the
last decades further research led to a refinement of said model such as heterogeneity
within the bilayer (membrane domains), introduction of curvature and pore formation,
lipid interactions with its environment and a higher protein/lipid ratio [1,4,5].

Lipids are the main components of membranes. As amphipathic molecules they
contain a hydrophilic (head) region and a hydrophobic (tail) region (Figure 1A) [2].
Many ways exist to categorize lipids. A common one is based on their functional
backbone into acylglycerols, sphingolipids, prenols, polyketides and saccharolipids.
Hereby, fatty acyls are separated from polyketides, sterols from prenols and

glycerophospholipids (or short: phospholipids) from glycerolipids due to historical and
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1. Introduction

bioinformatic reasons [6]. Phospholipids, sphingolipids, and sterols are the main types

of lipids found in eukaryotic membranes (Figure 1A) [2,7].
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Figure 1: Structure of the most common eukaryotic lipid classes.

(A) Structures of a phospholipid, a sphingolipid, and a sterol (cholesterol). R can be replaced by different
alcohols and sugars. In case of the sphingolipid the alcohol is linked by a phosphate group. The acyl
chains can also differ in their length and their saturation (B) Different alcohols for esterification of the
lipids. The structures were drawn with ChemSketch V5 (Freeware from ACD/Labs, Toronto, Ontario,
Canada).

In phospholipids, two acyl chains are linked to a glycerol via an ester bond. These acyl
chains may be saturated or unsaturated [7]. At the third C-atom of the glycerol
backbone a phosphate group can be found, esterified with one of various head groups,
such as ethanolamine, choline, serine, glycerol, inositol or oligosaccharides (Figure
1B). Choline and ethanolamine as a headgroup lead to zwitterionic lipids, serine,
glycerol, and inositol to anionic ones [2,6]. Sphingolipids have an acyl chain linked to
a sphingoid base via an amide group. They can show the same functional groups
coupled via a phosphate group as phospholipids or glycosidically linked sugars. The
most common sphingolipids are sphingomyelins showing a choline or an ethanolamine

headgroup (Figure 1) [7]. All lipids with a directly linked sugar molecule without a
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1. Introduction

linking phosphate group belong to the group of glycolipids. Sterols have a hydrophobic
sterol-base and with a hydroxy group a relatively small hydrophilic head group [8].
Cholesterol is probably the best known and most important human sterol [9].

Based on their head-to-tail ratio, the geometric shapes of lipids differ significantly. This
can have a major impact on the curvature of the membrane (Figure 2A).
Phosphatidylcholines (PC) and sphingomyelins have a cylindrical shape [10,11]. Lipids
such as phosphatidic acid (PA), phosphatidylethanolamine (PE), phosphatidylserine
(PS) are conical-shaped and form structures with a negative curvature. Other lipids,
like lysophospholipids and polyphosphoinisitides, have an inverted conical shape,
form structures with a positive curvature (Figure 2B) [1,12,13]. Due to their
amphiphilicity and the hydrophobic effect, lipids self-assemble in aqueous
environments. This happens independently of their shape [2]. Only cylindrical lipids
form a bilayer with the head group facing outward and the acyl chains forming a
hydrophobic core [13,14]. Lipids that show an inverted conical shape or a conical shape
form micelles with a hydrophobic core, or inverted micelles with a hydrophilic core,
respectively (Figure 2B). These lipids are referred to as “non-bilayer forming lipids”.
However, they can form bilayer structures when other lipids of other shapes are

present [13].

01

inverted conical cylindrical conical

micelle bilayer inverted micelle

Figure 2: Lipid shapes and lipid self-assemblies.

(A) Due to their head-to-tail ratio, lipids show an inverted conical (left), cylindrical (middle), or conical
(right) shape. (B) In aqueous environment lipids form spontaneously different assemblies due to their
shape. Figure adapted from [15].
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1. Introduction

Basically, the lipid bilayer can exist in two main phases. The double bonds of
unsaturated lipids are either in the trans or the gauche conformation in those phases
(Figure 3A) [16]. In the gel solid ordered (So) phase, the double bonds are in trans-
conformation and the acyl chains are extended. In this phase lipids are arranged in a
bilayer and they can interact tightly with each other resulting in a rigid membrane. On
the other hand, in the liquid-disordered (La) phase, the double bonds are in the
gauche-conformation and the acyl chains are not stretched. In this case the membrane
lipids are less packed and the membrane is more fluid. The temperature at which a
transition from of one phase to the other one is happening is the so-called transition
temperature (Tm). Below the Tm, the membrane is in the So phase and above the Tm it
is in the La phase (Figure 3B) [1,16,17]. Some membrane lipids cause a pretransition in
which the membrane is in the so-called ripple phase (Pp). This phase is characterized

by periodic one-dimensional ripples on the surface of the lipid-bilayer [18].
(o]
= OH

frans gauche

%
i

Gel, solid ordered phase Fluid, liquid disordered phase

Figure 3: Acyl chain configurations and membrane phases.

(A) The trans and gauche configuration of a fatty acid (Ag-octadecanoic acid). (B) The two phases of
membranes. Below the Tn, the membrane is in the solid ordered phase (left), above the Tr, the
membrane is in the liquid disordered phase (right). The figure is adapted and modified from [18],
structures were drawn with ChemsSketch.
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1. Introduction

The membrane fluidity and thus the Tm are mainly affected by two factors: the amount
of unsaturated fatty acids and the cholesterol content. Fluidity is additionally affected
by the temperature [19,20]. A high cholesterol content leads to a more tightly packed
membrane and hence to a more rigid liquid-ordered bilayer (Lo), if the membrane is in
the Lqa state. This phase can exist simultaneously with the Ld phase in a membrane
[1,21,22]. Unsaturated lipids reduce lipid packing and improve fluidity, whereas
saturated lipids favour ordered packing of the membrane due to their straight tails and
van der Waals forces [1,19]. The fluidity of the membrane influences its permeability
[23,24].

The lipid composition of a membrane varies a lot between different organisms. In
contrast to eukaryotic membranes, the membranes of E. coli for example lack sterols
and show a high amount (around 10 %) of the special lipid diphosphatidylglycerol
(cardiolipin) [25]. However, the lipid composition of membranes varies not only from
organism to organism, but also within organelles in the same organism [1,26].
Moreover, since the physicochemical properties of the membranes are related to the
lipid composition, they also vary depending on their localization. Even the lipid
compositions, and consequently the physicochemical properties of the inner and the
outer leaflet of a lipid bilayer can differ and [1,5,12,13,27]. The protein content in

membranes also varies substantially between different types of membranes [28].

1.2. Mitochondria

One type of eukaryotic organelles showing a unique lipid composition within their
membranes are mitochondria. The composition is similar to those of bacteria, which is
due to the endosymbiotic origin of these organelles [29—31]. The existence of
mitochondria is conserved among all eukaryotes [32], nevertheless the amount of
mitochondria within the cell varies among cell types and is tissue- and organ-
dependent [31]. With their own DNA, RNA and protein synthesis machinery,
mitochondria are partially autonomous organelles [33,34]. As highly dynamic
organelles, they are constantly undergoing fusion and fission processes, regulating
their morphology and their function [34,35]. Many important processes are linked to
mitochondria, like energy production, metabolism, intracellular signalling, cell death,
development, and immune responds [34]. Mitochondria function as the energy

producers of the cell and nearly the whole required adenosine triphosphate (ATP) is
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1. Introduction

produced by mitochondria [30,32,36]. Additionally, mitochondria play a key role in
adaption during stress situations [37]. The involvement in so many important
processes highlight the significance of healthy and well-functioning mitochondria.
Defect mitochondria can lead to serious diseases, like cancer, autoimmune diseases,

and neurodegenerative diseases [34].

1.2.1. Structure and Membrane Properties of Mitochondria

Mitochondria are one of the most specialized organelles. They show a two-membrane
system, which divides the mitochondrion into four different compartments, namely the
outer cell membrane, the inner cell membrane, the intermembrane space, and the

matrix (Figure 4) [31—-34].

Intermembrane space

Matrix

Inner membrane

Outer membrane

Cristae

Figure 4: Schematic structure of a mitochondrion.

From outside to inside: Outer membrane, intermembrane space, inner membrane and matrix. The inner
membrane is folded into so-called cristae. The figure was drawn using PowerPoint.

The outer membrane is the barrier to the mitochondrial environment and the entry
port for many different molecules. It is rich in lipids and contains mainly the
phospholipids phosphatidylcholine and phosphatidylethanolamine. Furthermore, it
has a high number of porins and a high fluidity [31,33]. The inner membrane
represents a tight diffusion barrier, and it shows a high protein density (76 %). The
surface area of the inner membrane is significantly larger than the one of the outer
membrane as it is highly folded into so-called cristae structures [31,33]. Both

membranes, the inner and outer membrane, are in close contact via junctions [33]. The
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1. Introduction

intracellular or intermembrane space between the two membranes is around 20 um
wide and differs from the cytosol in several physicochemical properties [31].

The overall shape and size of mitochondria is not fixed as they undergo constantly
fission and fusion processes and can be almost round but also elongated [31,34].

Like any other subcellular compartment, mitochondria have their own specific lipid
composition, which may vary depending on the cell type. However, compared to other
subcellular fractions, all mitochondria have low phospholipid-to-protein ratios. As
mentioned above, the major phospholipids in mitochondria are phosphatidylcholine
and phosphatidylethanolamine. On the other hand, sterols and sphingolipids are
present only in very small amounts. A unique characteristic solely found in

mitochondria is the phospholipid cardiolipin [33,34].

1.3. Cardiolipin

As mentioned before, the presence of cardiolipin makes the lipid composition of
mitochondria unique [38]. For this reason, it is also called mitochondrial signature
lipid. In the inner mitochondrial membrane, up to 20 % of the total lipid content is
cardiolipin, one reason for this high content could be that the lipid is synthesized here.
It is the major anionic phospholipid in mitochondrial membranes and plays a role in
many important mitochondrial processes [37—-39]. For example, it plays a role in
stress, apoptosis, mitochondrial membrane dynamics, energy metabolism, metabolic
carriers, and mitochondrial metabolism [33,34,37—41]. Cardiolipin also associates
with several proteins, stabilizing them and/or altering their function [42].

Since cardiolipin is important for many processes, it is also associated with many
medical conditions and diseases, such as the Barth’s Syndrome (BTHS), Tangier’s
disease, diabetes, and heart disease [38,39]. In addition, loss of cardiolipin can lead to
reactive oxygen species (ROS) and altered or decreased cardiolipin content leads to a
disruption of mitochondrial homeostasis in various tissues. For this reason, it can be
associated with various pathological conditions, including ischemia, hypothyroidism,
aging, heart failure, ischemic reperfusion, and neurodegenerative disease [41,42].
Cardiolipin shows beside its unique occurrence also a unique structure (Figure 5). It
contains three glycerol backbones and four acyl chains. The polar head of cardiolipin
has two negative charges, which gives the lipid a dimeric and highly specific conical

structure [38,42]. The acyl chain composition of cardiolipin is very divers and differs
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depending on its localization in an organism. In humans, cardiolipin mainly contains

di-unsaturated acyl chains [38,39].

Figure 5: Structure of cardiolipin.

Head group of cardiolipin with the two phosphate groups (blue) with a negative charge each and three
glycerol groups (green). Four acyl chains are coupled to the backbone (grey). R can be various saturated
and unsaturated carbon chains. The structure is drawn with ChemSketch V5 (Freeware from ACD/Labs,
Toronto, Ontario, Canada).

The biological formation of cardiolipin occurs in the inner leaflet of the inner
mitochondrial membrane. It is formed from phosphatidylglycerol (PG) and cytidine
diphosphate-diacylglycerol and undergoes at least two remodelling steps [37—40]. The
condensation of PG and cytidine diphosphate-diacylglycerol is catalysed by the enzyme
cardiolipin synthase which is encoded by crdi. A deletion of this gene results in
complete depletion of cardiolipin in yeast [38,39].

The previously mentioned remodelling steps are an important part of receiving mature
cardiolipin. There are two possible remodelling ways. One is Coenzyme A- (CoA)
dependent and known as the Lands-cycle. Here, a deacylation-reacylation takes place.
The other pathway is CoA-independent and a trans-acylation between two different
phospholipids [38]. The only known enzyme involved in the second maturation
pathway is tafazzin [38,39]. Tafazzin transfers a fatty acid from a phospholipid
(e.g., PG) to a lyso-phospholipid (mono-lyso cardiolipin (MLCL)). This reaction is
unspecific, and it is still scientifically unexplained how the specific cardiolipin patterns
in tissues arise [39].

In order to study the disease patterns associated with cardiolipin, it is important to
determine and quantify cardiolipin. This is often done by thin-layer chromatography
which is not very sensitive and limited to non-living systems. Another method is the
visualization of cardiolipin with the help of specific dyes. 10-N-nonyl-acridine-orange
(NAO) is often used as it has long been considered to be cardiolipin specific. While it is

known already for a while that NAO also binds to other negatively charged lipids, it is
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still frequently used [38]. This shows how important it is to find and establish new

cardiolipin specific markers.

1.4. Membrane Targeting and Modulation

By using specific markers, membranes can be examined regarding disease patterns.
Nowadays, many different naturally and synthetically occurring small molecules,
macromolecules and proteins are known to interact with membranes. This interaction
of a molecule with the membrane is a result of the interaction between functional
groups, which can form hydrogen bonds, van der Waals, electrostatic and/or
hydrophobic interactions. Many physical membrane properties, such as fluidity,
membrane tension, hydrophobic thickness, electrostatics, and curvature, affect the
interaction between these molecules and the membrane. However, the molecules can
also influence and change the physicochemical properties of a membrane [43,44]. For
this reason, many therapeutics act directly on the membrane. Some of them even
regulate lipid composition or target lipids directly, while others target membrane
proteins [45—47]. In order to find and establish new more specific molecules or
substances which are binding to the membrane or influence its properties, it is
important to know which molecular properties lead to an interaction between a

molecule and the membrane.

1.5. Model Membranes

There are several approaches and possibilities to study membranes and their
interaction with proteins, natural or synthetic molecules: in silico using calculations
and simulation methods, or in vitro and in vivo including model membranes, bacteria
or cells. In all cases, a situation as close as possible to the physiological one is favoured
but can mostly not be realized. In vitro studies often use simple model systems, like
lipid monolayers and bilayers, liposomes, small unilamellar vesicles, large unilamellar
vesicles (LUVs), and giant unilamellar vesicles (GUVs). An advantage of these systems
is that the environment of the experiment can be easily controlled and modified.

LUVs and GUVs are very common and efficient model systems for membrane studies.

Both - their lipid composition and their size — are easy to control which is a great
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advantage. Furthermore, GUVs have a size of several micrometres and can be easily

visualized directly by a microscope and in real time [48—-50].
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1.6. Objectives of This Thesis

Biomembranes are essential for life. They are responsible for the appropriate
interaction of different molecules to keep the biologically significant processes in the
cells of an organism in line. Various small and large, natural and synthetic molecules
are known to do so. For example, many pharmaceutical drugs have a positive effect on
the organism if interacting with the membrane, but some molecules also have negative
effects, and e.g. disrupt the membrane. How a substance interacts with a membrane
depends on the type and properties of the molecule as well as on the structure of the
membrane and the exact site of the interaction. Because of the great variety of the
occurring effects, research on these interactions and influences is of great scientific
interest as well as a targeted control and modulation of the membrane. Targeted
visualization of specific membrane regions or components (lipids) can also help to
understand the mechanism of certain processes.

In this thesis, four projects are presented with focus on either membrane modulation

or cardiolipin binding and identification.

I. In the first project, the impact of the small molecule 2-phenylethanol (2-PEtOH) and
some of its derivatives on model membranes was investigated. The aim was to identify
molecular properties that can be used to predict their influence on a biological
membrane. This could help in the future to screen different molecules with certain
properties to achieve targeted control of different effects on the membrane. We focused
on the ability of the substance to incorporate into the lipid bilayer and how it could
influence the membrane order. Furthermore, we tested the bacteriotoxic effect of the
substances and looked for a correlation between the incorporation and bacteriotoxic

effect of the substance.

I1. Mitochondria have a number of essential functions. Dysfunctions of mitochondria
lead to aging of biological systems and are involved in the development of various
serious diseases. Targeted modulation of the structure and dynamics of mitochondrial
membranes by small molecules can help to directly influence these processes. One lipid
is thought to play a key role in these mitochondrial processes, namely cardiolipin.
Therefore, cardiolipin is a good starting point for these studies. In this project we used

computer-assisted screening methods to find molecules directly and specifically
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interacting with cardiolipin. After we identified some promising candidates, we tested

their specific effect in in vitro and in vivo experiments.

III. Many mitochondrial proteins interact specifically with the cardiolipin. One of
these proteins is the dynamin-related protein 1 (DRP1), which plays a role in
mitochondrial fission processes. In this project the specificity of the protein was used
to create and establish a new cardiolipin specific marker. For this purpose, the parts of
DRP1 that are important for the specific cardiolipin interaction were coupled to a
fluorescent protein. Subsequently, among other techniques the specific binding was

investigated using GUVs and fluorescence microscopy.

IV. In this project, we focused on tafazzin and cardiolipin. The membrane associated
protein tafazzin is an enzyme involved in cardiolipin maturation and mutations in this
protein can lead to a disease called Barth syndrome (BTHS). The association of the
enzyme with the membrane plays an important role for its function but is not yet
clearly understood. For this reason, we investigated the membrane association of
tafazzin using a construct lacking the region proposed to be necessary for binding to

the membrane.
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2. Materials

2.1. Chemicals and Expendable Material

All chemicals were purchased from Sigma-Aldrich (Munich, Germany), Merck
(Darmstadt, GER) and Roth (Karlsruhe, GER). All lipids were purchased from Avanti
Polar Lipids (Alabaster, ALA, USA). Enzymes were bought from New England Bio Labs
(Frankfurt, GER). The substances (small molecules) from chapter 5 were purchased
from MCULE (Budapest, HUN).

Expendable material was, if not declared otherwise, purchased from Bio-Rad (Munich,
GER), Roth (Karlsruhe, GER), Sarstedt (Niirnberg, GER) and VWR (Darmstadt, GER).

2.2. Buffers and Solutions

The composition of all used buffers and solutions can be found in Table 1. They were

all prepared with deionized and filtered water, if necessary.

Table 1: Composition of buffers and solutions.

Notation Composition

E. coli culture

Ampicillin 100 mg/mL in 50 % Ethanol
Kanamycin 30 mg/mL in H>0O
Streptomycin 50 mg/mL in H-0
IPTG 1M in H-0
SDS-PAGE
Stacking gel buffer 1.5 M TRIS
0.4 % SDS (w/v)
pH 6.8
Separation gel buffer 0.5 M TRIS
0.4 % SDS (w/v)
pH 8.8
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10x SDS running buffer

5x SDS sample buffer

Coomassie staining solution

Coomassie destaining solution

0.25 M TRIS
1.92 M Glycine
1% SDS (w/v)
PH 8.3

0.25 M TRIS

10 % SDS (w/v)

0.2 % Bromphenol blue
50 % Glycerol (v/v)

0.5 M DDT

0.125 % Coomassie Brilliant Blue G-250
(w/v)

40 % Ethanol (v/v)

2 % Phosphoric acid (v/v)

30 % Ethanol (v/v)
2 % Phosphoric acid (v/v)

Western Blot detection

TBST buffer

Transfer buffer

Blocking buffer

Antibody
His Tag® Monoclonal Antibody

ECL1 solution

ECL2 solution

0.25 M TRIS

0.125 M NaCl

0.05 % Tween 20 (v/v)
pH 7.8

0.25 M TRIS

0.192 M Glycerol

30 % Methanol (v/v)
pH7.6

5 % Milk powder in TBST buffer

1:10 000 in TBST

90 % H-0

10 % TRIS (500 mM, pH 8)

1 % Luminol (250 mM DMSO)

0.44 % Coumaric acid (50 mM DMSO)

90 % H-0
10 % TRIS (500 mM, pH 8)
0.055 % H20- (V/V)
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Gel electrophoresis

TAE 400 mM TRIS
10 mM EDTA
200 mM acetic acid

6x loading buffer 50 % glycerin (v/v)
0.2 % bromophenol blue (w/v)
0.2 % xylene cyanole (w/v)

Membrane association assay
25 mM Tris
Buffer 1 > mM EDTA
pH S8

Buffer 2 10 mM HEPES
pH7.5

Buffer 3 50 mM HEPES
pH 7.5

Buffer 4 50 mM HEPES
2 M NaCl

pH7.5

Buffer 5 50 mM HEPES
2 M CaCl.

pH7.5

Buffer 6 50 mM HEPES
2 M NaSCN

pH7.5

Buffer 7 50 mM HEPES
6 M Urea

pH7.5

Buffer 8 10 mM Caps
pH 10.5

Buffer 9 10 mM Caps
pH 11

Buffer 10 10 mM Caps
pH 11.5
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Buffer 11 10 mM Caps
pH 12

Buffer 12 0,1 M NaOH
pH 13

Buffer 13 50 mM HEPES
3 % SDS

General buffers

HEPES buffer 10 mM HEPES
150 mM NaCl

pH 7.4

PBS buffer 12 mM H3PO4
2.7 mM KCl
137 mM NaCl

pH 7.4

Phosphate buffer 50 mM Sodium phosphate
150 mM NaCl
10 % Glycerol
pH8

GUV buffer 20 mM HEPES
150 mM NaCl
7.5 mM KCI
5 mM MgCl-

pH 7.4

2.3. Kits and Standard Marker

Used kits are listed in Table 2. Used standard marker can be found in Table 3.

Table 2: Used kits.

Kit Manufacturer

Plasmid preparation  Presto Mini Plasmid Kit Geneaid Biotech, Taipei, TW
NucleoSpin Plasmid Kit Machery Nagel, Diiren, GER
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Agarose gel extraction Gel/PCR DNA Fragments Geneaid Biotech, Taipei, TW

Kit
Table 3: Used marker.
Marker Manufacturer
DNA Ladder GeneRuler™ 1kb Thermo Scientific, Darmstadt,
GER
Protein Ladder PageRuler™ Prestained Thermo Scientific, Darmstadt,

PageRuler™ Unstained GER

2.4. Media and Bacterial Strains

The used bacteria strains are listed in Table 5. E. coli MC4100 were cultivated in TB-
Medium. All others were cultivated in LB-Medium (Table 4).

Table 4: Used media.

Notation Composition
LB medium 1 % Tryptone (w/v)
5 % Yeast extract (w/v)
1 % NaCl (w/v)
TB medium 1.2 % Tryptone (w/v)
2.4 % Yeast extract (w/v)
0.4 % Glycerol
LB/TB agar 1.5 % Agar (w/v) in LB/TB medium
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Table 5: Used bacteria strains.

Bacteria strain Genotype

E. coli MC4100 F- [araDi139[sr A(argF-lac)169 A- ei4- flhD5301
A(fruK-yeiR)725 (fruA2s) relA1 rpsLi50(strR) rbsR22
A(fimB-fimE)632(::1S1) deoC1

E. coli Tuner(DE3) FompT hsdSs (re~ ms~) gal dem lacY1(DE3)

E. coli XL1 blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac

2.5. Plasmids

Table 6: Used and generated plasmids.

Plasmid Origin

pEYFP-C1-DRP1 addgene, Watertown, MA, USA
Plasmid #45160

pEYFP-C1-DRP1 A1029G T1872C This work

pET30b-5M SrtA addgene, Watertown, MA, USA

Plasmid #51140

pET30b-5M SrtA eYFP-DRP1 This work
pET30b-5M SrtA eYFP-stalk This work
pET30b-5M SrtA eYFP-B-insert This work
pCMV6-Entry wt taz Eurofins Genomics, Ebersberg, GER
pCMV6-Entry taz C744T This work
pCMV6-Entry taz C744T Nde1 Xho1 This work
pET30b-5M SrtA wt taz This work
pET30b-5M SrtA ATM This work
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2.6. Instruments

Table 7: Used instruments.

Instrument

Notation

Manufacturer

Cell homogenizer

Maximator

Maximator GmbH, Nordhausen,
GER

Centrifuges Avanti J-26CP Beckman Coulter, Krefeld, GER
Centrifuge 5810 R Eppendorf, Hamburg, GER
Optima MaxXP
Ultracentrifuge Beckman Coulter, Krefeld, GER
Optima L-100K
Ultracentrifuge Beckman Coulter, Krefeld, GER
Chemoluminescence Stella Raytest, Straubenhardt, GER
detection system Fusion FX Vilber, Marne-la Vallée cedex 3,

Electrophoresis chamber

Electrophoreses power
supply

Fluorescence microscope

Fluorescence spectrometer

Mini-Protean 3 cell

PowerPac Basic

Axio observer.Z1

Fluoro-Max-4

FRA

Bio-Rad, Munich, GER
Bio-Rad, Munich, GER

Carl Zeiss Microscopy, Jena,
GER

Horiba, Bensheim, GER

FP-8500 Jasco Deutschland GmbH,
Pfungstadt, GER
Gel scanner ViewPix700 Biostep, Burkhardtsdorf, GER
Heating block Thermomixer Eppendorf, Hamburg, GER
comfort
Incubator B28 Binder, Tuttlingen, GER
Multitron HAT Infors, Bottmingen, CH
Microwave R-234 Sharp, Koln, GER
Oxygen Sensitive Optrode DP-PSt3-L2.5- Presens Precision Sensing
and PreSens Fibox 3 5510-YOP GmbH, Regensburg, GER
Minisensor
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pH-Meter pH211 HANNA Instruments,
Microprocessor Vohringen, GER
Photometer Nanodrop 2000C  Thermo Scientific, Darmstadt,
GER
Theromocycler Thermocycler Biometra, Gottingen, GER
TGradient 96
UV table Transilluminator ~ Stratagene, Heidelberg, GER

Western Blot system

Trans-Blot Turbo

Bio-Rad, Munich, GER

Transfer System

2.7. Software

Table 8: Used software programs

Application

Software

Chemical structures

Data analysis

Calculation of the partition coefficient
(logP)

Figure editing

Literature management

Text editing

ChemSketch V5, Freeware from

ACD/Labs, Toronto, Ontario, CAN

MicrosoftExcel (Office 365)
Origin 2019b
OriginPro 8.6, Northampton, MA, US

Molinspiration v2016.10
(www.molinspiration.com, accessed on
21. June 2018)

Adobe Illustrator 2020
Adobe Photoshop CC 2018
Microsoft PowerPoint (Office 365)

Mendeley 1.19.8

Microsoft Word (Office 365)
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3. Methods

In this section the general methodology of the experiments is described. The deviations

for the different sections are highlighted.

3.1. Molecular Biological Methods
3.1.1. Polymerase Chain Reaction and Site Directed Mutagenesis

Polymerase chain reaction (PCR) is used for the exponential amplification of a DNA
region defined by two primers. Site-directed mutagenesis (SDM) is a form of PCR and
used to introduce single or multiple mutations into plasmid vectors. For this purpose,
primers are required that overlap with the plasmid DNA but have an altered base
sequence at the desired location. In this work PCR and SDM were used for construct
design (chapter 6 and chapter 7). Detailed experimental information can be found in
chapters 3.1.2. and 3.1.3.

Table 9 shows the standard mixture for the PCR/SDM reaction and Table 10 the

programs used.

Table 9: PCR reaction mixture.

Concentration Volume [pL]
H-:O (sterile) 33.5
Phusion GC-buffer 5X 10
MgCl- 25 mM 1
DMSO 1
Plasmid 1
Primer (forward) 10 UM 1
Primer (reverse) 10 UM 1
dNTPs 2 mM 1
Phusion Polymerase 25U 0.5
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Table 10: Programs used for polymerase chain reaction (PCR) and site-directed mutagenesis (SDM)

Temperature Time [min] Cycles
[°C]
Initial denaturation 98 1
Denaturation 98 0.5
Hybridization 65 1 36 PCR
Elongation 72 1000 16 SDM
number of base pairs
Final Elongation 72 7.5

In case of site-directed mutagenesis, parental DNA was digested by incubating the
reaction mixture with Dpni at 37 °C for 1 hour. The reaction mixture was then
transformed into E. coli XL1 blue cells as described in chapter 3.2.2. A single colony
was picked and used to inoculate 10 mL of Lysogeny broth (LB) medium (100 ug/mL
ampillicin). The bacteria were incubated overnight at 37 °C and 180 rpm (Multitron).
After harvesting the cells by centrifugation (16 000 g, 2 minutes, 4 °C) plasmid

preparation was performed (chapter 3.1.3.).

3.1.2. Agarose Gel Electrophoresis

Gel electrophoresis was used for analytical and preparative separation of DNA
fragments and plasmid DNA.

1% (w/v) agarose was dissolved in TAE buffer by heating in a microwave. DNA samples
were mixed 5:1 with 6x loading buffer and pipetted onto the gel. Separation was
performed at 129-150 V.

For DNA visualization the gel was placed in a 1 ug/mL ethidium bromide solution for
15 — 30 minutes. The gel was then exposed to UV light. The gels were photographed
using a transilluminator.

If preparative gel electrophoresis was performed, the parts of the gel that contained
DNA of interest were excised and recovered using the Gel/PCR DNA fragment Kit.
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3.1.3. Plasmid Preparation

Plasmids were prepared using the Presto Mini Plasmid Kit or the NucleoSpin Plasmid
Kit. This was done as recommended by the manufacturer. DNA concentration was
determined by the absorption of 260 nm using the NanoDrop. The correct plasmid

sequences were confirmed by sequencing (Eurofins Genomics, Ebersberg, GER).

3.1.4. Restriction Digest of DNA

Various enzymes were used for the restriction digest of DNA. Hereby restriction
endonucleases cut the DNA at specific sites. In this work, DNA digestion was used to
generate specific DNA ends for cloning purposes and for verification of these clonings.
In case of preparative experiments, a total volume of 50 puL was used. The restriction
endonucleases and buffers used were according to the manufacturer’s instructions. The
mixture was incubated at 37 °C for 4 hours °C. Subsequently, the desired DNA
fragment was isolated using preparative agarose gel electrophoresis (chapter 3.1.2).

For analytical control restriction, a total volume of 10 uL. was used. The result was

analyzed by analytical agarose gel electrophoresis (chapter 3.1.2.).

3.1.5. Ligation

Ligation allows the introduction of restricted foreign DNA into a restricted linearized
plasmid vector. DNA strands with complementary ends were ligates using T4 DNA
ligase. was used to ligate restricted/digested DNA into restricted vector. 100 ng of
vector DNA

100 ng of vector DNA was used and the insert was added in a fourfold molar excess.
The total volume of the reaction mixture was 20 uL and was performed according to
the manufacturer’s introductions. The mixture was incubated for 2 hours at room
temperature in the dark. Ligation products were monitored by analytical DNA
restriction digest followed by analytical agarose gel electrophoresis and sequencing
(Eurofins Genomics, Ebersberg, GER). The whole reaction mixture was used for

transformation into E. coli bacteria.
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3.1.6. Construct Design of DRP1 constructs (Chapter 6)

eYFP tagged human isoform 3 DRP1 was purchased from addgene (Watertown, MA,
USA, Plasmid #45160, GenBank ID NM_005690). Site-directed mutagenesis was
performed to eliminate two ssp1 restriction sites in the middle of the DNA encoding for
the protein. The primers used can be found in Table 11.

PCR (chapter 3.1.1.) was used to amplify the eYFP-DRP1 construct and the PCR
product was purified, digested, and ligated into a pET30b-5M SrtA vector/plasmid
(addgene, Watertown, MA, USA, Plasmid #51140) (chapter 3.1.2-3.1.5)

The eYFP-stalk (amino acid 329 to 668 of full length DRP1) and eYFP-B-insert (amino
acid 503 to 599 of full length DRP1) constructs were designed using standard protocols
(chapter 3.1.1.) The primers used can be found in Table 11.

DRP1 was excised from eYFP-DRP1 using restriction enzymes (EcoRI and BamHI) and
the Stalk (the B-insert, respectively) was ligated into it to receive eYFP-stalk and
eYFP-B-insert.

Table 11: Primers used for DRP1 construct design

Primer Use

forward: CAAATTTGCCACAGAGTATTGTAACACTATTG; | Elimination of the ssp1
reverse: CAATAGTGTTACAATACTCTGTGGCAAATTTG; | restriction site; A1029G

forward: CATTGTCAGAAAGAACATTCAAGACAGTGTG; | Elimination of the ssp1
reverse: CACACTGTCTTGAATGTTCTTTCTGACAATG restriction site; T1872C

forward: GCGCGCAATATTATGGTGAGCAAGGGC Amplification eYFP-
reverse: GCGCGCGGTACCTCACCAAAGATGAGTC DRP1

forward: GCGCGCGCGAATTCGAAAAGTGCTACTTTAC | Amplification stalk
reverse: GCGCGCGGATCCTTAGTCCTCAGATTC domain

forward: GCGCGCGAATTCGGATGCTTGTGGGCTAATG | Amplification B-insert
reverse: GCGCGCGGATCCTTATAGTTTTCGTGC
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3.1.7. Tafazzin Construct Design (Chapter 7)

Human wild type tafazzin isoform 1 was synthesized by and purchased from Eurofins
Genomics (Ebersberg, GER). To get rid of a Nde1 restriction site in the middle of the
DNA encoding for the protein, site-directed mutagenesis (chapter 3.1.1.) was
performed. The used primers can be found in Table 12.

New restriction sites (Xhoi and Ndei) were introduced (primers: Table 12).
Subsequently, full-length tafazzin was subcloned into a pET30b vector (addgene,
Watertown, MA, USA, Plasmid #51140) by ligation (chapter 3. 1. 5.).

To obtain the ATM construct (lacking the transmembrane helix [51]), the
35 N-terminal amino acids were deleted using standard PCR methods (chapter 3.1.1,

primers: Table 12).

Table 12: Primers used for tafazzin construct design

Primer Use

forward: GCCCTGCCTGTACTTGAGCGGCTCCGGG Elimination of the Nde1
reverse: CCCGGAGCCGCTCAAGTACAGGCAGGGC restriction site; C744T
forward: GCGCGCCATATGCCTCTGCACGTGAAG Creation of new
reverse: GCGCGCCTCGAGTCTCCCAGGCTGGAG restriction sites
forward: GCGCGCCATATGAAGTACATGAACCAC Elimination of the
reverse: GCGCGCCATATGTATATCTCCTTCTTAAAG transmembrane helix

3.2. Microbiological Methods
3.2.1. Transformation of Competent Bacteria

E. coli Tuner(DE3) and E. coli XLiblue cells were made transformation competent
using ice-cold tryptic soy broth (TSB)-medium as described by Chung-Miller [52].

4 mL of LB medium were inoculated with a colony of the E. coli strain and incubated
overnight at 37 °C and 180 rpm (Multitron). This preculture was used to inoculate
50 mL of LB medium at a 40:1 ratio. After the culture reached an optical density

(ODeoo) of approximately 0.6 the cell suspension was centrifuged at 4 °C (3220 g,
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10 minutes). The pellet was resuspended in 5 mL of ice-cold TSB medium and
incubated on ice for 10 minutes. Aliquots of 100 pL were frozen in liquid nitrogen and

stored at -80 °C.

3.2.2. Plasmid Transformation

In this work, transformation of plasmid DNA into E. coli by heat shock was used. An
aliquot of 100 uL of competent cells (chapter 3.3.1.) was thawed. Under sterile
conditions, 1 pL of the preferred plasmid solution was added and the cells were
incubated on ice for 20 minutes. Heat shock at 43 °C for 90 seconds causes
permeability of the membrane to the DNA plasmid. After incubation on ice for
5 minutes, 500 uL of LB medium was added and the cells were incubated at 37 °C and
180 rpm (Multitron) for 1 hour. 200 pL of the cell suspension was applied to an agar

plate. The agar plate was incubated over night at 37 °C (B28)

3.2.3. Heterologous Expression of Proteins

All protein constructs in this work were heterologously expressed in E. coli
Tuner(DE3). For this purpose, the corresponding expression plasmid was transformed
into the expression strain (chapter 3.2.2.). Subsequently, 50 mL of LB medium
containing 100 ug/mL kanamycin were inoculated with a single colony of the
transformed cells and incubated overnight at 37 °C and 180 rpm (Multitron).
Subsequently, 2 L of LB medium containing 100 ug/mL kanamycin were inoculated
with the precultures and the cells were cultured at 37 °C under constant movement
(120 rpm, Multitron). At an ODsoo of 0.7, protein expression was induced by adding
2 mL of 1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG), followed by another
4 hours of incubation at 37°C and 120 rpm (Multitron). Cells were harvest by
centrifugation (10 minutes, 4 °C, 2346 g, Avanti J-26CP) The resulting pellet, from 2 L
culture was resuspended in approximately 30 mL phosphate buffer and stored

at -20 °C.
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3.2.4. Growth Assay and Determination of Minimal Inhibitory
Concentrations 50 (MIC50) (Chapter 4)

This chapter is an unchanged section of my 2020 in MDPI membranes published
article “The Bacteriostatic Activity of 2-Phenylethanol Derivatives Correlates with
Membrane Binding Affinity”. The entire article can be found in Appendix 13.2. The
style was adapted to this thesis.

Escherichia coli strain MC4100 was grown in a terrific broth (TB)-medium buffered
with 10 % K2HPO4/KH2PO4 (0.17 M/0.72 M). 20 mL TB medium with 1:1000
streptomycin (50 mg/mL) was prepared, and the tested substance was dissolved in the
medium at the given concentration. From an overnight culture, E. coli MC4100 was
diluted in fresh medium to an ODeoo of 0.2. The cultures were incubated at 37 °C and
200 rpm for four hours, the ODsoo of a 5fold diluted sample was measured, and the
real value was calculated. The highest tested concentration was defined by the
solubility of the tested substances in TB medium or was the concentration where the
E. coli were not able to grow anymore. A dose-response curve was fit to the data with a
modified Hill equation using OriginPro 8.6 (Northampton, MA, US),

d—c
1+()P

y=c+ (6))

[53], with the concentration of the substance x and the parameter e reflecting the
MIC50 for each tested substance (Figure 9). In order to get an idea about the
concentration of the substance incorporated into the E. coli membrane, we calculated
the overall surface area presented by the bacteria and, based on the partition
coefficient, calculated the concentration of the lipids required to obtain the
corresponding area/ml as liposomes. According to [54], an OD of 0.2 corresponds to
about 2 * 108 E. coli cells/ml. The surface area of an E. coli cell is about 3 um?2 [55],
corresponding to about 4.2 * 106 lipid molecules, assuming 0.7 nm2/lipid [56]. Thus,
the concentration of the lipids necessary to create the corresponding

area of a lipid bilayer is about 3 pM.

3.2.5. Oxygen Consumption of E. coli (Chapter 5)

For E. coli oxygen consumption measurements, a PreSens Fibox 3 Minisensor and an

Oxygen Sensitive Optrode (DP-PSt3-L2.5-5510-YOP, PreSens Precision Sensing
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GmbH, Regensburg, Germany) was used. E. coli MC4100 cells from an overnight
culture (prepared as described above) were diluted and grown until an ODsoo of around
0.6 was reached. The cells were harvested, and the pellet was resuspended in 200 pL
PBS Puffer (137 mM NaCl, 2.7 mM KCl, 12 mM H3PO,, pH=7.4) containing 10 mM
ethylenediaminetetraacetic acid (EDTA). Upon incubation for 5 minutes, cells were
pelleted and resuspended in TB media (ODsoo = 0.2). SM19 was added up to a final
concentration of 10 uM. 3 mL cells were placed in the reaction chamber, the chamber
was closed airtight, and the measurement was started at 37 °C. The measurement was

stopped when the oxygen amount reached o umol/L.

3.2.6. Fluorescence Microscopy of E. coli (Chapter 6)

10 mL E. coli Tuner(DE3) in LB media containing the construct were grown at 37 °C to
an ODeoo of 0.45. Protein production was induced by adding 5 uL of 1 M IPTG. After
15 minutes, 20 uL were transferred to an agarose pad and visualized under a
fluorescence microscope (Axio observer.Z1). Bright channel and TagYFP channel
pictures were taken using the 63x objective. Pictures were merged using Adobe
Photoshop CC 2018.

3.3. Biochemical Methods

3.3.1. Purification of Proteins

The eYFP constructs (chapter 6) were purified by immobilized metal affinity
chromatography using nickel-nitrilotriacetic acid (Ni-NTA)-agarose. Sigma protease
inhibitor cocktail, (1:1000) was added to thawed cells from the heterologous protein
expression (chapter 3.2.3.). The cells were homogenized using a maximator
(Maximator GmbH) Cells were centrifuged at 13776 g for 10 minutes (Centrifuge
5810 R). The supernatant was incubated with 4 mL Ni-NTA-agarose (Machery-Nagel,
Diiren, GER) for 1 hour at room temperature. After transferring to a disposable column
(5 mL polypropylene column) four wash steps were performed. One with 40 mL
phosphate buffer, one with 60 mL phosphate buffer and 10 mM imidazole, one with
60 mL phosphate buffer and 20 mM imidazole, and one with 60 mL phosphate buffer
and 40 mM imidazole. The protein was eluted with 10 mL phosphate buffer containing

200 mM imidazole. The imidazole was removed and the buffer was exchanged using a
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PD10 desalting column (GE Healthcare, Chicago, IL, USA). For this purpose, the
protein solution was concentrated to 2.5 mL and added to the column. Elution was
performed with 3.5 mL of HEPES buffer. Small molecules such like imidazole
remained on the column, while large molecules (such as proteins) were eluted.

Protein quality was checked using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot analysis. The absorbance of the protein
solution at 280 nm was determined using the NanoDrop (ThermoScientific). Protein
concentration was calculated using the specific extinction coefficient of the protein. For
direct use, the protein was stored at 4 °C, for later use, 50 % (v/v) glycerol was added

and the protein was stored at -20 °C.

3.3.2. SDS-PAGE

SDS-PAGE was used to separate proteins based on their molecular weight [57]. Two
different gel compositions were used in this work. For the eYFP constructs from
chapter 6 a 10 % acrylamide gel and for the tafazzin constructs from chapter 7 a 12 %
acrylamide gel. The composition of the separation gels and the stacking gel can be

found in Table 13.

Table 13: Composition of the separation and stacking gels

Separation gel Separation gel Stacking gel
12 % 10 %
H20 4.5 mL 5 mL 6 mL
Acrylamide 40 % | 3 mL 2.5 mL 1.5 mL
Specific buffer 2.5 mL 2.5 mL 2.5 mL
APS 10 % 100 uL. 100 puL. 100 pL.
TEMED 40 uL 40 uL. 40 puL.

Protein samples were mixed with 5x sample buffer and incubated at 8o °C for
20 minutes for denaturation. The gel was placed in a gel chamber containing SDS
running buffer (Table 1) and the samples were loaded. A standard was also loaded to
determine the molecular weight. A voltage of 200 V was used to separate the proteins.

Electrophoresis was stopped when the running front reached the end of the gel.
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After electrophoresis the gel was placed in Coomassie brilliant blue R250 solution to
visualize the proteins in the gel. This dye interacts with basic amino acids of the
protein. The gel was incubated for 1 hour in the Coomassie solution. The excess dye
was removed by incubating the gel in the Coomassie destaining solution (Table 1) until
the protein band was clearly visible. For documentation the gel was scanned after a

short incubation in water.

3.3.3. Western Blot Analysis

Western blot analysis was performed to identify proteins. Proteins were transferred to
a nitrocellulose membrane after SDS-PAGE and identified using a specific antibody. In
this work an anti-histidine tag (HisTag) antibody was used.

For transferring the protein on the nitrocellulose membrane the Trans-Blot Turbo
Transfer system from Bio-Rad was used. An electric field (25 V) was applied for
30 minutes. The membrane was then incubated in blocking buffer for 1 hour and then
washed three times with TBST buffer for 5 minutes each. After the washing step the
membrane was incubated with the antibody for one hour and then washed again with
TBST buffer (3x 5 minutes). To visualize the protein 10 mL of ECL1 solution was added
for one minute followed by the addition of 10 mL ECL2 for 1 minutes. Luminescence
was detected using the detection system Stella (Raytest). Figure 28 was detected with

the detection system Fusiom FX (Viler).

3.3.4. Membrane Association Assay (Chapter 7)

Cells were disrupted by using a Maximator (Maximator GmbH) (about 18000 psi) and
the lysate was centrifuged for 10 minutes at 14000 g and 4 °C (Centrifuge 5810 R,
Eppendorf (Hamburg, GER)). The supernatant was transferred into another tube and
the pellet was discarded. The supernatant was replenished to 100 mL and divided into
13 ultracentrifuge tubes (7.5 mL each) following ultracentrifugation for 1 hour at
100000 g (Optima L-100K Ultracentrifuge). This time, the supernatant was discarded
and the pellets were resuspended in 7.5 mL of 13 different buffers (Table 1). The
samples were incubated and stirred for 30 minutes at room temperature.
Subsequently, the samples were centrifuged again for 1 hour at 100000 g and 4 °C. A

sample of the supernatant was taken. The pellet was resuspended in 2 mL of the
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appropriate buffer. For relative protein quantification, Western blot analysis was

performed (chapter 3.3.3.).

3.3.5. Liposome Preparation

Large unilamellar vesicles (LUVs)

For liposome preparation, the lipid or lipid mixture of interest (dissolved in
chloroform) was pipetted into a reaction tube. The solvents were removed under a
gentle nitrogen stream and vacuum desiccation overnight.

The next day HEPES-buffer was added, and the lipid film was rehydrated. The LUVs
used for the experiments in chapter 5 and 6 were prepared by vortexing the mixture
twice for 1 minute. Subsequently, five freeze-thaw cycles were performed. To obtain
the LUVs used in chapter 4, the mixture was vortexed and then incubated for
30 minutes at 37 °C and 1000 rpm in a thermoblock mixer comfort from Eppendorf.
Five freeze thaw cycles were performed. The liposomes were again incubated for

30 minutes at 37 °C and 1000 rpm on a thermoblock mixer comfort from Eppendorf.

Giant unilamellar vesicles (GUVs) (Chapter 6)

GUVs were prepared using a polyvinyl alcohol (PVA) swelling method. 25 uL of 1 %
PVA was dried on round coverslips. The coverslips were transferred into a multiwell
plate and 8 pL of the desired lipid mixture was added. Lipid mixtures contained 50 %
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and either 50 % 1,2-dioleoyl-sn-
glycero-3-phosphoglycerol (DOPG) or 50 % cardiolipin. All mixtures contained
PE-Atto336 (0.01 g/L) to stain the GUVs. To get rid of all solvents, the lipid film was
dried for 30 minutes under vacuum. 400 pL of GUV buffer was added and the sample
was incubated for 1 h. The GUVs were transferred into a 1.5 mL reaction tube and
diluted 1:5. After transferring the GUVs into a glass chamber they set for 1 hour. GUVs
were documented using a fluorescence microscope and the AF647 channel (Axio
observer.Z1). Protein (eYFP-stalk) was added to a concentration of 0.1 g/mL and again
GUVs were documented via the microscope, this time additionally using the TagYFP

channel to visualize the protein.
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3.3.6. Sedimentation Assay (Chapter 6)

20 uL of 4.5 mM lipid in chloroform were used to prepare LUVs. Protein in HEPES
buffer was added to the prepared liposomes, resulting in 0.05 mM protein, and
incubated for 1 hour. 50 uL were taken as a sample for SDS-PAGE analysis. The
remaining sample was centrifuged for 30 minutes at 139104 g and 4 °C (Optima
MaxXP ultracentrifuge). The supernatant was discarded, except for 50 uL, which were
kept as a sample for subsequent SDS-PAGE analysis. The pellet was resuspended in
150 uL. HEPES buffer and 50 uL were collected for SDS-PAGE analysis.

3.4. Biophysical Methods

3.4.1. Laurdan Fluorescence Spectroscopy and Generalized Polarization

Values

LUVs were prepared as described in chapter 3.3.5. Lipids were mixed with Laurdan

(dissolved in methanol) in a 500:1 molar ratio before drying.

Laurdan spectra were recorded at 25 °C using a fluorescence spectrometer. The
methods and the used instrument can be found in Table 14. Each lipid composition was
measured at least three times using freshly prepared liposomes. Generalized
polarization (GP) values were calculated from the fluorescence emission spectra using
the following equation [58]:

Gp = lo”lano (2)

I440+1490

I440 and I490 are the emission intensities at 440 and 490 nm, respectively.

Table 14: Instrument and methods used for Laurdan fluorescence spectroscopy.

Instrument Method
Chapter 4 | Fluoro-Max-4 excitation and emission band widths: 2 nm
(PEtOH) fluorescence Excitation: 350 nm

spectrometer Recording: 400 - 550
Chapter 5 | Jasco excitation and emission band widths: 2.5 nm
(CliB) Spectrofluorometer Excitation: 360 nm

FP-8500 Recording: 400 - 600
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Chapter 4: 25 puL of 10 mM E. coli polar lipid (EPL) in chloroform and methanol (2:1)
was used for liposome preparation. 250 uL of the substances dissolved in HEPES-
buffer at the desired concentrations were added for the rehydration of the lipid film.
Depending on their solubility in aqueous buffer, methyl phenylacetate was measured
up to 15 mM, 1-hexanol up to 70 mM, phenylacetic acid and phenyllactic acid up to
80 mM and Tyrosol and 2-phenylethanol up to 100 mM.

Chapter 5: If needed, a substance (dissolved in methanol) was added at the indicated
concentration before drying. 300 uL. HEPES-buffer were added resulting in a solution
with 300 uM total lipid.

For easier comparison, the AGP value was calculated using mean GP values determined
in presence (+SMxx) or absence (-SMxx) of the small molecules with the following

equation.
AGP = GPysyxx — GP_syxx (3)

xx is a number between 1 and 22.
For each mean value, the standard error of the mean (SEM) was calculated, and the
error for AGP and AGP__cardiolipin/ AGP_PG was calculated based on Gaussian error

propagation.

3.4.2. Fluorescence Measurements Using the Emission of SM19
(Chapter 5)

LUVs containing different amounts of DOPC and DOPG or cardiolipin (1,3-bis[1,2-
dioleoyl-sn-glycero-3-phospho]-glycerol (TOCL)), respectively, were prepared as
described (chapter 3.3.5.). 3 uM SMig (2-[(E)-2-[4-(dimethylamino)phenyl]ethenyl]-
3-ethyl-1,3-benzothiazol-3-ium iodide) was mixed with the lipids during liposome
preparation. Fluorescence spectra were measured using a Jasco Spectrofluorometer
FP-8500 (Jasco Deutschland GmbH). The sample was excited at 500 nm and spectra

were recorded from 520 to 680 nm. The band widths were set to 2.5 nm.
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3.4.3. Fluorescence Measurements of SM19 in Presence of E.coli
(Chapter 5)

E. coli strain MC4100 was grown in TB-medium buffered with 10 % K-HPO,/KH-PO,
(0.17M/0.72 M). From an overnight culture, containing 10 mL TB medium with 1:1000
streptomycin (50 mg/mL), E. coli MC4100 were pelleted. The cells were washed three
times with HEPES buffer and resuspended in buffer to a final ODeoo of 2. Different
concentrations of SMiy (dissolved in water) were added to 500 uL of cells and
incubated for 5 minutes. The emission spectra of SM1o were recorded between 520 and
680 nm with a Jasco Spectrofluorometer FP-8500 (Jasco Deutschland GmbH), upon

excitation at 500 nm. The intensity at 592 nm was plotted.

3.4.4. LogP Correlation (Chapteryg)

This chapter is an unchanged section of my 2020 in MDPI membranes published
article “The Bacteriostatic Activity of 2-Phenylethanol Derivatives Correlates with
Membrane Binding Affinity”. The entire article can be found in Appendix 13.2. The
style was adapted to this thesis.

It can be expected that the effect of a given compound on a membrane correlates with
its tendency to incorporate into the membrane, represented by the corresponding

partitioning coefficient P. This type of correlation is probed as [59]

log% =axlogP+b 4)

if only logP is considered as the predictor for the activity of the substance, with a and b
being constants and C the concentration relevant for the effect to be tested, here:
Minimal inhibitory concentration 50 (MIC50; see [59] for a recent discussion of the

approach).
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4. The Bacteriostatic Activity of 2-Phenylethanol
Derivatives Correlates with Membrane Binding
Affinity

4.1. Author Contributions

This chapter is a shortened version of my 2020 in MDPI membranes published article
“The Bacteriostatic Activity of 2-Phenylethanol Derivatives Correlates with Membrane
Binding Affinity”. It contains the unchanged text and figures of the Abstract,
Introduction and Results and Discussion parts. The entire article can be found in
Appendix 13.2. Materials and Methods used and performed by me can be found in
chapter 2 and 3. Methods performed by others can be found in Appendix 13.1.1. The
authors’ affiliations are listed in chapter 12 and the authors’ contributions are listed in
Table 15

Table 15: Author contributions to “The Bacteriostatic Activity of 2-Phenylethanol Derivatives
Correlates with Membrane Binding Affinity”

Conceptualization Complete study ]
Methodology Complete study e
Software Complete study I
Validation Complete study e
I
Formal analysis Complete study e
Investigation Complete study s
Writing Original draft preparation | [ GGG
Review and editing I




4. The Bacteriostatic Activity of 2-Phenylethanol Derivatives Correlates with Membrane Binding

Affinity
Supervision, funding | Complete study s
acquisition,
resources, and project
administration
Figures Methodology, Data visualization
Investigation, Formal
analysis
Figure 6 N |
Figure 7 I I
Figure 8 I I
Figure 9 I I
Figure 10 I I
4.2. Abstract

The hydrophobic tails of aliphatic primary alcohols do insert into the hydrophobic core
of a lipid bilayer. Thereby, they disrupt hydrophobic interactions between the lipid
molecules, resulting in a decreased lipid order, i.e., an increased membrane fluidity.
While aromatic alcohols, such as 2-phenylethanol, also insert into lipid bilayers and
disturb the membrane organization, the impact of aromatic alcohols on the structure
of biological membranes, as well as the potential physiological implication of
membrane incorporation has only been studied to a limited extent. Although diverse
targets are discussed to be causing the bacteriostatic and bactericidal activity of
2 phenylethanol, it is clear that 2-phenylethanol severely affects the structure of
biomembranes, which has been linked to its bacteriostatic activity. Yet, in fungi some
2-phenylethanol derivatives are also produced, some of which appear to also have
bacteriostatic activities. We showed that the 2-phenylethanol derivatives phenylacetic
acid, phenyllactic acid, and methyl phenylacetate, but not Tyrosol, were fully
incorporated into model membranes and affected the membrane organization.
Furthermore, we observed that the propensity of the herein-analyzed molecules to

partition into biomembranes positively correlated with their respective bacteriostatic
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activity, which clearly linked the bacteriotoxic activity of the substances to

biomembranes.

4.3. Introduction

Due to their amphipathic properties, alcohols affect numerous biological processes,
many of which are related to cellular membranes. The hydrophobic tails of alcohols
insert into the hydrophobic core region of a lipid bilayer and disrupt hydrophobic
interactions between the lipid molecules, resulting in a decreased lipid order, i.e., an
increased membrane fluidity [60,61]. The exact impact of alcohol on the structure of a
lipid bilayer depends on the length and overall hydrophobicity of the alcohol alkyl
chain, and it is predicted that the effect of alcohols on membranes increases with
increasing alkyl chain lengths [62]. Thus far, the impact of alcohols on biomembranes
has been studied to a great extent using, aliphatic primary alcohols, albeit aromatic
alcohols, such as 2-phenylethanol (2-PEtOH), also insert into lipid bilayers and disturb
the membrane organization [63].

2-PEtOH, a compound also known as phenylethyl alcohol or benzylcarbiol, is a
colorless liquid with a rose-like odor. 2-PEtOH occurs widely in nature and is—besides
in rose extracts—a major component in a variety of plant extracts from carnations,
hyacinths, jasminum, geranium species, and others [64]. 2-PEtOH has been shown to
affect cell proliferation in bacteria, yeast, plants, fungi, and mammalian cells, albeit its
exact mode of action is still under debate [65-68]. Due to its bactericidal effect,
2-PEtOH is frequently used in concentrations of up to 100 mM to protect
pharmaceuticals, cosmetics, and other personal care products from spoilage. However,
2-PEtOH is already bacteriostatic at vastly lower concentrations, starting at
concentrations as low as 8 mM with explicit effects at 12—16 mM [66].

2-PEtOH appears to affect DNA, RNA, and protein synthesis in bacteria [69—71].
Additionally, it has been suggested that the bactericidal activity of 2-PEtOH in fact
depends on its conversion into phenylacetaldehyde, which is way more toxic to bacteria
than 2-PEtOH [71]. Yet, while diverse targets are discussed to be causing the
bacteriostatic activity of 2-PEtOH, it is clear that 2-PEtOH partitions into bacterial
membranes and severely affects the structure of biomembranes [63,66,72]. As
observed with other alcohols, the interaction of 2-PEtOH with the model as well as with

biological membranes results in a drastic change of the lipid acyl-chain order [73-75].
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This 2-PEtOH-induced change in the lipid order significantly affects the dimerization
of transmembrane helices in the model, as well as in cellular membranes [73]. Thus,
2-PEtOH-induced lipid disordering might crucially affect the structure of
transmembrane proteins in general, and this effect on the structure of biological
membranes might be the first and ultimate line of the 2-PEtOH bacteriostatic activity.
Further, 2-PEtOH is also produced by some fungi, which can significantly retard their
growth and development [65,68]. Yet, fungi also produce some 2-PEtOH-derivatives,
such as Tyrosol, phenyllactic acid, and phenylacetic acid (Figure 6), some of which
appear to also have bacteriostatic activities. Already decades ago, a correlation between
the bacteriostatic activity of phenyl-substituted alcohols (other than analyzed here)
and their partitioning between an aqueous phase and an organic layer was described,
and it was suggested that the compounds acted on cellular membranes [72]. Thus, it is

reasonable to assume that the 2-PEtOH derivatives also act on cellular membranes and

affect cell viability.
OH
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Figure 6: Chemical structures of 2-phenylethanol (2-PEtOH) and derivatives.

2-phenylethanol (A), phenylacetic acid (B), phenyllactic acid (C), Tyrosol (D), methyl phenylacetate (E),
and 1-hexanol (F). The structures were drawn with ChemSketch V5.

Similar to 2-PEtOH, phenyllactic acid, the metabolite of phenylethylamine that occurs
in the phenylalanine metabolism [76-78], also appears to have antimicrobial
properties, targeting fungi and bacteria [73,74,79—81]. Just as for 2-PEtOH, also for
phenyllactic acid, diverse modes of actions are discussed, and the compound appears
to affect the integrity of the bacterial cell wall [73,79], and/or it might intercalate into
the DNA and hinder DNA replication [82].

Yet, just as 2-PEtOH, it has been suggested that phenylacetic acid does also act at the

cell membrane, albeit not knowing the mode of action [76]. Clearly, phenylacetic acid

52



4. The Bacteriostatic Activity of 2-Phenylethanol Derivatives Correlates with Membrane Binding
Affinity

can passively cross liposomal membranes in vitro [83], and a correlation between the
membrane partition coefficients of some of its para-substituents and their
bacteriostatic properties is described [84], and phenyllactic acid potentially makes the
outer membrane of Escherichia coli more permeable, without disrupting it [82]. In
contrast to 2-PEtOH and phenylacetic acid, membrane interaction of methyl
phenylacetate, the methyl ester of phenylacetic acid, which is produced by several
plants, has not been analyzed yet.

Tyrosol belongs to the most widely distributed compounds in plants [75]. It is the
major phenolic compound found in olive oil, red wine and white wine [85,86].

While membrane interaction of 2-PEtOH has been studied to some extent and the
bacteriostatic activity of 2-PEtOH has been linked to its membrane activity, the
interaction of 2-PEtOH derivatives with model and biomembranes has only marginally
been studied, if at all. Given that most compounds have an amphipathic nature,
membrane interaction is expected, and it is well possible that membrane interactions
affect bacterial homeostasis. In the present study, we showed that the 2-PEtOH
derivatives phenylacetic acid, phenyllactic acid, and methyl phenylacetate (Figure 6)
were incorporated into the model membranes and affected the membrane structure.
The higher the overall hydrophobicity of a 2-PEtOH derivative, the higher its fluidizing
impact on a membrane. Furthermore, we observed a positive correlation between
membrane partitioning and the bacteriostaticity of the here analyzed 2-PEtOH

derivatives.

4.4. Results and Discussion

The impact of 2-PEtOH on the structure and the stability of the model, as well as
biological membranes, were studied in the past [65—67,73—75]. Nevertheless, plants,
some fungi, as well as some bacteria produce and secrete the 2-PEtOH derivatives
phenylacetic acid permeabilizes the outer membrane of bacteria (by a yet unknown
mechanism) [82], the membrane activity of the 2-PEtOH derivatives is largely
unexplored. All molecules are amphiphilic and have a polar region with hydroxyl or
carboxyl groups and a nonpolar phenyl ring. An exception is Tyrosol, which has an
extra hydroxyl group at the phenyl ring that renders the molecule non-amphiphilic
[75]. Furthermore, in the present study, we additionally analyzed methyl

phenylacetate, the methyl ester of phenylacetic acid produced in some plants, as it
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allows separating effects of the polar group from effects potentially caused by the
negative charge of the carboxylate group. Furthermore, 1-hexanol, whose membrane

interaction is well studied [60,61], was used as a non-aromatic control.

4.4.1. Membrane Partitioning and the Impact of 2-PEtOH Derivatives on
the Membrane Structure

To estimate the membrane-binding affinity of the here-analyzed substances, we first
calculated logP values (Table 16), which provide information as to the partitioning of
the substances between water and octanol (which is typically used as a mimic of the
hydrophobic membrane core). This calculation is based on the hydrophobicity and
polarity of a substance, and the less hydrophobic a molecule, the lower the logP value.
[871.

Table 16. LogP and MIC50 values of 2-PEtOH and derivatives.

Substance logP MICso
phenyllactic acid 0.72 44.97
Tyrosol 1.00 20.74
phenylacetic acid 1.36 20.28
2-phenylethanol 1.49 14.89
methyl phenylacetate 1.98 6.30
1-hexanol 2.13 7.05

The partition coefficient (logP) values of the substances, which provide information as to membrane
partitioning of a molecule, were calculated with the online Molinspiration software v2016.10. The higher
the value, the more hydrophobic the molecule and the higher will be the fraction of the membrane
incorporated substance. The minimal inhibitory (MIC50) value provides information as to the
bacteriostatic potential of a molecule (compare Figure 9). The higher this value, the less bacteriostatic a
substance.

Phenyllactic acid has the lowest logP value and, thus, is the least hydrophobic molecule
analyzed here, and 1-hexanol is the most hydrophobic molecule with the highest logP
value of our studied substances.

Based on the definition of the logP, it is evident that a substance with a negative logP
has a higher affinity to the aqueous phase, and a positive logP denotes a higher
concentration in the lipid phase. Thus, based on this analysis, we expected all our

tested substances to incorporate into the membrane (the lipid phase) as all the
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calculated values are positive [88]. Indeed, computer simulations clearly indicated that
all substances incorporated around the lipid head groups (Figure 7). The ring lies
deeper in the membrane than the side chain for all substances except Tyrosol. In fact,
the angle distribution shown below (Figure 7) indicated that Tyrosol did not intercalate
into a membrane but rather bound parallel on a membrane surface, in line with
previous assumptions [75,89]. The angle between the membrane bilayer normal and

the orientation of Tyrosol was just about 90°, while all other compounds showed much

larger angles (Figure 7F).
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Figure 7: Number—density profiles, compound orientation relative to the membrane normal and
simulation snapshots.

(A-E) The number—density profiles report the molar fraction of different chemical groups in the
simulation box, perpendicular to the bilayer. (A) 2-PEtOH, (B) phenylacetic acid, (C) phenyllactic acid,
(D) Tyrosol, and (E) methyl phenylacetate. All substances have shifts between the side chain and ring,
except Tyrosol. Molar fractions of the solutes have been multiplied by 50 for clarity. All substances
spontaneously insert close to the lipid head groups. (F) The angle between membrane normal and
compound orientation (defined from side chain to aromatic ring) shows large values for methyl
phenylacetate, phenylacetic acid, 2-PEtOH, and phenyllactic acid, indicative of their intercalation in the
membrane. Smaller values are reported for Tyrosol, indicating its binding parallel to the membrane
surface. (G,H) Representative simulation snapshots of 2-PEtOH and Tyrosol (purple) inserted in the
headgroup region of the phospholipid membrane. Water is not shown for clarity.
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Thus, all 2-PEtOH derivatives intercalated into a lipid monolayer, except Tyrosol,
where direct interactions with the lipid acyl chains were not expected.

As membrane integration and membrane activity of 2-PEtOH had been demonstrated
in the past, we next determined the impact of 2-PEtOH derivatives on the structure of
model membranes via laurdan fluorescence spectroscopy [60,61,67,68,73,76,79].
Laurdan is a fluorescent dye that incorporates in lipid bilayers. Changes in the laurdan
fluorescence emission spectrum reflect changes in the dye’s ultimate environment, e.g.,
caused by altered lipid packing. To quantify the impact of a molecule on the structure
of a lipid bilayer, the generalized polarization (GP) value was calculated [90]. A high
GP value (= + 0.4) is characteristic for a rigid lipid bilayer with densely packed lipid
molecules, i.e., the membrane gel state, whereas a low GP value (= - 0.2) is
characteristic for less densely packed lipid bilayers, i.e., the fluid membrane state. As
these values are largely independent of the lipid head groups and acyl chains, changes
in the GP value can provide information about changes in the lipid order upon the
addition of substances [91].

To this end, unilamellar liposomes were prepared from E. coli lipids containing 2 uM
Laurdan as well as increasing concentrations of the substances analyzed here. Changes
in lipid packing were determined via laurdan fluorescence spectroscopy and illustrated
as changes in the GP values (Figure 8). For further details, see Materials and Methods.
2-PEtOH and 1-hexanol are well known to increase membrane fluidity [60,61,67]. In
line with this, the GP values measured here with increasing 2-PEtOH and 1-hexanol
concentrations, respectively, are constantly decreasing (Figure 8), indicating a
membrane fluidizing effect of all substances. For the maximal tested concentrations of
the two substances, 70 mM for 1-hexanol and 100 mM for 2-PEtOH, the GP value is
around — 0.2. This value is characteristic of a bilayer in the fluid (liquid crystalline)
phase [90,91]. Here, 2-PEtOH acts like 1-hexanol, although the impact of 1-hexanol on

the lipid acyl chain order was more pronounced already at lower concentrations.
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Figure 8: 2-PEtOH and derivatives affect the structure of the model membranes.

GP values determined at increasing substance concentrations are shown. The values indicate a fluidizing
effect for the more hydrophobic substances 1-hexanol, 2-PEtOH, and methyl phenylacetate. Tyrosol
seems to be largely ineffective, while phenyllactic acid and phenylacetic acid seem to have a slight
ordering effect.

Yet, even though Tyrosol binds solely to membrane surfaces, an impact on the lipid
order might be expected. However, we did not see any change of the GP values with
increasing Tyrosol concentrations, and thus, apparently, surface adhesion of Tyrosol
does not (significantly) affect the membrane structure.

Further, for phenylacetic acid and phenyllactic acid, it was suggested that they could
incorporate into membranes [73,76,79,83], which is in line with the calculated logP
values (Table 16). Yet, in contrast to 2-PEtOH, the addition of both phenyllactic acid as
well as phenylacetic acid to E. coli lipid membranes did result in increasing GP values,
which remained constant at concentrations larger than 15 mM. Thus, phenylacetic acid
and phenyllactic acid both appeared to increase rather than decrease the membrane
lipid order creating a more rigid membrane. Nevertheless, the membrane ordering
effect was much lower than the disordering effect of 2-PEtOH or 1-hexanol.

To estimate whether the reverse impact of the two acids, compared to 2-PEtOH, might
be caused by the negative charge, we additionally analyzed the impact of the methyl
ester of phenylacetic acid, methyl phenylacetate, on the membrane structure. The
addition of methyl phenylacetate to the model membranes resulted in decreasing GP
values, as observed with 2-PEtOH or 1-hexanol. Consequently, membrane

incorporation of methyl phenylacetate increased the membrane fluidity, and thus
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masking the negative charge of phenylacetic acid seemed to have a significant impact

on the membrane activity (as further discussed below).

4.4.2. 2-PEtOH and Derivatives are Bacteriostatic

For all substances, except for Tyrosol, we showed that membrane binding had an
impact on the membrane structure. Next, to test whether this membrane activity
correlates with a potential bacteriostatic activity of the substances, the impact of
2-PEtOH, phenylacetic acid, phenyllactic acid, methyl phenylacetate, Tyrosol, and
1-hexanol on the growth of the bacterium E. coli was tested. For 2-PEtOH, it was
already shown that it decreases bacterial growth starting at concentrations as low as
8 mM with explicit effects at 12—16 mM [66]. We followed bacterial growth in presence
of increasing substance concentrations to calculate the (non-lethal) amount of

substance that inhibits 50% bacterial growth (Figure 9).

0D,

Concentration [mM] Concentration [mM] Concentration [mM])
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Figure 9: Determination of MIC50 values.

The ODe¢oo was plotted against the substance concentration and a dose-response fit was performed for
(A) 2-PEtOH, (B) phenylacetic acid, (C) phenyllactic acid, (D) Tyrosol, (E) methyl phenylacetate, and
(F) 1-hexanol (n = 3, +SD). The corresponding MIC50 values are given in Table 16.

This minimal inhibitory (MIC50) value is a measure of the antimicrobial activity of
compounds [92].

In excellent agreement with literature values, we here observed a clear effect of
2-PEtOH on E. coli growth with an MIC50 value of ~ 15 mM [5—9]. As for phenylacetic
acid, we likewise observed a bacteriostatic effect with an MIC50 value of ~ 20 mM.

However, when we masked the negative charge and analyzed the methyl phenylacetate
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instead, the MIC50 value was lowered to ~ 6.3 mM, a value lower than 2-PEtOH and
in the same range as observed with 1-hexanol. This showed that masking the negative
charge not only considerably affected the membrane activity of (methyl) phenylacetate
(Figure 8) but also significantly enhanced its bacteriostatic efficiency. Surprisingly,
while Tyrosol did not integrate into and affect the structure of biomembranes but
rather lies flat on membrane surfaces (Figure 7H), it still affected the E. coli growth
with an MIC50 value of ~ 30 mM [75,88]. The naturally produced 2-PEtOH derivative
phenyllactic acid was least active with an MIC50 as high as ~ 45 mM. The determined

MIC50 values are summarized in Table 16 for each of the tested substances.

4.4.3. Hydrophobicity, Membrane Fluidity, and Bacterial Growth
Correlate

The here-analyzed molecules with the highest logP values decreased the membrane
order with increasing concentration, whereas phenylacetic acid and phenyllactic acid,
which both have a low logP value, showed increasing GP values with increasing
concentration. Thus, the higher the overall hydrophobicity of a molecule, the higher its
fluidizing impact on a membrane. Nevertheless, as all molecules, except the control
1-hexanol as well as Tyrosol, had a methylene benzene group, the chemistry of the
substituents was evidently important for the membrane activity of 2-PEtOH
derivatives. In contrast to 2-PEtOH, phenylacetic acid and phenyllactic acid did not
decrease but slightly increased the order of a lipid bilayer. Yet, when masking the
negative charge via the formation of a methyl ester, methyl phenylacetate showed an
even increased membrane fluidizing activity compared to 2-PEtOH. Thus, the
incorporation of the hydrophobic methylene benzene group into the hydrophobic
membrane core region, as well as (polar) interactions within the lipid head group
region, likely together affect the membrane activity of 2-PEtOH derivatives (as well as
of other substances). This appears to be nicely reflected by the calculated overall
hydrophobicity, i.e., the calculated logP values.

Based on several subsequent studies, the bacteriostatic activity of 2-PEtOH was linked
to biological membranes, albeit the exact mode of action is still unclear, and other
target structures were also discussed [63,66—68]. Yet, the calculated logP values nicely
correlated with the determined MIC50 values (Figure 10), and with an increasing logP
value, the MIC50 decreased. In fact, when we plot the logarithm of the MIC50 values

determined for the 2-PEtOH derivatives against the calculated logP values, we
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obtained a linear correlation with an r2 value of 0.987 (Figure 10). Thus, the
hydrophobicity of the molecules, i.e., their calculated propensity to partition into
biomembranes, correlated with the bacteriostatic activity, which indicated that the
partition coefficient significantly determined the biological activity of the substances

and links the bacterotoxic activity of the substances to biomembranes.

12 14 16 1.8 20 22
log(1/MICy)

Figure 10: The logP values of 2-PEtOH linearly correlate with the log(1/MIC50) values.

The logP values of 2-PEtOH and derivatives is plotted against the respective log(1/MIC50) values. The
correlation coefficient is r2 = 0.987.

In most cases, a clear effect on membrane lipid order was already observed in the
liposome-based assay at the MIC50 values, and, thus, changes in general membrane
properties could well have an important impact on the bacteriostatic activity of the
2-PEtOH derivatives. Yet, there was no general correlation between the
bacteriostaticity and the observed effect on the membrane structure: All substances
clearly had an impact on bacterial growth, yet some substances increased the lipid
order (phenylacetic acid, phenyllactic acid), Tyrosol did essentially not affect the
membrane structure, whereas the remaining substances decreased the lipid order.
Furthermore, it has to be noted that all molecules analyzed here might also have
additional cellular targets.

In summary, our results indicate a correlation between the hydrophobicity of the
2-PEtOH derivatives analyzed here and their respective bacteriostatic activity, and our

results link the biological activity of the molecules to cellular membranes.
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5. CLiB - a Novel Cardiolipin-Binder Isolated via Data-

Driven and In Vitro Screening

5.1. Author Contributions

An extended version of this chapter has been submitted to RSC Chemical Biology.

Materials and Methods used and done by me can be found in chapter 2 and 3. Methods

performed by others can be found in Appendix 13.1.2 and 13.1.3. The authors’

affiliations are listed in chapter 12 and the authors’ contributions are listed in Table 17.

Table 17: Author contributions to CLiB — a novel cardiolipin-binder isolated via data-driven and

in vitro screening.

Conceptualization Complete study
Methodology Computer simulations
P. anserina/mitochondria
In vitro and rest
Software Complete study
Validation Complete study

Formal analysis

Computer simulations
P. anserina/mitochondria

In vitro and rest

Investigation Computer simulations
P. anserina/mitochondria
In vitro and rest
Writing: Introduction
Original draft Results and Discussion:
preparation Computer simulation part

Mitochondrial part

In vitro and rest
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Review and editing Complete study I
|

Supervision, funding | Complete study ]

acquisition, resources

and project

administration

Figures Methodology, Data visualization
Investigation, Formal
analysis

Figure 11 ] ]

Figure 12 I I

Figure 13 ] ]

Figure 14 N ]

Figure 15 I I

Figure 16 I |

Figure 17 I I

Figure 18 ] I

Figure 19 [ ] [ |

Figure 29 I N

5.2. Summary

Cardiolipin, the mitochondria marker lipid, is crucially involved in stabilizing the inner
mitochondrial membrane and is vital for the activity of mitochondrial proteins and
protein complexes. Directly targeting cardiolipin by a chemical-biology approach and
thereby altering the cellular concentration of “available” cardiolipin eventually allows
to systematically study the dependence of cellular processes on cardiolipin availability.
In the present study, physics-based coarse-grained free energy calculations allowed us
to identify the physical and chemical properties indicative of cardiolipin selectivity and
to apply these to screen a database of natural compounds for putative cardiolipin-
binders. The membrane binding properties of the 22 most promising molecules

identified in the in silico approach were screened in vitro, using model membrane
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systems finally resulting in the identification of a single molecule, CLiB (CardioLipin-
Binder). CLiB clearly affects respiration of cardiolipin-containing intact bacterial cells
as well as of isolated mitochondria. Thus, the structure and function of mitochondrial
membranes and membrane proteins might be (indirectly) targeted and controlled by

CLiB for basic research and, potentially, also for therapeutic purposes.

5.3. Introduction

Cellular membranes separate intracellular processes from the environment and
surround defined intracellular structures within cells, resulting in formation of defined
intracellular reaction compartments, the organelles, a basis for the evolution of
complex life [93,94]. Biomembranes consist of a scaffold of multiple membrane lipids,
albeit the concentration of membrane-attached and/or integrated protein can be high.
Biological membranes can contain more than 1000 different lipid species, where the
main membrane constituents belong to three classes of lipids: phospholipids,
glycolipids, and cholesterol, with glycerophospholipids being the major class [8,94].
The exact lipid composition varies significantly between the diverse intracellular
membrane systems in eukaryotes, with the membrane lipid composition of organelles
differing from each other as well as from the composition of the plasma membrane [8].
Even within a membrane, regions with diverse lipid compositions can co-exist, such as
the basolateral and apical regions of epithelial plasma membranes, and in eu- as well
as in prokaryotes the formation of defined lipid domains is discussed, regions where
distinct lipid species segregate. It is assumed that specific proteins diffuse into such
domains and thereby form signaling platforms. (Targeted) disturbance of such lipid
domains can severely affect cellular functions, resulting in missignaling [25].

While the relative concentrations of individual lipid species within the eukaryotic
membrane systems varies, and thus the exact lipid composition appears to define the
membranes” physico-chemical properties, several lipids are restricted to chloroplasts
and mitochondria, the organelles with an endosymbiotic origin. E.g., galactolipids are
solely found in chloroplasts, as expected due to their cyanobacterial origin [95]. Many
bacteria contain significant amounts of cardiolipin (around 10 % in E. coli) [25],
whereas in eukaryotes this “bacterial lipid” can only be found in significant amounts in
mitochondria [96,97]. In the inner membrane of mitochondria, cardiolipin typically
constitutes 10-20 % of the total lipid [98,99], whereas in the outer mitochondrial

membrane only minor amounts of cardiolipin are found [39,100]. Consequently,
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cardiolipin is a marker for the mitochondrial inner membrane. In contrast, in fungi the
cardiolipin content in mitochondria can be much lower [101-103], and especially in
mitochondria from P. anserina the cardiolipin level is very low (1.5 %) [104].

Besides its unique origin and subcellular localization, also the structure of cardiolipin
is uncommon (Figure 1): two phosphatidyl backbones are linked via a glycerol head
group, and thus one cardiolipin molecule contains two negative charges [40,97,105].
Four fatty acid chains are attached to this backbone, which typically differ in their
respective length and saturation [38,97,106]. Because of its overall cone-shaped
structure, cardiolipin is primarily found in high curvature membrane regions, for
example at the poles of rod-shaped bacteria [107,108] or at highly curved regions of
the mitochondrial inner membrane [97]. Consequently, alterations in the
mitochondrial cardiolipin content can result in an altered morphology of the
mitochondrial inner membrane [109].

Mitochondria are the dominant generator of ATP in most eukaryotic cells and crucially
involved in several metabolic processes [97]. Cardiolipin is essential for the activity of
several mitochondrial enzymes [38,97], such as the glycerol-3-phosphate
dehydrogenase [110], creatine kinase or phosphate carriers [111,112], and the activity
of the respiratory chain complexes depends to some extent on cardiolipin [38].
Additionally, during apoptosis, interaction of cardiolipin with cytochrome c appears to
trigger intracellular signal propagation [113,114]. Accordingly, cardiolipin deficiency or
alterations in the mitochondrial -cardiolipin levels has pathophysiological
consequences in humans, such as ischemia or reperfusion and results in diabetes, heart
disease or the BTHS [38,109,115]. All these observations indicate that molecular
engineering of drugs that target cardiolipin is an innovative chemical concept that
potentially allows controlled analysis of physiological consequences caused by
cardiolipin abnormalities. In general, when a membrane-active compound binds a
defined lipid and/or acts as an inhibitor of lipid heterogeneity, this can (indirectly)
affect the activity of proteins or protein networks that need the specific lipid and/or
lipid-containing membrane platforms to perform their cellular functions [38]. Based
on this concept, the structure and function of mitochondrial membrane proteins might
be indirectly controlled for basic research and, potentially, also for therapeutic
purposes using engineered, cardiolipin-binding drugs (“cardiolipin-binders”).
Presently, molecules that specifically bind cardiolipin are still rare. The antibiotic

Daptomycin appears to bind more specifically to cardiolipin than to the
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glycerophospholipid PC, yet with even higher affinity to PG [116]. The fluorophore
1,1,2,2-tetrakis[4-(2-trimethylammonioethoxy)-phenylethene (TTAPE-Me) has been
introduced as a promising candidate for binding cardiolipin [117], yet here binding also
appears to be rather non-specific [118]. 10-N-nonylacridine orange (Figure 11) has
already been introduced decades ago as a mitochondrial surface marker, as it was

suggested to specifically interact with cardiolipin [119].

B
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R R
B o
I

Figure 11: Molecular structures of (A) cardiolipin, (B) PG and (C) NAO.

In (A) and (B) R represents the fatty acid chains not relevant for this work. CL: cardiolipin, PG:
phosphatidylglycerol, NAO: 10-N-nonyl acridine orange

NAO intercalates into the inner mitochondrial membrane in a membrane potential
independent manner and thereby poisons mitochondrial respiration [120]. At low
concentrations, it inhibits ATP synthesis and at increased concentrations it
additionally inhibits the respiratory electron transfer, potentially via competitively
capturing cardiolipin [119]. In line with this, at high doses, NAO alters the structure of
mitochondrial membranes [121,122]. The positively charged NAO likely
electrostatically interacts with the negatively charged cardiolipin head group, and the
cardiolipin fatty acid composition appears not to affect this binding specificity
[123,124]. Upon cardiolipin-binding, a shift in the NAO fluorescence emission
spectrum is observed. NAO is able to diffuse spontaneously across membranes, and
can thus be well used in situ, in whole cells [123], and consequently, NAO is used to
visualize and quantify the cardiolipin content of and/or clustering within bacterial cells
and/or mitochondria. Nevertheless, while a cardiolipin specificity has been postulated
many times, it has turned out in recent years that NAO is not cardiolipin-specific. In
fact, NAO still properly accumulates in mitochondria in cardiolipin-deficient yeast

mutants [125] and using model membranes it has been shown that NAO binds with
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high affinity to PG, which is chemically similar to cardiolipin (Figure 11A, B). In
summary, cardiolipin-selective molecules are urgently needed for future research.

In the present study, we set up an efficient pipeline to screen for novel specific
cardiolipin-binders. Computational screening methods are gaining increasing
recognition in materials modelling and drug design for efficient identification of
molecular candidates that feature desired properties [126—131]. A microscopic picture
not only provides the means to resolve the main physicochemical interactions at play,
but it can also directly connect chemical structure with property [132]. This connection
allows the identification of several candidate molecules with structural features linked
to desired properties that can be investigated in more detail. Molecular dynamics (MD)
simulations can provide microscopic insight into macromolecular structure-property
relationships that are difficult to gain experimentally [133—139]. Coarse-graining (CG)
reduces the complexity of molecular representations by averaging over the chemical
and physical properties of adjacent heavy (non-hydrogen) atoms represented by a
single bead. The result is a considerable reduction in computational complexity, while
still reproducing the underlying chemical and physical properties sufficiently well
[140—144]. Here we show that CG modelling is an efficient strategy to discover
cardiolipin-binding small molecules (SM). Starting from the reference compound
NAO, we employ a series of free-energy calculations to unravel the physicochemical
interactions that lead to specific binding to cardiolipin. Free energy calculations via
alchemical transformations explicitly compare differences in stability between
cardiolipin and PG membranes. The calculations lead to the establishment of
physicochemical design rules. We subsequently applied these design rules to screen a
natural compound database. In a separate study, we employed a more elaborate
combination of CG simulations, free-energy calculations, deep representation
learning, and Bayesian optimization to tackle the same cardiolipin-binding SM
discovery problem [145]. The results of this parallel study provide a more detailed
description of the chemical space of putative cardiolipin-binders yet resulted in
consistent physicochemical design rules. Via computational screening we have
identified 22 SMs which potentially bind cardiolipin with high specificity. Subsequent
in vitro analyses of these SMs, using model membranes, resulted in the identification
of a single molecule, CLiB (CardioLipin-Binder) with a high preference for cardiolipin
over PG. In vivo analyses indicate that interaction of CLiB with cardiolipin affects

respiration in bacteria as well as in mitochondria. Thus, we here introduce CLiB as a
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new chemical biology tool for studying the physiological role of cardiolipin in cells

and/or organelles.

5.4. Results and Discussion

Typically, the impact of cardiolipin on the physiology of mitochondria is analyzed in
organisms or isolated mitochondria using strains in which cardiolipin synthesis is
inhibited due to deletion of genes coding for cardiolipin-synthesizing enzymes. Yet, it
remains an open question as to how far any physiological consequences observed in
such deletion strains de facto reflect cardiolipin-dependent processes or are due to an
altered membrane, the composition of which has been adjusted in the organisms when
cardiolipin is absent. Thus, it clearly is desirable to manipulate the cellular cardiolipin
content in a more controlled way using a chemical biology approach.

cardiolipin, the mitochondrial marker lipid, is crucially involved in stabilization of the
inner mitochondrial membrane as well as in the stabilization and activity of
mitochondrial proteins and protein complexes. Furthermore, the cardiolipin content
of mitochondria is altered during cellular adaption to defined stress conditions, as well
as during aging [37,39]. Directly targeting cardiolipin by a chemical-biology approach
and thereby altering the cellular concentration of “free” cardiolipin eventually allows
to systematically study the dependence of mitochondrial processes on cardiolipin
availability. Therefore, we aimed at identifying a previously unrecognized small
molecule that interacts specifically with cardiolipin and can be used in future research
on mitochondrial physiology. To do so, we set up a workflow involving two initial
computational steps, (i) the identification of physical and chemical properties crucial
for cardiolipin selectivity of a small molecule and (ii) screening of a vendor database
for possible candidates. This was done by applying a physics-based CG model of a
known cardiolipin probe, reducing the complexity of chemical space, and thereby
allowing us to systematically observe the change in selectivity caused by the
introduction of new interaction types into the CG model. The observations were
formulated as design rules describing which substructures in candidate molecules are
indicative of the properties required for cardiolipin selectivity. The pre-selected
candidate molecules were subsequently in vitro screened to identify promising

candidate substances. Finally, the activity of the top cardiolipin-binders identified in
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the present study on the physiology of a cardiolipin-containing bacterium as well as on

mitochondria was evaluated.

5.4.1. Rational Identification of 22 Candidate Molecules with a Putative

Cardiolipin-Binding Propensity

Due to its claimed cardiolipin-selectivity, NAO is commonly used to stain cardiolipin-
containing membranes, or cardiolipin-containing membrane domains. Yet, its
specificity and sensitivity towards cardiolipin is not high (as often proposed), as it also
interacts with other negatively charged lipids, such as PG, PS and phosphatidylinositol
(PI) [117,146]. Nevertheless, the chemical structure of NAO can serve as a reasonable
starting point to search for new cardiolipin-binders.

The physical and chemical properties of the CG representation of NAO were
systematically varied by exchanging individual bead types, for instance by altering the
number of hydrophobic sites or charged groups by calculating the relative partitioning
free energy AAG of the altered CG NAO from the water phase into each lipid membrane.
This is accomplished through two different free-energy methods, performing
alchemical transformations, and calculating the potential of mean force (PMF), see
Figure 29 in the appendix. Negative AAG and minima of the PMF curve represent
energetically favorable processes, i.e., insertion at the membrane-water interface,
selectivity to the targeted cardiolipin. We monitored the influence of the bead-type
exchanges on the preferential stability for cardiolipin compared to PG. The resulting

partitioning free energy differences AAGpg-,cardiolipin = AAGcardiolipin — AAGpg between

the same bead-type transformation in both the cardiolipin membrane and the PG
membrane are shown in 3A. The modified NAO structures are represented on the
horizontal axis, the color code indicates the position in the CG structure a specific bead
was assigned to (Figure 12B). Due to the symmetry of the reference NAO structure
along its vertical axis, for the pink and blue bead positions, no distinction was made
whether a specific bead was placed on the left or on the right side. The cardiolipin-

selectivity AAGpG-,cardiolipin 1S Tepresented on the y-axis. The compounds are sorted by
their resulting AAGpg_cardiolipin, from left (low selectivity) to right (high selectivity).

The Martini coarse-grained force field defines 14 neutral bead types sorted by
increasing polarity, from C1-C35 (very apolar) via N-types (neutral) to P-types (polar).
Additionally, it provides four charged bead types (Q). From here on, we denote all CG
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Martini bead types in bold and italics. It becomes clear that increased hydrophobicity
brought on by replacing the two C5 beads on the outer sides of the original CG NAO
structure (blue) by C1 or C2 beads shifted the selectivity of the resulting CG structure

away from cardiolipin and towards PG (AAGpg_cardiolipin > 0). Adding a neutral Na

bead with hydrogen-bond acceptor properties instead of the original No beads to the
top of the structure (pink) had no noticeable effect on cardiolipin-selectivity. In
contrast, introducing hydrogen-bond donor properties to the pink beads (Nda/Nd)
together with weak hydrophobicity (C5) in the blue beads resulted in an increased
cardiolipin-selectivity. This trend was increased further by replacing the hydrophobic
C-types at the blue positions with neutral beads with added hydrogen-bond donor sites
(Nda/Nd). Finally, the biggest increase in cardiolipin-selectivity was obtained in the
calculations by replacing the central charged bead (yellow) with a neutral hydrogen-
bond donor bead type, keeping the same bead types at the pink bead positions, and
introducing two positively charged hydrogen-bond donor beads (Qd/Qda) at the blue
positions on the outside of the molecule.

In summary, slightly shifting the overall hydrophobicity of the CG NAO representation
towards a more amphiphilic character, adding hydrogen bond donor properties, and
doubling the positive charge while simultaneously moving the charged beads from the
center to the outsides of the CG structure led to a larger negative 44Gp_,¢, indicating
increased cardiolipin selectivity. Example PMFs for three of those molecules are shown
in Figure 12C. Here, the solid lines represent PMFs calculated in the cardiolipin
membrane, the dashed lines PMFs in the PG membrane. The grey PMF curve resulted
from the original NAO representation to provide a reference for our introduced bead-
type changes. The red and the blue lines represent the bead-type conformations circled
in the same colors in Figure 12A. The increased depths of the minima of the PMF curves
indicate an increased selectivity of the candidate compounds for both the PG and the
cardiolipin membranes, and the increased distance at the minima of the PMF curves
for the same compound indicate an increased selectivity for cardiolipin over PG.
Overall, the umbrella sampling results show the same trend as found in the alchemical
transformation results shown in Figure 12A. Due to the increase in computational cost,
umbrella sampling calculations with more than one charged bead were not performed.
Our observations now allowed us to express three design rules of molecules that

selectively bind to cardiolipin and prefer cardiolipin over PG:

69



5. CLiB - a Novel Cardiolipin-Binder Isolated via Data-Driven and In Vitro Screening

>

AAGpg _, ¢ [keal/mol]

Positively charged beads: At least one, ideally two sites that will carry a positive
charge at physiological pH (pH~=7.3).

Neutral and charged beads (IN- and Q-types) with hydrogen-bond donor
properties: Functional groups able to form hydrogen bonds with the cardiolipin
headgroup.

Apolarity (represented by the C1 beads in the tail): Hydrophobic areas in the

molecule that induce alignment with or insertion into the lipid bilayer.
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Figure 12: Results of the computational investigation.

(A) Differences in partitioning free energies AAGpg_,cardiolipin from alchemical transformations of one or

more beads in the CG-representation of NAO. (B) Original CG representation of NAO color-coded to
visualize the locations of bead changes in the free energy calculations. (C) Exemplary PMFs of CG
structures with different bead types in the cardiolipin membrane (solid lines) and the PG membrane
(dashed lines). Connections show which PMF curve corresponds to which partitioning free energy
difference AAGpg.,cardiolipin-
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The design rules allowed us to select candidate molecules for cardiolipin selectivity
from the MCULE database [147] (Figure 12C). As NAO is described in the literature as
a cardiolipin probe, the Tanimoto similarity coefficients [148,149] of NAO at the level
of fingerprint representations was used for comparison. Candidate molecules with a
Tanimoto coefficient > 0.39 (lower threshold for similarity, identity is 1.0) were
extracted. We further screened the candidates for the presence of positively ionizable
sites and aromaticity [150]. From the resulting 93 molecules, a subset of 16 candidates
with a Tanimoto coefficient > 0.44 were subjected to experimental validation (SM: to
SM7, SMio to SM12, SMi6 and SMis to SMa2.).

Eight of the 16 molecules had at least one hydrogen-bond acceptor site identified using
the RDKit [151] chemical features definition, and one of those eight had both hydrogen-
bond donor and acceptor sites. Six molecules with a lower Tanimoto coefficient were
also added to cover the aspects of the design rules in more detail (SMs, SMo, SM13 to
SMi5 and SM17). Only hydrogen-bond donor- and no acceptor sites were identified in
SMi3 to SM15, SMs showed five positively ionisable sites, SMy four hydrogen-bond
acceptor sites and one donor site. Additionally, SM14 and SMi5 are structurally very
similar to SMi6, even though their Tanimoto similarity to NAO is lower. SM; follows
the design rules, even though the similarity to NAO was lower than that of the 16
initially selected candidates. It was included to probe the role of the structural
similarity to the detected cardiolipin selectivity. The 22 molecules are shown in

Figure 13, all descriptors used to select then can be found in Table 18.

71



5. CLiB - a Novel Cardiolipin-Binder Isolated via Data-Driven and In Vitro Screening

Table 18: Descriptors used to select the 22 molecules for experimental validation.

72

SM Tanimoto | + ionizable | acceptor donor | aromaticity
sites sites sites

1 0.4444 1 1 o) True
2 0.4737 1 (o} (o} True
3 0.4857 1 1 0 True
4 0.439 1 0] (o) True
5 0.4722 1 1 (o} True
6 0.439 1 1 0 True
7 0.4359 1 1 0 True
8 0.1818 5 1 (o} True
9 0.0909 1 4 1 True
10 0.5312 1 o o True
11 0.4615 1 0 o True
12 0.4848 1 0] 0 True
13 0.1159 1 o 1 True
14 0.325 1 o 1 True
15 0.3333 1 0 1 True
16 0.4474 1 1 1 True
17 0.23901 1 1 o True
18 0.439 1 1 o) True
19 0.4615 1 0] 0 True
20 0.439 1 0 0 True
21 0.4524 1 2 0 True
22 0.5588 1 0] 0 True
NAO 1.0 1 0] 0] True
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We successfully applied a combination of physics-based coarse-grained
representations of molecules to reduce the combinatorial complexity of chemical space
together with efficient free-energy calculation methods, thereby greatly increasing the
efficiency of examining the influence of different physical and chemical properties on
our targeted cardiolipin selectivity. We were able to formulate design rules describing
the identified properties on the CG level and linking back to related characteristics in
molecular structures. The design rules were successfully used to screen the MCULE
database of purchasable, in-stock compounds for potential cardiolipin-binders

(Figure 13).
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Figure 13: Structures of the 22 molecules further analyzed.

The chemical names of the substances can be found in Table 19.

The systematic names of the 22 molecules can be found in Table 19.
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Table 19: Systematic names of the 22 small molecules.

SM |Systematic name

1 |1-ethyl-6-methoxyquinolin-1-ium iodide

3-ethyl-2-[ (E)-2-[methyl(phenyl)amino]ethenyl]-1,3-benzoxazol-3-ium ethyl

2 lsulfate

3-ethyl-5-methoxy-2-methyl-1,3-benzothiazol-3-ium 4-methylbenzene-1-
3 |sulfonate
4 3-ethyl-2-[(1E,3E)-4-[methyl(phenyl)amino]buta-1,3-dien-1-yl]-1,3-

benzothiazol-3-ium iodide

5 |3-(dimethylamino)-5-ethylphenazin-5-ium iodide

3-ethyl-5-methoxy-2-[2-(methylsulfanyl)but-1-en-1-yl]-1,3-benzothiazol-3-
ium methyl sulfate

7 WK-(dimethylamino)-1-[3-(naphthalen-1-yloxy)propyl]pyridin-1-ium chloride

3-(4-bromophenyl)-1-(2-oxo-2-phenylethyl)-5H,6 H,7H-pyrrolo[1,2-
a]imidazol-1-ium bromide

4-({[3-(ethoxycarbonyl)-4,5-dimethylthiophen-2-yl]Jcarbamoyl}methyl)-4-
methylmorpholin-4-ium chloride

10 |i1-pentadecylquinolin-1-ium iodide

11 |2-[(E)-2-[4-(dimethylamino)phenyl]ethenyl]-1-ethylquinolin-1-ium iodide

12 |3-butyl-2-methyl-1,3-benzothiazol-3-ium iodide

2-[(1E)-3-[(1E)-5,5-dimethyl-3-[(1E)-3-[(2E)-1,1,3-trimethyl-
13 |1H,2H,3H,4H,5H-benzo[elindol-2-ylidene]prop-1-en-1-yl]cyclohex-2-en-1-
ylidene]prop-1-en-1-yl]-1,1,3-trimethyl-1H-benzo[e]indol-3-ium perchlorate

14 [2-amino-6-chloro-3-propyl-1,3-benzothiazol-3-ium iodide

15 |2-amino-6-methyl-3-propyl-1,3-benzothiazol-3-ium iodide

16 [2-amino-6-methoxy-3-propyl-1,3-benzothiazol-3-ium iodide

4-[(E)-2-[4-(diethylamino)phenyl]ethenyl]-1-[(4-

17 fluorophenyl)methyl]pyridin-1-ium iodide

18 |1-[2-0x0-2-(4-pentylphenyl)ethyl]quinolin-1-ium bromide

2-[(E)-2-[4-(dimethylamino)phenyl]ethenyl]-3-ethyl-1,3-benzothiazol-3-ium

19" liodide

20 3-ethyl-2-[(E)-2-[methyl(phenyl)amino]ethenyl]-5-phenyl-1,3-benzoxazol-3-
ium bromide

o1 3-butyl-2-{[2-ox0-2-(pentyloxy)ethyl]sulfanyl}-1,3-benzothiazol-3-ium

bromide

22 |3-dodecyl-2-(methylsulfanyl)-1,3-benzothiazol-3-ium methyl sulfate
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5.4.2. Membrane Binding Properties of SMi.-2»

The CG free energy calculations allowed us to identify the physical and chemical
properties indicative of cardiolipin selectivity, to formulate design rules and to apply
those to screen a database for candidate molecules conforming to those design rules.
To experimentally verify our in silico results, we next screened the membrane binding
properties of the 22 molecules identified in the in silico approach in vitro, using
liposomal systems.

When a small molecule integrates into a hydrophobic lipid bilayer due to its
amphipathic character, this will affect lateral lipid packing, an effect often observed
e.g., with alcohols or other small, hydrophobic molecules [152]. Additional specific
interactions with certain lipid headgroups will lead to an increase in the effective
substance concentration at the surface of the bilayer, and therefore to an increased
effective partitioning coefficient (see e.g. [153]). Furthermore, the effect on order and
packing of the hydrophobic part might be altered, e.g., due to a different orientation of
the small molecule when specifically binding to a defined lipid species. Thus,
comparing the impact of a small molecule on the membrane structure in a system
where the molecules merely partition into the membrane with a system where the
molecules additionally (more or less) specifically interact with a defined lipid species
will allow parallel screening of multiple molecules for their potential to bind to
cardiolipin. We rationalized that the molecules pre-selected in the computational
screen will “only” integrate into net uncharged pure PC membranes but will (in the best
of all cases) specifically interact with cardiolipin in cardiolipin-containing membranes.
To delineate general membrane partitioning from specific lipid binding, we
additionally tested the structure of a model membrane system where PG is present to
isolate selectivity to cardiolipin by direct comparison. For monitoring changes in the
membrane lipid structure, we utilized Laurdan, an environment-sensitive fluorescent
dye that incorporates into lipid bilayers. From the Laurdan fluorescence emission
spectra the GP values were calculated (Equation 2) [90] for membranes in absence vs.
presence of the 22 substances identified in our computational screening. Besides pure
PC and the PG- or cardiolipin-containing PC membranes, respectively, we also
monitored the Laurdan fluorescence emission in PC liposomes containing PE, another
net-uncharged phospholipid. PE introduces membrane curvature stress, and these
measurements enabled us to test whether any observed effects on the Laurdan

fluorescence spectra were mainly due to changes in the lateral membrane pressure.
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This would result in changes observed in the PC/PE system being unequal to the pure
PC system.

The Laurdan GP value is largely independent of the lipid head group and its acyl chain
chemistry, and therefore any changes of this value upon the addition of a substance
provides information about changes in the lipid order [91]. Thus, if the GP value in
presence of a substance is altered, one can infer that binding/incorporation of the

substance has occurred. Indeed, for several substances large positive AGP values were

observed (Figure 14).
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Figure 14: AGP values of the preselected 22 SMs in various model membrane systems.

GP values were measured using pure PC liposomes, as well as liposomes containing PC/PG, PC/PE and
PC/cardiolipin, all in a molar ratio of 80/20 (mol-%/mol-%) at 300 uM total lipid. Low AGP values
indicate no influence of the respective SM on the membrane structure, when using Laurdan as a probe.
The more a AGP value deviates from 0.0, the higher is the respective impact of a given SM on the
membrane structure. Positive AGP values indicate increased lipid ordering due to the presence of a SM
within a membrane.

Addition of SMy, SM5, SM11, SMi3, SM1; and SMyo resulted in substantial changes in the
GP values (high AGP values) in all lipid systems, which clearly indicates considerable

interaction of these SMs with the membranes. Noteworthy, while we did not observe
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AGP changes for the remaining SMs, this does not finally exclude that these SMs do
interact with membranes. We only limited the selection and further analysis in the
screening pipeline developed and presented here, to substances which had a
measurable impact on membrane lipid packing, as sensed by Laurdan. While all six
molecules affected the Laurdan fluorescence emission spectrum, for SMs, SMi3 and
SMi; the results did not indicate a specificity towards charged lipids, as anticipated, as
the AGP values were similarly affected in membranes containing solely zwitterionic or
additionally negatively charged lipids. Thus, a specific interaction with negatively
charged lipids is unlikely. In contrast, SM4, SM1: and SM19 showed higher AGP values
in cardiolipin- and PG-containing PC membranes, indicating a specificity towards
negatively charged lipids.

The objective of our research was to identify membrane-active compounds with a
putative specificity towards cardiolipin. Thus far, our initial computational and in vitro
screens limited our further analyses to three compounds, for which we next analyzed
in greater detail their respective impact on the GP values of cardiolipin-containing
liposomes compared to PG-containing liposomes. The magnitude of a GP value change
observed upon SM binding might be specific for the substance and the lipid
environment. Yet, with increasing amounts of negatively charged lipids but at a
constant SM concentration, the AGP values are affected more substantially when an
observed change is due to a specific interaction of the substance with the lipid and thus
information about the relative specificity can be extracted: a steeper relative increase
of GP values is an indicator for a higher affinity. Therefore, we next monitored how the
GP values determined in a (neutral) PC background are differentially affected when the
mole fractions of the two negatively charged lipids PG or cardiolipin, respectively,
increase (Figure 15), yielding a binding isotherm. In presence of all three SMs,
increasing AGP values were observed with increasing amounts of negatively charged
membrane lipids. Yet, in case of SM, the shape of the relative increased is similar for
cardiolipin- and PG-containing membranes, and also the AGP values are similar. Thus,
SM, (Figure 15) does not significantly discriminate between liposomes containing PG
or cardiolipin, indicating about similar interaction with the negatively charged
membrane lipids. For SM1: (Figure 15B), a difference between liposomes containing
PG and those containing cardiolipin was observed at all PG/cardiolipin concentrations.
Furthermore, the curve is slightly steeper at the initial part in case of cardiolipin,

indicating a specificity of SMu: for cardiolipin. Finally, in case of SMig, the AGP values
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are overall lower than for the other two substances, yet the difference in the values
obtained for cardiolipin- vs. PG-containing liposomes is larger. More importantly, the
binding isotherm is steeper in case of cardiolipin-containing liposomes. Thus, SMig
(Figure 15C) clearly discriminates best between cardiolipin- or PG-containing

liposomes.
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Figure 15: AGP values in presence of the three most promising cardiolipin-binders determined in
cardiolipin- or PG-containing model membranes.

AGP values were determined in liposomes, containing increasing amounts of the negatively charged
lipids PG (black) or cardiolipin (red), respectively, in a PC background (300 uM total lipid) at a constant
concentration (3 uM) of SM, (A), SMy; (B) and SM,, (C). All SMs induce an increase in AGP values with
increasing amounts of the negatively charged lipids. The most significant difference between PG- vs.
cardiolipin- containing membranes was observed for SMq.

In order to visualize the differences in shape of the binding isotherms more clearly, the
ratio between the AGP values obtained in presence of cardiolipin or PG, respectively,

was calculated (Figure 16).
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Figure 16: Ratio between the AGP values in DOPC/DOPG and DOPC/cardiolipin containing liposomes.

The large deviation from constant ratio for SM,, clearly indicates the highest specification towards
cardiolipin for this molecule.
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If the shapes of the binding isotherms were identical, yet differ in their AGP value, the
same ratio (within error limits) is expected at all mole fractions of anionic lipids. The
data obtained in presence of SMig clearly show the largest deviation from a constant
ratio, and thus, based on these analyses, SM1y has the highest specificity towards
cardiolipin (compared to PG).

To obtain an estimate of the SMy affinity for cardiolipin, changes in the membrane
lipid order were monitored at a constant lipid- but at varying SMi9 concentrations
(Figure 17A). The cardiolipin content in the liposomes was 10 %, approximately
mirroring the cardiolipin concentration in E. coli and mitochondrial membranes [39].
In agreement with the above presented results, addition of increasing amounts of SM1g
lead to higher AGP values in case of cardiolipin-containing membranes when
compared to PG-containing membranes. However, the shape of the curves does not
allow to estimate the affinity constant. In agreement with the data in Figure 14 and

Figure 15, the AGP value is consistently higher in case of cardiolipin compared to PG.
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Figure 17: Specificity of SM,y-binding to cardiolipin-containing PC membranes.

(A) AGP values determined in PG- or cardiolipin- containing model membranes in presence of
increasing SM,, concentrations. AGP values were measured using liposomes containing a fixed lipid
composition of 9o % PC and 10 % cardiolipin (red) or PG (black), respectively, at increasing amounts of
SM,,. At low SM,4 concentrations no significant differences were observed. (B) The inherent SM,,
fluorescence properties are affected by the membrane lipid composition. The fluorescence emission at
592 nm increases with increasing fractions of negatively charged lipids (PC/PG (black), PC/cardiolipin
(red)). The intensity increases more and reaches a higher level in cardiolipin-containing membranes. (B
inlet) Emission spectrum of pure SM,q in buffer (green), or in pure PC (blue), PC/PG (50/50) (black)
and PC/cardiolipin (50/50) liposomes (red) (SM,, concentration: 3 pM).

As SMy is intrinsically fluorescent (Figure 17B, inlet), we next additionally analyzed
SMyy interaction with negatively charged lipids via following the SM fluorescence. In

both PG- as well as cardiolipin-containing PC liposomes, the intensity of the SMig
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fluorescence is rising with increasing concentrations of negatively charged lipids,
which is perfectly in line with the Laurdan measurements (Figure 17A). Already when
SMiy was added to pure PC liposomes, the fluorescence emission increased (Figure
17B), indicating that membrane incorporation of SMuy, i.e., placing the dye in a more
hydrophobic environment, affects the SMig fluorescence properties. When the
liposome surface charge was increased via increasing the amount of PG or cardiolipin,
respectively, the fluorescence emission intensity steadily increased. Thus, interaction
of SMi¢ with negatively charged lipids can also be monitored via the substances”
inherent fluorescent properties and, as observed before using Laurdan as a probe, this

effect is more pronounced in cardiolipin-containing liposomes.

5.4.3. Impact of SMi9 on Cardiolipin-Containing Cellular Membranes

Similar to mitochondria (10 — 20 %), E. coli cells contain ~10 % cardiolipin in their
membrane as well as around 20 % PG [25]. When SMig was added to E. coli cells at
increasing concentrations, the SMiy fluorescence emission intensity at 592 nm

increased (Figure 18), indicating membrane incorporation.
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Figure 18: Membrane incorporation of SM,, in cardiolipin-containing E. coli bacteria.

The SM,, fluorescence emission is affected in presence of E. coli cells. In presence of bacteria (black),
the SM,, fluorescence emission at 592 nm increases, indicating proper membrane incorporation of the
dye.

8o



5. CLiB - a Novel Cardiolipin-Binder Isolated via Data-Driven and In Vitro Screening

To next study the impact of a SMig-induced cardiolipin tethering on the physiology of
E. coli cells, the impact of SM1g addition on E. coli respiration was analyzed. In fact,
SMi addition significantly affected respiration of E. coli cells and the respiration rates.
Without the substance the respiration rate was around -19 + 0.7 umol oxygen/ min*L,
which decreased in the presence of SMigto -15 + 0.5 umol oxygen/ min*L.

As these initial observations indicated a direct impact of SM19 on the activity of proteins
embedded in cardiolipin-containing membranes, we then ultimately analyzed the
impact of SM19 on mitochondrial respiration determined using mitochondria isolated
from the fungus P. anserina. In presence of SMig, the relative oxygen consumption was
decreased by around 40 % in wild type mitochondria (Figure 19), indicating that SM19
efficiently tethers cardiolipin in mitochondrial membranes. To finally test whether this
impact of SMiy on mitochondrial respiration was due to a specific interaction of the
compound with cardiolipin, we next used a cardiolipin-free P. anserina strain [104]
and tested the impact of SM19 on mitochondrial oxygen consumption using cardiolipin-
free mitochondria. While the respiration rate is already reduced in cardiolipin-free
mitochondria, addition of SM19 showed only marginal effects. To also exclude that the
non-responsiveness of cardiolipin-free mitochondria is due to their general
impairment in respiration, we additionally tested whether they respond to inhibition
of the two terminal oxidases present in P. anserina [154]. While complex IV (COX) is
inhibited by KCN, SHAM inhibits the alternative oxidase AOX. Thus, mitochondrial
respiration should be completely blocked when both inhibitors are given in
combination. In fact, both in wild type and APaCrdi mitochondria the respiration rate
was significantly decreased after addition of KCN/SHAM (Figure 19). Thus, the non-
responsiveness of APaCrdi to SM1y was indeed due to the lack of cardiolipin in this
strain. These observations strongly indicate that SMig specifically interacts with
cardiolipin as the substance clearly has an impact on the oxygen consumption rates

(OCR) in wild type but not in cardiolipin-free mitochondria.
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Figure 19: Oxygen consumption measured with mitochondria isolated from 6 days old wild-
type and APaCrd1 isolates.

Measurements were performed in absence vs. presence of 1 uM SM,,. Oxygen consumption
rate (OCR) in the phosphorylating respiration state (in the presence of ADP) of the wild type
was set to 1. In the wild-type, SM,, treatment significantly reduced phosphorylating respiration
by 40 % compared to the control. In contrast, in the mutant, addition of SM,, had only marginal
effects. In contrast, upon addition of KCN/SHAM a significant reduction in oxygen
consumption was observed, independent of the strain and SM,,. (Measurements of the
phosphorylating respiration of wild type (n=15), of wild type + 1 uM SM19 (n=8), of APaCrd1
(n=14) and of APaCrd1 + 1 uM SM19 (n=9) and with additional adding KCN/SHAM wild type
(n=3), wild-type + 1 uM SM19 (n=4), APaCrd1 (n=4) and APaCrd1 + 1 uM SM19 (n=5); mean
values + standard deviation are shown; significant differences are marked with "*", p < 0.05);
"¥X1p < 0.01); "¥¥*" p < 0.001); n. s.: not significant).

SM.y clearly affects respiration of intact E. coli cells as well as of isolated P. anserina
mitochondria. As an impact of SMiy was not observed when cardiolipin-free
mitochondria were analyzed, the observed effects on respiration were very likely
caused by cardiolipin-tethering via SMo.

Thus, after having identifying 22 putative cardiolipin-binders in silico and further
analyzed them in vitro, we finally identified a single small molecule, 2-[(E)-2-[4-
(dimethylamino)phenyl]ethenyl]-3-ethyl-1,3-benzothiazol-3-ium  iodide = (SMuo)
(Figure 13) which interacts with negative charged lipids and prefers cardiolipin over
PG. Therefore, we will from now on name this molecule CLiB (Cardiolipin-Binder).
The interaction of CLiB with cardiolipin might be due to its quaternary ammonium ion

(Figure 11), an interaction known to drive binding of NAO to cardiolipin and PG [36].
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While the structures of PG wvs. cardiolipin are very similar (Figure 11), the main
difference is their respective charge. Thus, a specificity of a given substance would
probably be based on a change in entropy: binding to a single cardiolipin molecule
might be thermodynamically more favorable than binding two PG molecules due to a
reduced loss in entropy. This is reflected in the design rules calling for two positively
charged sites in the candidate structures to increase selectivity. The two positive
charges correspond to the two negatively charged phosphate groups present in a
cardiolipin molecule. Yet, this effect is likely very small, and thus it is potentially a
deleterious task trying to isolate a substance with 100 % specificity towards cardiolipin.
In summary we have identified and introduce here CLiB, a novel small molecule able
to bind to negatively charged phospholipids, with a clear preference for cardiolipin
(over PG). CLiB now allows to systematically analyze the role of cardiolipin in
biological membranes and in membrane-harbored physiological processes, as with this
chemical biology tool cardiolipin can be specifically targeted. We are optimistic that
the identification of CLiB will now trigger new analyzes of mitochondrial processes,

involving aging and dysfunction.
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6. A Cardiolipin Detector Based on an eYFP-Coupled
Dynamin Related Protein 1 Fragment

6.1. Summary

Cardiolipin is essential for many mitochondrial processes and alterations in its content
have severe consequences for the cell and the organism. The localization of this lipid
can help to study mitochondrial processes. Up to now, specifically interacting
molecules are lacking. Some proteins are known to interact with this unique
phospholipid. One is dynamin related protein 1 (DRP1), a large GTPase that plays an
important role in mitochondrial fission and fusion processes. A defined region in
DRP1, the B-insert, interacts with the mitochondrial specific lipid cardiolipin. In the
present study, we coupled the cardiolipin-interacting region of DRP1 to an enhanced
Yellow Fluorescent Protein (eYFP) to investigate and establish a specific fluorescent
cardiolipin marker. Our construct shows a clear specificity towards cardiolipin as well

as induces to structural changes in giant unilamellar vesicles.

6.2. Introduction

Mitochondria are necessary for eukaryotic cell viability, plus they are crucially involved
in key metabolic reactions and cellular processes, such as energy metabolism and
apoptosis [35,97]. Thus, dysfunction of mitochondria leads to cell death and results in
severe problems for the cell and the organism [32]. Mitochondria are highly dynamic
and are frequently moving within the cell, thereby undergoing fusion and fission
processes [155,156]. Many diseases are linked to defects in these morphological
mechanisms of mitochondria, showing how important their optimal functioning is
[155].

A group of proteins mainly regulating these mitochondrial morphological dynamics
are dynamin related GTPases. One of these “large” GTPases of the dynamin
superfamily is the 80 kDa human dynamin-related protein 1 (DRP1) [157]. By using the
energy gained via GTP binding and hydrolyzing, it remodels the mitochondrial
membrane [158,159].

DRP1 is predominantly involved in mitochondrial fission and can be found within the

cytosol as a di- or tetramer [48,157,160—162]. If recruited to the fission sites, DRP1
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forms large oligomeric assemblies, which then lead to membrane scission
[48,157,160-163] This happens through a lipid-induced self-assembly of DRP1, which
also stimulates its GTPase activity [157,160,163]. The proteins self-assembly is driven
by intermolecular dimerization of the so called G domain and intermolecular
interactions within the stalk regions [160]. Besides the G domain and the stalk
domains, DRP1 also contains bundle signaling elements (BSEs) and a region called the
B-insert [157,164,165]. The G domain is responsible for the GTPase activity of DRP1,
the BSEs are crucial for transmitting the conformation changes from the G domain to
the stalk, and the stalk is, as mentioned, implicated in DRP1 multimerization [157]. The
B-insert is an unstructured region that plays an important role in DRP1 regulation as
well as its membrane association. Four lysine residues located in the B-insert of DRP1
are involved in membrane association, stimulation of the GTPase activity and are
proposed to be responsible for the preferred interaction of DRP1 with cardiolipin
[157,160].

In eucaryotes, the lipid cardiolipin can be exclusively found in the membrane of
mitochondria (up to 20 % of total lipid in the inner mitochondrial membrane). The
unique phospholipid is, aside from mitochondria, also present in significant amounts
in many bacteria (e.g. about 10 % in the inner membrane of E. coli) [25], which
underlines the endosymbiotic origin of mitochondria [98,99,166].

In addition to its unique occurrence, the chemical structure of cardiolipin is unique
among phospholipids. It is an anionic, non-bilayer forming lipid with two negative
charges at its polar head and four acyl chains, which can vary in their length and
saturation [33,38,40,97,105,106,167]. Due to its conical structure, it is predominantly
found at regions of high curvature [97]. Mitochondrial cardiolipin is crucially involved
in many different processes, such as apoptosis, fission and fusion, mitochondrial
protein imports as well as it is essential for the function of many enzymes involved in
mitochondrial key processes [38,40,97,167]. Studies showed that alterations in the
mitochondrial cardiolipin content led to morphological problems, which can have
pathological consequences for the whole organism. Ischemia or reperfusion with the
result of diabetes, heart disease or the BTHS are often found in patients with decreased
cardiolipin content [38,109,115]. Naturally, the mitochondrial cardiolipin level
constantly decreases during human aging [166].

Based on these observations, specific staining and localization of cardiolipin levels in

mitochondria would drastically facilitate studying the processes resulting in
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mitochondrial dysfunction. Due to a lack of a chromophore in the structure of
cardiolipin, specific interacting and easy to detect compounds are needed for
cardiolipin visualization and quantification. Thus far, such compounds are rare. An
often-used small molecule in cardiolipin quantification is NAO, although this molecule
also binds to other negatively charged phospholipids and consequently is not
cardiolipin specific [119,125]. In an earlier project (chapter 5 of this thesis) we
additionally introduced a new synthetic molecule specifically binding to cardiolipin.

In this work, we show the ability to specifically stain model membranes with a modified
DRP1 construct via specific cardiolipin interactions. This construct contains the
B-insert, necessary for binding to cardiolipin and is coupled to an eYFP for

autofluorescence and easy visualization.

6.3. Results and Discussion

The mitochondrial specific lipid cardiolipin plays an important role in physiological
activities and morphology of mitochondria [48,106]. Being able to specifically detect
this lipid can help to better study its role in crucial cellular processes. Thus far,
molecules specifically binding to cardiolipin are rare. The most prominent cardiolipin
binder is NAO, a small synthetic molecule, which, however, does not specifically bind
to cardiolipin but also to other negatively charged lipids [119,125]. Furthermore, in
chapter 5 we introduced CLiB, a new promising small molecule specifically binding to
cardiolipin.

Another approach is to look for proteins specifically interacting with cardiolipin, which
are abundant. One advantage is that proteins can be expressed directly and easily in
bacteria. For this reason, we aimed to establish a protein that allows specific detection
of cardiolipin and visualization of cardiolipin-enriched membrane regions. In the
process we came across DRP1 (Figure 20A), which is proposed to interact via its

B-insert specifically with cardiolipin [33,157,160,165].
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Figure 20: Scheme and structure of human DRP1 isoform 3 and our construct.

(A) Structure of DRP1 (PDB 4BEJ). Blue the G domain; red the bundle signaling elements (BSE) and
green the stalk elements (B) Scheme of DRP1 structural elements. (C) Scheme of the generated
construct. It contains the important B-insert and two stalk domains for stabilization. At its N-terminal
site an eYFP is coupled. BSE: Bundle signaling elements.

The G domain contains the GTP-binding site and is important for GTPase activity. The bundle signaling
elements and the stalk elements both play roles in multimerization of DRP1. The B-insert is responsible
for the specific interaction with cardiolipin and is embraced by the stalk elements [165].

Thus, we genetically fused the cardiolipin-interacting domain of DRP1 to a fluorescent
protein (here eYFP) for in vitro as well as in vivo detection and visualization of
cardiolipin-enriched membranes and/or membrane regions. Yet, the B-insert is an
unstructured region, and while heterologous expression of this isolated domain
coupled to eYFP was successful, the protein turned out being unstable and degraded
during the purification (data not shown). Consequently, we next expressed a fusion
protein containing the crucial B-insert but lacking the G domain as well as the BSEs
(Figure 20C). We named this protein, with the eliminated dynamin-specific activity,
“stalk”. Via expression of the stalk region the cardiolipin-interacting B-domain is
stabilized (Figure 20) and coupling this region to an eYFP resulted in generation of a
promising fluorescent cardiolipin binder. Figure 20 shows schematically the domain
structure of wild type DRP1 (B) and the final construct created and further analyzed in
this study (C). The construct (C, eYFP-stalk) includes the amino acids K329 to D668 of
the DRP1 wild type isoform 3 and is coupled to an eYFP at its N-terminal site. In Figure

20A the structure of DRP1is seen and it is recognizable that a depletion of the G domain
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and the BSEs will not affect the interaction of the two stalk regions and thus their

stabilization of the B-insert.

6.3.1. Expression of eYFP-Stalk in E. coli

eYFP is one of the most widely used fluorescence proteins and can easily be visualized
by using fluorescence microscopy.
For initial characterization, we expressed the chimeric protein eYFP-stalk

heterologous in E. coli to visualize the location of the protein in living cells (Figure 21).

Figure 21: Fluorescence microscopy picture of E. coli MC4100/eYFP-stalk.

The picture was taken 15 minutes after induction with 0.5 mM IPTG. The bacterial cells were visualized
using a fluorescence microscope (63x). The E. coli cells were visualized using the bright channel and for
the eYFP the TagYFP channel of the microscope was used. Both pictures were merged.

The E. coli membrane comprises of about 10 % cardiolipin [25], however the eYFP-
stalk construct is mostly localized at both poles of the bacteria and does not distribute
over the whole cell membrane. This might be due to an accumulation of cardiolipin
specifically at highly curved membrane parts, i.e. the cell poles [168]. Another reason
for the accumulation at the cell poles could be the misfolding of the protein and the
formation of inclusion bodies, which could lead to a malfunction of the protein [169].
Nevertheless, the fluorescence of the eYFP of our construct is still detectable, indicating
that at least this part of the protein is correctly folded and/or not influenced in its
fluorescence by misfolding. Whether misfolding of the construct affects the binding to
cardiolipin cannot be assessed yet. To find this out, we next tested eYFP-stalk for its

cardiolipin-recognition and -binding in vitro, using model membrane systems.

89



6. A Cardiolipin Detector Based on an eYFP-Coupled Dynamin Related Protein 1 Fragment

6.3.2. The eYFP-Stalk Construct Binds to Cardiolipin-Containing LUVs

A sedimentation assay is a simple way to check, whether a protein binds to liposomes
of a specific lipid composition. Here, liposomes and the protein were incubated and
after high-speed centrifugation, the liposomes can be found in the pellet.
Consequently, protein bound to the liposomes will be found in the pellet after
ultracentrifugation as well. In contrast, free or unbound protein is located in the

supernatant. The results for the eYFP-stalk are shown in Figure 22.
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Figure 22: SDS-PAGE analysis of the sedimentation assay before (A) and after high-speed
centrifugation (B and C).

(A) eYFP-stalk incubated with liposomes. Left: DOPC-DOPG liposomes with increasing amounts of
DOPG in a DOPC background. Right: Increasing amounts of cardiolipin (CL) in a DOPC background.
(B) Samples of DOPG containing liposomes. Top: the pellet; Bottom: the supernatant. If the protein
binds to the liposomes, it is found in the pellet fraction. (C) Liposomes containing cardiolipin. Top: the
pellet Bottom: the supernatant. With increasing amounts of cardiolipin more protein binds to the
liposomes. M: Marker, -: without liposomes, 0 pure DOPC

As there is no other protein in the reaction approach than the eYFP-stalk, SDS-PAGE
analysis was used to visualize the fraction containing the protein. In the experiment,
increasing amounts of negatively charged lipid was used in a DOPC background as well
as a pure DOPC control (0) and a control without any lipid (-). All samples taken before
ultracentrifugation inevitably contain eYFP-stalk (Figure 22A). The sedimentation
assay showed for the DOPC-DOPG liposomes no protein in the pellet, but in the
supernatant (Figure 22B). This clearly shows that the protein neither binds to DOPC
(control) nor to DOPG, indicating that the negative charge of the lipid per se is not
enough for the eYFP-stalk to bind to the liposome.
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In contrast, using increasing amounts of cardiolipin in DOPC-cardiolipin liposomes,
the protein can be found in the supernatant as well as in the pellet. eYFP can be found
in the pellet starting from around 10 % cardiolipin content and increases with
increasing amounts of this lipid (Figure 22C). The opposite is seen for the supernatant
and so goes hand in hand with the results from the pellet. This clearly indicates that
eYFP-stalk exclusively binds to cardiolipin-containing liposomes. The slowly
increasing intensity with increasing amounts of cardiolipin state that a minimal level
of around 10 % cardiolipin is needed before the protein binds. As E. coli contains about
10 % of cardiolipin and the mitochondrial membrane comprise a higher percentage of
cardiolipin, the use of the eYFP-stalk as a cardiolipin specific marker could be utilized

in vivo.

6.3.3. The eYFP-Stalk Construct Binds to GUVs and Changes Their

Structure

Since the eYFP fused to the DRP1 construct could be detected in vivo, in living E. coli
cells by fluorescence microscopy (Figure 21), membrane binding of the protein was
further tested using GUVs containing different lipid compositions to determine its
specificity. Due to the giant nature of GUVs, these can be seen as well under a
microscope. For this reason, GUVs are a good way to study binding of a molecule or
protein to a model membrane. The binding of the eYFP-stalk towards cardiolipin was
studied using cardiolipin-containing GUVs in a 50/50 mixture with DOPC. And, to
exclude binding to another negatively charged lipid, we used DOPG containing
liposomes in a 50/50 mixture with DOPC as a control. The lipid mixture contained the
dye PE-atto336, which incorporated into the GUVs and thus allowed visualization of
GUVs with the AF647cannel of the microscope. The eYFP-stalk can be visualized using
the TagYFP channel.

Figure 23 shows the result of staining the different GUVs with the protein.
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AF647 Channel TagYFP Channel

DOPC/CL

DOPC/DOPG

Figure 23: DOPC/cardiolipin (CL) or DOPC/DOPG GUVs incubated with eYFP-stalk.

Left: GUVs visualized using the AF647 channel. Right: Visualization of the construct using the TagYFP
channel. eYFP-stalk bound to cardiolipin containing GUVs can be seen as well as the DOPC/DOPG
containing GUVs without any protein bound.

Figure 23 shows uniformly round shaped DOPC/cardiolipin and DOPC/DOPG GUVs.
In case of the cardiolipin containing GUVs, this shape is also nicely seen in the channel
visualizing the eYFP, whereas this is not the case for DOPG containing GUVs.
Indicating here that we can see a close to 100 % specificity of the protein towards
cardiolipin, which perfectly supports the results gained from the sedimentation assay
(Figure 22).

Another, yet unexpected observation was the change of the GUV structure after adding
eYFP-stalk (Figure 24). This structural change was not observed for all GUVs studied
(Figure 23). As seen, tube-like structures and smaller vesicle form on the surface of the
GUVs (Figure 24). This structural change was seen in cardiolipin- as well as in DOPG-

containing GUVs.
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Figure 24: Structural change of GUVs after adding eYFP-stalk.

GUVs containing cardiolipin show some tubulations. eYFP-stalk is distributed all over the GUV surface.
DOPG containing GUVs also show a change in structure, but the binding pattern of eYFP-stalk looks
more patch like.

Changes in the structure of GUVs due to the full-length DRP1 were previously seen by
different groups [48,162]. As seen in those publications, long tube-like structures could
be observed, when interacting with cardiolipin, which we also observed in our
approach (Figure 24). These structural changes in the GUVs occur shortly after adding
the protein without any incubation time.

As seen in Figure 23, some GUVs do not undergo structural changes. Furthermore, we
could observe that upon the initial structural changes, typical shaped GUVs formed
again. Cardiolipin containing GUVs that exhibit a structural change also show binding
of the protein, appearing to be completely covered with the construct. Interestingly, for
GUVs containing DOPG and showing a structural change the binding of the protein is
also seen. Hereby, the binding pattern of the protein looks more incomplete, which was
as well previously seen by other groups and suggesting cardiolipin is needed for
optimal DRP1 binding. Ugarte-Uribe et al. concluded in their publication that the

binding of DRP1 is not only due to the negative charge of cardiolipin but also to its
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specific structure. However, it can be at least partially substituted by DOPG. [48]. Our
observations of GUVs undergoing structural changes support this statement.

A structural change of the GUVs due to the interaction with the eYFP-stalk was not
expected, as it is suspected that the energy from GTP hydrolysis is necessary for this
membrane remodeling process. [158,164,165,170]. Since the G domain is not existing
in the eYFP-stalk protein, we consequently expected no ability to hydrolyze GTP and
thus should not be able to remodel the membrane/GUV. However, our results indicate
that the remodeling activity of DRP1 is not or only partially linked to the G domain and
GTP hydrolysis.

Why we do not observe structural changes of all GUVs is not clear yet. Since binding of
the protein induces the structural change, it is no surprise that no protein is bound to
DOPG containing GUVs who do not undergo structural changes. More interesting is
the binding of the protein to cardiolipin containing GUVs and not inducing any
structural changes. The reason for this still needs to be clarified and further
investigations are needed to answer this question.

Overall, we were able to generate a construct based on human DRP1 that showed a
clear cardiolipin specificity in the sedimentation assay and which is a promising
candidate for further research. We also showed that the remodeling properties of DRP1
might not be completely dependent on the G domain. Nevertheless, for in vivo
utilization, where membrane remodeling is not desired, further refinement of the
construct is needed, respectively it must be checked if the structural changes also occur
under altered conditions. The question of why it sometimes binds to DOPG containing
GUVs and sometimes does not needs to be addressed, as does the question of why we

only sometimes observe a structural change of the GUVs.
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7. Human Tafazzin is a Membrane-Attached, but not a
Transmembrane Protein

7.1. Summary

Tafazzin, a mitochondrial transacylase, is involved in maturation of cardiolipin, the
mitochondrial marker lipid. Alterations in the cardiolipin content are known to lead to
severe problems for the organism, consequently showing that functional tafazzin is of
great importance. Crucially important for the function of tafazzin is its association with
the mitochondrial membrane. Yet, it is not clear how the protein attaches to the
membrane but there are two possible membrane associating regions discussed in the
literature. Within the protein, both regions are found at very distinct places. One is
predicted to be a transmembrane helix, the other one is predicted to be a membrane
“anchor” (extending into, but not through the membrane). In the present study, we
investigated the membrane association of tafazzin. We were able to show that the
predicted helix plays a role in membrane association of tafazzin but is not the only part

that connects the enzyme to the membrane.

7.2. Introduction

Cardiolipin is the signature phospholipid of mitochondria. Within eukaryotic cells, it
occurs in significant amounts solely within the inner mitochondrial membrane (up to
20 % of total lipid) [98,99], whereas in the outer mitochondrial membrane only traces
of cardiolipin are found. In contrast to eukaryotes, bacterial cytoplasmic membranes
typically contain significant amounts of this lipid. For example, the inner (cytoplasmic)
membrane of E. coli contains up to 10 % cardiolipin [171]. Beside its distinctive
occurrence, cardiolipin additionally shows a unique structure: Due to two glycerol-
linked phosphatidylglycerol backbones and four acyl chains, which can show different
lengths and saturations. The cardiolipin head group contains two negative charges, a
characteristic of this untypical phosphoglycerolipid [38,40,97,105,106]. A decrease or
depletion of cardiolipin has severe consequences in mitochondria and in consequence
for the whole organism. Alterations in the cardiolipin content is linked to several
diseases, such as diabetes, heart disease or the BTHS [38,109,115].

BTHS is an X-linked disease and leads to multisystem disorders. BTHS patients must
deal with symptoms like cardiac and skeletal myopathies, delayed growth until
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puberty, 3-methylglutaconic aciduria and cyclic neutropenia. Consequently,
undiagnosed, BTHS leads to an early death caused by cardiac failure. Nevertheless, a
universal therapy of this genetic disease is not known yet [42,172,173].

However, mutations in the human taz gene (located on qX28), encoding the
phospholipid-lysophospholipid transacylase tafazzin, are known to cause BTHS [42].
Currently, about 28 different missense mutations are described, resulting in
replacement of single amino acids in the tafazzin sequence, consequently leading to a
reduction of functional tafazzin [41,174]. A deficiency in functional tafazzin is
biochemically characterized by a decrease in cardiolipin levels, resulting in an increase
of monolysocardiolipin (MLCL) and an abnormal acyl chain profile in the remaining
cardiolipin [174—176]. The reason is the crucial involvement of tafazzin in cardiolipin
remodeling and maturing.

In eukaryotes, cardiolipin is synthesized exclusively in mitochondria [109]. In this
process phosphatidic acid is converted into cytidine diphosphate-diacylglycerol (CDP-
DAG). CDP-DAG is further processed by the phosphatidylglycerol phosphate (PGP)
synthase, resulting in PGP formation [177], which is rapidly dephosphorylated to PG
[42,178]. Finally, the cardiolipin synthase condenses PG and another CDP-DAG to
nascent cardiolipin [109,179]. This immature cardiolipin, which is characterized by
asymmetry and saturated acyl chains of variable length, is further remodeled for
maturation [98,180]. Therefore, a phospholipase initially removes one acyl chain and
MLCL is formed. In a second step, MLCL is reacylated by a transacylase or acyl
transferase resulting in mature cardiolipin. Mature cardiolipin shows a high degree of
symmetry of the acyl chains and contains only unsaturated acyl chains [98,181]. In
mammals, three MLCL reacylation enzymes are known: MLCL acyltransferase-1
(MLCLAT?1), acyl-CoA:lysocardiolipinacyltransferase-1 (ALCAT1) and tafazzin. Among
those three, tafazzin is the only one being a transacylase, not requiring any acyl-CoA
[182] and being conserved during evolution from yeast to higher eukaryotes [42]. As a
mitochondrial phospholipid-lysophospholipid transacylase, tafazzin removes an acyl
chain from another phospholipid (for example PG) and shuttles it to a MLCL, thereby
producing mature cardiolipin [42,183,184]. This tafazzin-driven enzymatic reaction is
unspecific and reversible [42].

Albeit much is known about the function of tafazzin, its precise localization in
mammals is unfortunately not known. Clearly, tafazzin is a membrane-associated

protein, and yeast tafazzin appears to be localized at the inner and outer mitochondrial
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membrane within the inter-membrane space [174,185—187]. Even if it is still unclear
how tafazzin attaches to membranes, two scenarios are discussed [51]: Possibly,
tafazzin is membrane attached via a transmembrane helix at its N-terminus (Figure
25A). This helix is predicted in both yeast and human tafazzin. Brandner et al. suggest
that this helix might not be transmembrane but only partially inserted into one leaflet
of a bilayer [185]. On the other hand, a membrane anchor has been suggested in the
middle of the acyltransferase domain (amino acid 215 to 232 in yeast) (Figure 25B).
This anchor has been suggested to extend into, but not through, the lipid bilayer [174].
Orthologue regions can be found in human tafazzin (isoform 1, amino acid 201-218)
[42].

Here, we analyzed whether the predicted N-terminal transmembrane helix [51,185] or
the predicted membrane anchor [174] is responsible for membrane association of
human tafazzin. Therefore, we first looked at the AlphaFold model and the sequence
of tafazzin to discuss how accessible the two regions are. Based on our analyzes, we
excluded the membrane anchor from further investigations, as it appears to be located
in a very inaccessible region of the protein. Next, we generated a tafazzin construct
lacking the predicted transmembrane helix and examined the membrane association
of this construct and the wild type. Our results of the membrane association assay
indicated that the helix is not solely responsible for the attachment of tafazzin to the

membrane.

=.3. Results and Discussion

Tafazzin is crucial for cardiolipin maturation and remodeling [42,183,184], and the
membrane association of tafazzin is important for its enzymatic activity [174]. Two
possible regions mediating membrane association were predicted for yeast tafazzin: a
transmembrane helix at the N-terminus of tafazzin or a membrane anchor in the
middle of the protein (amino acid 215 to 232 in yeast tafazzin) [174,185]. Thus far, for
human tafazzin solely simulations are available, giving hints about its 3D structure, the
phospholipid-binding cleft and its membrane association [51]. Yet, to study the impact
of proper membrane association on certain diseases, it is crucial to identify the exact
mode of membrane association of human tafazzin. Due to a high sequence similarity
and since many regions are conserved between yeast and human tafazzin, a similar

mode of membrane association is suggested for both enzymes [51].
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7.3.1. The Predicted Membrane Anchor Presumably Lies in an Inaccessible

Region

To test the putative mode of tafazzin membrane association, we first predicted the
structure of human tafazzin using the AlphaFold server [188-190] (Figure 25). While
the program does clearly not consider any constrains a biological membrane would
introduce, an a-helix is clearly predicted at the protein’s N-terminus (Figure 25A),
which could represent the transmembrane a-helix anchoring tafazzin within a
membrane. The region described by Calypool et al. as membrane anchor is, due to the
AlphaFold model, predicted in the middle of the humans’ enzyme’s structure (Figure

25B) and hardly accessible or able to act as membrane anchor.

Figure 25: Two perspectives of the alphafold model of human tafazzin.

(A) surrounded by a black circle, the predicted transmembrane helix

(16 TWTLASSVVMGLVGTYSCFWT 3¢).

(B) surrounded by the black circle, the predicted membrane anchor

(200t AECHLNPIILPLWHVGMN 218),
(https://swissmodel.expasy.org/repository/uniprot/Q16635?template=AlphaFold [188-190]).

A suitable way to reveal which tafazzin domain might be responsible for membrane
interaction/association is to analyze constructs lacking the suggested domains.
Consequently, we used the gene coding for human tafazzin isoform 1 as a template and
created a plasmid expressing a tafazzin variant, that lacks the transmembrane (TM)
helix (amino acid (aa) 1 to 36). This tafazzin fragment is named in the following ATM.
Noteworthy, as can be seen in Figure 25A, removal of this (predicted) a-helix is not
expected to affect folding and the structure of the remaining protein. As the membrane

anchoring region (Figure 25B, residues 201-218) is predicted in a region in the middle
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of the protein no further analyzes of this region was done. An anchoring of the protein

due to this region does not seem structurally possible.

7.3.2. The N-terminal Helix is not Alone Responsible for Membrane

Association of Tafazzin

Tafazzin is a membrane-associated protein [51,174,185]. Whether the protein is
peripheral or integral membrane anchored via an N-terminal transmembrane a-helix
[185] is not finally resolved yet. Peripheral membrane proteins interact with the polar
headgroups of the lipids in the membrane, typically via ionic interactions. Plus,
hydrophobic amino acid side chains additionally interact with the hydrophobic
membrane core. These interactions can be disrupted or weakened by high
concentrations of chaotropic salts as well as by changes in the pH, thus washing
peripherally bound proteins from the membrane. In contrast, removing membrane
integral proteins from membranes typically requires membrane disruption and protein
solubilization by detergents.

We first checked whether the heterologous produced proteins can be extracted from
the membranes. For this purpose, all membranes were incubated with buffer
containing SDS [191], as shown in Figure 26. While in both cases upon addition of SDS
some tafazzin was still present in the pellet fractions (indicating incomplete protein
solubilization), a major fraction of both proteins clearly was extracted from

membranes by SDS.

WT ATM
M HSP S P M HSP S P

35 kDa 35 kDa
-

Figure 26: Western blot analysis of the wild type (wt) tafazzin and the ATM construct.

M: marker, HSP: the pellet before SDS solubilization, S: the supernatant after SDS solubilization and
P: the pellet after SDS solubilization. The proteins are found in every fraction.

To verify whether wild type (wt) tafazzin or the variant is peripherally bound to the
membrane or a transmembrane protein, we prepared E. coli membranes containing
the protein of interest and incubated them in various buffers containing high salt

concentrations or increasing pH values.
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The amount of solubilized protein in the supernatant or protein remaining in the
membrane fraction after ultra-centrifugation was subsequently visualized via Western
Blot analysis. Soluble proteins should already occur in the supernatant after
centrifugation at physiological pH and low salt concentrations, whereas membrane-
integral proteins are typically found in the supernatant exclusively when a detergent is
used. In contrast, a peripherally membrane-attached protein might already be found
in the supernatant at increasing salt concentrations or increasing pH values. This is
due to the disturbance of electrostatic interactions between the aa and the membrane.
Under most tested conditions, like physiological ones (buffer 1: Tris, EDTA pH 8;
buffer 2: HEPES, pH 7.5,) or even high salt concentrations (buffer 4: HEPES + 2 M
NaCl, buffer 5: HEPES + 2 M CaCl. and buffer 6: HEPES + 2 M NaSCN, Table 1),
neither the wild type nor the ATM construct were solubilized, indicating that both

proteins remained membrane associated (Figure 27).

WT ATM

[kDa]M HSP S P HSP S P

Buffer 1

Tris/EDTA 3¢
pH 8 -— - -
Buffer 2
Hepes
pH 7.5 35

- - -
Buffer 4

Hepes
2MNaCl 3

Buffer 5

Hepes 35
2 M CaCl, -—

Buffer 6
Hepes

2 M NaSCN I. - .

Figure 27: Western blot analysis of the wild type and the ATM construct in buffer 1, 2, 4, 5 and 6 (Table
1).

None of the six buffers were able to solubilize the two proteins (M: marker; HSP: pellet before addition
of specific buffer; S: supernatant; P: pellet). Buffer 1: 25 mM Tris, 2 mM EDTA, pH 8; buffer 2: 10 mM
HEPES, pH 7.5; buffer 4: 50 mM HEPES, 2 M NaCl, pH 7.5; buffer 5: 50 mM HEPES, 2 M CaCl,, pH 7.5;
buffer 6: 50 mM HEPES, 2 M NaSCN, pH 7.5.
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To further analyze whether the helix is membrane integral or peripherally membrane
associated, membrane association was next tested using buffers with increasing pH
values (Figure 28). Wild type tafazzin was solubilized at pH 13, indicating that tafazzin
is de facto a peripherally attached membrane protein.

Tafazzin ATM is, besides at pH 13, also solubilized at pH 12, indicting a weakened
membrane association. Thus, the predicted a-helix at the N-terminus is (i) likely not
“transmembrane” but only membrane associated and (ii) does not seem to be the only
part of the protein responsible for membrane association. Based on these observations,
it is likely that the N-terminal a-helix is organized in a similar way as predicted by
AlphaFold (Figure 25), and thus does not span the membrane but interacts partially
with other parts of the protein, thereby anchoring tafazzin only peripherally to the

membrane surface.

A e B o
increasing pH increasing pH
M 3 7 8 g 10 11 12 M 3 7 8 9 10 11 12
WT WT
35 kDa - S T T T T
ATM ATM
35 kDa
35kDa ey [ R —

Figure 28: Western blots of the supernatant (A) and the pellet (B) of the membrane association assay.

Western blot of the wild type and the ATM construct at different buffer conditions. M: marker; 3: 50
mM HEPES, pH 7.5; 7: 3 + 6 M Urea; 8: 10 mM Caps pH 10.5; 9: 10 mM Caps pH 11; 10: 10 mM Caps,
pH 11.5; 11: 10 mM Caps, pH 12; 12: 0.1 M NaOH pH 13.

Based on our results, membrane attachment of human tafazzin is likely mediated by
more than “just” the predicted N-terminal a-helix. Yet the protein strongly associates
with membranes still even upon deletion of the helix region. Thus, our observations
indicate that the N-terminal a-helix is central for membrane anchoring, assisted by

further surface regions which together mediate membrane adhesion of human tafazzin.
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13. Appendix

13. Appendix
13.1. Methods

13.1.1. Addition Chapter 4: I
This work was done by | | |} } . 11 chapter is an unchanged

section of my 2020 in MDPI membranes published article “The Bacteriostatic Activity
of 2-Phenylethanol Derivatives Correlates with Membrane Binding Affinity”. The

entire article can be found in Appendix 13.2.

Computer simulations

We followed previously established simulation protocols that were described in detail
elsewhere [192,193]. Coarse-grained simulations were performed using Gromacs 4.6
[194] and the Martini force field [195]. Small molecules were parametrized using the
auto-martini scheme [196] and inserted into a symmetric di-linoleoyl-phosphatidyl-
choline (DLiPC) bilayer consisting of 64 lipids per leaflet and solvated in water. We ran
simulations in the NPT ensemble at 300 K and 1 bar. Each simulation included a
sequence of minimization, heat-up, and equilibration runs prior to the production one,
the latter being simulated for 105 7 using a time step of §t = 0.02 7, where 7 (1 ps) refers

to the model’s natural unit of time.

13.1.2. Addition Chapter 5: I
This work was done by I

Molecular representations

Coarse-grained (CG) representations of each lipid from the Martini 2 force field were
used [197,198]. The bead types defined in the Martini force field link to specific
physicochemical interaction types, considering four main types of interactions: polar

(P), nonpolar (N), apolar (C), and charged (Q). Within a main type, subtypes are

distinguished either for hydrogen-bonding capability (d = donor, a = acceptor, da
both, 0 = none) or by a number indicating the degree of hydrophobicity (from 1 =
strongly hydrophobic to 5 = weakly hydrophobic) [199]. cardiolipin was modelled from
di-anionic tetraoleoyl-cardiolipin (TOCL) [200]. We chose the -cardiolipin
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representation carrying two negative charges, following evidence of cardiolipin likely
being fully ionized at physiological conditions [201—203]. While bilayers consisting of
only one lipid type are not found in nature, we used homogeneous membranes as proxy
systems to isolate the contributions of individual lipid types to the investigated
interactions. The CG force field of PG represents 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol (POPG). Homogeneous bilayers for each lipid were created using the
CHARMM-GUI Martini Maker [204] with the Martini [197] force field version 2.0,
06/2015. We solvated the membranes with the Martini polarizable water [205]. The
net charges of the systems were brought to zero by adding the appropriate number of
negatively charged counter ions per head group (one ion for PG, two for cardiolipin).
This led to the cardiolipin simulation system containing 98 lipid representations (49
per membrane leaflet), 3609 water particles, and 196 counter ions. The PG system
contained 118 lipids, 1957 water particles and 118 counter ions. The CG force field of
NAO was generated using the auto-martini algorithm [196] and then manually refined
to balance the overestimated hydrophobicity of the aromatic groups. Subsequently,
new chemical interactions were introduced by systematically changing individual bead
types and monitoring the resulting change in free energy (Figure 29A). Additional
details of the CG force field and the simulation systems can be found in the

corresponding paragraphs in the supplements.

Molecular Dynamics (MD) Simulations

MD simulations were performed in Gromacs 5.1 [206]. The integration time step was
8t = 0.027, where 7 is the time constant defined as 7 = L,/ M/E with the units of length
L, mass M and energy E. Temperature and pressure of the system (T = 300 K and P =
1 bar) were controlled by means of a velocity rescaling thermostat [207] and a
Parrinello- Rahman barostat [208], with coupling constants 7, = 7 and 7, = 121.
Long-range electrostatic interactions were calculated using Particle-mesh Ewald
summation [209]. Other parameters, such as cut-off range and dielectric constant,
follow recommendations for the Martini force field [210]. The small molecule was
inserted at the appropriate position in the system, either at the membrane-water
interface or in the water phase (see Figure 29B). The whole system was subsequently
minimized and equilibrated for 8 ns. The free energy calculations were performed in a

production run for 40 ns following the protocol described below.
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Free-Energy Calculations

A change in free energy AG between two states of a system indicates whether the
transitioning process between those states is thermodynamically favorable (4G < 0)
or not (4G > 0). We compared the difference in partitioning free energies of different
NAO-derived CG candidates into a cardiolipin membrane and a PG membrane at the
interface region (Figure 29B). Thereby, we identified which types of physicochemical
interaction introduced into the CG candidate structures positively influence cardiolipin
selectivity. This is measured as the difference in partitioning free energy of a candidate
compound between the two different lipid membranes, 44Gp;_,¢;, (Figure 29B (c)).
The free energy change was calculated by two different methods; by the transformation
of a parameter of the potential energy function (alchemical transformations [211—217]
or as a potential of mean force (PMF) along a reaction coordinate defined on atomic
coordinates shown as red, blue, and yellow curves in Figure 29B [218—-223]. The details
of the two free-energy methods can be found in the corresponding paragraphs in the
supplements.

We used the less computationally expensive alchemical transformation approach for
an initial screening, the promising compounds were validated using umbrella

sampling.

Alchemical transformations

Alchemical transformations [211—213] allow us to estimate the free-energy difference
of physical processes by transforming an initial state A of a molecular system to an end
state B via a succession of intermediate steps. This facilitates the calculation of free
energy differences between states not necessarily connected by actual chemical or
physical processes. Using this method, we could determine the influence of introducing
different chemical interactions by turning individual CG beads from one bead type into
another. State A is the free energy calculated for the CG representation of the original
NAO molecule; state B is the corresponding free energy for a modified version of NAO.
The transformation free energy was calculated by defining a thermodynamic path
between the states and integrating over the ensemble average of the potential energy

changes relative to a coupling parameter A along this path (Equation 5).

UA) = Ux + AUy — Uy) (5)
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ot [su
AGy_y = fo d/1<T>/’l (6)

To investigate the influence of van der Waals interactions modeled by the Lennard-
Jones potential (LJ), 20 intermediate steps between state A and state B were calculated
with successively increasing values for A € [0, 1]. The influence of electrostatic
interactions was evaluated by introducing additional charged particles or moving the
position of existing charges involved. The interactions of charged beads were
transformed first through 18 LJ steps followed by 18 Coulomb steps, adding up to 36
intermediate steps. The net charge of the system was kept at zero by simultaneously
transforming the appropriate number of ions in the solution into water particles
[214,215]. The individual free energy contributions of the intermediate steps were
integrated into the overall free energy change AG between states X and Y using the
MBAR method [216,217], which also gives the statistical uncertainty of the calculated
free energy.

We calculated the transfer free energy 4Gy, _,; of a candidate compound from bulk water
to the membrane interface to determine whether this compound freely partitions into
the membrane. This partitioning free energy 4G,,_,; comprises the transformation free
energy (Equation 6) AGY_, of this compound at the interface region and the
transformation free energy AGY,, of the same compound in the bulk water phase,

following Equation 7:

UGy = AGh y — AGY.y = (UG — AGY) — (AGY — AGY) 7

This necessitated three individual series of calculations for each NAO variant, one at
the interface of each membrane and one in bulk water (Figure 29B (a)). To keep the
small molecules in the interface region of the membrane-containing systems, a small
constraint force of 500 kJ-mol*nm-2was applied.

To evaluate the selectivity of the modified NAO structures for cardiolipin over PG, we
used the free energy difference A4Gp;_; (Equation 8) between the partitioning free

energies of the candidate compounds into each membrane

AAGpg ey, = AGIE:VL—H - AGIﬁ/iI (8)

AAG < 0indicated that the modified NAO representation binds more selectively to
cardiolipin than to PG (Figure 29B (c)).
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Umbrella Sampling

Umbrella sampling [218,219] is a free-energy technique that allows the calculation of
the potential of mean force (PMF) from moving a molecule along defined reaction
coordinates (Figure 29B, colored curves). We applied it to a selection of the modified
candidate structures to show the difference in partitioning free energy between NAO
representations with replaced bead types (Figure 29B (b)).

The reaction coordinate was the normal of the membrane midplane and the PMF
describes how the free energy of a compound changes as a function of the normal
distance z between its center of mass and the membrane midplane. The reaction
coordinate was split into 24 individual sampling windows and the molecule was kept
close to the center zi of each window i along the reaction coordinate z by a biasing
potential of 1000 kJ-mol-‘nm-2. Unbiased potentials of mean force were extracted from
the biased Umbrella simulations by means of the weighted histogram analysis method

[220—222] and the corresponding errors via bootstrapping [223].

Virtual Screening

Molecules were selected from the MCULE database of purchasable, in-stock
compounds (https://mcule.com/, version 18-08-17 [147], (Figure 29 and Figure 12)).
This was done using Morgan circular fingerprints [224] implemented in the RDKit
[151] with feature-based atom invariants and a bit vector length of 2084 bits. The
interaction radius was set to two, considering the two nearest neighbors of each atom,
the setting best suited for comparing diverse structures for similarity [201]. The
chemical features defined in the RDKit for feature-based circular fingerprints (FCFP)
are hydrogen bond donor and acceptor sites, aromaticity, the presence of a halogen
and acidic or basic properties. The resulting FCFP representations of the molecules
were used to calculate the Tanimoto similarity coefficient [225,226] to the FCFP
representation of NAO. The similarity score reads as follows: 0.0 = no similarity at all

to 1.0 = identity.
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Figure 29: The computational workflow.

(A) Introduction of new chemical interactions by systematically changing of individual bead types. (B)
The different areas of a membrane system where free energies are calculated. The black compounds
indicate the two regions for the alchemical transformations, the PMFs show the free energy change of a
molecule moving along the membrane normal z. The deeper the minimum of the PMF at the interface,
the more selective the candidate is for the lipid headgroup. (C) Screening of a database of small
molecules for candidates conforming to our identified design rules. The structures were drawn using
RDK:it [151], the images were obtained from Flaticon.com.

13.1.3. Addition Chapter 5: [

Generation and cultivation of P. anserina strains

The wild-type strain “s” [227] and the APaCrdi-mutant [104] of P. anserina was used
in this study. The APaCrdi-mutant lacking the gene encoding PaCRD1 (UniProt
B2AX19) was generated as described in [104]. Monokaryotic ascospores were allowed
to germinate at BMM medium containing 80 mM ammonium acetate for 2 days at
27 °C in the dark. For mitochondria isolation, monokaryotic strains of wild-type and
APaCrd1 were grown on cellophane foil covered solid M2 agar under constant light for
2 days at 27 °C. After 2 days, grown mycelia were transferred to CM for 2 days at 27 °C
with shaking [228].
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Isolation of mitochondira from P. anserina

Isolation of mitochondria was performed as described in [228]. Briefly, grown mycelia
of 6 days old strains were disrupted in isotonic mitochondria buffer with 0.2 % (w/v)
of bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, Missouri, USA, A6003). The
homogenate was filtered through nettle cloth and centrifuged at 600 g for 10 minutes
at 4 °C. Subsequently, the supernatant was filtered through glass wool and centrifuged
at 12,000 g for 20 minutes at 4 °C. The pellet was resuspended in isotonic
mitochondrial buffer without BSA and centrifuged at 15,000 g for 20 minutes at 4 °C.
The mitochondria were enriched in the exterior circle of the pellet. The interior part
(consisting of vacuoles) was removed, and the mitochondria were resuspended in
isotonic mitochondrial buffer without BSA. The freshly isolated mitochondria were

immediately used for respirometry.

Respirometry of P. anserina mitochondria

For measurement of the mitochondrial oxygen consumption rate, 150 ug of freshly
isolated mitochondria was used and measured by high-resolution respirometry at
27 °C (Oxygraph-2k series C and G, OROBOROS Instruments, Innsbruck, Austria).
Mitochondria were injected into a chamber with 2 ml of air-saturated buffer (0.3 M
sucrose, 10 mM KH-PO,, 5 mM MgCl., 1 mM EGTA, 10 mM KCl and 0.1 % BSA; pH 7.2)
in presence vs. absence of 1 uM SMiy. To stimulate complex I-dependent
phosphorylating respiration in the presence of ADP, 10 mM pyruvate (Sigma-Aldrich,
P2256), 2 mM malate (Sigma-Aldrich, M1000) and 1.5 mM ADP (Sigma-Aldrich,
A5285) was added [229]. When oxygen consumption reached a constant level, 1 mM
potassium cyanide (KCN, inhibitor of cytochrome c¢ oxidase (COX)) and 1 mM
salicylhydroxamic acid (SHAM, inhibitor of the alternative oxidase (AOX)) were added
to completely block respiration. Wild-type and APaCrd1 mitochondria were analyzed
in presence of absence of 1 UM SMiy. For analyzing the data, the manufacturer’s

software DatLab 6 was used.
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13.2. Full Article of Chapter 4

The format of the article was adapted to the style of this thesis. No content was
changed.
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Abstract

The hydrophobic tails of aliphatic primary alcohols do insert into the hydrophobic core
of a lipid bilayer. Thereby, they disrupt hydrophobic interactions between the lipid
molecules, resulting in a decreased lipid order, i.e., an increased membrane fluidity.
While aromatic alcohols, such as 2-phenylethanol, also insert into lipid bilayers and
disturb the membrane organization, the impact of aromatic alcohols on the structure
of biological membranes, as well as the potential physiological implication of
membrane incorporation has only been studied to a limited extent. Although diverse
targets are discussed to be causing the bacteriostatic and bactericidal activity of 2-
phenylethanol, it is clear that 2-phenylethanol severely affects the structure of

biomembranes, which has been linked to its bacteriostatic activity. Yet, in fungi some
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2-phenylethanol derivatives are also produced, some of which appear to also have
bacteriostatic activities. We showed that the 2-phenylethanol derivatives phenylacetic
acid, phenyllactic acid, and methyl phenylacetate, but not Tyrosol, were fully
incorporated into model membranes and affected the membrane organization.
Furthermore, we observed that the propensity of the herein-analyzed molecules to
partition into biomembranes positively correlated with their respective bacteriostatic
activity, which clearly linked the bacteriotoxic activity of the substances to

biomembranes.

Keywords: 2-phenylethanol; phenylacetic acid; phenyllactic acid; methyl

phenylacetate; Tyrosol; biomembranes; membrane interaction; bacteriotoxic

1. Introduction

Due to their amphipathic properties, alcohols affect numerous biological processes,
many of which are related to cellular membranes. The hydrophobic tails of alcohols
insert into the hydrophobic core region of a lipid bilayer and disrupt hydrophobic
interactions between the lipid molecules, resulting in a decreased lipid order, i.e., an
increased membrane fluidity [1,2]. The exact impact of alcohol on the structure of a
lipid bilayer depends on the length and overall hydrophobicity of the alcohol alkyl
chain, and it is predicted that the effect of alcohols on membranes increases with
increasing alkyl chain lengths [3]. Thus far, the impact of alcohols on biomembranes
has been studied to a great extent using, aliphatic primary alcohols, albeit aromatic
alcohols, such as 2-phenylethanol (2-PEtOH), also insert into lipid bilayers and disturb
the membrane organization [4].

2-PEtOH, a compound also known as phenylethyl alcohol or benzylcarbiol, is a
colorless liquid with a rose-like odor. 2-PEtOH occurs widely in nature and is—besides
in rose extracts—a major component in a variety of plant extracts from carnations,
hyacinths, jasminum, geranium species, and others [5]. 2-PEtOH has been shown to
affect cell proliferation in bacteria, yeast, plants, fungi, and mammalian cells, albeit its
exact mode of action is still under debate [6—9]. Due to its bactericidal effect, 2-PEtOH
is frequently used in concentrations of up to 100 mM to protect pharmaceuticals,
cosmetics, and other personal care products from spoilage. However, 2-PEtOH is
already bacteriostatic at vastly lower concentrations, starting at concentrations as low

as 8 mM with explicit effects at 12—16 mM [7].
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2-PEtOH appears to affect DNA, RNA, and protein synthesis in bacteria [10—12].
Additionally, it has been suggested that the bactericidal activity of 2-PEtOH in fact
depends on its conversion into phenylacetaldehyde, which is way more toxic to bacteria
than 2-PEtOH [12]. Yet, while diverse targets are discussed to be causing the
bacteriostatic activity of 2-PEtOH, it is clear that 2-PEtOH partitions into bacterial
membranes and severely affects the structure of biomembranes [4,7,13]. As observed
with other alcohols, the interaction of 2-PEtOH with the model as well as with
biological membranes results in a drastic change of the lipid acyl-chain order [14—-16].
This 2-PEtOH-induced change in the lipid order significantly affects the dimerization
of transmembrane helices in the model, as well as in cellular membranes [14]. Thus,
2-PEtOH-induced lipid disordering might crucially affect the structure of
transmembrane proteins in general, and this effect on the structure of biological
membranes might be the first and ultimate line of the 2-PEtOH bacteriostatic activity.
Further, 2-PEtOH is also produced by some fungi, which can significantly retard their
growth and development [6,9]. Yet, fungi also produce some 2-PEtOH-derivatives,
such as Tyrosol, phenyllactic acid, and phenylacetic acid (Figure 1), some of which
appear to also have bacteriostatic activities. Already decades ago, a correlation between
the bacteriostatic activity of phenyl-substituted alcohols (other than analyzed here)
and their partitioning between an aqueous phase and an organic layer was described,
and it was suggested that the compounds acted on cellular membranes [13]. Thus, it is
reasonable to assume that the 2-PEtOH derivatives also act on cellular membranes and

affect cell viability.

OH
OH
OH 0 (0] OH 0
OH OH I\O/
OH
A B D C E F

Figure 1. Chemical structures of 2-phenylethanol (2-PEtOH) and derivatives.

2-phenylethanol (A), phenylacetic acid (B), phenyllactic acid (C), Tyrosol (D), methyl phenylacetate
(E), and 1-hexanol (F). The structures were drawn with ChemSketch V5.
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Similar to 2-PEtOH, phenyllactic acid, the metabolite of phenylethylamine that occurs
in the phenylalanine metabolism [17-19], also appears to have antimicrobial
properties, targeting fungi and bacteria [14,15,20—22]. Just as for 2-PEtOH, also for
phenyllactic acid, diverse modes of actions are discussed, and the compound appears
to affect the integrity of the bacterial cell wall [14,20], and/or it might intercalate into
the DNA and hinder DNA replication [23].

Yet, just as 2-PEtOH, it has been suggested that phenylacetic acid does also act at the
cell membrane, albeit not knowing the mode of action [17]. Clearly, phenylacetic acid
can passively cross liposomal membranes in vitro [24], and a correlation between the
membrane partition coefficients of some of its para-substituents and their
bacteriostatic properties is described [25], and phenyllactic acid potentially makes the
outer membrane of Escherichia coli more permeable, without disrupting it [23]. In
contrast to 2-PEtOH and phenylacetic acid, membrane interaction of methyl
phenylacetate, the methyl ester of phenylacetic acid, which is produced by several
plants, has not been analyzed yet.

Tyrosol belongs to the most widely distributed compounds in plants [16]. It is the major
phenolic compound found in olive oil, red wine and white wine [26,27].

While membrane interaction of 2-PEtOH has been studied to some extent and the
bacteriostatic activity of 2-PEtOH has been linked to its membrane activity, the
interaction of 2-PEtOH derivatives with model and biomembranes has only marginally
been studied, if at all. Given that most compounds have an amphipathic nature,
membrane interaction is expected, and it is well possible that membrane interactions
affect bacterial homeostasis. In the present study, we showed that the 2-PEtOH
derivatives phenylacetic acid, phenyllactic acid, and methyl phenylacetate (Figure 1)
were incorporated into the model membranes and affected the membrane structure.
The higher the overall hydrophobicity of a 2-PEtOH derivative, the higher its fluidizing
impact on a membrane. Furthermore, we observed a positive correlation between
membrane partitioning and the bacteriostaticity of the here analyzed 2-PEtOH

derivatives.
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2. Materials and Methods

2.1. Lipids and Chemicals

E. coli total lipid extract (EPL) was purchased from Avanti Polar Lipids (Alabaster, AL,
USA). Laurdan (6-dodecanoyl-2-dimethylamino) was purchased from Sigma-Aldrich
(Munich, Germany).

2-PEtOH, phenylacetic acid, phenyllactic acid, Tyrosol, 1-hexanol, and methyl
phenylacetate were all purchased from Sigma-Aldrich (Munich, Germany). All
structures were drawn with the program ChemSketch V5 (Freeware from ACD/Labs,
Toronto, Ontario, Canada). The partition coefficient (logP value) was calculated using
Molinspiration v2016.10 (Wwww.molinspiration.com, accessed on 21. June 2018.).

It can be expected that the effect of a given compound on a membrane correlates with
its tendency to incorporate into the membrane, represented by the corresponding

partitioning coefficient P. This type of correlation is probed as [28]

log% =axlogP +b (1)

if only logP is considered as the predictor for the activity of the substance, with a and b
being constants and C the concentration relevant for the effect to be tested, here:
Minimal inhibitory concentration 50 (MIC50; see [28] for a recent discussion of the

approach).

2.2. Laurdan Fluorescence Spectroscopy and Generalized Polarization (GP) Values

For liposome preparation, 25 puL. EPL (10 mM in chloroform and methanol, 2:1) was
mixed with Laurdan (dissolved in methanol) in a 500:1 molar ratio. The solvents were
removed under a nitrogen stream, and the remaining traces of the solvent were
removed by overnight vacuum desiccation. The next day, 250 pL of the substances
dissolved in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-
buffer (pH 7.4, 150 mM NaCl) at the desired concentrations were added and the lipid
film was rehydrated, resulting in a solution with 1 mM lipid.

The mixture was vortexed and subsequently incubated for 30 minutes at 37 °C and
1000 rpm on a Thermoblock mixer comfort from Eppendorf. To prepare large
unilamellar liposomes (LUVs), five freeze-thaw cycles were performed. The liposomes

were again incubated for 30 minutes at 37 °C and 1000 rpm on a Thermoblock mixer
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comfort from Eppendorf (Hamburg, Germany). Laurdan spectra were recorded at
25°C using a Fluoro-Max-4 fluorescence spectrometer (Horiba (Bensheim,
Germany)). The excitation and emission slits were set to 2 nm, and the spectra were
recorded between 400 and 550 nm with excitation at 350 nm. Each tested substance
was measured at least three times at each concentration using freshly prepared
liposomes. The generalized polarization (GP) values were calculated from the
fluorescence emission spectra using the following equation [29].

I -1
GP — 440 490 (2)
I440+1490

I440 and I490 are the emission intensities at 440 and 490 nm [29]. The range of
concentrations employed was limited by the solubility of the tested substances in an
aqueous buffer. Tyrosol and 2-phenylethanol were measured up to 100 mM,
phenylacetic acid and phenyllactic acid up to 80 mM, 1-hexanol up to 70 mM, and
methyl phenylacetate up to 15 mM.

2.3. Growth Assay and Determination of Minimal Inhibitory Concentrations 50
(MIC50) Escherichia

Escherichia coli strain MC4100 was grown in a terrific broth (TB)-medium buffered
with 10 % K2HPO4/KH2PO4 (0.17 M/0.72 M). 20 mL TB medium with 1:1000
streptomycin (50 mg/mL) was prepared, and the tested substance was dissolved in the
medium at the given concentration. From an overnight culture, E. coli MC4100 was
diluted in fresh medium to an ODeoo of 0.2. The cultures were incubated at 37 °C and
200 rpm for four hours, the ODsoo of a 5fold diluted sample was measured, and the
real value was calculated. The highest tested concentration was defined by the
solubility of the tested substances in TB medium or was the concentration where the
E. coli were not able to grow anymore. A dose-response curve was fit to the data with a
modified Hill equation using OriginPro 8.6 (Northampton, MA, US),

d—c
X\b
1+(e)

y=c+ (3)

[30], with the concentration of the substance x and the parameter e reflecting the
MIC50 for each tested substance (Figure 4). In order to get an idea about the
concentration of the substance incorporated into the E. coli membrane, we calculated

the overall surface area presented by the bacteria and, based on the partition
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coefficient, calculated the concentration of the lipids required to obtain the
corresponding area/ml as liposomes. According to [31], an OD of 0.2 corresponds to
about 2 * 108 E. coli cells/ml. The surface area of an E. coli cell is about 3 um?2 [32],
corresponding to about 4.2 * 106 lipid molecules, assuming 0.7 nm2/lipid [33]. Thus,
the concentration of the lipids necessary to create the corresponding

area of a lipid bilayer is about 3 uM.

2.4. Computer Simulations

We followed previously established simulation protocols that were described in detail
elsewhere [34,35]. Coarse-grained simulations were performed using Gromacs 4.6 [36]
and the Martini force field [37]. Small molecules were parametrized using the auto-
martini scheme [38] and inserted into a symmetric di-linoleoyl-phosphatidyl-choline
(DLiPC) bilayer consisting of 64 lipids per leaflet and solvated in water. We ran
simulations in the NPT ensemble at 300 K and 1 bar. Each simulation included a
sequence of minimization, heat-up, and equilibration runs prior to the production one,
the latter being simulated for 105 7 using a time step of §t = 0.02 7, where 7 (1 ps) refers

to the model’s natural unit of time.

3. Results and Discussion

The impact of 2-PEtOH on the structure and the stability of the model, as well as
biological membranes, were studied in the past [6—8,14—16]. Nevertheless, plants,
some fungi, as well as some bacteria produce and secrete the 2-PEtOH derivatives
phenylacetic acid permeabilizes the outer membrane of bacteria (by a yet unknown
mechanism) [23], the membrane activity of the 2-PEtOH derivatives is largely
unexplored. All molecules are amphiphilic and have a polar region with hydroxyl or
carboxyl groups and a nonpolar phenyl ring. An exception is Tyrosol, which has an
extra hydroxyl group at the phenyl ring that renders the molecule non-amphiphilic
[16]. Furthermore, in the present study, we additionally analyzed methyl
phenylacetate, the methyl ester of phenylacetic acid produced in some plants, as it
allows separating effects of the polar group from effects potentially caused by the
negative charge of the carboxylate group. Furthermore, 1-hexanol, whose membrane

interaction is well studied [1,2], was used as a non-aromatic control.
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3.1. Membrane Partitioning and the Impact of2-PEtOH Derivatives on the Membrane
Structure

To estimate the membrane-binding affinity of the here-analyzed substances, we first
calculated logP values (Table 1), which provide information as to the partitioning of the
substances between water and octanol (which is typically used as a mimic of the
hydrophobic membrane core). This calculation is based on the hydrophobicity and
polarity of a substance, and the less hydrophobic a molecule, the lower the logP value.

[39].

Table 1. LogP and MIC50 values of 2-PEtOH and derivatives.

Substance logP MICso
phenyllactic acid 0.72 44.97
Tyrosol 1.00 20.74
phenylacetic acid 1.36 20.28
2-phenylethanol 1.49 14.89
methyl phenylacetate 1.98 6.30
1-hexanol 2.13 7.05

The partition coefficient (logP) values of the substances, which provide information as to
membrane partitioning of a molecule, were calculated with the online Molinspiration software v2016.10.
The higher the value, the more hydrophobic the molecule and the higher will be the fraction of the
membrane incorporated substance. The minimal inhibitory (MIC50) value provides information as to
the bacteriostatic potential of a molecule (compare Figure 4). The higher this value, the less
bacteriostatic a substance.

Phenyllactic acid has the lowest logP value and, thus, is the least hydrophobic molecule
analyzed here, and 1-hexanol is the most hydrophobic molecule with the highest logP
value of our studied substances.

Based on the definition of the logP, it is evident that a substance with a negative logP
has a higher affinity to the aqueous phase, and a positive logP denotes a higher
concentration in the lipid phase. Thus, based on this analysis, we expected all our
tested substances to incorporate into the membrane (the lipid phase) as all the
calculated values are positive [40]. Indeed, computer simulations clearly indicated that
all substances incorporated around the lipid head groups (Figure 2). The ring lies
deeper in the membrane than the side chain for all substances except Tyrosol. In fact,
the angle distribution shown below (Figure 2) indicated that Tyrosol did not intercalate

into a membrane but rather bound parallel on a membrane surface, in line with
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previous assumptions [16,41]. The angle between the membrane bilayer normal and
the orientation of Tyrosol was just about 90°, while all other compounds showed much
larger angles (Figure 2F).

Thus, all 2-PEtOH derivatives intercalated into a lipid monolayer, except Tyrosol,
where direct interactions with the lipid acyl chains were not expected.

As membrane integration and membrane activity of 2-PEtOH had been demonstrated
in the past, we next determined the impact of 2-PEtOH derivatives on the structure of
model membranes via laurdan fluorescence spectroscopy [1,2,8,9,14,17,20]. Laurdan
is a fluorescent dye that incorporates in lipid bilayers. Changes in the laurdan
fluorescence emission spectrum reflect changes in the dye’s ultimate environment, e.g.,
caused by altered lipid packing. To quantify the impact of a molecule on the structure
of a lipid bilayer, the generalized polarization (GP) value was calculated [42]. A high
GP value (= + 0.4) is characteristic for a rigid lipid bilayer with densely packed lipid
molecules, i.e., the membrane gel state, whereas a low GP value (= - 0.2) is
characteristic for less densely packed lipid bilayers, i.e., the fluid membrane state. As
these values are largely independent of the lipid head groups and acyl chains, changes
in the GP value can provide information about changes in the lipid order upon the
addition of substances [43].

To this end, unilamellar liposomes were prepared from E. coli lipids containing 2 uM
Laurdan as well as increasing concentrations of the substances analyzed here. Changes
in lipid packing were determined via laurdan fluorescence spectroscopy and illustrated

as changes in the GP values (Figure 3). For further details, see Materials and Methods.
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Figure 2. Number—density profiles, compound orientation relative to the membrane normal and
simulation snapshots.

(A-E) The number—density profiles report the molar fraction of different chemical groups in the
simulation box, perpendicular to the bilayer. (A) 2-PEtOH, (B) phenylacetic acid, (C) phenyllactic acid,
(D) Tyrosol, and (E) methyl phenylacetate. All substances have shifts between the side chain and ring,
except Tyrosol. Molar fractions of the solutes have been multiplied by 50 for clarity. All substances
spontaneously insert close to the lipid head groups. (F) The angle between membrane normal and
compound orientation (defined from side chain to aromatic ring) shows large values for methyl
phenylacetate, phenylacetic acid, 2-PEtOH, and phenyllactic acid, indicative of their intercalation in the
membrane. Smaller values are reported for Tyrosol, indicating its binding parallel to the membrane
surface. (G,H) Representative simulation snapshots of 2-PEtOH and Tyrosol (purple) inserted in the
headgroup region of the phospholipid membrane. Water is not shown for clarity.

2-PEtOH and 1-hexanol are well known to increase membrane fluidity [1,2,8]. In line
with this, the GP values measured here with increasing 2-PEtOH and 1-hexanol
concentrations, respectively, are constantly decreasing (Figure 3), indicating a
membrane fluidizing effect of all substances. For the maximal tested concentrations of
the two substances, 70 mM for 1-hexanol and 100 mM for 2-PEtOH, the GP value is
around - 0.2. This value is characteristic of a bilayer in the fluid (liquid crystalline)
phase [42,43]. Here, 2-PEtOH acts like 1-hexanol, although the impact of 1-hexanol on

the lipid acyl chain order was more pronounced already at lower concentrations.
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Figure 3. 2-PEtOH and derivatives affect the structure of the model membranes.

GP values determined at increasing substance concentrations are shown. The values indicate a fluidizing
effect for the more hydrophobic substances 1-hexanol, 2-PEtOH, and methyl phenylacetate. Tyrosol
seems to be largely ineffective, while phenyllactic acid and phenylacetic acid seem to have a slight
ordering effect.

Yet, even though Tyrosol binds solely to membrane surfaces, an impact on the lipid
order might be expected. However, we did not see any change of the GP values with
increasing Tyrosol concentrations, and thus, apparently, surface adhesion of Tyrosol
does not (significantly) affect the membrane structure.

Further, for phenylacetic acid and phenyllactic acid, it was suggested that they could
incorporate into membranes [14,17,20,24], which is in line with the calculated logP
values (Table 1). Yet, in contrast to 2-PEtOH, the addition of both phenyllactic acid as
well as phenylacetic acid to E. coli lipid membranes did result in increasing GP values,
which remained constant at concentrations larger than 15 mM. Thus, phenylacetic acid
and phenyllactic acid both appeared to increase rather than decrease the membrane
lipid order creating a more rigid membrane. Nevertheless, the membrane ordering
effect was much lower than the disordering effect of 2-PEtOH or 1-hexanol.

To estimate whether the reverse impact of the two acids, compared to 2-PEtOH, might
be caused by the negative charge, we additionally analyzed the impact of the methyl
ester of phenylacetic acid, methyl phenylacetate, on the membrane structure. The
addition of methyl phenylacetate to the model membranes resulted in decreasing GP
values, as observed with 2-PEtOH or 1-hexanol. Consequently, membrane

incorporation of methyl phenylacetate increased the membrane fluidity, and thus
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masking the negative charge of phenylacetic acid seemed to have a significant impact

on the membrane activity (as further discussed below).

3.2. 2-PEtOH and Derivatives Are Bacteriostatic

For all substances, except for Tyrosol, we showed that membrane binding had an
impact on the membrane structure. Next, to test whether this membrane activity
correlates with a potential bacteriostatic activity of the substances, the impact of
2-PEtOH, phenylacetic acid, phenyllactic acid, methyl phenylacetate, Tyrosol, and
1-hexanol on the growth of the bacterium E. coli was tested. For 2-PEtOH, it was
already shown that it decreases bacterial growth starting at concentrations as low as
8 mM with explicit effects at 12—16 mM [7]. We followed bacterial growth in presence
of increasing substance concentrations to calculate the (non-lethal) amount of

substance that inhibits 50% bacterial growth (Figure 4).

[e]0)

Concentration [mM] Concentration [mM] Concentration [mM)

oD,

Concentration [mM] Concentration (mMj Concentration [‘mMJ '
Figure 4. Determination of MIC50 values.

The ODsoo was plotted against the substance concentration and a dose-response fit was performed for
(A) 2-PEtOH, (B) phenylacetic acid, (C) phenyllactic acid, (D) Tyrosol, (E) methyl phenylacetate, and
(F) 1-hexanol (n = 3, £SD). The corresponding MIC50 values are given in Table 1.

This minimal inhibitory (MIC50) value is a measure of the antimicrobial activity of
compounds [44].

In excellent agreement with literature values, we here observed a clear effect of
2-PEtOH on E. coli growth with an MIC50 value of ~ 15 mM [5—9]. As for phenylacetic
acid, we likewise observed a bacteriostatic effect with an MIC50 value of ~ 20 mM.

However, when we masked the negative charge and analyzed the methyl phenylacetate
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instead, the MIC50 value was lowered to ~ 6.3 mM, a value lower than 2-PEtOH and
in the same range as observed with 1-hexanol. This showed that masking the negative
charge not only considerably affected the membrane activity of (methyl) phenylacetate
(Figure 3) but also significantly enhanced its bacteriostatic efficiency. Surprisingly,
while Tyrosol did not integrate into and affect the structure of biomembranes but
rather lies flat on membrane surfaces (Figure 2H), it still affected the E. coli growth
with an MIC50 value of ~ 30 mM [16,40]. The naturally produced 2-PEtOH derivative
phenyllactic acid was least active with an MIC50 as high as ~ 45 mM. The determined

MIC50 values are summarized in Table 1 for each of the tested substances.

3.3. Hydrophobicity, Membrane Fluidity, and Bacterial Growth Correlate The

The here-analyzed molecules with the highest logP values decreased the membrane
order with increasing concentration, whereas phenylacetic acid and phenyllactic acid,
which both have a low logP value, showed increasing GP values with increasing
concentration. Thus, the higher the overall hydrophobicity of a molecule, the higher its
fluidizing impact on a membrane. Nevertheless, as all molecules, except the control 1-
hexanol as well as Tyrosol, had a methylene benzene group, the chemistry of the
substituents was evidently important for the membrane activity of 2-PEtOH
derivatives. In contrast to 2-PEtOH, phenylacetic acid and phenyllactic acid did not
decrease but slightly increased the order of a lipid bilayer. Yet, when masking the
negative charge via the formation of a methyl ester, methyl phenylacetate showed an
even increased membrane fluidizing activity compared to 2-PEtOH. Thus, the
incorporation of the hydrophobic methylene benzene group into the hydrophobic
membrane core region, as well as (polar) interactions within the lipid head group
region, likely together affect the membrane activity of 2-PEtOH derivatives (as well as
of other substances). This appears to be nicely reflected by the calculated overall
hydrophobicity, i.e., the calculated logP values.

Based on several subsequent studies, the bacteriostatic activity of 2-PEtOH was linked
to biological membranes, albeit the exact mode of action is still unclear, and other
target structures were also discussed [4,7—9]. Yet, the calculated logP values nicely
correlated with the determined MIC50 values (Figure 5), and with an increasing logP
value, the MIC50 decreased. In fact, when we plot the logarithm of the MIC50 values

determined for the 2-PEtOH derivatives against the calculated logP values, we
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obtained a linear correlation with an r2 value of 0.987 (Figure 5). Thus, the
hydrophobicity of the molecules, i.e., their calculated propensity to partition into
biomembranes, correlated with the bacteriostatic activity, which indicated that the
partition coefficient significantly determined the biological activity of the substances

and links the bacterotoxic activity of the substances to biomembranes.

12 14 16 18 20 22
log(1/MIC,)
Figure 5. The logP values of 2-PEtOH linearly correlate with the log(1/MIC50) values.

The logP values of 2-PEtOH and derivatives is plotted against the respective log(1/MIC50) values. The
correlation coefficient is r2 = 0.987.

In most cases, a clear effect on membrane lipid order was already observed in the
liposome-based assay at the MIC50 values, and, thus, changes in general membrane
properties could well have an important impact on the bacteriostatic activity of the
2-PEtOH derivatives. Yet, there was no general correlation between the
bacteriostaticity and the observed effect on the membrane structure: All substances
clearly had an impact on bacterial growth, yet some substances increased the lipid
order (phenylacetic acid, phenyllactic acid), Tyrosol did essentially not affect the
membrane structure, whereas the remaining substances decreased the lipid order.
Furthermore, it has to be noted that all molecules analyzed here might also have
additional cellular targets.

In summary, our results indicate a correlation between the hydrophobicity of the
2-PEtOH derivatives analyzed here and their respective bacteriostatic activity, and our

results link the biological activity of the molecules to cellular membranes.
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