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Summary

Summary

The resolution of fluorescence light microscopy was long believed to be limited by the
diffraction limit of light of around 200-250 nm described in 1873 by Ernst Abbe. Within the
last decade, several approaches, such as structured illumination microscopy (SIM), stimulated
emission depletion STED and (direct) stochastic optical reconstruction microscopy (d)STORM
have been established to bypass the diffraction limit. However, such super-resolution
techniques enabling a resolution <100 nm require specialized and expensive setups as well as
expert knowledge in order to avoid artifacts. They are therefore limited to specialized
laboratories. Recently, Boyden and colleagues introduced an alternate approach, termed
expansion microscopy (ExM). The latter offers the possibility to perform superresolution
microscopy on conventional confocal microscopes by embedding the sample into a swellable
hydrogel that is isotropically expanded. Since its introduction in 2015, expansion microscopy
has developed rapidly offering protocols for 4x, 10x and 20x expansion of proteins and RNA in
cells, tissues and human clinical specimens.

Mitochondria are double membrane-bound organelles and crucial to the cell by performing
numerous tasks, from ATP production through oxidative phosphorylation, production of many
important metabolites, cell signaling to the regulation of apoptosis. The inner mitochondrial
membrane is strongly folded forming so-called cristae. Besides being the location of the
oxidative phosphorylation and therefore energy conversion and ATP production, cristae have
been of great interest because changes in morphology have been linked to a plethora of
diseases from cancer, diabetes, neurodegenerative diseases, to aging and infection. However,
cristae imaging remains challenging as the distance between two individual cristae is often
below 100 nm. Within this work, we demonstrate that the mitochondrial creatine kinase MtCK
linked to fluorescent protein GFP (MtCK-GFP) can be used as a cristae marker. Upon fourfold
expansion, we illustrate that our novel marker enables visualization of cristae morphology and
localization of mitochondrial proteins relative to cristae without the need for specialized
setups. Furthermore, we show the applicability of expansion microscopy for several bacterial
pathogens, such as Chlamydia trachomatis, Simkania negevensis, Neisseria gonorrhoeae and
Staphylococcus aureus. Due to differences in bacterial cell walls, we reveal important aspects
for the digestion of pathogens for isotropic expansion. We further show that expansion of the

intracellular pathogens C. trachomatis and S. negevensis, enables the differentiation between
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the two distinct developmental forms, catabolic active reticulate bodies (RB) and infectious
elementary bodies (EB), on a conventional confocal microscope. We demonstrate the
possibility to precisely locate chlamydial effector proteins, such as CPAF or Cdul, within and
outside the chlamydial inclusion. Moreover, we show that expansion microscopy enables the
investigation of bacteria, herein S. aureus, within LAMP1 and LC3-Il vesicles. With the
introduction of the unnatural a-NH;-w-N3-Cs-ceramide, we further present the first approach
for the expansion of lipids that may also be suitable for far inaccessible molecule classes like
carbohydrates. The efficient accumulation and high labeling density of our functionalized a-
NHz-w-Ns-Cs-ceramide in both cells and bacteria enables in combination with tenfold
expansion nanoscale resolution (10-20 nm) of the interaction of proteins with the plasma
membrane, membrane of organelles and bacteria. Ceramide is the central molecule of the
sphingolipid metabolism, an important constituent of cellular membranes and regulates many
important cellular processes such as differentiation, proliferation and apoptosis. Many studies
report about the importance of sphingolipids during infection of various pathogens. While the
transport of ceramide to Chlamydia has been reported earlier, one of the unanswered
guestions remaining was if ceramide forms parts of the outer or inner bacterial membrane.
Expansion of a-NH;-w-N3-Ce-ceramide enabled the visualization of ceramide in the inner and

outer membrane of C. trachomatis and their distance was determined to be 27.6 + 7.7 nm.
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Aufgrund der Beugungseigenschaften des Lichtes wurde bereits 1873 durch Ernst Abbe fiir die
Lichtmikroskopie eine theoretische Auflosungsgrenze von 200-250 nm definiert. Durch die
Einflhrung verschiedener hochauflésender Mikroskopiemethoden, wie beispielsweise SIM-
Mikroskopie (structured illumination microscopy), STED-Mikroskopie (stimulated emission
depletion) und (d)STORM-Mikroskopie ((direct) stochastic optical reconstruction microscopy),
konnte im letzten Jahrzehnt jedoch die Auflésung auf unter 100 nm verbessert werden.
Allerdings bendtigen solche Hochauflésungstechniken sowohl spezialisierte und
kostenintensive Gerate als auch Expertenwissen zur Vermeidung von Artefakten, sodass diese
nur in wenigen Laboren angewendet werden kénnen. Ein alternativer Ansatz, die sogenannte
Expansionsmikroskopie, wurde kiirzlich von der Arbeitsgruppe um Ed Boyden etabliert.
Hierbei wird eine Probe mit einem quellfdhigen Gel vernetzt, welches daraufhin isotrop
expandiert wird, sodass auch an konventionellen konfokalen Mikroskopen Hochauflosung
ermoglicht wird. Seit ihrer Einflhrung im Jahre 2015 hat sich die Expansionsmikroskopie
schnell entwickelt und bietet Protokolle fiir 4-fache, 10-fache oder sogar 20-fache Expansion
von Proteinen als auch RNA in Zellen oder sogar komplexen Geweben.

Mitochondrien besitzen zwei Membranen und sind fiir die Zelle von groRer Bedeutung, da sie
eine Vielzahl wichtiger Aufgaben lGbernehmen - von der ATP-Produktion durch die oxidative
Phosphorylierung liber die Produktion vieler wichtiger Metabolite bis hin zur Regulation
zellularer Signalwege. Die innere Mitochondrienmembran ist stark gefaltet und bildet
Einstllpungen, die sogenannten Cristae, in welchen die oxidative Phosphorylierung und somit
die Energieumwandlung und ATP-Synthese stattfindet. Morphologische Veranderungen der
Cristae konnen sowohl beim Altern von Zellen, als auch bei verschiedenen Infektionen
beobachtet werden und kénnen darliber hinaus auch im Rahmen diverser Erkrankungen, wie
beispielsweise Krebs, Diabetes oder neurodegenerativen Erkrankungen auftreten. Die
Visualisierung der Cristae durch Fluoreszenzmikroskopie ist herausfordernd, da der Abstand
zwischen einzelnen Cristae oftmals unter 100 nm betragt. In der vorliegenden Arbeit wird
gezeigt, dass die Expression der mitochondrialen Kreatinkinase gekoppelt an das
Fluoreszenzprotein GFP (MtCK-GFP) als Cristaemarker genutzt werden kann. In Kombination
mit vierfacher Expansion ermoglicht unser Marker die Untersuchung morphologischer

Veranderungen von Cristae, sowie die Lokalisierung mitochondrialer Proteine relativ zu den
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Cristae. Darlber hinaus wird im Rahmen dieser Arbeit die Anwendbarkeit der
Expansionsmikroskopie flir mehrere bakterielle Pathogene, und zwar Chlamydia trachomatis,
Simkania negevensis, Neisseria gonorrhoeae und Staphylococcus aureus, gezeigt. Hierbei
verdeutlichen wir wichtige Aspekte fir den vollstandigen Verdau unterschiedlicher
bakterieller Zellwande und somit isotropen Expansion. Die Expansion der intrazellularen
Pathogene C. trachomatis und S. negevensis ermoglichte es uns an konventionellen
konfokalen Mikroskopen zwischen den zwei verschiedenen Entwicklungsstadien, der
katabolisch aktiven Retikularkérperchen (RBs) und der infektiosen Elementarkérperchen
(EBs), zu unterscheiden. AulRerdem konnte die Moglichkeit der prazisen Lokalisierung
chlamydialer Proteine wie CPAF und Cdul innerhalb und auRerhalb der chlamydialen Inklusion
gezeigt werden und Bakterien, in diesem Fall S. aureus, in LAMP1 und LC3-Il Vesikeln
visualisiert werden. Mit der Einfilhrung des unnatirlichen a-NH;-w-N3-Cs-Ceramides,
prasentieren wir zudem ein erstes Konzept fiir die Expansion von Lipiden, welches
moglicherweise auch fir deutlich unzugdnglichere Molekilklassen wie beispielsweise
Kohlehydrate geeignet ist. Die effiziente Akkumulierung unseres funktionalisierten a-NH;-w-
N3-Cs-Ceramides in Zellen sowie Bakterien ermdglicht in Kombination mit zehnfacher
Expansion die Untersuchung der Interaktion von Proteinen mit der Zellmembran, Membranen
von Organellen und Bakterien mit einer raumlichen Auflésung von 10-20 nm. Ceramid ist das
zentrale Molekul des Sphingolipidstoffwechsels, ein wichtiger Baustein zellularer Membrane
und reguliert viele essentielle Prozesse wie die Zelldifferenzierung, die Proliferation als auch
die Apoptose. Viele Studien berichten von der Bedeutung der Sphingolipide wahrend der
Infektion verschiedener Pathogene. So wurde beispielsweise zuvor berichtet, dass Ceramide
aktiv zu Chlamydien transportiert und in deren Membranen eingebaut werden. Hierbei
verblieb allerdings die Frage, ob Ceramide in der auReren oder inneren bakteriellen Membran
lokalisiert sind. Die Expansion unseres a-NH;-w-N3-Cs-Ceramides ermoglichte es uns Ceramide
in der inneren und dulBeren Membran von C. trachomatis zu visualisieren und den Abstand

zwischen beiden Membranen auf 27.6 + 7.7 nm zu bestimmen.
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Mitochondria

Mitochondria are well defined double membrane-bound organelles in eukaryotic cells and are
thought to be the result of an endosymbiotic event between an a-proteobacterium and a host
cell that took place around 1.5-2 billion years ago (Sicheritz-Ponten et al., 1998). Their
numerous tasks include the citric acid cycle, fatty acid metabolism, ATP-synthesis through
oxidative phosphorylation, apoptosis induction and calcium homeostasis (Westermann,
2010). Mitochondria possess their own genome encoding for only 13 mitochondrial proteins
in mammals (Anderson et al., 1981). As in bacteria, the mitochondrial DNA (mtDNA) is a
circular double-stranded molecule, organized in nucleoids and tethered to the inner

mitochondrial membrane (Chen and Butow, 2005). While mtDNA encodes only for a few

Inner Mitochondrial
Membrane (IMM)
Intermembrane

space (IMS) Cristae

Quter Mitochondrial
Membrane (OMM)

Figure 1: Schematic overview of mitochondria

The powerhouse of the cell can be subdivided into four different compartments: Outer mitochondrial membrane
(OMM), intermembrane space (IMS), inner mitochondrial membrane (IMM) and matrix. The IMM is strongly
folded increasing the membrane surface and forming mitochondrial cristae. It is subdivided by the cristae-
junctions (CJs) into the cristae membrane and the inner boundary membrane that is located close to the OMM.
The cristae membrane harbors the OXPHOS complexes (CI-CIV) and the ATP-Synthase. Cls are formed by the so-
called mitochondrial cristae organizing system (MICOS) complex. Nuclear-encoded proteins are imported
through the translocase of the outer membrane (TOM) to the mitochondrial intermembrane space and through
the translocase of the inner membrane (TIM) to the mitochondrial matrix.
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proteins, mitochondria possess about 1000 (yeast) to 1500 (mammalian) proteins (Meisinger
et al., 2008; Reinders et al., 2006). It is thought that through evolution the information for
most mitochondrial proteins shifted to the DNA in the nucleus (Gabaldon and Huynen, 2003).
The two mitochondrial membranes divide the organelle into four compartments: The outer
mitochondrial membrane (OMM), the intermembrane space (IMS), the inner mitochondrial
membrane (IMM) and the mitochondrial matrix. The IMM is strongly folded to increase the
membrane surface forming invaginations, the so-called cristae. Cristae harbor the respiratory
chain complexes as well as the ATP-synthetase, producing most of the cells ATP and are thus

crucial for the well-being of the cell (Figure 1) (Friedman and Nunnari, 2014).

Mitochondrial dynamics

While mitochondria are often depicted as single-rod shaped structures, they form a highly
dynamic network throughout the cytosol, constantly fusing and dividing. These processes are
described as mitochondrial dynamics, fusion and fission, and are crucial for the regulation of
mitochondrial processes and adaption to environmental changes and are therefore important
for optimal cellular health. Thus, mitochondrial dynamics is regulated by a well-conserved set
of cytoplasmic and mitochondrial proteins (Hoppins et al.,, 2007). Several studies
demonstrated that stimulation of OXPHOS activity stimulates mitochondrial fusion and
elongation, indicating that elongated mitochondria are more efficient in energy conversion.
Fragmented mitochondria, on the other hand, were shown to be more capable to produce
reactive oxygen species (Jezek et al., 2018). Moreover, mitochondrial dynamics were found to

control calcium homeostasis (Szabadkai et al., 2004).

Under starvation, the cell reacts by fusing and hence elongating mitochondria. Since
mitochondria have a double membrane structure, fusion is performed in two steps. First,
fusion of the outer membrane by the mitofusins Mfn1 and Mfn2 and second, fusion of the
inner membrane mediated by Opa proteins. Mfnl and Mfn2 form homotypic and heterotypic
dimers via hydrophobic HR2 regions, allowing the close contact between two individual
mitochondrial fragments. Upon GTP-dependent conformational change in the Mfn1 structure,
the gap between two fragments is closed (Galloway and Yoon, 2013). After the fusion of the
outer membrane, different isoforms of the OPA1 protein mediate the fusion of the inner

mitochondrial membrane, leading to the exchange of matrix proteins. There are eight long
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isoforms of the OPA1 protein undergoing further modification by proteolytic cleavages
through mitochondrial proteases, generating shorter isoforms of OPA1, the so-called S-OPA1
(Delettre et al., 2001). It has been shown that both, long and short, isoforms of OPA1 are
important for successful mitochondrial fusion (Song et al., 2007). Under various stress
conditions, OMA1 degrades the longer OPA1l isoforms and consequently inhibits
mitochondrial fusion (Baricault et al., 2007; Duvezin-Caubet et al., 2006; Guillery et al., 2008;
Ishihara et al., 2006; Song et al.,, 2007). In addition, the loss of the ATP dependent AAA
protease YmellL leads to an impairment of OPA1 cleavage and thus S-OPA1 production. This
leads to a fragmentation of the mitochondrial network, perturbs cristae morphogenesis and
promotes apoptosis (Griparic et al., 2007; Stiburek et al., 2012). Mitochondrial fission is
modulated by Drp1 (Dynamin-related protein 1) possessing a conserved GTPase. Contrarily to
mitochondrial fusion, mitochondrial fission does not necessitate independent processes for
the fission of outer and inner membrane (Yoon et al.,, 2011). Several proteins have been
shown to be important key players of mitochondrial fission by recruiting Drp1 to facilitate
mitochondrial fission (Loson et al., 2013). Human Drp1 self-assembles into ring-like oligomers
around the mitochondria in the presence of GTP. Upon GTP hydrolysis, the Drpl ring
undergoes conformational changes leading to the constriction of the ring and consequently

to mitochondrial fission (Ingerman et al., 2005; Mears et al., 2011).

Mitochondrial import

Interestingly, 20-25% of the mitochondrial proteome is necessary to maintain, regulate and
express the mitochondrial genome, which only codes for around 1% of mitochondrial proteins.
As most mitochondrial proteins are encoded in nuclear genes and are expressed on the
cytosolic ribosomes, eukaryotic cells had to develop a highly regulated mitochondrial import
system, transporting mitochondrial proteins to the designated mitochondrial compartment
(Figure 2). The mitochondrial protein organization and insertion has been recently reviewed

in detail by Pfanner et al (Pfanner et al., 2019).

Around 60% of all mitochondrial precursor proteins are transported through the classical
import pathway, synthesized with a targeting sequence directing mitochondrial proteins to
mitochondrial surface proteins and subsequently the correct mitochondrial compartment

(Vogtle et al., 2009). These presequences form to a large extent positively charged
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Figure 2: Mitochondrial protein import pathways

Nuclear encoded proteins can be imported to mitochondria by five different major pathways. The most common
pathway is importing presequence-carrying cleavable precursor proteins. First, these precursor proteins are
bound by Tom20 and Tom22 and translocated by the Tom40 channel into the intermembrane space. Afterwards,
they are translocated by Tim23 to the mitochondrial matrix, where the presequence gets cut off by MPP. If these
proteins are destined to the inner membrane, they are either transported to the matrix and are then inserted to
the IMM by the oxidase assembly (Oxal) insertase or carry additional hydrophobic sorting signals stopping the
translocation by Tim23 and permitting the release to the inner membrane by the lateral gatekeeper Mgr2. Multi-
spanning inner membrane proteins are transported by an alternative pathway, the so-called carrier pathway.
Here, the precursors are bound by Tom70 and translocated to the intermembrane space by Tom40. The
precursors are then transferred to small Tim-chaperones and inserted into the inner membrane by the Tim22
carrier translocase. B-barrel proteins, typically inserted into the outer membrane, follow the same pathway as
carrier proteins but are inserted by the sorting and assembly machinery (SAM). Lastly, many intermembrane
space proteins contain characteristic cysteine motifs. These proteins are translocated by Tom40 and then
recognized by the MIA system, maturating the precursors by forming internal disulfide bonds.

amphipathic a-helices that are typically bound by the TOM receptors Tom20 and Tom22 and
are then directed from the cytosol through the main protein translocation channel Tom40 into
the IMS (Abe et al., 2000; Kuszak et al., 2015; Melin et al., 2014; van Wilpe et al., 1999).
Afterwards, the protein is transferred through the translocase of the inner membrane Tim23
through the IMM (Lohret et al., 1997). The ATP-driven mitochondrial heat shock protein 70
(mtHsp70) of the presequence translocase associated motor (PAM) then promotes, together
with five co-chaperons, the translocation of the entire polypeptide to the mitochondrial
matrix. In the matrix, the presequence is cleaved by the mitochondrial processing peptidase

(MPP) and mtHsp70 and other chaperones, such as Hsp60-Hsp10, promote proper folding of
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the imported protein in its active form (Cheng et al., 1989; Fukasawa et al., 2015; Ostermann
et al., 1989). Proteins destined for the IMM can either be inserted from the matrix by the
oxidase assembly (Oxal) insertase, which is also responsible for the insertion of proteins
expressed at mitochondrial ribosomes, or by possessing an additional hydrophobic sorting
signal behind the presequence (Stiller et al., 2016). In that case, the translocation stops at the
Tim23 complex and the lateral gatekeeper Mgr2 permits a release of the protein to the IMM.

This process is called stop transfer pathway (leva et al., 2014).

Hydrophobic multi-spanning IMM proteins are imported by the carrier pathway. The
precursors of these proteins have no amino-terminal targeting presequences but rather
internal hydrophobic targeting signals. In contrast to the classical import pathway, the
precursors of the carrier pathway are delivered to the receptor Tom70, rather than Tom20
and Tom22, by cytosolic chaperons, namely Hsp90 and Hsp70 (Young et al.,, 2003). After
binding of Tom70, the precursor proteins dissociate from the chaperons and are transported
through the Tom40 channel in a loop formation. They are then engaged by small TIM
chaperons of the IMS to prevent aggregation of the hydrophobic precursors and to guide the
precursors to the carrier translocase Tim22 for membrane insertion into the IMM (Koehler et
al., 1998; Okamoto et al., 2014, Sirrenberg et al., 1998; Vial et al., 2002; Wiedemann et al.,
2001). Interestingly, while it has been shown that the import of multi-spanning alpha-helical
proteins happen through the receptor Tom70, the exact mechanism for single-spanning
proteins is unknown. Another class of proteins within mitochondrial membranes are B-barrel
proteins. Precursors of this protein family initially follow the same pathway as carrier proteins
through the TOM complex to the IMS (Jores et al., 2016) where they also interact with TIM
chaperones (Weinhaupl et al., 2018). However, these precursors carry the carboxy-terminal
B-strand directing the interaction with the sorting and assembly machinery (SAM) in a process
involving translocation through the SAM channel and lateral release into the hydrophobic
phase of the OMM (Hohr et al., 2018; Klein et al., 2012; Kozjak et al., 2003; Kutik et al., 2008;
Paschen et al., 2003; Wiedemann et al., 2003). In contrast, a-helical transmembrane segments
are usually not imported through the Tom40 channel. The sorting signal here consists of
positively charged amino acids flanking the transmembrane segments and are recognized by
the mitochondrial import (MIM) channel for membrane insertion (Becker et al., 2011; Dimmer

et al., 2012; Hulett et al., 2008; Kruger et al., 2017; Papic et al., 2011; Popov-Celeketic et al.,
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2008). IMS proteins usually contain characteristic cysteine motifs that, in order to form mature
proteins, are oxidized in the IMS to form dimers by the formation of covalent disulfide bonds
between subunits. First, upon translocation through Tom40, the precursors are recognized by
the subunit Mia40, an oxireductase with disulfide isomerase activity, of the mitochondrial
intermembrane space import and assembly (MIA) system. Mia40 forms a transient disulfide
bond which it then transfers to the precursor protein to form the mature protein (Chacinska
et al., 2004; Koch and Schmid, 2014). After each transfer, Mia40 becomes reduced and re-
oxidized by Ervl, another subunit of the MIA complex. Hence, Ervl restores the disulfide
bonds of Mia40 that are transferred to the precursors for the protein maturation during the

import of IMS proteins (Hell, 2008).

Cristae morphology

For a long time, the morphology of the folds of the IMM, cristae, were believed to be static.
In the 1960s, however, Charles Hackenbrock observed that the addition of ADP reversibly
changed the IMM connectivity in rat liver mitochondria (Hackenbrock, 1966; Hackenbrock,
1968). Moreover, another study revealed in the early 2000s that cristae reorganization occurs
during fusion and fission events (Mannella et al., 2001) and during induction of apoptosis
(Scorrano et al., 2002). With the rise of super-resolution in the last decade, it could be shown
in living samples that cristae membranes are highly dynamic (Stephan et al., 2019). Cristae
generally adopt a tubular shape directing to the inner matrix and are adapting to different
cellular conditions and stimuli like nutrient depletion or changes in lipid and protein
composition. Changes in cristae morphology are often linked to diseases, e.g. Barth syndrome,
Alzheimer’s disease, various types of cancer, Wolf-Hirschhorn syndrome, autosomal dominant
optic atrophy (ADOA), Down syndrome, neuropathy, ataxia and retinitis pigmentosa (NARP),
maternally inherited Leigh syndrome (MILS) or Parkinson’s disease (Zick et al., 2009). The
mitochondrial cristae biogenesis has been recently reviewed in detail by Kondadi et al

(Kondadi et al., 2019).

Cristae are separated from the inner boundary membrane by cristae junctions (Cls) with a
diameter of 12-40 nm (Nicastro et al., 2000; Perkins et al., 2003). It was proposed that these
cristae junctions restrict the normal passage of proteins, metabolites and even protons

towards and away from cristae, creating another distinct subcompartment of mitochondria

14



Introduction

(Mannella et al., 1997; Vogel et al., 2006). Mitofilin, also referred to as Mic60, was shown to
be crucial for cristae formation. It was also shown that mitofilin is the central part of the so-
called MICOS-complex (Figure 3). This very large complex is located at the CJ and required for
CJ formation and the formation of contact sites between the inner boundary membrane and
OMM (Harner et al., 2011; Hoppins et al., 2011; Huynen et al., 2016; von der Malsburg et al.,
2011). The complex consists of 7 main subunits, namely Mic60/Mitofilin, Mic10, Mic19, Mic25,
Mic13, Mic26 and Mic27 (Wollweber et al., 2017). Loss of any of the individual subunits results
in the loss or reduction of CJs and cristae detaching from the inner boundary membrane
forming concentric rings (Harner et al., 2011; Hoppins et al., 2011; von der Malsburg et al.,
2011). Mic60 is considered the central unit of the MICOS complex and is necessary for the CJ
formation and the contact between inner boundary membrane and OMM due to the
interaction with several OMM proteins, such as the TOM-complex, Sam50 or metaxin (Abrams
etal., 2015; Genin et al., 2016; Glytsou et al., 2016; Korner et al., 2012; Ott et al., 2012; Pinero-
Martos et al., 2016; Xie et al., 2007). The depletion of Micl0, a relatively small self-
oligomerizing protein, also results in the loss of CJ and the appearance of cristae stacks (Barbot
et al., 2015; Bohnert et al., 2015; Milenkovic and Larsson, 2015). Together, Mic60 and Mic10
have the capability to bend membranes and thus to control the cristae biogenesis (Barbot et
al., 2015; Hessenberger et al., 2017; Tarasenko et al., 2017). The loss of Mic13 has also been
demonstrated to be important for the formation of CJs as its loss leads to the drastic
destabilization of other Mic-proteins, being Mic10, Mic26 and Mic27. Interestingly, the loss of
Mic13 does not affect the assembly of Mic60, Mic19 and Mic25, suggesting two distinct
subcomplexes, which are Mic60-19-25 and Mic10-13-26-27 (Anand et al., 2016; Guarani et al.,
2015; Kondadi et al., 2019). Mic26 and Mic27 have been shown to be essential for the
maintenance of cristae morphology and respiration but not for the formation of CJs (Koob et
al., 2015; Weber et al., 2013). While the exact role of the MICOS complex is unknown, the
depletion of these subunits affects cristae formation, respiration, protein import, lipid
transport, mtDNA organization, apoptosis and autophagy. Changes in the levels of MICOS
components were associated with a high subset of pathologies, such as diabetes, epilepsy,
Down syndrome and Parkinson’s disease. Mutations in Mic13 cause severe mitochondrial
encephalopathy (Guarani et al., 2016; Zeharia et al., 2016). Taken together, the very large
complex is crucial for cristae formation, CJ formation and mitochondrial function. The most

prominent protein complexes located in cristae membranes are the respiratory chain
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complexes and the FiFo ATP synthase for energy conversion. Besides ATP-production, the
F1Fo-ATP synthase has been demonstrated to be important in the maintenance of cristae
shape. The F1 subunit of the synthase is the catalytic subunit, is facing the mitochondrial matrix
and is sufficient for ATP-production. The Fo subunit is embedded in the cristae membrane and
enables the dimerization and oligomerization improving the stability of the complex and
furthermore was shown to bend the IMM by association at a defined angle contributing in
cristae formation (Blum et al., 2019; Davies et al., 2011; Hahn et al., 2016; Strauss et al., 2008;
Wittig et al., 2007). Conformingly, the depletion of dimer-specific subunits of the Fo subunit
results in perturbed cristae structure (Paumard et al., 2002). It has been shown that Mic10
binds to oligomeric F1Fo-ATP synthase and further promotes its oligomerization together with
Mic26 (Eydt et al., 2017; Rampelt et al., 2017). Moreover, Mic60 plays an antagonist role to
the e and g subunit of the F1 unit of the ATP synthase (Rabl et al., 2009). These interactions

possibly modulate the curvature of the IMM near Cls. Besides the importance of the
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Figure 3: Schematic overview of the MIB-complex

The mitochondrial intermembrane space bridging (MIB) complex consists of the mitochondrial contact site and
mitochondrial cristae organising system (MICOS) and the sorting and assembly machinery (SAM) and hence
bridges the outer and inner mitochondrial membrane. Among many critical functions, the MICOS and MIB
complexes are crucial for the formation of cristae junctions and thus in determining cristae morphology. The
central component of the complex is mitofilin (Mic60). Modified after Kozjak-Pavlovic (Kozjak-Pavlovic, 2017).
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interaction of ATP-synthase and the MICOS complex and besides being crucial for the fusion
of the IMM, short- and long-form Opal has been shown to be necessary to keep ClJs closed
and hence to limit release of metabolites including cytochrome C (Frezza et al., 2006; Olichon
et al., 2003). Opal was discovered to be important for the maintenance of mtDNA (Elachouri
et al., 2011). The loss of the inner membrane protein Optic atrophy 1 (OPA1) leads to cristae
membrane widening and results in the induction of apoptosis. Recently, it was proposed that
after OMM fusion, the IMM in proximity is tethered by Mgm1, the yeast ortholog of OPA1, to
initiate the fusion of the IMM along the IMM/OMM contact sides. This would result in the
generation of cristae-shaped sacs protruding into the matrix (Harner et al., 2016). On the
contrary, tubular cristae are supposedly formed by invaginations of the IMM (Zick et al., 2009).
Opal was also reported to induce oligomerization of the FiFo-ATP synthase for protection
against oxidative stress (Quintana-Cabrera et al., 2018), to function epistatic to the MICOS
complex in order to regulate the width of CJs (Glytsou et al., 2016) and to interact with Mic60
(Barrera et al., 2016). However, Opal is influencing but not crucial for CJ formation (Barrera

et al.,, 2016).
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Chlamydia
Discovery of Chlamydia and the Taxonomy of Chlamydiales

In 1907 Chlamydia have first been described by the German dermatologist and radiologist
Halberstadter and Austrian bacteriologist Prowazek. In their studies, Halberstadter and
Prowazek demonstrated that scraping particles of patients suffering from trachoma gave rise
to conjunctival infection in the eyes of orangutans. In addition, they found similar inclusion
bodies in the urethral scrapings of men suffering from non-gonococcal urethritis
(Halberstaedter, 1907). At that time, Chlamydia were described as a class of protozoans
cloaking around the nucleus and were thus called Chlamydia after the ancient Greek term
“chlamys” for mantle (Byrne, 2003). For a long time, Chlamydia were mistaken as a virus
because they were passing bacterial filters and exhibit an obligate intracellular lifestyle. In the
late 1960s, however, James W. Moulder revealed via electron microscopy that Chlamydia
show cellular structure reminiscent of bacteria including a gram-negative cell wall.
Furthermore, he showed that Chlamydia possess ribosomal particles and DNA-RNA

metabolism pathways exclusive to bacteria (Moulder, 1966).

The order of Chlamydiales encompasses gram-negative, obligate intracellular parasites of
eukaryotic cells, exhibiting a unique biphasic life cycle. Initially, the genus Chlamydia was
subdivided into only two species, Chlamydia trachomatis for human pathogens and Chlamydia
psittaci for strains isolated from a broad variety of animal sources (Page, 1968). In the late
1980s, the rise of 16S and 23S rRNA sequencing led to an improvement in phylogeny analysis
(Woese and Fox, 1977). However, the first proposal to rearrange the chlamydial taxonomy
based on rRNA sequencing was made in 1999, sub-dividing the order of Chlamydiales in four
families: Simkaniaceae, Waddliaceae, Parachlamydiaceae and Chlamydiaceae (Everett et al.,
1999). The latter was further subdivided into two genera Chlamydophila and Chlamydia,
compromising Chlamydophila abortus, Chlamydophila caviae, Chlamydophila felis,
Chlamydophila psittaci, Chlamydophila pecorum, Chlamydia muridarum, Chlamydia suis and
the two important human pathogens Chlamydophila pneumoniae and Chlamydia trachomatis
(Figure 4) (Bush and Everett, 2001; Everett et al., 1999). Even though this is still valid today,
the two-genera classification has been challenged recently to reunite to a single genus

Chlamydia (Greub, 2010; Sachse et al., 2015).
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Order Family Genus Species

Chlamydiales Chlamydiaceae Chlamydophila C. abortus
—— C. psittaci
—— C. felis

—— C. caviae

—— C. pecorum
——— C. pneumoniae

L—— Chlamydia C. trachomatis
—— C. suis
—— C. muridarum

—— Parachlamydiaceae N. hartmannellae
P. acanthamoebae

—— Waddliaceae —— W. chrondrophila

—— Simkaniaceae —— S. negevensis

Figure 4: Taxonomy of the order Chlamydiales

Classification of the order of Chlamydiales based on 16S and 23S rRNA sequencing. The order comprises four
families: Chlamydiaceae, Parachlamydiaceae, Waddliaceae and Simkaniaceae. The Chlamydiaceae family is
subdivided in two genera, Chlamydophila and Chlamydia. They consist of 9 different species, which also
comprises the important human pathogens Chlamydophila pneumoniae and Chlamydia trachomatis. The
distance of the drawn lines does not correlate to the phylogenetic distance.

Pathogenesis of Chlamydiales

Members of the order Chlamydiales infect a broad range of different hosts and different
tissues and therefore have very diverse pathologies. Pathogenic Chlamydia infecting humans
most likely are C. trachomatis and C. pneumoniae (Collingro et al., 2011). Furthermore, C.
psitacci and C. abortus were shown to be capable of infecting humans through zoonotic
transmission. While C. psittaci usually infects birds, it can cause psittacosis in humans,
resulting in flu-like symptoms to serious pneumonia (Chau et al., 2015; Knittler and Sachse,
2015). C. abortus causes abortion in horses, rabbits, guinea pigs, mice and pigs, but can also

cause abortion in humans (Thomson et al., 2005; Wheelhouse and Longbottom, 2012).

C. trachomatis exclusively infects human tissue and is the most sexually transmitted disease
(STD). It is subdivided by serological classifications to the serovars A to C, causing chronic
inflammatory ocular trachoma, the serovars D to K, causing sexually transmitted bacterial
diseases affecting the ano-urogenital regions, and L1 to L3, causing Lymphogranuloma

Venerum (LGV) (Harrop et al., 1940; Wang and Grayston, 1970).
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C. trachomatis can lead to urethritis in men and cervical infections in women. A cervicitis can
eventually lead to pelvic inflammatory disease, which is a major risk for infertility and ectopic
pregnancy. Moreover, infection with C. trachomatis in the genital tract of women is linked to
cancer development (Meijer et al., 1989; Ness et al., 2003; Zhu et al., 2016). The urethritis in
men can progress to the upper genital tracts, potentially leading to epidymitis and infertility
(Schachter et al., 1976). Furthermore, C. trachomatis is the causative agent of ocular
trachoma, which can possibly lead to blindness, especially in countries with poor health care
and insufficient access to antibiotics. According to the world health organization (WHO),
trachoma is a public health problem in 44 countries, responsible for 1.9 million people
suffering from blindness or visual impairment with another 137 million people threatened to

develop trachoma induced blindness or visual impairment (Cogan, 2020).

C. pneumoniae can infect humans, but can also infect marsupials, horses and frogs (Grayston
et al., 1990). It causes a plethora of diseases, from pulmonary disorder, reactive arthritis to
asthma and in more specific cases coronary heart disease, multiple sclerosis and lung cancer
(Belland et al., 2004; Chaturvedi et al., 2010; Fainardi et al., 2008; Hahn et al., 1991; Joshi et
al., 2013).

The unique biphasic life cycle of Chlamydia

Chlamydia developed a unique biphasic life cycle, changing between two morphologically and
physiologically distinct forms, to overcome the obstacles of infection, from entry, living and
replicating within the host cell as survival to transitioning to new host cells (Figure 5) (Gaylord,
1954; Omsland et al., 2012). The first phase of the cycle is the electron dense, infectious
elementary body (EB) with a diameter of only 0.3 um (Constable, 1959). The metabolism of
EBs is strongly reduced to survive harsh extracellular conditions (Omsland et al., 2012). Upon
attachment and entry to the host cell, Chlamydia form a membrane-bound compartment, the
so-called inclusion, in which EBs differentiate to the non-infectious, metabolically active and
replicative reticulate bodies (RBs), with a much larger diameter of up to 1 um. Within the
inclusion, RBs replicate via a unique polarized budding process (Abdelrahman et al., 2016).
Chlamydia may also persist over long time inside the host cell, differentiating into aberrant
bodies (ABs) as a response to stress e.g. starvation. In this form, the chlamydial particles

exhibit a strongly reduced metabolic activity and inhibit cell division but remain viable for a
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long period of time and can redifferentiate asynchronously into RBs once conditions improve

(Allan and Pearce, 1983; Raulston, 1997; Wyrick, 2010).

Attachment and
Invasion

TNy

Inclusion biogenesis

Differentiation
i
L * Elementarv bodies
Extrusion \_/ Reticulate bodies
Differentiation Inclusion growth

Replication of RB

Figure 5: Chlamydia and their unique biphasic life cycle

The chlamydial life cycle starts with the infectious elementary body (EB) attaching to the host cell membrane and
its uptake via endocytosis. The EB then differentiate to the non-infectious, metabolically active and replicative
reticulate body (RB). After propagation, the reticulate bodies redifferentiate into infectious EBs, which then get
released via host cell lysis or inclusion extrusion to infect new host cells (Kunz, 2017).

The attachment of EBs is mediated through several chlamydial ligands and host surface
proteins like a reversible electrostatic interaction with heparan sulfate moieties (Abdelrahman
and Belland, 2005). Attachment then leads to the injection of chlamydial effector proteins to
the host cell cytoplasm through a type Il secretion system (T3SS), which are among other
things responsible for actin remodeling and consequent uptake of Chlamydia by receptor
mediated endocytosis (Clifton et al., 2004). Upon internalization, the infectious EBs
differentiate to RBs and form the membrane bound vacuole called inclusion, which gets
heavily modified with type Il secreted inclusion proteins (Inc) to ensure a microtubule-based
transport to the Golgi apparatus and to avoid lysosomal fusion (Grieshaber et al., 2003;
Scidmore et al.,, 2003). While C. pneumonia infected cells contain several inclusions, C.

trachomatis mediate homotypic fusion of several inclusions via IncA (Weber et al., 2016). For
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the replication via binary fission, the inclusion interacts with host organelles, such as ER, Golgi
and mitochondria, for nutrient acquisition and inhibition of apoptosis (Elwell et al., 2016).
After several rounds of replication, the RBs redifferentiate asynchronously to EBs. Although
the exact stimulus for redifferentiation is unknown, a recent study suggests that the
conversion is controlled by the size of RBs and may be triggered by RBs “falling off” the
inclusion membrane in the lumen of the inclusion (Wilson et al., 2006). Redifferentiation can
be strongly inhibited by antibiotics or the lack of nutrients. It has been shown that among
others, sphingolipids, especially ceramides, are crucial for conversion. Under normal
conditions and after redifferentiation, the infectious EBs get released either by host cell lysis

or inclusion extrusion and can then infect new cells (Hybiske and Stephens, 2007).

Simkania negevensis

In the last decades, a big subset of Chlamydia-related bacteria has been discovered and
described, among those Simkania negevensis (Everett et al., 1999; Kahane et al., 1993). All
these bacteria are classified in the Chlamydiales order and exhibit the biphasic life cycle with
infectious elementary bodies (EBs) and replicative reticulate bodies (RBs) (Kahane et al., 1999;
Kahane et al., 1993). Due to the lack of diagnostics of those bacteria, very little is known

regarding their pathogenicity.

The first Chlamydia-like organism, S. negevensis, was discovered as a cell culture contaminant
in 1993 (Kahane et al.,, 1993). Even though S. negevensis exhibits a similar life cycle as
Chlamydia, it could not be recognized by Chamydia-specific PCR primers or antibodies. The
comparison of the 165/23S rRNA encoding genes of S. negevensis with Chlamydia led to the
description of the Simkaniaceae family within the order of Chlamydiales (Everett and
Andersen, 1997). S. negevensis was shown to infect a broad range of hosts, from amoeba
(Kahane et al., 2001), arthropods (Croxatto et al., 2014; Sixt et al., 2012), human and simian
epithelial cells to macrophages and monocytes (Kahane et al., 2008; Kahane et al., 2007,
Kahane et al., 1993). Interestingly, the genome of S. negevensis is characterized by a 2-3-fold
larger size compared to Chlamydia, most-likely contributing to the adaptability of the
bacterium (Collingro et al., 2011). Furthermore, S. negevensis can remain within host cells for
up to 10 days without host cell lysis, building enormous inclusions. However, simkanial

propagation is characterized by an exponential growth within the first three days of infection,
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followed by a plateau phase and the start of infectious progeny release (Vouga et al., 2017).
S. negevensis has been associated with community-acquired pneumonia in adults (Lieberman
et al., 1997) and bronchiolitis in infants (Kahane et al., 1998). The S. negevensis containing
vacuole (SnCV) was shown to be surrounded almost entirely by endoplasmic reticulum (ER).
While very little is known about the association of Simkania and the ER, Mehlitz et al. revealed
that S. negevensis is capable of inhibiting ER-stress response despite strong initial activation,
promoting host survival and subsequently simkanial survival and replication (Mehlitz et al.,
2014). Moreover, as previously established for Chlamydia, some reports demonstrate the
close interaction of Simkania with mitochondria. As shown for Chlamydia, mitochondria might
represent additional sources of nutrients and ATP (Croxatto and Greub, 2010). However, so

far very little is known about the interaction of Simkania and host organelles.

Staphylococcus aureus

Staphylococcus aureus is a round-shaped and gram-positive human pathogen and part of the
microbiota. It is frequently found in the upper respiratory tract and on the skin. While usually
commensal of the human microbiota, S. aureus can become an opportunistic pathogen
causing bacteremia, endocarditis (Salvador et al., 2017), skin infections such as abscesses
(Becker and Bubeck Wardenburg, 2015), bone and joint infections (Josse et al., 2015),
respiratory infections as sinusitis, food poisoning and hospital-acquired infections. The
emergence of antibiotic-resistant strains of S. aureus like methicillin-resistent S. aureus
(MRSA) cause worldwide problems in clinical medicine (Chambers and Deleo, 2009). In
addition, S. aureus forms biofilms on medical devices such as implants or pacemakers that
further increase antibiotic resistance (Hogan et al., 2015; Suresh et al., 2019). Due to the niche
within the human nares as a commensal, S. aureus is confronted with the bacteriolytic
lysozyme, a 1,4-B-N-acetylmuramidase cleaving the glycosidic bond between N-acetyl
muramic acid (MurNAc) and N-acetyl glucosamine in peptidoglycan of bacteria (Laux et al.,
2019). Thus, S. aureus secretes enzymes to O-acylate peptidoglycan to lower the affinity of
lysozyme (Bera et al., 2005). Furthermore, the cell wall of S. aureus possesses a particularly
high cross-link ratio between peptidoglycan chains, which consists mostly of pentaglycine
motifs (Bastos et al., 2010). Taken together, the cell wall of S. aureus is extremely durable,

which further increases the resistance of the bacterium.
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Neisseria gonorrhoeae

N. gonorrhoeae are obligate human and gram-negative diplococci, infecting a broad variety of
tissues, from endocervix to pharynx, urethra, rectum and conjunctiva (Britigan et al., 1985). In
rare cases, N. gonorrhoeae can even enter the bloodstream, causing systemic disseminated
gonococcal infections with serious consequences like endocarditis and arthritis (Lee et al.,
2015). After C. trachomatis, N. gonorrhoeae are the second most frequent STD with over 100
million cases per year according to the WHO. Recently, N. gonorrhoeae was classified as a

‘superbug’ due to the emergence of multi-drug-resistant variants (Unemo and Shafer, 2014).
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Sphingolipids

Sphingolipids are a class of lipids defined by their amino-alcohol backbone. Initially, they were
considered to be ubiquitous constituents of the eukaryotic cell membrane, where they are
crucial for the formation of membrane microdomains called lipid rafts that are important for
cell signaling (Simons and lkonen, 1997). However, sphingolipids have also been established
as bioactive lipids and signaling molecules, regulating many important cellular processes, such
as autophagy and apoptosis (Cuvillier et al., 1996; Harvald et al., 2015). More recently, it has
been demonstrated that sphingolipids and sphingolipid signaling is also of crucial importance
for infection. Sphingolipids have been shown to both stimulate and inhibit bacterial growth,

depending on the sphingolipid and the correlative pathogen (Kunz and Kozjak-Pavlovic, 2019).

Sphingolipid metabolism

Sphingolipids differ strongly in structure and function. However, their synthesis and
degradation are mediated by common synthetic and catabolic pathways with ceramide being
the central sphingolipid. All three pathways for the synthesis of sphingolipids, the de novo
synthesis, the hydrolysis of sphingomyelin and the salvage pathway, recovering sphingosine
from complex sphingolipids, result in the creation of ceramide (Figure 6) (Gault et al., 2010).
Ceramide is the starting point of complex sphingolipids and therefore involved in many
regulating processes. Ceramide itself is also a signaling molecule, regulating growth and
development and promoting cell survival and division (Mencarelli and Martinez-Martinez,
2013). The endoplasmic reticulum (ER) is the starting point of the de novo biosynthesis of
ceramide. In the first step, an enzyme called serine palmitoyltransferase, catalyzes the
condensation of serine and fatty acid-CoA to 3-ketosphinganine, which then gets reduced by
the enzyme 3-ketosphinganine reductase. Afterwards, the reduced 3-ketosphinganine gets
further processed by dihydroceramide synthase to dihydroceramide. Lastly, a
dihydroceramide desaturase introduces a double bond to create ceramide (Menaldino et al.,
2003; Perry, 2002). Sphingolipids and Glycosphingolipids are constitutively degraded in late
endosomes and lysosomes at acidic pH forming sphingosine (Kolter and Sandhoff, 2005;
Riboni et al., 1997). Here, the oligosaccharides of glycosphingolipids are removed step by step
through exohydrolases. Within the salvage pathway, the long chain sphingoid bases are

degraded to sphingosine. An enzyme called ceramide synthase then transforms sphingosine
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Figure 6: Schematic overview of the sphingolipid metabolism

Ceramide plays the central role of the sphingolipid metabolism. It can be synthesized either de novo from serine
and palmitoyl-CoA, by hydrolysis of sphingomyelin or through the salvage pathway by recovery of sphingosine
from complex sphingolipids. Sphingolipids are degraded by an enzyme called S1P-lyase catalyzing the
degradation of Sphingosine-1P (S1P) to hexadecenal and phosphoethanolamine (Kunz and Kozjak-Pavlovic,
2019).
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to ceramide by reacylation of different fatty acyl chains at the C;-amino group. Differences in
chain length lead to a great diversity of sphingolipids and may lead to altered membrane
bilayer dynamics or differential signaling properties by recruitment of different binding
partners. It is thought that ceramide synthase family members trap free sphingosine from
lysosomes at the surface of the ER or in ER-associated membranes. The salvage pathway is
estimated to contribute with 50-90% to the sphingolipid biosynthesis (Gillard et al., 1998;
Tettamanti et al., 2003).

Sphingolipids and infection

Glycosphingolipids, manipulation of the sphingolipid signaling as well as ceramide-enriched
lipid rafts have been shown to be important for the adhesion and consequent uptake of
various pathogens, from Escherichia coli, Pseudomonas aeruginosa, Bordetella
pertussis, Mycoplasma pneumoniae and Helicobacter pylori (Hanada, 2005). Moreover, once
inside the cell, many bacteria, such as Legionella pneumophila or Salmonella enterica,
manipulate the sphingolipid metabolism to avoid bacterial killing by autophagy or to control
cell death induction (Huang, 2017; Rolando et al., 2016). In addition, sphingolipids were
demonstrated to exhibit antimicrobial effects on a plethora of bacteria (Kunz and Kozjak-
Pavlovic, 2019). Due to the significance within this work, the interaction of Chlamydia and
Simkania with sphingolipids is introduced more extensively in the chapter “Chlamydiales and
Sphingolipids” and the interaction of Neisseria and sphingolipids in the chapter “Neisseria and
Sphingolipids”. Figure 7 summarizes the current knowledge of sphingolipid involvement in

bacterial infection.

Roles of sphingolipids for bacterial adhesion and uptake

While Neisseria activate the acid sphingomyelinase (ASM) purposely for host cell entry, the
uptake of bacteria through the activation of sphingomyelinases can also be triggered as a host
defense mechanism. In tissues infected with P. aeruginosa, a bacterium causing serious
hospital-acquired and opportunistic infections, the ASM is activated to mediate pathogen
internalization by the creation of plasma membrane ceramide-enriched platforms. This is
followed by the induction of apoptosis and cytokine response (Grassme et al., 2003).
Furthermore, cell death for the clearance of infection of P. aeruginosa was observed in

macrophages and neutrophils (Zhang et al., 2008). To evade this defense mechanism, P.
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aeruginosa secretes hemolytic phospholipase C, synthesizing sphingomyelin from ceramide,
and alkaline ceramidase to break down ceramide. Hence, by processing or degrading
ceramide, both secreted enzymes aid P. aeruginosa by lowering ceramide levels to avoid the
generation of ceramide-enriched platforms and subsequently internalization and bacterial

clearance (Okino and Ito, 2007; Okino et al., 1998).

The pathogenicity of bacteria is often mediated by the secretion and binding of bacterial toxins
to gangliosides and glycosphingolipids as demonstrated for the Shiga toxin from Shigella
dysenteriae (Kavaliauskiene et al., 2017) and S. aureus and its a-toxin, which was reported to
activate ASM leading to changes in permeability and lung edema (Becker et al., 2018).
Moreover, sphingolipids may also play an important role for the uptake of Mycobacteria,
among which are the causative agents for leprosy and tuberculosis, as the depletion of
sphingolipids in macrophages led to a decreased uptake of Mycobacterium smegmatis
(Viswanathan et al., 2018). Intracellularly, Mycobacterium tuberculosis was shown during
infection in macrophages and dendritic cells to express a protein called Rv0888, a protein

exhibiting a sphingomyelinase activity to cleave sphingomyelin to ceramide and
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Figure 7: Bacterial pathogens and their interaction with sphingolipids and the sphingolipid signaling pathways

ASM, acid sphingomyelinase; CERT, ceramide transfer protein; ER, endoplasmic reticulum; NSM, neutral
sphingomyelinase; LCV, Legionella-containing vacuole; LC3, Microtubule-associated protein 1A/1B-light chain 3;
S1P, sphingosine-1-phosphate; SCV, Salmonella-containing vacuole; SnCV, Simkania negevensis-containing
vacuole; SMase, sphingomyelinase; SPHK2, sphingosine kinase 2. Modified after (Kunz and Kozjak-Pavlovic,
2019).
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phosphorylcholine. These compounds are then used as a source of carbon, nitrogen and
phosphorus (Speer et al., 2015). However, the sphingomyelinase activity of M. tuberculosis
might also be important to modulate sphingolipid signaling and subsequently to control the

host immune response (Castro-Garza et al., 2016).

Manipulation of sphingolipids to control autophagy

Autophagy and apoptosis play crucial roles in controlling infection of various pathogens and
therefore an important role in innate immunity. Pathogens manipulate both pathways to
evade degradation or even to benefit by creating a niche (Rudel et al., 2010; Siqueira et al.,
2018). While ceramide is associated with induction of apoptosis, S1P is promoting cell survival
(Young et al., 2013). The regulation of the cells fate by interconversion between ceramide and
S1P has been termed “sphingolipid rheostat” (Newton et al., 2015). S1P has additionally been
demonstrated to upregulate autophagy and therefore promote cell survival but also as an
inhibitor of autophagy through the activation of mammalian target of rapamycin (mTOR)
(Harvald et al., 2015). Ceramide on the other hand was shown to induce autophagy and
mitophagy. Furthermore, it is believed that ceramide is important for the fusion of
autophagosomes and lysosomes and to induce autophagic cell death. In addition, the function
of ceramide is linked to the chain length further increasing the complexity of sphingolipid
signaling (Harvald et al., 2015; Young et al., 2013). L. pneumophila, the causative agent of
Legionaires’ disease, is a gram-negative bacterium that has been described to interfere with
host signaling by secreting eukaryotic-like proteins into the host that are rarely found in
prokaryotic genomes (Cazalet et al., 2004). These proteins were possibly acquired through
horizontal gene transfer (Gomez-Valero and Buchrieser, 2013). Interestingly, Rolando et al
(Rolando et al., 2016) described three of such eukaryotic-like effectors to be similar to
eukaryotic proteins of the sphingolipid metabolism: LpSPL (S1P lyase), Lpp2295 (putative
sphingosine kinase) and Lpp2641 (putative sphingomyelinase). LpSPL degrades S1P, which has
previously been shown to be a critical mediator controlling the balance of sphingolipid-
induced autophagy and cell death. Accordingly, this effector has been shown to restrain
autophagy by acting on autophagosome biogenesis. Moreover, in macrophages infected with
L. pneumophila, Rolando et al could further demonstrate an overall reduction of bioactive

sphingolipids. In LpSPL mutants, however, the amounts of sphingosine compared to wildtype
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L. pneumophila were significantly higher. Thus, this bacterium actively modulates the

sphingolipid metabolism by mimicking eukaryotic proteins for infection.

Bactericidal activity of sphingolipids

Sphingolipids can be applied as antimicrobials to control growth and propagation of bacteria.
In the 1990’s, Bibel and colleagues showed for the first time that diverse sphingolipids exhibit
microbial effects. They reported that sphinganine influenced growth of Neisseria meningitidis
and Acinetobacter Iwoffii and damaged the cell wall of S. aureus (Bibel et al., 1993).
Additionally, Bibel and colleagues tested sphinganine on human volunteers as a preventative
antiseptic drug against S. aureus. They reported a 3-log reduction in the population of bacteria
compared to untreated controls (Bibel et al., 1995). Besides the effects on S. aureus, they
reported that sphingosine efficiently kills Streptococcus pyogenes, Micrococcus luteus,
Propionibacterium acnes, Staphylococcus epidermidis, lowers the levels of P. aeruginosa but
has no effect on Escherichia coli and Serratia marcescens (Bibel et al.,, 1992). Due to the
increasing antibiotic resistances for many pathogens, sphingolipids regained broader interest
as antimicrobials within the last decade. In 2014, Banhart et al (Banhart et al.,, 2014)
demonstrated that applying the sphingomyelin synthase inhibitor D609 reduces the growth
of C. trachomatis. Furthermore, they synthesized several ceramide derivates to investigate
the effect of sphingomyelin, e.g. the nitrobenzooxadiazole (NBD)-labeled 1-O-methyl-Ci6-
ceramide. Treatment with this novel analogue inhibited chlamydial growth similar to the
antibiotic chloramphenicol and 17 times more efficient than D609. Interestingly, this
functionalized ceramide is the long-chain version of 1-O-methyl-Cs-ceramide, that was shown

to not be converted to sphingomyelin (Banhart et al., 2014).

Further studies investigated bactericidal effects of sphingosine, Cs-ceramide, Cis-ceramide
and azido functionalized analogues. Cs-ceramide and w-N3-Cs-Ceramide were demonstrated
to exhibit bactericidal effects on N. meningitidis and N. gonorrhoeae. The uptake of these
analogues was described to happen rapidly within the first 5 minutes but killing occurred only
after 2 hours. While bacterial killing by Ce-ceramide and w-N3-Cs-Ceramide could not be
observed for E. coli and S. aureus (Becam et al., 2017), it could be shown in another study for
dihydrosphingosine and sphingosine (Fischer et al., 2013). Recently, it was reported that

sphingosine can also target intracellular N. gonorrhoeae and possibly exerts a direct
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bactericidal effect inside host cells (Solger et al., 2020). Moreover, during infection of P.
aeruginosa, levels of sphingosine are reduced and upon normalization of these levels the
susceptibility to P. aeruginosa could be decreased (Pewzner-Jung et al., 2014). Lastly,
sphingosine, sphinganine and phytosphingosine were demonstrated to have strong effects on

biofilm formation and adherence of Streptococcus mutans (Cukkemane et al., 2015).

Chlamydiales and Sphingolipids

Obligate intracellular bacteria like C. trachomatis are highly dependent on host metabolism to
ensure nutrient supply. Among others, sphingolipids are important for inclusion membrane
formation. Chlamydia were shown to fuse with trans-Golgi network-derived secretory vesicles
in an Akt and Rabl4-mediated way to directly obtain ceramide from the host cell Golgi to
incorporate it into the inclusion membrane (Capmany and Damiani, 2010; Capmany et al.,
2019; Hackstadt et al., 1995; van Ooij et al., 2000). Moreover, C. trachomatis causes Golgi
fragmentation and induces the formation of ministacks in the vicinity of the inclusion
membrane supporting lipid acquisition (Heuer et al., 2009). Furthermore, C. trachomatis co-
opts Golgi-specific Brefeldin A resistance guanine nucleotide factor 1 (GBF1). This factor is
important for the assembly and maintenance of the Golgi stack and for sphingomyelin
acquisition and was further established to be important for the growth and stability of the
chlamydial inclusion (Elwell et al., 2011). During replication, Chlamydia recruit ceramide
transfer protein (CERT), which in uninfected cells regulates the non-vesicular transport of
ceramide to the Golgi from the ER, through the chlamydial infector protein IncD present at
the inclusion membrane (Figure 8) (Agaisse and Derre, 2014; Elwell et al., 2011). This process
was found to be essential for the pathogen survival as the inhibition of CERT by HPA-12
inhibited chlamydial propagation. Additionally, it was observed that the chlamydial effector
protein IncV interacts with VAPs on the surface of the ER to tether the inclusion in proximity
to the ER (Stanhope et al., 2017), possibly facilitating the lipid uptake by CERT. During
replication, Chlamydia was also shown to recruit vesicle associated membrane-associated
protein A (VAP-A) and sphingomyelin synthases, SMS1 and SMS2 to the inclusion membrane.
Hence, they obtain ceramide and convert it into sphingomyelin in proximity of the inclusion
(Elwell et al., 2011). Mital and Hackstadt (Mital and Hackstadt, 2011) report that the Src family
tyrosine kinase and Moore et al (Moore et al.,, 2011) that the trans-Golgi SNARE protein
syntaxin 6 are involved in sphingolipid trafficking to the inclusion. Similar mechanisms were

shown for both, C. pneumoniae and C. psitacci, involving exocytic vesicles or CERT (Koch-
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Edelmann et al., 2017; Wolf and Hackstadt, 2001). Lastly, S. negevensis has also been reported
to obtain ceramide from the host in a process that is thought to be dependent on the

retrograde transport (Herweg et al., 2016).
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Figure 8: Chlamydia trachomatis hijacks CERT vesicles for lipid uptake

The chlamydial effector protein IncD interacts with CERT vesicles, which interact with VAP via a FFAT motif. In
uninfected cells, CERT is regulating the non-vesicular transport from the Golgi to the ER in host cells. The
interaction of Chlamydia with CERT is required for host lipid uptake, such as ceramides. Moreover, the chlamydial
effector protein IncV interacts with VAP through a mimicry of FFAT motifs to tether the inclusion to the ER,
possibly to facilitate CERT interaction.

Neisseria and Sphingolipids

The expression of highly variable lipooligosaccharides (LOS) on the neisserial surface mimics
glycosphingolipids found on human cells. LOS undergo phase variation important for immune
evasion, adherence and invasion. In all cases, invasion contributes to the evasion of the
immune system and tissue spreading (Harvey et al., 2001). Neisserial invasion is highly

dependent on intact membrane rafts, dynamic microdomains enriched with sphingolipids.
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Upon attachment of gonococci and in contrast to P. aeruginosa, N. gonorrhoeae purposely
activates ASM for the entry into non-phagocytic cells by the OPA-mediated interaction of
bacteria and carcinoembryonic antigen-related cell adhesion molecule (CEACAM) receptors
(Grassme et al., 1997; Hauck et al., 2000). The neutral sphingomyelinase (NSM) enables the
independent mechanism of the so-called PorBIA-mediated low phosphate-dependent
invasion (Faulstich et al., 2015; Kuhlewein et al., 2006). The causative agent for meningitis and
meningococcal sepsis, N. meningitidis, specifically binds glycosphingolipids found on the host
cell surface of human granulocytes and oropharyngeal epithelium. Like N. gonorrhoeae, N.
meningitidis activates the ASM in brain endothelial cells, which was linked to the expression
of outer membrane protein OpcA and binding to cell surface heparan sulfate proteoglycans
(HSPGs) (Simonis et al., 2014). Only recently, Peters et al (Peters et al., 2019) described the
role of the meningococcal pilus in the translocation of ASM to the surface of infected cells. As
mentioned before, we recently showed that sphingosine can target intracellular N.
gonorrhoeae and possibly exerts a direct bactericidal effect inside host cells (Solger et al.,

2020).
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Fluorescence Microscopy

In the late 17th century, Antonie van Leeuwenhoek contributed to the invention of the light
microscope. Using his home-built setups, consisting of one small, yet strong lens, Antonie van
Leeuwenhoek observed bacteria and protozoa, which he called animalcules (Van
Leeuwenhoek, 1677). Ever since, light microscopy further evolved and has been one of the
most applied tools in life sciences. Unfortunately, the light microscope suffers from poor
contrast. The discovery of fluorescence in 1852 (Stokes, 1852), the explanation of the physical
background (Figure 9) (Jablonski, 1935) and the discovery of the green fluorescent protein
GFP (Shimomura, 1979), gave rise to fluorescence microscopy. Fluorescence enables labeling
of specific targets with an excellent signal to noise ratio. Fluorescent molecules possess a
delocalized m-electron-system in which electrons remain in an unexcited ground state,
referred to as singlet state So. These electrons can be excited by light of a specific wavelength
to reach energetic higher states (S1 and S;). Within these states, they lose part of their energy

via vibrational relaxation (VR) within the energy state or via internal conversion (IC).

F 3
F 3
A
S
F 3
ot A HEH
s yVvY [N XX Intersystem
! Internal Vibrational | | | | "Ttmeell | crossing
conversion Relaxation | [ [ |  TTtveeall .
BRETS
Fluorescence Ty
c
2
B W Phosphorescence
[=]
[}
=]
< W
2» \7/,. v
/ﬂ £/ v
V/ A4 v
= L) v L2
So

Figure 9: Jablonski diagram

After excitation at the ground state (So), electrons are lifted to the energetically higher Si- and Sa-states. Within
these states, the electrons lose energy via relaxation or internal conversion. The electrons then return to the
ground state So emitting red-shifted light, the so-called fluorescence. Alternatively, electrons can enter the triplet
state (T1) through intersystem crossing from where they return to the ground state emitting even stronger red-
shifted light, the so-called phosphorescence.
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Eventually, the electrons fall back to the ground state, emitting energy in form of light. Due to
the energy loss within the excited states by vibrational relaxation and internal conversion, the
energy of the emitted light, also referred to as fluorescence, is lower than the energy of the
absorbed light. This red-shift, or Stoke-shift, in wavelength from excitation to emission
enables the separation of the two light paths by optical filters. Moreover, it is possible that
excited molecules transit to the so-called triplet state T1 by radiationless intersystem crossing.
From here, the electrons return to the ground state So much slower emitting the so-called
phosphorescence, which is typically having even higher Stoke shifts (Figure 9) (Sauer et al.,
2018). In 1873 Ernst Abbe described that light microscopy is limited by the diffraction limit of
around 200-250 nm. Abbe described that the resolution (d) of a microscope depends on the
numerical aperture (NA) of the objective and the emission wavelength (A) (Abbe, 1873):

A

4=5Na

It was also described that a single fluorescence emitting object or point results in a circular
diffracted spot with an intensity maximum in the center surrounded by concentric rings with
decreasing intensity, the so-called airy disc (Airy, 1835). Additionally, Rayleigh defined the
minimum distance two single spots or airy discs need to still be distinguishable. He described
that the maxima of two diffraction limited spots cannot be closer than the radius of the single
spots and defined the Rayleigh formula (Rayleigh, 1903):
1.222
~ 2NA
Nowadays, there is a plethora of different fluorescent proteins, quantum dots and organic
dyes ranging through the entire spectrum of visible light (Grimm et al., 2016; Michie et al.,
2017). Those dyes were also conjugated to a variety of different labels, from antibodies,
biotins to self-labeling tags and oligonucleotides (Cole, 2013; Los et al., 2008). Thus, there are
many possibilities and one can choose the labeling method according to the application. Due
to the high specificity, dense labeling and large number of different labels, fluorescence is

further important for flow cytometry, genetic analysis and molecular diagnostics.
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Widefield and confocal microscopy

Fluorescence microscopy is mostly performed using two different setups: widefield and
confocal microscopes (Figure 10). In widefield microscopy, the excitation light is filtered by an
excitation filter for a specific wavelength, reflected by a dichroic mirror and then focused by
the objective on the entire specimen. The red-shifted emission of the fluorophores then gets
focused by the same objective on the detector. Due to the red shift, the wavelength can pass
the dichroic mirror. In contrast, in a confocal microscope, the light is emitted by a laser of a

specific wavelength, which then passes through a pinhole, gets reflected by a dichroic mirror
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Figure 10: Principle of widefield and confocal fluorescence microscopy

In contrast to widefield microscopy, the excitation light in confocal microscopes passes through a confocal
pinhole, focusing the light through the objective after reflection of the dichroic mirror on one specific spot of the
sample. While widefield microscopy illuminates the whole sample at the same time, samples in confocal
microscopes are imaged point-by-point. The emitted light is then captured in the same objective and focused on
the camera. In confocal systems, the emission light is again passing through a confocal pinhole before detection
by the camera, allowing only light from the focus plane to pass. By guiding the light through confocal pinholes,
the background is therefore strongly reduced. However, due to the point-by-point imaging, confocal imaging is
way slower than conventional widefield microscopy.
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and focused by the objective on the sample. The pinhole is situated in a conjugate plane
(confocal) with a scanning point on the specimen. The sample is imaged point-by-point,
resulting in longer acquisition time. Afterwards, the red-shifted fluorescence emitted by the
fluorophores also gets focused by the objective on the camera. However, the emitted light,
after passing the dichroic mirror, is filtered again by a confocal pinhole, allowing mainly light
from the focus plane to reach the detector. Thus, background emitted by fluorophores out-
of-focus is strongly reduced. Therefore, especially in thick samples like spheroids and tissues,
confocal microscopy enhances the image quality compared to widefield microscopy
enormously. On the other hand, widefield microscopy is much faster and can be observed
directly on the ocular. Both microscopy techniques, however, are limited in resolution by the

diffraction limit (Wilson, 2017).

Superresolution microscopy - expansion microscopy (ExM)

Within the last two decades, several approaches enabled to bypass the diffraction limit of light
microscopy approaching virtually molecular resolution (Schermelleh et al., 2019). These novel
superresolution methods, e.g. structured illumination microscopy (SIM) (Gustafsson, 2000),
stimulated depletion (STED) (Hell, 2007), photoactivated localization microscopy (PALM)
(Betzig et al., 2006) and (direct) stochastic optical reconstruction microscopy ((d)STORM)
(Heilemann et al., 2008) can be applied to biological samples and provided novel insights on
structural organization of the cells and biomolecular assemblies. However, multicolor
experiments remain challenging, 3D experiments are often axially limited, and laboratories

require high-cost specialized setups and intensive trainings (Burgert et al., 2015).

SIM uses the principle of interference-generated light patterns, usually stripes, to create a
Moiré effect. For this, several images have to be collected with a different orientation and
position of the stripes. As a result of interference between the striped excitation pattern and
the sub-diffraction details in the sample emission, it produces moiré patterns, containing high-
frequency spatial information. By processing with a specialized computational algorithm, this
information is extracted from the raw images resulting in the reconstructed final image with
an approximately doubled spatial resolution. In comparison to other superresolution setups,
SIM microscopy is relatively simple to use. First, samples can be prepared in the same way as

for conventional fluorescence microscopy without the need of sophisticated labeling
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protocols. Second, as SIM microscopy is an extension to widefield fluorescence microscopy,
it enables multicolor imaging and optical sectioning. However, fluorophores have to be
reasonably resistant to photobleaching, errors in grating position can introduce artifacts and
the improvement in resolution compared to other superresolution methods is only moderate

(Heintzmann and Huser, 2017).

To overcome the limitations of other superresolution methods, expansion microscopy (ExM)
was introduced by Boyden and coworkers in 2015 (Chen et al., 2015). This method physically
expands the sample and thus bypasses the resolution limit by enlarging the sample rather than
improving the resolution of the microscope. Hence, expansion microscopy enables

superresolution microscopy on a conventional confocal setup. For this, the sample is labeled

expansion

Figure 11: Schematic illustration of Expansion Microscopy (ExM)

In the protocol of Chozinski et al (Chozinski et al., 2016) glutaraldehyde (GA) is used to label primary amines as a
polymer-linking group after conventional immunostaining with fluorophore-labeled antibodies. After treatment
with GA, the sample follows gelation, digestion with a protease and expansion through dialysis into deionized
water. The decoration of the sample with GA allows linkage to the hydrogel.
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with an amine or acrydite containing label (Chen et al., 2015), linked into a swellable
acrylamide gel with AcX (Tillberg et al., 2016), MA-NHS, glutaraldehyde (Chozinski et al., 2016)
or for RNA Label-X (Chen et al., 2016) and digested by application of proteinase K to enable
isotropic expansion in ddH,O (Figure 11). Due to the simple application and the possibility to
perform superresolution microscopy on a conventional setup, the method develops at an
enormous speed with multiple protocols for not only 4x, but also 10x (Truckenbrodt et al.,
2018; Truckenbrodt et al., 2019) and even 20x expansion by iterative expansion microscopy
(Chang et al., 2017), for both cell culture and tissues (Ku et al., 2016). Moreover, expansion
microscopy has already been used in combination with other superresolution microscopy
methods further improving resolution (Gao et al.,, 2018). While easy to implement, the
expansion of novel structures must be taken with caution as protocols might need to be
adjusted to enable isotropic expansion as shown for the digestion of complex cell walls of

different fungi (Gotz et al., 2020b) or bacteria (Lim et al., 2019).
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Materials and Methods

Cell culture

In this work HelLa229 (ATCC CCL-2.1'™M), human epithelial conjunctival Chang cells and Sam50
knockdown cells sam50kd-2 (Kozjak-Pavlovic et al., 2007) were cultured in 10% (v/v) heat
inactivated FBS (Sigma-Aldrich, St. Louis, USA) RPMI1640 + GlutaMAX™ medium (Gibco,
Thermo Fisher Scientific, Massachusetts, USA). The cells were grown in a humidified
atmosphere containing 5% (v/v) COzat 37 °C. For the induction of the shRNA-mediated
knockdown of Sam50, sam50kd-2 cells were treated with 1 pg/ml doxycycline for 72 hours

prior seeding.

Bacteria

Hela229 cells were used for infection with C. trachomatis and S. negevensis, Chang cells for
infection with N. gonorrhoeae. In this study, C. trachomatis serovar L2/434/Bu (ATCC VR-
902B'™), C. trachomatis mutant strains (cdul:: Tn bla, CPAF mutant (RSTE4)), the EB-RB
reporter strain Ct mCh(GroL2) GFP(OmcAL2) (Cortina et al., 2019), S. negevensis, N.
gonorrhoeae (strain MS11, derivative N927) and S. aureus JE2 (Community-acquired S. aureus,
methicillin-resistant, USA300 background considered as wildtype, (Fey et al., 2013)) were

used.

C. trachomatis and S. negevensis were cultivated as previously described. For this, the bacteria
were propagated in Hela229 cells at a multiplicity of infection (MOI) of 1 for 48 hours (C.
trachomatis) or 72 hours (S. negevensis). The cells were then lysed and detached by scraping
with a rubber policeman, transferred into 50 ml centrifuge tubes containing glass beads (3mm,
Roth) to lyse the cells while vortexing for 3-4 minutes. After low centrifugation (10 minutes at
2000 g at 4°C for C. trachomatis and 10 minutes at 600 g at 4°C for S. negevensis) the
supernatant was transferred to high speed centrifugation (30 minutes at 30.000 g at 4°C for
C. trachomatis and 30 minutes at 20.000 g at 4°C for Simkania negevensis) to pellet bacteria.
The pellet was then washed and resuspended in 1x SPG buffer (7.5% sucrose, 0.052% KH,POa,
0.122% NaHPO4, 0.072% L-glutamate). After resuspension, the bacteria were stored at -80°C
and titrated for a MOI of 1 for infections. After infection, the cells were incubated in a

humidified atmosphere with 5% (v/v) CO, at 35°C. For secondary infections, HeLa229 cells
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were infected with C. trachomatis for 48 hours and then lysed using glass beads (3 mm, Roth).
Afterwards, the supernatant containing chlamydial progeny was diluted 1:100 to infect other

cells. Both, cell lines and bacteria, were tested to be free of Mycoplasma via PCR.

N. gonorrhoeae was cultivated on gonococci (GC) agar plates (ThermoScientific, Waltham,
USA) supplemented with 1% vitamin mix at 37°C and 5% CO; for 16 hours. For infection,
bacteria were transferred to a liquid culture in protease-peptone medium (PPM),
supplemented with 1% vitamin mix and 0.5% sodium bicarbonate 8.4% solution (PPM+) at
37°C and 120 rpm. The gonococci were grown to an ODsso 0.4 to 0.6. Prior to infection, the
liquid culture medium was changed to 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES buffer) medium by centrifugation with 2778 g for 5 minutes. Infection was stopped

after 4 hours by washing the cells three times with Hepes medium.

S. aureus JE2 expressing GFP, encoded by a pJL74 plasmid, was grown in brain heart infusion
medium (BHI, Sigma Aldrich) complemented with 10 pg/ml erythromycin. The culture was
diluted to ODgoo 0.4 in BHI medium and regrown to exponential phase (ODsg0 0.6-1.0). Bacteria
were then washed in Dulbeccos’s Phosphate-Buffered Saline (DPBS, ThermoFisher), diluted in
infection medium (RPMI Medium with GlutaMAX (ThermoFisher)/ 10% fetal bovine serum
(Sigma Aldrich)/ 1 mM sodium pyruvate (ThermoFisher)) and counted in a Thoma counting
chamber. Hela229 cells were infected at MOI of 5 or 10 by centrifugation at 800 g for 8
minutes. After 1 hour, the infection was stopped by addition of 20 pg/ml lysostaphin
(AMBICINL, AMBI PRODUCTS LLC, New York, USA) for 1 hour.

Transfection

Hela229 cells were transfected in 12 well plates using Viromer® RED (230155; Biozym,
Oldendorf, Germany) according to manufacturer’s instructions. For this, in one tube DNA was
diluted in 90 pL Buffer Red in a total concentration of 1 pg/ml while in a second tube 0.4 pl
Viromer® RED was mixed properly with 9.6 ul Buffer Red and then vortexed for ~10 seconds.
After vortexing, the DNA/Buffer Red mix was pipetted onto the Viromer® RED/Buffer Red mix
and incubated for 15-20 minutes. In the meantime, the medium of the cells was exchanged
for 1 ml fresh RPMI11640 + GlutaMAX™ medium. After incubation, the DNA-mix was added to
the cells and then incubated for 24 hours. MtcK gene was amplified from Hela cDNA and

cloned by Shigiang Gao into the pCDNA3 vector (Thermo Fisher Scientific, Massachusetts,
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USA) where previously the GFP sequence was introduced, enabling C-terminal fusion and
tagging.
Inhibitors

For the inhibition of CPAF, HelLa229 cells were treated with 150 uM clasto-lactacystin beta-

lactone for 1 hour prior to fixation as previously demonstrated by Johnson et al. (Johnson et

al., 2015).

For CERT-Inhibition, HeLa229 cells infected with C. trachomatis were treated for 8 hours with

10 or 30 uM at 24 hours post infection.

LDH-assay

LDH-assays were performed using Cytotoxicity Detection KitPLUS (LDH) (Sigma) according to

the manufacturer’s protocol.

Chemical Synthesis of a-NH2-w-Ns-Cs-Ceramide
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Figure 12: Synthesis of clickable amino-ceramide probe 4.
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Synthesis of a-NH;-w-N3-Cs-Ceramide as well as quality control was performed by Julian Fink.
Starting from N-Boc-protected L-lysine the introduction of the azide-functionality was
accomplished via catalytic diazotransfer reaction to obtain azido-acid 2 in 85 % yield. First,
Triflyl azide was prepared with a reduced amount of highly toxic sodium azide and triflyl
anhydride. Subsequent amide coupling of 2 with sphingosine was performed in DMF under
basic conditions using HATU as coupling reagent. The resulting Boc-protected azidoceramide
analogue 3 was isolated in 48% vyield. In the last step, the amine group was deprotected by
the treatment with TFA in dichloromethane. After basic workup, followed by column
chromatography, the target ceramide analogue 4 was successfully isolated in 39% yield. All
isolated compounds were characterized by a combination of HRMS, NMR and IR spectroscopy

(Supplementary Figures S1-S13).

Sphingolipid treatment and Click Chemistry

Seeded cells were fed with 10 uM final concentration of a-NHz-w-N3-Cs-ceramide, w-N3-Ce-
ceramide, Ce-ceramide or w-Ns3-sphingosine for 1 hour at 37 °C. Samples infected with C.
trachomatis were fed with ceramide-analogues 23 hours and samples infected with S.
negevensis at 71 hours post infection. For the infection with N. gonorrhoeae, the cells were
fed for 30 minutes with 10 uM w-Ns-sphingosine before infection. Afterwards, the cells were
fixed with 4% PFA and 0.1% GA for 15 minutes, followed by 3x washing with 1x PBS. The
samples were then permeabilized for 15 minutes in 0.2% Triton X-100, washed again 3x in 1x
PBS, and incubated with 5 uM DBCO0-488 (Jena Bioscience, CLK1278-1) or 5 uM Click-IT Alexa
Fluo® 488 DIBO alkyne dye (ThermoScientific, Waltham, USA) at 37 °C for 30 minutes. When
additionally stained with antibodies, the samples were then blocked and stained as described

in the following chapter.

Immunostaining

Before immunostaining, the cells were washed with 1xPBS and fixed with 4% PFA (or 4% PFA
with 0.1% GA for samples fed with ceramide) for 10-30 minutes at RT. Afterwards, the cells
were washed 3x with 1xPBS and permeabilized for 15 minutes in 0.2% Triton-X100. When
expanding S. aureus, the samples were then predigested with 20 pg/ml lysostaphin for 15
minutes. After permeabilization, the cells were washed 3x in 1x PBS and blocked for 1 hour in

2% FCS or 5% BSA. Upon blocking, the cells were incubated for 1 hour at RT in a humidified
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chamber with the corresponding primary antibody. Table 1 shows the primary antibodies,

their hosts, dilutions, article number and company, used in this study.

Target Host Dilution Article number Company
Chlamydial HSP60 mouse 1:100 (IF) sc-57840 Santa Cruz
rabbit 1:200 (IF) - Provided by A. Fischer,
1:1000 (WB) University of Wiirzburg
B-actin Mouse 1:4000 (WB) A5441 Sigma Aldrich
CPAF mouse 1:100 (IF) - Provided by G. Zhong, Texas

Health Science Center
Cdul mouse 1:50 (IF) - Provided by A. Fischer,

University of Wiirzburg

Tom20 mouse 1:25 (IF) sc-17764 Santa Cruz
Tim44 mouse 1:50 (IF) 612582 BD Biosciences
Mic60 rabbit 1:100 (IF) ab48139 Abcam

1:500 (WB)
Sam50 rabbit 1:500 (WB) - Gramsch laboratories
LAMP1 mouse 1:100 (IF) H5G11 Santa Cruz
LC3B rabbit 1:100 (IF) 2775 Cell Signaling
Chlamydial LPS mouse 1:300 (IF) MCA2718 Bio-Rad
LTA rabbit 1:100 (IF) BP984 Origene
TFAM rabbit 1:100 (IF) TA332462 Origene
TFAM-Alexa 546 rabbit 1:50 (IF) TA332462 Origene

(self-conjugated)

TFAM-Alexa 546 rabbit 1:100 (IF) sc-166965 Santa Cruz
PRX3 rabbit 1:100 (IF) TA322472 Origene
CERT rabbit 1:100 (IF) ab72536 Abcam
Neisseria rabbit 1:200 (IF) N0600-02 US biological
GFP mouse 1:100 (IF) ab1218 Abcam
rabbit 1:100 (IF) SP3005P Origene
mCherry rabbit 1:100 (IF) ab167453 Abcam

Table 1: Primary antibodies

After incubation with the primary antibody, the cells were incubated for 1 hour at RT in the

corresponding secondary antibody listed in table 2.

44



Materials and Methods

Dye Host Dilution Article Number Company
Alexa-488 mouse 1:200 (IF) Al11017 Thermo Fisher Scientific
Alexa-488 rabbit 1:200 (IF) A11070 Thermo Fisher Scientific
NHS-ATTO643 mouse 1:50 (IF) AD 643-31 ATTO-TEC

(self-conjugated)

ATTO647N rabbit 1:200 (IF) 610-156-121S Rockland
Immunochemicals

CF568 rabbit 1:100 (IF) SAB4600310 Sigma Aldrich

Cy3 mouse 1:300 (IF) 111-165-146 Dianova

Table 2: Secondary antibodies

For 3 color images of mitochondrial cristae, the cells were then incubated with anti TFAM-
Alexa 546 antibody (TA332462 self-conjugated for SIM images and sc-166965; Santa Cruz

Biotechnology, Dallas, USA, for confocal images).

Antibody conjugation

For Antibody conjugation, the buffer of the anti-TFAM (TA332462, rabbit; Origene, Rockville,
USA) antibody was exchanged to 100 mM NaHCOs with 0.5 ml 7 kDA Spin Desalting Columns
(89882; Thermo Fisher Scientific, Massachusetts, USA). The antibody was then incubated for
conjugation in 5 molar excess of NHS-Alexa Fluor 546 (A20002; Thermo Fisher Scientific,
Massachusetts, USA) or NHS-ATTO 643 (AD 643-31; ATTO-TEC; Siegen, Germany) for 3 hours
at RT. Afterwards, the unreacted dye was filtered from the antibody using 0.5 ml 7 kDA Spin
Desalting Columns. Moreover, the buffer was exchanged to 0.02% NaN3 dissolved in PBS. The
degree of labeling (DOL) was determined by the absorption of the antibody-dye with a UV-vis
spectrophotometer (Jasco V-650). The labeled antibodies were stored at 4°C. Antibody

conjugation was performed by Ralph Gotz.

mCling

mCling (Biosyntan) was labeled as previously shown by Revelo et al. (Revelo et al., 2014): 150
nmol mCling was incubated in 3 molar excess of ATTO 643-Maleimide (ATTO-TEC, AD 643-45)
in 100 mM TCEP shaking and overnight. The label product was purified by HPLC (JASCO) and

the concentration determined using a UV-vis spectrophotometer (Jasco V-650). Staining with
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mCling was performed by the incubation of living cells in 0.5 uM mCling in cell culture media

for 10 minutes at 37°C.

Gelation and Expansion

Expansion microscopy was performed entirely collaboratively with Ralph Gotz, except of
neisserial and staphylococcal expansion, and performed as described previously (Chozinski et
al., 2016; Kunz et al., 2019). For this, fixed and stained cells were incubated for 10 minutes in
0.25% glutaraldehyde, washed three times with 1x PBS and then gelated with, in case of 4x
expansion, a monomer solution containing 8.625% sodium acrylate (408220, Sigma-Aldrich,
St. Louis, USA), 2.5% acrylamide (A9926, Sigma-Aldrich, St. Louis, USA), 0.15% N,N‘-
methylenbisacrylamide (A9926, Sigma-Aldrich, St. Louis, USA), 2 M NaCl (55886, Sigma-
Aldrich, St. Louis, USA), 1x PBS, 0.2% ammonium persulfate (APS, A3678; Sigma-Aldrich, St.
Louis, USA) and tetramethylethylenediamine (TEMED, T7024; Sigma-Aldrich, St. Louis, USA,).
Adding TEMED and APS starts the gelation process and were thus added only prior gelation.
The gelation was performed for 1 hour at RT in humidified gelation chambers. In case of 10x
expansion, 1 ml of the monomer solution containing 0.267 g DMAA (Sigma, 274135) and 0.064
g sodium acrylate (Sigma, 408220) dissolved in 0.57 g ddH,0 was degassed for 45 min with
nitrogen on ice followed by the addition of 100 ul KPS (0.036 g/ml, Sigma, 379824). After
another 15 minutes of degassing and the addition of 4 ul TEMED, gelation was performed for
30 minutes at RT followed by an incubation of 1.5 hours at 37 °C. The gelated samples were
then digested for 3 hours or overnight in digestion buffer (50 mM Tris pH 8.0, 1 mM EDTA
(Sigma, ED2P), 0.5 % Triton X-100 (Thermo Fisher, 28314) and 0.8 M guanidine HCI (Sigma,
50933)), supplied with 8 U/ml protease K (Thermo Fisher, AM2548) and for expansion of
Neisseria additional 1 mg/ml lysozyme (Lim et al., 2019). Due to the robust cell wall, digestion
of S. aureus required 20 pg/ml lysostaphin prior gelation as well as 2 mg/ml lysozyme and 50
ug/ml lysostaphin for 30 minutes post gelation, followed by 30 minutes treatment with 8 U/ml
protease K. After digestion, the gels were washed and consequently expanded in hourly
changed ddH0 until the expansion saturated. The expansion factor was determined either by
the gel size prior and after expansion or by imaging of the very same cell prior and post
expansion. Expanded gels were stored at 4 °C in ddH;0 until imaging (maximum of one week)

and immobilized on PDL coated imaging chambers (734-2055, Thermo Fischer Scientific,
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Massachusetts, USA) for imaging. To avoid shrinking, drops of water were placed on top of the

gel during image acquisition.

Microscopy

Imaging was performed on a confocal system, either Zeiss LSM700 (63x water-objective, C-
Apochromat, 1.2 NA) or TCS SP5 confocal microscope (63x oil-immersion UV objective, 1.4
NA), and for superresolution on a structured illumination microscope Zeiss Elyra S.1 SIM (63x
oil-immersion objective, Plan-Apochromat, 1.4 NA or for expanded samples 63x water-
objective, C-Apochromat, 1.2 NA). Images were processed with Imaris 8.4.1 and FlJI 1.51n

(Schindelin et al., 2012).

dSTORM imaging was performed by Ralph G6tz on a home-built setup using an inverted
widefield microscope (Olympus IX-71) with an Olympus Apon 60xO TIRF oil objective with a
numerical aperture of 1.49. The setup is equipped with a 639 nm excitation laser (Genesis
MX639-1000, Coherent). To separate the excitation beam from the emitted fluorescence, a
dichroic mirror (ZT405/514/635rpc, Chroma) was used. The emission was additionally filtered
by an emission filter (Brightline HC 679/41 (Semrock)) in front of an EMCCD-camera (iXon Ultra
897, Andor). Before imaging, switching buffer containing 100 mM R-mercaptoethylamin pH
7.4 was added. 15.000 frames were recorded at 50 Hz using laser densities of ~ 7 kW/um. The

super-resolved images were reconstructed using the software rapidSTORM 3.3.

For FRAP imaging performed by Jan Schlegel, HeLa229 cells were seeded in an 8-well
chambered high precision coverglass (Sarstedt) and incubated for 24 hours at 37°C and 5%
COz. The cells were fed for 30 minutes with a-NH2-w-N3-Cs-ceramide or as a control w-N3-Ce-
ceramide and then washed with HBSS containing magnesium and calcium and fixed with 4%
PFA and 0.1% GA. The ceramides were then labeled by click-chemistry with DBCO-Alexa Fluor
488. After labelling, the cells were washed and FRAP-imaging was performed at the LSM700
(63x oil-immersion objective, Plan-Apochromat, 1.4 NA). Images were acquired every 1.5
seconds for 30 frames. After three frames a circular region of interest with a diameter of 1.8

um was bleached and fluorescence recovery followed over time.
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Western Blot

Protein lysates were collected by lysing the samples in prewarmed (95°C) 2x laemmli-buffer
and then cooked for 5 minutes at 95°C. The proteins were separated according to mass by a
10% polyacrylamide gel across a constant voltage for 2 hours. For precise estimation of protein
sizes, the samples were run next to 8ul PageRuler Prestained Protein Ladder (Thermo). After
separation, the proteins were transferred from the gel to a PVDF membrane via semi-dry
electroblotting. After transfer, the membrane was blocked in Tris-buffer containing 0.05%
Tween 20 and 5% dry milk powder for 1 hour and then incubated in the according primary
antibody over night at 4°C. The antibodies used for western blotting within this work are:
cHSP60 (Santa Cruz, sc-57840, dilution 1:1000), B-actin (Sigma, A5441, dilution 1:10000),
Mic60 (Abcam, ab48139, dilution 1:500) and Sam50 (homemade, dilution 1:500). Proteins
were detected with secondary antibodies coupled to horseradish peroxidase (Santa Cruz

Bioscience) using the ECL system (Pierce) on an Intas Chem HR 16-3200 reader.

BioRender

Figure 1-3, 8-11 and 46 were created with BioRender.com.
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Expansion microscopy of mitochondrial cristae

Mitochondrial cristae are important for several crucial cellular processes, including apoptosis
and ATP-production. These processes are determined by the integrity and morphology of
cristae (Cogliati et al., 2016). Thus, we aimed to find an approach for the visualization of
mitochondrial cristae without impacting their morphology. To do so, our goal was to find a
marker protein localizing at mitochondrial cristae that can be overexpressed and correctly
targeted when fused to a fluorescent marker protein while neither affecting mitochondrial

function nor morphology. After testing several candidates, we chose the most promising one,

confocal

4x ExM confocal 4x ExM SIM

Figure 13: Expansion Microscopy enables visualization of mitochondrial cristae.

Hela229 cells were transfected for 24 hours with MtCK-GFP (green) and immunolabeled for GFP to visualize
mitochondrial cristae with (a) confocal, (b) SIM, (c) 4x ExM confocal (d) 4x ExM SIM. Scale bars, (a,b) 0.5 um and
(c, d) 2 um (Kunz et al., 2020).
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the mitochondrial creatine kinase MtCK, an enzyme catalyzing the reversible transfer of
phosphate from mitochondrial ATP to cytosolic creatine, generating phosphocreatine, of
which the phosphate can be transferred to ADP by cytosolic isoenzymes, regenerating ATP.
This offers a possibility to transfer energy from mitochondria to the cytosol. In addition, the
transfer of phosphate from phosphocreatine to ADP generates ATP very quickly. Therefore,
phosphocreatine, MtCK and its cytosolic counterparts act as a temporal and spatial energy
buffer to maintain cellular energy homeostasis. MtCK was previously shown to localize in the
mitochondrial IMS (Schlattner et al., 2006). When overexpressing MtCK coupled to GFP at its
carboxy-terminus in HelLa229 cells, we did not observe any changes in mitochondrial length
or distribution. With the newly established marker protein, we performed expansion
microscopy using the Chozinski protocol to improve the resolution in order to distinguish
individual cristae (Chozinski et al., 2016). Figure 13 compares the difference in resolution of
(a) unexpanded samples imaged on a confocal system with an estimated lateral resolution of
~240 nm, (b) unexpanded samples imaged on SIM with a lateral resolution of ~120 nm, (c) 4x
expanded samples on a confocal system with a lateral resolution of 60 nm and (d) 4x
expanded samples on SIM with a lateral resolution of ~30nm. Expansion microscopy enabled

to differentiate between individual cristae, especially when additionally combined with SIM.

After establishing expansion microscopy with a cristae marker, we aimed to compare the
localization of mitochondrial proteins relative to cristae on a confocal system (Figure 14) and
SIM (Figure 15). First, we chose peroxiredoxin (PRX3), a mitochondrial thioredoxin-dependent
hydroperoxidase present exclusively in the mitochondrial matrix (Cunniff et al., 2014), to
assess the efficiency of MtCK-GFP to visualize cristae with its even distribution through the
IMS (Figure 14a and Figure 15a). The signals for MtCK-GFP and PRX3 showed alternating
signals and no overlap, enabling the clear differentiation between mitochondrial cristae and
matrix (Figure 14d and Figure 15b,c). We then aimed to localize Mic60 relative to
mitochondrial cristae. Mic60 is a central component of the MICOS complex, which together
with SAM in the OMM forms the MIB complex. MIB is a large complex that is crucial for the
maintenance of mitochondrial cristae morphology, Cls, inner membrane architecture and
formation of contact sites between the two mitochondrial membranes (John et al., 2005;
Kozjak-Pavlovic, 2017; Ott et al.,, 2015). In accordance with the literature, we could

demonstrate that Mic60 is localizing at Cls closer to the mitochondrial surface (Figure 14b,e
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Figure 14: 4x confocal ExM can resolve localization of proteins at mitochondrial cristae.

4x ExM confocal fluorescence images of Hela229 cells transfected for 24 hours with MtCK-GFP (green) and
immunolabeled for GFP and (a) PRX3, (b) Mic60 and (c) TFAM. Plot profiles show the fluorescence of MtCK (black)
relative to (d) PRX3, (e) Mic60/Mitofilin and (f) TFAM (red). 4x ExM can resolve if mitochondrial proteins localize
at mitochondrial cristae as demonstrated for Mic60 and TFAM. Scale bars, 2 um (Kunz et al., 2020).

and Fig 15d-f). Finally, we used our novel tool in combination with expansion microscopy to
determine the localization of the mitochondrial transcription factor A (TFAM), a protein
discussed to associate with mitochondrial DNA (mtDNA) nucleoids in the matrix of
mitochondria (Li et al., 2016) and Mic60 (Yang et al., 2015). While the matrix protein PRX3
again shows no colocalization with cristae, the signal of mitochondrial matrix protein TFAM

closely associates with MtCK-GFP (Figure 14c,f and Figure 15g-i).
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Figure 15: SIM-ExM of MtCK and mitochondrial marker proteins further improves resolution.
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Intensity [a.u.]

4x ExM-SIM images of HelLa229 cells transfected with MtCK-GFP (green) for 24 hours and immunolabeled for
GFP and (a) PRX3, (d) Mic60 or (g) TFAM (magenta). Within the zoomed region the line profile (b-c, e-f, h-i) is
indicated. While PRX3 alternates with MtCK, Mic60 and TFAM partially colocalize with MtCK. Scale bars, 2 um
(Kunz et al., 2020).
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Furthermore, we wanted to know if our novel construct in combination with expansion
microscopy offers the possibility to distinguish the mitochondrial cristae membrane and the
inner boundary membrane or OMM. Hence, we co-labeled MtCK-GFP-labeled mitochondria
with TIM44 and TOM20 (Kulawiak et al., 2013). Our approach enables in both cases the

efficient discrimination of cristae membrane to other mitochondrial membranes (Figure 16).

To better compare mitochondrial proteins and their localization, we performed 3-colour
confocal (Figure 17a-e) and SIM (Figure 17g-m and Figure 18a-j) imaging of cristae. Here, we
aimed to compare Mic60 and TFAM. The signals of all three proteins were largely colocalizing
and interestingly the colocalization of Mic60 and TFAM was stronger than the colocalization
of Mic60 with MtCK-GFP, indicating that TFAM not only localizes at mitochondrial cristae but

also juxtaposed to cristae junctions, which are marked by the presence of Mic60.

Figure 16: SIM-ExM of MtCK-GFP and TOM20/TIM44 offers the possibility to distinguish between cristae

membrane and outer membrane/inner boundary membrane.

4x SIM-ExM images of HelLa229 cells transfected with MtCK-GFP for 24 hours and immunolabeled for GFP and
(a) TOM20 or (b) TIM44 (magenta). Within the overlay the zoomed region is indicated. Scale bars, 2 um (Kunz et
al., 2020).
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Figure 17: 3-color ExM to visualize the colocalization of TFAM and Mic60 at mitochondrial cristae.

4x ExM 3-color confocal (a-e) and SIM (g-j) images of HeLa229 cells transfected with MtCK-GFP for 24 hours and
immunolabeled for GFP, Mitofilin and TFAM. (a, g) Mitofilin (magenta) and TFAM (green), (b, h) MtCK (cyan) and
Mitofilin (magenta), (c, i) MtCK (cyan) and TFAM (green), (d, j) merge, (e) zoom from (d) with line indicating plot
profiling shown in (f). (k-m) plot profiling of the lines shown in (j). Scale bars, 5 um for confocal images, 2 um for
SIM images (Kunz et al., 2020).
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Figure 18: 3-color ExM to visualize the colocalization of TFAM and Mic60 at mitochondrial cristae.

4x SIM-ExM 3-color images (a-d; f-i) of HeLa229 cells transfected with MtCK-GFP for 24 hours and immunolabeled
for GFP, Mitofilin and TFAM. (a, f) Mitofilin (magenta) and TFAM (green), (b, g) MtCK (cyan) and Mitofilin
(magenta), (c, h) MtCK (cyan) and TFAM (green), (d, i) merge, with line indicating plot profiling shown in (e, j).
Scale bars, 2 um (Kunz et al., 2020).

In order to not only demonstrate the applicability of 4x expansion microscopy for localization
studies but also to determine cristae morphology, we treated cells transfected with MtCK-GFP
with 1 pM CCCP. CCCP is a strong uncoupling agent that can abruptly depolarize the
membrane potential (Park et al., 1997). The mitochondria of cells incubated with CCCP
exhibited rounding and swelling of mitochondria over time (Figure 19a). Even though we could
still observe cristae in swollen mitochondria, the density was reduced drastically compared to
non-treated mitochondria. As a second control, we transfected HelLa229 cells, where the
knockdown of Sam50 is inducible by doxycycline (Dox)-mediated shRNA expression (sam50kd-
2). As mentioned before, this complex has been demonstrated to be of importance for cristae
morphology by bending the IMM for cristae formation and the interaction with the F1Fo-ATP
synthase. As previously demonstrated by electron microscopy (Ott et al., 2015), we could

observe an enlargement of mitochondria and the loss of cristae structure (Figure 19b).
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Figure 19: 4x ExM enables visualization of changes in cristae morphology.

(a) Confocal and SIM images of 4x expanded Hela229 cells transfected with MtCK-GFP (green) and treated with
1 uM CCCP for 0, 10, 15 or 20 minutes. (b) Confocal images of 4x expanded Sam50 knockdown cells (sam50kd-2)
transfected with MtCK-GFP (green) and treated with 1 pg/ml doxycycline for 72 hours to induce Sam50
knockdown. Scales, 2 um. (c) Western blot of Sam50 knockdown cells and control PLVTHM cells treated with 1

ug/ml doxycycline for 72 hours. Protein amounts of Sam50 have been compared to Mic60 and Actin. Modified
after (Kunz et al., 2020).
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Expansion of intracellular pathogens

The structure of the bacterial membrane and cell wall differs enormously between different
bacterial species. For expansion microscopy, a complete digestion of the sample is crucial for
isotropic expansion. While member of the order Chlamydiales, C. trachomatis and S.
negevensis, can be expanded with only proteinase K treatment, the expansion of a plethora
of bacteria was demonstrated to require additional digestion with lysozyme (Lim et al., 2019).
While expansion microscopy of N. gonorrhoeae indeed requires additional lysozyme, we show
that the expansion of S. aureus requires besides lysozyme additionally lysostaphin, an
endopeptidase secreted by Staphyloccocus simulans possessing bactericidal properties
against S. aureus by cleaving the crosslinking pentaglycine bridges of staphylococcal

peptidoglycan (Bastos et al., 2010), for isotropic expansion (Figure 20).
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Confocal 4x ExM

¥

— S. aureus — B — 5. aureus

Figure 20: Individual bacterial pathogens can be resolved on confocal setups using ExM.

Confocal fluorescence images of unexpanded (a,c,e,g) and 4x expanded (b,d,f,h) HeLa229 cells infected with (a,b) Chlamydia trachomatis (magenta), (c,d) Simkania negevensis
(orange), (e,f) Neisseria gonorrhoeae (yellow) or (g,h) Staphylococcus aureus (green). Infected cells were fixed, permeabilized and labeled for tubulin (grey) and the respective
pathogen. Scale bars, 10 um. Sample preparation, infection and immunolabeling, of cells infected with S. aureus was performed by Marcel Rihling.
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Expansion of Chlamydia trachomatis

C. trachomatis resides densely within a vacuole, the so-called inclusion. In addition, individual
chlamydial particles are relatively small, ranging from around 300 nm for infectious
elementary bodies (EBs) to between 600-1000 nm for replicative reticulate bodies (RBs). Thus,
usual confocal microscopy does not offer sufficient resolution to resolve individual chlamydial
particles within an inclusion. To overcome this, we applied 4x expansion microscopy to cells
infected with C. trachomatis. The first successfully expanded chlamydial proteins were CPAF,
a chlamydial protease-like activity factor (Zhong et al., 2001), in combination with HSP60, a
chlamydial heat-shock protein and the protein of choice to label individual chlamydial particles

(Figure 21 and Supplementary Movies 1-4). CPAF is secreted via a type Il secretion system
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Figure 21: CPAF is secreted from the inclusion at later stages of infection by a T2SS.

4x confocal ExM images of Hela229 cells, infected with Chlamydia trachomatis for 22 and 30 hours with
wildtype Chlamydia or RSTE4 (T2SS mutant) and immunolabeled for HSP60 (green) and CPAF (magenta). Scale
bars, 1 um for unexpanded and 5 um for expanded images (Kunz et al., 2019).
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(T2SS) pathway and was initially discovered to degrade cellular proteins (Zhong et al., 2001).
The localization of CPAF in the cytosol remains challenging and is still under debate (Chen et
al., 2012; Conrad et al., 2013; Hacker, 2014; Johnson et al., 2015; Snavely et al., 2014; Zhong,
2014). To investigate the localization of CPAF in expanded samples, HeLa229 cells were
infected with wildtype Chlamydia and a T2SS-mutant that is unable to secrete CPAF into the
lumen of the inclusion (Snavely et al., 2014). After 4x expansion, we could show that CPAF is
expressed and secreted in wildtype Chlamydia in higher quantities at later stages of infection.
To exclude artifacts derived by the activity of CPAF during fixation, we further treated cells
with clasto-lactacystin beta-lactone, that was previously described as a CPAF inhibitor by
Johnson et al. (Johnson et al., 2015). We could not observe an impact on CPAF localization

upon clasto-lactacystin beta-lactone treatment (Figure 22).

clasto-Lactacystin
DMSO B-lactone

confocal

4x ExM

Figure 22: Inhibition of CPAF by clasto-Lactacytin B-lactone does not affect its localization.

4x confocal ExM images of HelLa229 cells infected with wildtype Chlamydia trachomatis for 30 hours. Prior fixation,
the cells were treated with 150 uM clasto-lactacystin beta-lactone for 1 hour. The samples were then stained for
HSP60 (green) and CPAF (magenta). Scale bars, 1 um for unexpanded and 5 um for expanded images (Kunz et al.,
2019).
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The ubiquitin system is exclusively found in eukaryotic cells. It regulates several crucial
processes such as autophagy, cell survival, organellar targeting and activation and inactivation
of proteins (Asaoka and lkeda, 2015; Grumati and Dikic, 2018; Kupka et al., 2016). Several
viruses and bacteria developed strategies to interfere with the host ubiquitin system. C.
trachomatis expresses a deubiquitinase located at the inclusion membrane, facing the host
cell cytosol with its active site, called Cdul (Fischer et al., 2017). The expression of Cdul starts
around 16 hours post infection and was shown to increase until late stages of infection
(Belland et al., 2003). Expansion of infected HeLa229 cells with wildtype C. trachomatis and a
Cdul:: Tn bla mutant as a control reveals the localization of Cdul at the inclusion membrane

(Figure 23 and Supplementary Movies 5-6).

Cdul::Tn bla WT

confocal

4x ExM

Figure 23: Cdul is located at the chlamydial inclusion membrane.

4x confocal ExM images of Hela229 cells infected for 24 hours with wildtype Chlamydia trachomatis or Cdul::
Tn bla mutant and immunolabeled for chlamydial HSP60 (green) and Cdul (magenta). Scale bars, 1 um for
unexpanded and 5 um for expanded images (Kunz et al., 2019).
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Besides visualizing individual chlamydial particles and effector proteins, we further observed
that expansion microscopy revealed different sizes of chlamydial particles. Thus, we
hypothesized that expansion microscopy could be suitable to distinguish the smaller infectious
EBs and larger metabolically active RBs by size. To prove that a differentiation can be made
according to size, we infected HelLa229 cells with the previously published Chlamydia strain Ct
mCh(GrolL2) GFP (OmcAL2), which expresses mCherry under the control of the RB-associated
constitutive groESL operon promotor and GFP under the control of the EB-associated omc
promotor (Cortina et al., 2019). Indeed, expansion microscopy enables a clear differentiation

between EBs and RBs by size (Figure 24-25 and Supplementary Movie 7).

RBs EBs merge

confocal

4x ExM

Figure 24: Detection of distinct chlamydial forms by 4x ExM.

4x confocal ExM images of HelLa229 cells, infected for 30 hours with Ct mCh(GroL2) GFP(OmcAL2), expressing
mCherry under the control of the RB-associated constitutive groESL operon promotor and GFP under the
control of the EB-associated omc promotor. The samples were immunolabeled for GFP (green) and mCherry
(magenta). Scale bars, 1 um for unexpanded and 5 um for expanded images (Kunz et al., 2019).
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Figure 25: 3D-Imaris to visualize distinct chlamydial forms.

4x confocal ExM images of Hela229 cells, infected for 30 hours with Ct mCh(GroL2) GFP(OmcAL2), expressing
mCherry under the control of the RB-associated constitutive groESL operon promotor and GFP under the control
of the EB-associated omc promotor. The samples were immunolabeled for GFP (green) and mCherry (magenta).
3D-View was created using Imaris 8.4.1.
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Expansion of Staphylococcus aureus

As mentioned previously, Lim et al demonstrated that the expansion of various bacterial
pathogens requires additional digestion with lysozyme for cell wall digestion (Lim et al., 2019).
Lysozyme is a 1,4-B-N-acetylmuramidase catalyzing the glycosidic bond between N-acetyl
muramic acid (MurNAc) and N-acetyl glucosamine in peptidoglycan, the major component of
the cell wall of gram-positive bacteria like S. aureus (Ragland and Criss, 2017). The cell wall of
S. aureus, however, has particularly high cross-link ratio between peptidoglycan chains, which
consists mostly of pentaglycine motifs. This pentaglycine motifs can be cleaved by a protease
called lysostaphin, a metalloendopeptidase secreted by S. simulans to cleave specifically the
pentaglycine residues in the cell wall of S. aureus (Bastos et al., 2010). Here, we demonstrate
that the digestion of Hela229 cells infected with S. aureus by lysozyme and lysostaphin,

followed by proteinase K enables the expansion of S. aureus (Figure 20h and Figure 26).

S. aureus was controversially described to either avoid or induce autophagy (Geng et al., 2020;
Lopez de Armentia et al., 2017; Mestre and Colombo, 2012; Mestre et al., 2010; Prajsnar et
al., 2020) and to reside and replicate in large numbers within lysosomes (Flannagan et al.,
2016). Here we demonstrate that expansion microscopy enables the visualization and further
investigation of bacteria within LAMP1 (Figure 27a) and LC3-II (Figure 27b) vesicles in HeLa229
cells 1.5 hours post infection. We also show that expansion microscopy can be used to
investigate the localization of proteins at the membrane or cytosol of Staphylococcus by co-

immunolabelling the staphylococcal protein lipoteichoic acid with cytosolic GFP (Figure 27c).
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Tubulin S.aureus merge zoom

4x confocal ExM SIM confocal

4x SIM ExM

Figure 26: Combination of SIM and 4x ExM further improves the resolution of individual Staphylococcus
aureus.

Hela229 cells were infected with Staphylococcus aureus (green), fixed, permeabilized and immunolabeled for
tubulin (grey) and GFP (green) and imaged before (a,b) and after 4x ExM (c,d) on a confocal (a,c) or SIM (b,d)
setup. Scale bars, 5 um unexpanded and 10 um expanded samples. Sample preparation, infection and
immunolabeling was performed by Marcel Rihling.
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S.aureus

S.aureus

b

S.aureus

S.aureus

Figure 27: 4x ExM provides more detailed insight of Staphylococcus aureus within host LAMP1 and LC3-II
vesicles and enables distinction of staphylococcal cytosol and membrane.

Confocal images of Hela229 cells, infected with Staphylococcus aureus (green), fixed, permeabilized,
immunolabeled for GFP (green) and (a) Lamp1, (b) LC3-Il or (c) LTA and expanded. Scale bars, 5 um unexpanded
and 10 um expanded samples.
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Spingolipid expansion microscopy
Expansion of sphingosine in Neisseria gonorrhoeae

To further test the applicability of expansion microscopy on lipids, we aimed to expand Chang
cells, fed with w-N3-sphingosine and infected with N. gonorrhoeae. Previously, we could show
the incorporation of our sphingosine-analogue in the membrane of Neisseria by structured
illumination microscopy (Figure 28) in Chang cells that were fed with w-N3-sphingosine for 30

minutes before infection (Solger et al., 2020).

Phalloidin Neisseria w-Sphingosine merge

w-Sph ”
+ Neisseria s

Sph
+ Neisseria

A-Sph
+ Neisseria

A-Sph
uninfected

Figure 28: w-Ns-Sphingosine is incorporated into the membrane of Neisseria gonorrhoeae.

Chang cells were fed with 10 uM w-N3-Sphingosine (w-Sph) or sphingosine (Sph) for 30 minutes and then infected
with Neisseria gonorrhoeae strain N927 for 4 hours. After infection, the samples were clicked with DIBO-488
(green), stained for phalloidin (cyan) and immunolabeled with anti-neisserial antibody (magenta). Scale bars, 5
pum (Solger et al., 2020). Sample preparation, infection and immunolabeling, was performed by Franziska Solger.
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The addition of lysozyme, as described by Lim et al (Lim et al., 2019), at the digestion step
prior to expansion enabled the successful expansion of N. gonorrhoeae. Moreover, we
demonstrated for the first time the expansion of a lipid, w-Ns-sphingosine (Figure 29).
Sphingosine itself carries a primary amino group, which is crucial for linkage into the hydrogel
for expansion. Thus, we hypothesized that modification of lipids with a primary amino group

could enable expansion of other functionalized lipids, e.g. ceramide.

Neisseria w-Sphingosine

4x ExM

Figure 29: Lysozyme digestion enables ExM of w-Ns-Sphingosine in Neisseria gonorrhoeae.

Unexpanded (upper row) and 4x expanded (lower row) SIM images of Chang cells, fed with 10 pM w-Ns-
sphingosine for 30 minutes and infected with Neisseria gonorrhoeae strain N927 for 4 hours. After infection, the
samples were clicked with DIBO-Alexa Fluor 488 (green), and immunolabeled with anti-neisserial antibody
(magenta). Scale bars, 5 um for unexpanded and 4 um for expanded images. Sample preparation, infection and
immunolabeling, was performed by Franziska Solger (Gotz and Kunz et al., 2020a).
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Expansion of ceramide

Ceramide regulates a multitude of crucial cellular pathways, such as differentiation,
proliferation, growth arrest and apoptosis. Moreover, ceramide-rich membrane areas
promote structural changes in the plasma membrane, segregating membrane receptors, and
affect membrane curvature and vesicle formation, fusion and trafficking (Burgert et al., 2017;
Hannun and Obeid, 2002). Previously, it was demonstrated that short-chain w-N3-Ce-
ceramides are incorporated into cellular membranes and can be labeled efficiently by click-
chemistry (Collenburg et al., 2016; Walter et al., 2016). On the other hand, efficient click-
labeling of the longer w-N3-Ci6-ceramides was impossible, likely due to a hindered accessibility
of the w-Ns3-group upon membrane incorporation (Walter et al., 2017). Hence, for further
investigation of ceramide distribution and membrane labeling, Julian Fink introduced a
primary amino group to w-Ns-Cs-ceramide, creating a-NHz-w-N3-Cs-ceramide (Figure 30a and

Supporting Figures 1-13) to enable linkage into hydrogels.

We then tested if our novel ceramide analogue is incorporated into cellular membranes
similar to control w-Ns-Cs-ceramide. In order to do so, we fed HelLa229 cells with 10 uM
ceramide for 1 hour and after fixation and permeabilization click-labeled with DBCO-Alexa
Fluor 488. Indeed, we observed equal distribution of w-Ns-Ce-ceramide in the plasma
membrane and the membrane of intracellular organelles (Figure 30c). In theory, the
introduction of a primary amine should enable the fixation of the novel ceramide analogue.
Thus, we treated the fixed and stained samples with various concentrations of the detergent
Triton X-100. While increasing concentration of detergent drastically reduced the signal of
samples fed with control w-N3-Cs-ceramide, it had only very little effect on the samples fed
with a-NH;-w-Ns3-Cs-ceramide (Figure 30c). Fluorescence recovery after photobleaching
(FRAP) experiments performed by Jan Schlegel could in addition demonstrate a higher
mobility in samples fed with control w-Ns3-Cs-ceramide (48.1%) compared to a-NH;-w-N3-Ce-

ceramide (22.2%) (Figure 30b).

While ceramide controls important pathways regulating the cells viability, such as apoptosis,
LDH-Cytotoxicity assays revealed that the treatment of HelLa229 cells for 1 hour with 10 uM
of our functionalized a-NH;-w-N3-Cs-ceramide, w-N3-Cs-ceramide or Ce-ceramide did not
exhibit cytotoxicity. After 24 hours of treatment, the cytotoxicity exhibited by the different

analogues was similar - around 15% (Figure 31).
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Figure 30: Introduction of -NH:z at a-position of w-Ns-Cs-Ceramide enables ceramide fixation.

(a) Schematic overview of the synthesis of a-NH2-w-N3-Cs-Ceramide performed by Julian Fink. (b,c) To investigate
the mobility and fixability of membrane-incorporated a-NH2-w-Ns3-Ce-Ceramide, HelLa229 cells were fed with 10
MM a-NH2-w-N3-Cs-ceramide or control w-N3-Cs-Ceramide, fixed with 4% PFA and 0.1% GA and permeabilized.
The samples were then clicked with DBCO-Alexa Fluor 488. (b) FRAP experiments performed by Jan Schlegel.
After three confocal fluorescence imaging frames, a circular region of interest with a diameter of 1.8 um was
bleached and fluorescence recovery followed over time. The a-NHz-w-N3-Ce-ceramide (black) shows a lower
mobility (mean mobile fraction of 22.2 %) than the w-Nz-Cs-ceramide (red) lacking the primary amino group
(mobile fraction of 48.1 %). (c) Confocal fluorescence images of fixed and labeled cells in the presence of
increasing concentrations of the detergent Triton-X100. With increasing Triton-X100 concentration w-Ns-Ce-
ceramide is efficiently washed out while the a-NH2-w-N3-Cs-ceramide signal remains preserved. Scale bars, 10
pum (Gotz and Kunz et al., 2020a).
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Figure 31: Functionalized Cs-Ceramides do not show altered cytotoxicity.

LDH-assay of HeLa229 cells fed with Cs-ceramide, w-N3-Cs-ceramide or a-NHz-w-Ns3-Ce-ceramide for 1 or 24 hours.
While cytotoxicity was not altered after treatment with the functionalized ceramides for one hour compared to
controls, cytotoxicity was altered similarly, around 15%, after 24 hours (Gotz and Kunz et al., 2020a).

Since glutaraldehyde enabled the linkage of w-Ns3-sphingosine in Neisseria into hydrogels
(Figure 29), we further investigated whether the introduction of a primary amine in our
functionalized a-NH2-w-N3-Cs-ceramide also allows the linkage into the hydrogel. Therefore,
we expanded Hela229 cells treated with a-NH,-w-N3-Cs-ceramide, fixed with glutaraldehyde,
permeabilized and labeled with DBCO-Alexa Fluor 488. Indeed, 4x as well as 10x expanded
confocal fluorescence images show that the ceramide analogue is linked to the hydrogel and
revealed staining of the plasma membrane, as well as the membrane of organelles, such as
mitochondria and Golgi (Figure 32). Here, we demonstrate the colocalization of ceramide
signal with mitochondrial Peroxiredoxin 3 (Prx3) (Figure 32a). Moreover, we compared the
efficiency of membrane labeling of our ceramide analogue with membrane-binding
fluorophore-cysteine-lysine-palmitoyl group (mCling), a molecule which is taken up during
endocytosis, labels the plasma membrane and also carries a primary amine necessary for
expansion (Figure 32b) (Revelo et al., 2014). While ceramide is taken up in the plasma
membrane and different organelles, staining with mCling is efficiently incorporated solely in
the plasma membrane of the cell. To verify isotropic expansion and a correct expansion factor,

we performed imaging of the same cell pre- and post 4x and 10x expansion (Figure 33). We
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determined effective expansion factors of 4.1x and 9.8x. The images further reveal that the
labeling by a-NH2-w-N3-Cs-ceramide is dense enough to support nanoscale resolution imaging

of continuous membrane structures (Figure 32 and Figure 33).

Figure 32: Sphingolipid ExM enables super-resolution imaging of cellular membranes and protein interactions.

(a) Confocal fluorescence image of 4x expanded HelLa229 cells. Cells were fed with a-NH2-w-Ns-Ce-ceramide,
fixed, permeabilized, and labeled with DBCO-Alexa Fluor 488 (green). In addition, Prx3 (magenta), which is
located in the mitochondrial matrix was stained by immunolabeling using ATTO 647N labeled secondary
antibodies. (b) Confocal fluorescence image of a 10x expanded HelLa229 cell fed with ATTO643-mCling (red) and
o-NH2-w-Ns3-Cs-ceramide clicked with DBCO-Alexa Fluor 488 (green). Scale bars, 20 um. The images at the bottom
show magnified views of the regions outlined by the white boxes in the main images. Scale bars, 5 um (Gotz and
Kunz et al., 2020a).
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Figure 33: Pre- and postexpansion images demonstrate isotropic expansion and improvement in resolution.

Confocal fluorescence images of the same Hela229 cells pre- (a,c) and post-4x (b) and 10x (d) expansion. Cells
were fed with a-NH2-w-N3-Cs-ceramide, fixed, permeabilized, stained with DBCO-Alexa Fluor 488 and expanded.
The images demonstrate isotropic expansion. The effective expansion factors were determined to 4.1x and 9.8,
respectively, from the cell’s diameters before and after expansion. Scale bars, unexpanded 5 um (a,c), 4x
expanded 20 um (b) and 10x expanded 50 um (d) (Gotz and Kunz et al., 2020a).
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a-NHz-w-N3-Cs-ceramide in Chlamydia

Besides regulating a plethora of crucial cellular processes, ceramide has been shown to play
an essential role during the infection with various bacteria (Kunz and Kozjak-Pavlovic, 2019),
among others N. gonorrhoeae (Faulstich et al., 2015), S. negevensis (Herweg et al., 2016) and
C. trachomatis (Hackstadt et al., 1996). Chlamydia was revealed to not only manipulate
sphingolipid metabolism but also to directly take up ceramide by hijacking the host ceramide
transporter CERT, a transporter mediating Golgi-ER-trafficking, through the bacterial inclusion
protein IncD (Banhart et al., 2019; Derre et al., 2011; Hanada, 2010). To study ceramide uptake
and distribution by C. trachomatis in more detail, we fed Hela229 cells for 5-60 minutes 32
hours post infection with 10 uM a-NH;-w-N3-Ce-ceramide. Afterwards, the cells were fixed and
click-labeled with DBCO-Alexa 488. The images demonstrate a rapid integration of ceramide
into the membrane of C. trachomatis already after 5 minutes, which further increased with
longer incubation times (Figure 34). Furthermore, 24 hours post infection we applied HPA-12,

a CERT inhibitor, for 8 hours to impede integration of ceramide into the membrane of

Chlamydia. HPA-12 inhibits ceramide uptake efficiently at higher concentrations for short
5'Cer 5'Cer* 15' Cer 30' Cer 60' Cer

10uM HPA12 control

30uM HPA12

Figure 34: HPA-12 inhibits the uptake of a-NHz-w-N3-Cs-ceramide.

Hela229 cells were infected with Chlamydia trachomatis and treated with HPA-12 for 8 hours at 24 hours post
infection, fed with 10 uM a-NH2-w-N3-Ce-ceramide for 5-60 minutes, fixed, permeabilized and stained with DBCO-
Alexa Fluor 488 (green). The uptake of ceramides is reduced during the first 5-15 minutes, while little to no
difference is observed at longer incubation times. 5’ Cer* has enhanced contrast for better comparison. Scale
bars, 20 um (Gotz and Kunz et al., 2020a).
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ceramide incubations of 5 to 15 minutes, while it did not exhibit obvious effects for longer
ceramide incubation (Figure 34). This suggests the involvement of different uptake pathways,

such as vesicle trafficking and fusion from the Golgi apparatus.

The loss of lipopolysaccharide (LPS) has drastic effects on the viability of many bacteria and
was also shown to inhibit the development of chlamydial infectious elementary bodies
(Nguyen et al.,, 2011). Therefore, we tested if incorporation of a-NH;-w-N3-Ce-ceramide
changes the levels of chlamydial LPS in the outer bacterial membrane. In Hela229 cells
infected with C. trachomatis for 24 hours and fed with a-NHz-w-Ns-Cs-ceramide for 1 hour
before fixation, we could not observe any changes in LPS levels. (Figure 35). Previously, it has
been established that sphingolipids can exert toxic effects on bacteria in vitro (Becam et al.,
2017; Fischer et al., 2012) and in vivo (Solger et al., 2020). When feeding HelLa229 cells with
a-NHz-w-N3-Cs-ceramide 1 hour before infection, continuously during infection or 1 hour
before fixation we could neither observe an impact on chlamydial development (Figure 36a)
nor on the infectivity of chlamydial progeny (Figure 36b,c). Interestingly, Chlamydia took up
a-NH3z-w-N3-Cs-ceramide even when the cells were fed before infection, indicating a direct
uptake of ceramides from the host. However, feeding a-NH2-w-N3-Cs-ceramide directly before

fixation resulted in the highest incorporation efficiency (Figure 36a).

DBCO-488 cHSP60 LPS merge

Figure 35: Incorporation of a-NHz2-w-Ns3-Cs-ceramide does not alter levels of chlamydial LPS.

Hela229 cells were infected with Chlamydia trachomatis for 24 hours, fed with a-NH2-w-N3-Cs-ceramide, fixed,
permeabilized and stained with DBCO-Alexa Fluor 488 (gray), cHSP60 (red) and chlamydial LPS (magenta). Scale
bars, 10 um (Gotz and Kunz et al., 2020a).
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Figure 36: a-NHz-w-Ns-Cs-ceramide has no impact on chlamydial growth and progeny.

(a) HeLa229 cells infected with Chlamydia trachomatis for 24 hours and 48 hours were fed with a-NH2-w-N3-Ce-
ceramide before infection, continuously during infection or before fixation, permeabilized and stained with
DBCO-Alexa 488 (green) and cHSP60 (magenta). The treatment did not alter the size of chlamydial inclusions.
Scale bars, 10 um. (b,c) Secondary infection of HelLa229 cells with the chlamydial progeny of Hela229 cells
infected for 48 hours, fed before primary infection, continuously during primary infection and before secondary
infection. Analysis by light microscopy (b), scale bars 20 um, and Western Blot (c) (Gotz and Kunz et al., 2020a).
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Expansion of a-NHz-w-Ns3-Cs-ceramide in Chlamydia and Simkania

Since we proved that a-NH;-w-N3-Cs-ceramide can be linked to the hydrogel, is taken up by C.
trachomatis and does not affect chlamydial growth or viability, we performed 4x (Figure
38b,e) and 10x (Figure 38c,f) expansion of HelLa229 cells infected with S. negevensis (Figure
38a-c and Figure 40), a member of the order of Chlamydiales, or C. trachomatis (Figure 38d-
h) to investigate ceramide localization within the inclusion and individual bacterial particles.
Expansion revealed that the ceramide signal accumulates strongly in the membrane of both
pathogens. In comparison, the fluorescence signal of host cell membranes appeared relatively
dim under identical experimental settings. Interestingly, while, as previously demonstrated
(Figure 24 and Figure 25), 4x expansion already enables the visualization of individual
chlamydial particles and to distinguish between the two distinct developmental forms of C.
trachomatis, 10x expansion is required to do so for S. negevensis due to even more densely
packed inclusions (Figure 38a-c). In a control experiment we fed HelLa229 cells infected with
C. trachomatis with w-N3-Cs-ceramide or o-NHz-w-N3-Ce-ceramide and click-labeled with
DBCO-Alexa Fluor 488. As dye control and w-Ns-Cs-ceramide showed only weak background
staining, we reveal once more that the introduction of the primary amino group in a-NHz-w-
N3-Cs-ceramide indeed enables the linkage into the hydrogel and that we do not display

unspecific staining of bacterial membranes (Figure 37).

dye control N,-Cer NH,-N,-Cer

Figure 37: Introduction of primary amino groups enables expansion of functionalized lipids.

Confocal fluorescence images of 10 expanded HelLa229 cells infected with Chlamydia trachomatis for 24 hours,
without ceramide feeding (dye control), fed with w-N3-Ce-ceramide or a-NH2-w-Ns-Cs-ceramide, fixed,
permeabilized and stained with DBCO-Alexa Fluor 488. Scale bars, 10 um (Gotz and Kunz et al., 2020a).
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Figure 38: Sphingolipid ExM visualizes intracellular pathogens and their interactions with mitochondrial
proteins.

(a-c) HelLa229 cells were infected with Simkania negevensis for 96 hours or (d-h) with Chlamydia trachomatis for
24 hours, fed with a-NH2-w-N3-Cs-ceramide, fixed, permeabilized and stained with DBCO-Alexa Fluor 488 (green)
and (d,e) cHSP60 (magenta) or (g,h) Prx3 (magenta). The images show different cells before expansion (a,d), after
4x expansion (b,e), and 10x expansion (c, f-h) recorded by confocal microscopy (a-g) or SIM (h). The images reveal
close contact of C. trachomatis and mitochondria (g) and uncover that some Prx3 molecules are inserted into the
bacterial membrane. Scale bars, 5 um (unexpanded images a,d), 10 um (4x and 10x expanded images b-c,e-h),
and 2 um (magnified views in images g,h) (Gotz and Kunz et al., 2020a).
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To further demonstrate the applicability of sphingolipid expansion microscopy for
investigating the interaction of bacteria and host organelles, we investigated Chlamydia and
mitochondria. It has been shown that Chlamydia reorganize the host organelles and are highly
dependent on host mitochondria (Chowdhury et al., 2017; Chowdhury and Rudel, 2017). In
Hela229 cells, infected with C. trachomatis, fed with o-NH>-w-N3-Cs-ceramide and
immunolabeled for Prx3 as a mitochondrial matrix marker, we observed the mitochondrial
rearrangement around the chlamydial inclusion (Figure 38g). Furthermore, we observed Prx3
signals within individual bacteria, indicating unspecific protein uptake (Figure 38h). Similar
control experiments in the absence of primary antibodies did not show unspecific binding of

the same secondary antibody, ATTO647N (Figure 39).

sAB control cHSP60 merge

sAB only

a-Cert + sAB

Figure 39: ATTO647N coupled antibodies do not unspecifically bind chlamydial particles.

Confocal images of unexpanded Hela229 cells infected with Chlamydia trachomatis for 24 hours, fed with a-
NH2-w-Ns-Ce-ceramide, fixed, permeabilized and immunolabeled for a-Cert with ATTO 647N (magenta) and
chlamydial HSP60 with Cy3 (red). Upon labeling with secondary antibody but without primary antibody, no
signal was detectable in chlamydial particles (sAB only/sAB control). Scale bars, 20 um (Gotz and Kunz et al.,
2020a).
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30 um

Figure 40: Simkania negevensis closely interacts with host cell mitochondria.

Confocal z-stack of Hela229 cells infected with Simkania negevensis for 48 hours, fed with a-NH2-w-Ns-Ce-
ceramide, fixed, permeabilized and stained with DBCO-Alexa Fluor 488 (cyan) and Prx3 (magenta). 3D-View was
created using Imaris 8.4.1.

To ensure isotropic expansion, we imaged the same inclusions before and after 10x expansion
and showed that the shape and number of bacteria is not altered after expansion.
Additionally, post-expansion images demonstrate the strong accumulation of ceramide in

bacterial membranes (Figure 41).

80



Results

Figure 41: Pre- and postexpansion images of Simkania negevensis and Chlamydia trachomatis demonstrate
isotropic expansion and distinguishability of individual bacterial particles.

Confocal fluorescence images of the same areas of HelLa229 cells infected with Simkania negevensis (a-d)
or Chlamydia trachomatis (e-h), before (a,c,e,g) and after (b,d,f,h) 10x expansion. The infected cells were fed
with a-NH2-w-N3-Ce-ceramide, fixed, permeabilized, stained with DBCO-Alexa 488 and expanded. (c,d) and (g,h)
show magnified views of the regions outlined by the white boxes in the main images. Scale bars, unexpanded
images 2 um and 10x expanded images 20 um (Gotz and Kunz et al., 2020a).
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10x Sphingolipid SIM-ExM to resolve chlamydial double membrane

It is well-known that ceramide is transported to the chlamydial inclusion (Hackstadt et al.,

1996). However, one unanswered question remaining was whether ceramide is incorporated

to the bacterial outer (BOM) or inner membrane (BIM) or to both membranes. While 10x

confocal expansion partially revealed double-membrane-like structures (Figure 42a), the

doubling of spatial resolution in combination with SIM pushed the resolution further to

around 10-12 nm enabling the clear visualization of the incorporation of ceramide in both

BOM and BIM (Figure 42b and Figure 44k). By measuring 23 cross sectional intensity profiles

of chlamydial double-membranes we determined the distance of the two membranes to 27.6

+ 7.7 nm (s.d.) (Figure 43 and Figure 44).
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Figure 43: 10x SIM-ExM enables visualization of ceramide in the inner and outer chlamydial membrane.

Hela229 cells infected with Chlamydia trachomatis for 24 hours, fed with a-NH:-w-N3-Ce-ceramide, fixed,
permeabilized and click-labeled with DBCO-Alexa Fluor 488 (green). Confocal (a) and SIM images (b) disclose that
ceramides are incorporated into the BOM and BIM. (c) Example of a fitting intensity cross sectional profile of the
chlamydial double membrane. Scale bars 10 um (a,b), 2 um (white boxes) (Gotz and Kunz et al., 2020a).
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Figure 42: Histogram and fit of 23 distances determined from
cross sectional intensity profiles of ceramide in chlamydial
particles.

Hela229 cells were infected with Chlamydia trachomatis, fed
with a-NH2-w-N3-Cs-Ceramide, fixed, permeabilized, labeled
with DBCO-Alexa 488, 10x expanded and imaged with SIM to
visualize double membranes of chlamydial particles. In total 23
cross sectional intensity profiles were measured from 3
biological replicates. Only those bacteria were selected whose
orientation allowed us to visualize spatially separated BOM and
BIM (i.e. frontal views of bacteria) and determine the distance
between the two membranes to 27.6 + 7.7 nm (s.d.) (Gotz and
Kunz et al., 2020a).
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Figure 44: Examples of cross-sectional intensity profiles of ceramide in chlamydial particles.

Cross sectional intensity profiles (a-j) of the chlamydial double membrane in 10x expanded HelLa229 cells,
infected for 24 hours with Chlamydia trachomatis, fed with a-NH2-w-N3-Cs-Ceramide (green) and imaged with
SIM to visualize double membranes of chlamydial particles. The distance between the BOM and BIM varies
between 19.7 nm and 51.1 nm. (k) SIM image of one of three 10x expanded samples used for data analysis shown
in Figure 43 (Gotz and Kunz et al., 2020a).
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In comparison to other superresolution microscopy methods, expansion microscopy does not
require high-cost setups or intensive training. Additionally, expansion microscopy is perfectly
suited for multi-color imaging, does not suffer in reduced axial resolution and does not require
long image acquisition, which are typical problems in superresolution microscopy. On the
other hand, expansion microscopy requires high label density. High expansion factors of ten-
or even twentyfold will dilute the signal 1000 or 8000-fold, which may ultimately lead to
insufficient signal to noise ratio. Furthermore, many dyes are not suitable for expansion
microscopy and suffer severely during gelation and digestion of the sample, e.g. cyanine dyes
(Wassie et al., 2019). In the study of Tillberg et al., it was tested to which degree individual
fluorophoric proteins are suited for expansion microscopy (Tillberg et al., 2016). The study
demonstrates that, while mTomato, mRuby, and EGFP are well suited for expansion, that
mCherry and ECFP are more impacted by the treatment. Within this work, we identified Alexa
Fluor 488, CF568, Atto643 and Atto647N to be the most reliable dyes. When performing
expansion microscopy, it is important to consider possible artifacts deriving from anisotropic
expansion or insufficient digestion. In this regard, it was recently shown that the digestion of
more complex specimen, such as fungi or bacterial pathogens, must be adjusted for complete
digestion and hence isotropic expansion (Gotz et al., 2020b; Lim et al., 2019). It is also
important to note, that expansion microscopy is only possible for fixed samples and is

therefore not suitable for live cell imaging.

Expansion microscopy to visualize mitochondrial cristae

The first part of the thesis demonstrates the successful application of expansion microscopy
for the visualization of mitochondrial cristae, their morphology and the localization of

mitochondrial proteins relative to cristae (Kunz et al., 2020).

As a cristae marker, we overexpressed the mitochondrial creatine kinase labeled with GFP
(herein referred to MtCK-GFP) (Schlattner et al., 2006). Contrary to other established cristae
markers, such as COX8A (Stephan et al., 2019) or ATP5I (Kondadi et al., 2020), we believe that
the overexpression of MtCK-GFP does not interfere with the naive ATP production cycle, which

has been demonstrated in several studies to be linked to the morphology of mitochondrial
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cristae. In this case, especially the Fo subunit (intermembrane unit) of the Fi1Fo ATP synthase
was shown to determine cristae morphology by bending the inner boundary membrane (Blum
et al., 2019; Davies et al., 2011; Hahn et al., 2016; Strauss et al., 2008; Wittig et al., 2007).
Furthermore, the F1iFo ATP synthase is interacting with OPA1 (Quintana-Cabrera et al., 2018)
and the MICOS-complex (Eydt et al., 2017; Rabl et al., 2009; Rampelt et al., 2017), which were
both confirmed in several studies to be involved in cristae formation and morphology.
Interestingly, when overexpressing the Fip-subunit linked to a fluorophore, e.g. GFP or
mCherry, we could observe that higher protein amounts led to disrupted cristae or even
apoptotic cells and therefore did not enable visualization of native cristae (data not shown).
Hence, we assume that expressing a marker like MtCK-GFP, which is not interfering with the
mitochondrial ATP production and is further not linked to the cristae membrane, is an ideal
way for cristae imaging. Nevertheless, one should keep in mind that the overexpression of
proteins within cristae itself, even without the direct interference, might have an impact on
the mitochondrial viability and cristae morphology. Upon MtCK-GFP overexpression, we could
not observe any effects on cell viability or mitochondrial length and distribution (Figure 13).
Nevertheless, a Seahorse XF Mito Stress Test, providing key parameters of mitochondrial
function as basal respiration or maximal respiration, could be performed as a further and more

detailed control.

Besides the importance of choosing the right cristae marker, the visualization of individual
cristae is further complicated by the fact that the distance between two individual cristae has
been determined by electron microscopy to be often below 100 nm (Jakobs and Wurm, 2014).
As the resolution limit of conventional confocal microscopy is limited by the diffraction limit
of light defined by Abbe and the numerical aperture of the objective to around 240 nm (Abbe,
1873), the visualization of individual mitochondrial cristae requires superresolution
microscopy. Unfortunately, regular structured illumination microscopy (SIM) is also limited in
resolution to around 100-120 nm. Fourfold expansion increases the resolution on a confocal
microscope to 60 nm and in combination with SIM to 30 nm without the need of high-cost
equipment. However, first promising results of cristae imaging on light microscopes were only
performed by applying high-cost SMLM (Shim et al., 2012) or STED (Schmidt et al., 2009). The
cristae intensity of fixed cristae remained relatively poor due to the quality of the antibodies

against the F1Fo ATP synthase (Schmidt et al., 2009) or the quality of fixed MitoTracker Red

85



Discussion and Outlook

(Shim et al., 2012). Recent publications, on the other hand, display great improvements in live-
cell imaging using STED, STORM and Airyscan microscopy in combination with fluorescent live-
cell dyes, such as Mitotracker (Shim et al., 2012; Wolf et al., 2019) and MitoPB Yellow (Wang
et al., 2019). These are both cationic dyes accumulating on the IMM due to the negative
mitochondrial membrane potential. MitoPB Yellow labeling remains unaffected by membrane
potential reduction, which on the other hand corresponds with the labeling intensity of
Mitotracker. The latter can therefore be used advantageously to measure membrane
potential of individual cristae in combination with a second cristae marker, e.g. 0-N-nonyl
acridine orange (NAQ), a dye preferentially binding cardiolipin, as shown by Wolf et al. (Wolf
and Hackstadt, 2001). These live cell dyes as well as the overexpression of proteins of the
OXPHOS complex as cristae markers (Stephan et al., 2019) were successfully used to analyze
the mitochondrial ultrastructure and to observe cristae dynamics. Even though such dyes
enable live cell observation of cristae dynamics in real time with high signal intensity, they also
exhibit very fast damaging of mitochondrial vitality and therefore may not visualize cristae in
native shape. Furthermore, such approaches are not suitable for localization studies of
mitochondrial proteins by immunolabeling. Due to the lack of primary amino groups, these

dyes are also not suitable for expansion microscopy.

Given this background, we expanded cells overexpressing our cristae marker MtCK-GFP
(Figure 13). While the fourfold expansion enabled the visualization of individual cristae
already on a confocal setup, the combination of fourfold expansion and SIM provided more
insight into the internal mitochondrial structure, approaching super-resolution methods like
dSTORM (Supplementary Figure 14). Within our study, we further demonstrated that
Mitofilin/Mic60, the central unit of the MICOS-complex localized at the Cls and essential for
cristae formation (Hessenberger et al., 2017; John et al., 2005), and TFAM, a mitochondrial
transcription factor located in the matrix and crucial for the expression of mitochondrial
proteins (Campbell et al., 2012), are in close proximity to cristae. When comparing TFAM to
PRX3, a mitochondrial thioredoxin-dependent hydroperoxidase which is also exclusively found
in the mitochondrial matrix (Donsante, 2017), we could observe clear differences in protein
localization (Figure 14 and Figure 15). While PRX3, as expected for a freely soluble protein in
the mitochondrial matrix, shows an alternating signal to cristae, TFAM co-localizes with cristae

to a large extent. Thus, the improved resolution obtained by expansion microscopy enables
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distinguishability of the localization of different proteins within the same mitochondrial
compartment, herein the mitochondrial matrix. 3-color imaging of expanded samples in
combination with SIM revealed the colocalization of TFAM and Mitofilin/Mic60 (Figure 17 and
Figure 18). Interestingly, Li et al. previously observed that the depletion of Mic60/Mitofilin
changes maintenance and morphology of mtDNA nucleoids (Li et al., 2016). Moreover, in
2015, it was reported of the possible interaction of Mitofilin/Mic60 and TFAM (Yang et al.,
2015). In our study, we supported the theory of a possible functional connection of TFAM
and/or other mtDNA-associated proteins with the MICOS complex that may enable sensing
and responding of the mitochondrial nucleoid to mitochondrial morphological changes (Kunz
et al., 2020). For this, our cristae marker MtCK-GFP in combination with expansion microscopy
might be a great tool for further investigations of possible interactions between the MICOS
complex and the mitochondrial nucleoid or between proteins and other complexes associated
with mitochondrial cristae, e.g. OXPHOS-complexes or ATP-synthase (Kondadi et al., 2019).
Interestingly, MICOS was also proposed to be a central core complex of a larger ER-
mitochondria interaction network (ERMIONE) (van der Laan et al., 2012). Moreover, we
reported about a new subunit of the mammalian MICOS/MIB complex, the armadillo repeat-
containing protein 1 (ARMC1), which is located in the cytosol and at the OMM, where it
interacts with the MICOS complex. We observed that Armc1l is important for mitochondrial
motility, indicating a possible interaction with the cytoskeleton (Wagner et al., 2019).
Expansion microscopy could be used to investigate such connections of the MICOS complex

outside mitochondria as well as its effects, e.g. on cristae structure.

Besides localizing mitochondrial proteins relative to cristae, our tool enables the visualization
of cristae defects upon treatment with CCCP, a strong uncoupling agent that can abruptly
depolarize the membrane potential leading to the swelling of mitochondria (Figure 19a) (Park
et al., 1997). The partial loss of cristae integrity could be observed with increasing length of
incubation, which has previously been shown by electron microscopy (Ding et al., 2012).
Furthermore, we transfected Hela229 cells with an inducible knockdown of Sam50 by
doxycycline (Dox)-mediated shRNA expression (sam50kd-2). As mentioned before, this
complex has been confirmed in previous studies to be of importance for cristae morphology
by bending the inner membrane for cristae formation and the interaction with the FiFo-ATP

synthase. When inducing the Sam50 knockdown, we could observe a complete loss of cristae
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membranes (Figure 19b). Accordingly, it was previously illustrated by transmission electron
microscopy that the loss of Sam50 leads to an enlargement of mitochondria and loss of cristae
structure (Ott et al., 2015). While our tool is perfectly suitable to visualize major changes or
the loss of cristae structure, more delicate changes might be more difficult to observe due to
the resolution limit of around 60 nm on confocal and 30 nm on SIM after fourfold expansion.
Unfortunately, the labeling density of the overexpressed MtCK-GFP might be the limiting
factor for higher expansion factors, as expansion factors of ten or even twenty will dilute the
signal 1000 or 8000-fold. To possibly overcome this problem, MtCK could be linked to different
tags rather than fluorophoric proteins as GFP, e.g. SNAP or HALO-tags, which can be used for

signal amplification.

Expansion of intracellular pathogens

So far, infections by various pathogens have mainly been studied by diffraction-limited
conventional microscopy. Superresolution microscopy, such as dSTORM (Heilemann et al.,
2008), PALM (Betzig et al., 2006) or STED (Hell, 2007), require, as previously mentioned, high-
cost setups and intense training and thus are limited to specialized laboratories. Additionally,
infection laboratories are already highly specialized in infection processes to provide sufficient
safety standards and are required to perform a broad range of methods of molecular biology
and microbiology. Thus, expansion microscopy offers an alternative by providing
superresolution on conventional microscopes that are more accessible for most infection

laboratories and do not require additional training.

In a study in 2019, we showed for the first time the applicability of expansion microscopy on
intracellular bacteria, more specifically C. trachomatis (Kunz et al., 2019). Shortly after, Lim et
al. established that many bacteria, such as Salmonella, require additional treatment with
lysozyme, a 1,4-B-N-acetylmuramidase cleaving the glycosidic bond between N-acetyl
muramic acid (MurNAc) and N-acetyl glucosamine in peptidoglycan of bacteria, in order to
sufficiently digest the bacterial cell wall and hence enable isotropic expansion (Lim et al.,
2019). Interestingly, while all members of the genus Chlamydia have a nearly complete
pathway for the synthesis of peptidoglycan (Hesse et al., 2003; McCoy et al., 2006; McCoy and
Maurelli, 2005; McCoy et al., 2003; Patin et al., 2009; Patin et al., 2012) and exhibit

susceptibility to antibiotics targeting peptidoglycan (Moulder et al., 1963; Tamura and Manire,
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1968), the existence of peptidoglycan in chlamydial cell envelopes has long been debated as
all attempts to purify or detect peptidoglycan were unsuccessful. The lack of peptidoglycan in
chlamydial species, also shown for S. negevensis (Pilhofer et al., 2013), is hence referred to as
chlamydial anomaly. However, in 2014 Liechti et al. demonstrated that peptidoglycan is
synthesized and present in the septum of dividing reticulate bodies, which could be removed
by lysozyme treatment (Liechti et al., 2014). Nevertheless, within our study we revealed that
the expansion of C. trachomatis does not require lysozyme, possibly due to the lack or low
expression of peptidoglycan (Figure 20b). Moreover, as expected, lysozyme treatment is not
required for the expansion of S. negevensis (Figure 20d). In agreement with this, the expansion
of N. gonorrhoeae, which exhibits thicker peptidoglycan layers (Dougherty, 1985),
necessitates treatment with additional lysozyme (Figure 20f). The even more complex cell wall
of the gram-positive S. aureus, possesses a particularly high cross-link ratio between
peptidoglycan chains, predominantly consisting of a pentaglycine motif (Figure 45) (Monteiro
et al., 2019). In this work we reveal that the expansion of S. aureus requires, besides lysozyme
and proteinase K, the digestion with lysostaphin, an endopeptidase secreted by S. simulans to
specifically cleave the pentaglycine residues in the cell wall of S. aureus (Figure 20h) (Francius
et al.,, 2008). In comparison to N. gonorrhoeae, the digestion of S. aureus for isotropic
expansion further requires higher amounts of lysozyme. Theoretically, both bacteria are highly
exposed to lysozyme within their niches and hence less susceptible to its lytic activity since N-
acetylmuramic residues in their peptidoglycan layers are O-acetylated by secreted enzymes,
lowering the binding affinity to lysozyme (Brott and Clarke, 2019; Laux et al., 2019; Ragland
and Criss, 2017; Schielke et al., 2010). However, it was previously shown that peptidoglycan
of both species can still be degraded by lysozyme, even though the efficiency is reduced
(Reinicke et al., 1983). The higher amounts of lysozyme needed for proper digestion of the
staphylococcal cell wall can possibly be explained by the higher O-acetylation ratio of MurNAc
(around 60%) compared to the neisserial cell wall (34-52%) (Ghuysen and Strominger, 1963;
Swim et al., 1983). Additionally, it was demonstrated that the ratio of O-acetylation of the cell
wall of S. aureus increases within the stationary phase (Dupont and Clarke, 1991). Higher O-
acetylation might cause difficulties with the digestion of the staphylococcal cell wall, which
may be overcome by higher concentration of lysozyme, longer incubation or by treatment
with mutanolysin, an 1,4-B-N-acetylmuramidase from Streptomyces globisporus that, like

lysozyme, is cleaving the glycosidic bond between N-acetyl muramic acid (MurNAc) and
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Figure 45: Schematic illustration of the cell wall of Staphylococcus aureus and the cutting sides for digestion

enzymes

The cell wall of Staphylococcus aureus has thick layers of peptidoglycan, which consists of polysaccharide chains
that are highly cross-linked, predominantly by pentaglycine motifs. These motifs can be degraded with
lysostaphin, an endopeptidase secreted by Staphylococcus simulans to specifically cleave pentaglycine residues
in the cell wall of S. aureus. Due to the niche within the human nares as a commensal, S. aureus is confronted
with the bacteriolytic lysozyme, a 1,4-B-N-acetylmuramidase cleaving the glycosidic bond between N-acetyl
muramic acid (MurNAc) and N-acetyl glucosamine in peptidoglycan of bacteria. Thus, S. aureus secretes enzymes
to O-acylate peptidoglycan to lower the affinity of lysozyme. While it was previously shown that staphylococcal
peptidoglycan can still be degraded by lysozyme, even though with reduced efficiency, treatment with
mutanolysin might improve cell wall digestion. Mutanolysin is an 1,4-B-N-acetylmuramidase from Streptomyces
globisporus that, like lysozyme, is cleaving the glycosidic bond between N-acetyl muramic acid (MurNAc) and N-
acetyl glucosamine in peptidoglycan of bacteria but is not inhibited by O-acetylation.
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N-acetyl glucosamine in peptidoglycan of bacteria, but is not inhibited by O-acetylation and
could hence improve cell wall digestion (Yuan et al., 2012). Within our study, we demonstrate
the improved resolution of samples infected with S. aureus from 240 nm on conventional
confocal microscopy and 120 nm on structured illumination microscopy (SIM) to 60 nm on
confocal and 30 nm on SIM after expansion (Figure 26). Furthermore, S. aureus was
controversially described to either avoid or induce autophagy (Geng et al., 2020; Lopez de
Armentia et al., 2017; Mestre and Colombo, 2012; Mestre et al., 2010; Prajsnar et al., 2020)
and to reside and replicate in large numbers within lysosomes (Flannagan et al., 2016). Here,
we demonstrate that expansion microscopy enables the visualization and further investigation
of bacteria within Lampl (Figure 27a) and LC3-Il (Figure 27b) vesicles of HelLa229 cells 1.5
hours post infection. In addition, we confirm that expansion microscopy can be used to
investigate the localization of proteins at the membrane or cytosol of S. aureus by co-
immunolabelling the staphylococcal protein lipoteichoic acid with cytosolic GFP (Figure 27c)
1.5 hours post infection. Until now, several studies used SIM-imaging to display membrane
changes or disruptions. For example, in 2019, Thalsg-Madsen et al. demonstrated that slel, a
cell wall amidase, is important for the B-lactam resistance of MRSA by showing characteristic
morphological abnormalities upon treating slel mutant strains with the antibiotic oxacillin
(Thalso-Madsen et al., 2019). For many antibiotics, a limiting factor is the poor penetration of
bacterial membranes. While SIM imaging is sufficient to observe major changes within the
staphylococcal membrane, expansion microscopy could further enhance resolution and
enable visualization of minor membrane changes. Therefore, expansion microscopy could be
a valuable tool for the development of antibiotics, which is especially interesting since there
is a strong emergence of antibiotic-resistant staphylococcal strains (Chambers and Deleo,

2009).

In our study from 2019, we could demonstrate the applicability of expansion microscopy with
C. trachomatis without the need of further digestion adjustments (Kunz et al., 2019). Within
this study, we aimed to investigate the localization of the serine protease CPAF, that is claimed
by several reports to cleave or degrade host proteins during infection to control cellular and
chlamydial interactions (Rajeeve et al., 2018; Tang et al., 2015; Yang et al., 2016). However,
the exact localization of CPAF within the inclusion and cytoplasm is currently under debate

(Chenetal., 2012; Conrad et al., 2013; Hacker, 2014; Johnson et al., 2015; Snavely et al., 2014;
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Zhong, 2014). An interesting observation of our study was the strong association of CPAF with
individual chlamydial particles and increasing expression at later stages of infection (Figure
21). By treating infected cells with clasto-lactacystin beta-lactone, a CPAF inhibitor (Johnson
et al., 2015), we excluded potential artefacts due to remaining CPAF activity during fixation
(Figure 22). Like many other chlamydial effector proteins, CPAF was shown to be secreted
from the inclusion by a type Il secretion system (T2SS) into the cytoplasm (Snavely et al., 2014).
Indeed, we could observe a strong accumulation of CPAF in RSTE4-strain C. trachomatis (T2SS-
mutant) (Figure 21). Besides CPAF, we demonstrated the improvement in resolution for a
second chlamydial effector protein, namely Cdul, encoded in one of two chlamydial genes of
deubiquitinases, ChlaDUB1 (Cdul) and ChlaDUB2 (Cdu2). The deubiquitinase Cdul is located
within the chlamydial inclusion membrane, facing the host cell cytoplasm with its active site
(Fischer et al., 2017). So far, Cdul has been implicated in the stabilization of kBa and inhibition
of NFkB-induced inflammatory response of the cell (Le Negrate et al.,, 2008), the
fragmentation of the Golgi apparatus (Pruneda et al., 2018) and the stabilization of the
antiapoptotic protein Mcl-1 (Fischer et al., 2017). Expansion microscopy allows the
visualization of Cdul in much clearer detail within the chlamydial inclusion membrane and
may enable the visualization of Cdul accumulation at specific parts of the membrane (Figure
23). We believe that expansion microscopy could hence permit the observation of the

interaction of e.g. Golgi apparatus and Cdul on conventional confocal microscopes.

Lastly, when observing Chlamydia after fourfold expansion, we found differences in sizes of
chlamydial particles and hypothesized that we could possibly differentiate between the
smaller elementary bodies (EBs) and larger and metabolically active reticulate bodies (RBs).
For this, we infected HelLa229 cells with a recently introduced Chlamydia strain Ct mCh(Grol2)
GFP(OmcAI2) expressing mCherry under the control of constitutive groESL operon (expressed
within RBs) and GFP fused to the omc promotor (expressed within EBs) (Cortina et al., 2019).
Indeed, we could observe that all smaller chlamydial particles expressed GFP, while the larger
particles expressed mCherry (Figure 24 and Figure 25). Therefore, our study revealed that
expansion microscopy enables the detection of individual chlamydial particles and can further
be used to distinguish between different chlamydial developmental stages due to their known
size, which was so far only shown by electron microscopy. In 2018, using 3D electron

microscopy, Lee et al. analysed chlamydial inclusions and hypothesized that the size of
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chlamydial RBs controls timing of RB-to-EB conversion independently of external signals (Lee
et al., 2018). For this, several sections of the samples were imaged individually in order to give
a complete picture of the ratio of the different chlamydial stages. However, while achieving
impressive results, the average acquisition time of one section was around 3 minutes and a
cell monolayer required around 500 sections, resulting in an acquisition time of around 25
hours for only one region of interest. While electron microscopy certainly has better
resolution than fourfold expansion microscopy, we can nevertheless also distinguish different
chlamydial particles due to the known size on conventional confocal microscopy and reduce
imaging time of a whole mature inclusion to around 20-30 minutes. Hence, our approach
enables quantification studies in much higher throughput. Moreover, expansion microscopy
is simpler, cheaper and requires way shorter preparation time and could be used to determine
the developmental stage of inclusions and developmental changes under different conditions,
e.g. nutrient depletion, inhibition of important chlamydial effector proteins or antibiotic
treatment. Lastly, we believe that bacterial expansion microscopy is a great tool to investigate
the interaction between different pathogens at high resolution. An interesting model would
be the coinfection with C. trachomatis and N. gonorrhoeae, which ,while poorly understood,
was shown to often occur in patients (Guy et al., 2015). Furthermore, as the occurrence of
these coinfections are assumed to be far too high to be random, it is believed that there is an

active interplay between both pathogens (Althaus et al., 2014).

Sphingolipid expansion microscopy

Sphingolipids are of broad interest in various aspects of cellular and infection biology.
However, sphingolipid imaging is extremely difficult as the performance of antibodies against
most lipids remains relatively inadequate, resulting in insufficient signal-to-noise ratio and
making antibodies therefore not suitable for superresolution microscopy. To overcome this
problem, many studies make use of azido-functionalized lipids to perform click-chemistry for
labeling, resulting in much stronger signals (Solger et al., 2020; Walter et al., 2017). However,
one must consider that feeding in excess does not represent natural conditions. Potentially,
one could overcome or reduce side effects through excess feeding by repeatedly feeding

lower concentrations of the modified analogue to progressively replace cellular lipids.
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Due to the lack of primary amino groups, most lipids cannot be fixed by formaldehyde,
glutaraldehyde or other chemical fixatives. Furthermore, the primary amino group is crucial in
order to link the molecule of interest into the hydrogel through the reaction with
glutaraldehyde (GA), MA-NHS (Chozinski et al., 2016) or AcX (Tillberg et al., 2016) or Label-X
(Chen et al., 2016). The latter, Label-X, has been developed in order to link RNA to the gel,
which was labeled by fluorescent in situ hybridization (ExFISH) after expansion. So far,
expansion has been limited to only proteins and RNA. Recently, we established that w-Ns-
sphingosine is incorporated into the membrane of intracellular N. gonorrhoeae, possibly for
bacterial killing by the host cell (Figure 28) (Solger et al., 2020). As sphingosine itself carries a
primary amino group, we hypothesized that w-Ns-sphingosine is the ideal candidate to test
whether a single primary amino group of a lipid enables expansion of functionalized lipids.
Indeed, we could confirm our hypothesis by visualizing incorporated w-Ns-sphingosine in N.
gonorrhoeae after fourfold expansion (Figure 29). However, in order to form ceramide, the
primary amino group of sphingosine gets N-acetylated, which therefore disables linkage to the
hydrogel. Furthermore, the N-acetylation can be done by fatty acids of various chain length
(Grosch et al., 2012). In the study of Walter et al. in 2017, it was demonstrated that long-chain
w-N3-Ci6-ceramide is incorporated into cellular membranes but cannot be efficiently click-
labeled with DBCO-functionalized dyes, which was explained by the hindered accessibility of
the w-Ns-group after membrane incorporation (Walter et al., 2017). In contrast, the unnatural
short-chain w-N3-Cs-ceramide could be efficiently incorporated into cellular membranes and
click-labeled by DBCO-functionalized dyes (Collenburg et al., 2016; Walter et al., 2016; Walter
et al., 2017). Albeit short-chain ceramides are unnatural, we therefore reasoned the evenly
distributed short-chain w-N3-Cs-ceramide to be the perfect candidate for testing our theory
for fixing and expanding functionalized lipids. We therefore aimed to introduce a primary
amino-group into the unnatural short-chain w-N3-Cs-ceramide, synthesizing the a-NHz-w-Ns-
Ce-ceramide from (tert-butoxycarbonyl)-L-lysine (Figure 30a and Supplementary Figure 1-13).
While short-chain ceramides have previously been described to exhibit apoptotic effects
(Banerjee et al., 2012), we could demonstrate by LDH-cytotoxicity-assays that 10 uM of the
unmodified Ce-ceramide, the control w-Ns3-Cs-ceramide and our novel a-NHz-w-Ns3-Ce-
ceramide did not exhibit cytotoxic effects after one hour incubation. However, long-term
feeding (24 hours) resulted in an increase of cytotoxicity of around 20% for all three analogues

(Figure 31).
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In contrast to control w-N3-Cs-ceramide, we could show that the introduction of a primary
amine in a-NH;-w-Ns3-Cs-ceramide enabled lipid fixation (Figure 30), which we further
confirmed by lower mobility post fixation in FRAP experiments (Figure 30b). Due to the
fixability and the ability to link w-Ns-sphingosine in Neisseria to the hydrogel (Figure 29), we
reasoned that we could link and expand a-NH;-w-N3-Cs-ceramide. Conformingly, we
demonstrated that the introduction of a primary amine enabled isotropic expansion of a-NH,-
w-N3-Cs-ceramide by comparing the structures of the same cell pre- and post-expansion for
both 4x and 10x expansion (Figure 33) and determined the effective expansion factors to be
4.1 and 9.8. Our images also revealed intense signals of a-NH,-w-N3-Cs-ceramide in organelles,
such as Golgi or mitochondria (Figure 32a). The membrane-binding fluorophore-cysteine-
lysine-palmitoyl group (mCling) is a molecule that is taken up during endocytosis, labels the
plasma membrane and also carries a primary amine necessary for expansion (Revelo et al.,
2014). We show that it is efficiently incorporated mainly in the plasma membrane of the cell
(Figure 32b). Our functional ceramide, on the other hand, is much more evenly distributed
within cellular membranes. In summary, we show that labeling with the novel sphingolipid
analogue is dense enough to support nanoscale resolution of continuous membrane
structures. Interestingly, the labeling density was in fact too high for dSTORM imaging,
resulting in artifacts due to overlapping point spread functions because of high emitter density
(Supplementary Figure 15). Recently, Boyden and coworkers introduced an alternative
approach for the expansion of membranes (mExM) (Karagiannis et al., 2019). Within this
study, they developed a membrane intercalating probe containing a chain of lysines for
hydrogel linkage, a glycine for mechanical flexibility, a lipid tail for membrane insertion and a
biotin residue for fluorescent labeling of the sample by streptavidin. While this method
enables another elegant way of membrane labeling for expansion microscopy, we hypothesize
that the introduction of a primary amine also permits the investigation of specific lipids of
interest and may be suitable also for so far inaccessible molecule classes including

carbohydrates.

Sphingolipid expansion microscopy in Chlamydia

Chlamydia was shown to directly take up ceramide by hijacking the host ceramide transporter
CERT, a transporter mediating Golgi-ER-trafficking, through the bacterial inclusion protein

IncD (Banhart et al., 2019; Derre et al., 2011; Hanada, 2010). Interestingly, we could show that
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C. trachomatis efficiently takes up a-NH;-w-N3-Cs-ceramide already after 5 minutes, which
further increased over time, suggesting an effective and fast ceramide uptake. When applying
the CERT inhibitor HPA-12, we revealed a delayed uptake of a-NH;-w-N3-Cs-ceramide,
especially within the first 15 minutes and with higher inhibitor concentrations. For longer
incubation times, however, we observed an efficient and comparable uptake of the ceramide
analogue even when the cells were treated with HPA-12, suggesting the involvement of
different lipid uptake pathways (Figure 34). A potential uptake pathway could be the
trafficking of vesicles from the Golgi apparatus, possibly through the interaction with IncE,
which has been reported to specifically bind to the Sorting Nexin 5 Phox domain (SNX5-PX)
and to disrupt retromer trafficking between the endosomes and the Golgi apparatus (Sun et
al., 2017). Moreover, we observed that C. trachomatis incorporated a-NH;-w-N3-Cs-ceramide
even when the cells were fed before infection, confirming the direct uptake of short-chain
ceramides from the host (Figure 36a). Nevertheless, the mechanisms involved in ceramide
distribution to the inclusion and within the inclusion to individual chlamydial particles remain
to be investigated. Like other groups reported before (Elwell et al., 2011), we observed that
RBs often localize in close vicinity to the inclusion membrane, likely for nutrient uptake
(Supplementary Figure 16 and Supplementary Movie 8). In a study of 2008, it was suggested
that RBs take up nutrients to grow and eventually “fall-off” the inclusion membrane to the

inclusion lumen to redifferentiate into the infectious EBs (Hoare et al., 2008).

Due to the significance of natural long-chain ceramide for Chlamydia and as many
sphingolipids exhibit bactericidal effects (Kunz and Kozjak-Pavlovic, 2019), we reasoned that
the modifications of our a-NH;-w-Ns-Ce-ceramide and the strong uptake might lead to
impaired chlamydial propagation. Hence, we tested whether our functionalized and unnatural
short-chain ceramide analogue exhibits toxic effects on Chlamydia. Both formation of
inclusions and infectious progeny was unaffected in cells treated with a-NHz-w-N3-Ce-
ceramide before infection, continuously during infection or before fixation (Figure 36),
suggesting that the incorporation of unnatural short-chain ceramides does not have a major
impact on chlamydial viability. In agreement with this, Heuer and coworkers showed that
artificial NBT-Cis-ceramide also does not affect chlamydial growth or progeny (Banhart et al.,
2014). Furthermore, as the loss of (LPS) has dramatic effects on the viability of gram-negative

bacteria and was shown to inhibit the development of chlamydial infectious elementary
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bodies (Nguyen et al., 2011), we wondered if treatment with a-NH;-w-N3-Cs-ceramide leads
to replacement of chlamydial LPS at the outer membrane but could not observe any changes
(Figure 35). Feeding a-NH-w-Ns-Cs-ceramides directly before fixation resulted in the highest
incorporation efficiency and was therefore chosen as the protocol of choice for expansion

experiments.

Fourfold expansion of C. trachomatis fed with the unnatural a-NH;-w-Ns3-Cs-ceramides
enabled differentiation of smaller EBs and larger RBs (Figure 38e), as shown in our previous
study (Figure 24 and Figure 25) (Kunz et al., 2019). Due to the high labeling density we
performed tenfold expansion, which further improved the resolution (Figure 38f). In fact,
when observing individual chlamydial particles after tenfold expansion on confocal
microscopy, we could observe structures that appeared to be double membranes.
Interestingly, while the transport of ceramide to Chlamydia has been reported earlier
(Hackstadt et al., 1996), one of the unanswered questions remaining was whether ceramides
form parts of the BOM or BIM. Indeed, SIM images after tenfold expansion clearly
demonstrated a-NH;-w-N3-Cs-ceramide in both BOM and BIM (Figure 42). We measured the
distance of the BOM and BIM of Chlamydia where the orientation allowed us to visualize
spatially separated membranes (i.e. frontal views of bacteria) of three different experiments
of in total 23 cross sectional intensity profiles and determined the distance between both
membranes to 27.6 £ 7.7 nm (s.d.) (Figure 43 and Figure 44), which is in agreement with
electron microscopy data. While we show that the incorporation of a-NH;-w-N3-Cs-ceramide
enables the visualization of the chlamydial double membrane, we cannot comment on
whether it is purposely incorporated in both membranes or because of unspecific integration.
As mentioned before, a limiting factor for many antibiotics is the poor penetration of bacterial
membranes. We therefore hypothesize, that, by enabling imaging of the inner and outer
bacterial membrane, our new compound in combination with expansion microscopy may be
a useful tool for development of antibiotics, especially against multidrug-resistant bacteria

(Ghai and Ghai, 2018).

To demonstrate that sphingolipid expansion microscopy can further be advantageously used
to visualize the interaction of pathogens with host proteins or organelles, we investigated the
chlamydial interactions with mitochondria. Chlamydia was shown before to influence

mitochondrial dynamics and to reorganize mitochondria around the inclusion most likely due
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to a high dependence on mitochondrial nutrients (Chowdhury et al., 2017; Kurihara et al.,
2019). However, so far these investigations were performed on confocal microscopy, SIM or
electron microscopy. When immunolabeling for the mitochondrial matrix protein PRX3, we
observed very tight connections between mitochondria and the inclusion, where juxtaposed
RBs were practically attached to the inclusion membrane (Figure 38g). Moreover, we found
PRX3 signals to be located within individual RBs indicating unspecific protein uptake (Figure
38h). In similar experiments, performed in the absence of primary antibodies, we did not
observe nonspecific binding of the used secondary antibody, ATTO647N (Figure 39). However,
it is possible that the primary antibody PRX3 is unspecifically binding chlamydial particles and
therefore we do not observe actual PRX3 signal. Thus, it would be interesting to repeat such
experiments immunolabeling for different soluble mitochondrial matrix proteins to see if we
observe unspecific mitochondrial protein uptake. An explanation might be that, similar to the
nanotube formation of E. coli (Pal et al., 2019), Chlamydia might use its type Ill secretion
system (T3SS) to not only secrete effector proteins but also to soak up nutrients from the host
cell, in this case directly from mitochondria. The detection of mitochondrial proteins seems
even more convincing as Szaszak et al. already showed in 2011 NAD(P)H at and within the
inclusion (Szaszak et al., 2011). Importantly and contrary to the negligible linkage error by
clicking DBCO to our functional a-NH;-w-N3-Cs-ceramide, one should keep in mind that due to
the size of antibodies, immunolabeling of around 17.5 nm results in a linkage error at tenfold
expansion of around 175 nm. To bypass this issue, it is possible to stain the sample after
expansion, as already demonstrated in the MAP (Ku et al.,, 2016) and U-ExM protocol

(Gambarotto et al., 2019).

Besides Chlamydia, we further investigated the compatibility of a-NH2-w-N3-Cs-ceramides to
investigate the infection of S. negevensis. Contrary to Chlamydia, the clear distinguishability
and differentiation of different developmental forms of simkanial particles required not only
fourfold but tenfold expansion due to the high density of simkanial particles within the
inclusion (Figure 38 a-c). We observed that the fluorescence signal in host cell membranes
appeared relatively weak compared to the signal in both Chlamydia and Simkania indicating
the strong uptake of a-NH,-w-N3-Ce-ceramide in bacteria (Figure 38 and Figure 40-41). As the
simkanial inclusion is tubular and not round shaped like the inclusion of Chlamydia (Mehlitz

et al., 2014), the interaction with Simkania and mitochondria appears even tighter as
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mitochondria and simkanial inclusions are basically intertwining (Figure 40). Interestingly, it
was shown that Simkania interact closely within the first three days of infection, but
afterwards cause rapid mitochondrial degradation. Moreover, when observing Simkania three
days post infection, we observed straight lines of simkanial particles (mostly smaller EBs)
connecting the simkanial inclusion to the plasma membrane of the host cell (Supplementary
Figure 17). In the study of Mehlitz et al., they showed a similar phenotype with dSTORM
imaging, which they explained by the growth of the SnCV from the peri-nuclear region into
the cell periphery (Mehlitz et al., 2014). Since simkanial host cell release typically starts three
days post infection (Kahane et al., 2002), we hypothesize that it could also show the possible
transport of Simkania along the host cell cytoskeleton to the plasma membrane for release.
However, very little is known so far about simkanial host cell release. We believe our novel

compound may therefore be an ideal tool for its investigation.

Overall, this work successfully demonstrates the broad applicability of expansion microscopy
in cellular and infection biology by introducing a marker for the expansion of mitochondrial
cristae, expansion of several bacterial pathogens (C. trachomatis, S. negevensis, N.
gonorrhoeae and S. aureus) and enabling the expansion of lipids by the introduction of a
primary amino group to functional lipids, here shown for w-Ns3-Cs-ceramide. Additionally,
expansion of our novel compound, a-NHz-w-N3-Cs-ceramide, enabled for the first time the

visualization of both inner and outer chlamydial membrane on a fluorescence microscope.
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N2-(tert-butoxycarbonyl)-Net-diazo-L-lysine (2)

To a suspension of NaN3 (380 mg, 5.85 mml, 1.44 eq.) in MeCN (5 mL) was added Tf,0 (820 pL,
4.87 mmol, 1.20 eq.) dropwise at 0 °C. The mixture was stirred for 2.5 h at 0°C and the
resulting solution was then transferred to a mixture of (tert-butoxycarbonyl)-L-lysine (1)
(1.00g, 4.06 mmol, 1.00 eq.), NEts (1.13 mL, 8.12 mmol, 2.00 eq.) and CuSOs4 (6.48 mg,
40.6 umol, 0.01 eq.) in MeCN (10 mL) at 0 °C. The ice bath was removed, and the reaction
mixture was stirred at rt for 18 h. After the addition of H,0O (50 mL) and 1 m aq. HCI (20 mL),
the aqueous phase was extracted with EtOAc (4 x 60 mL). The combined organic phases were
dried (MgS04) and concentrated under reduced pressure. The yellow residue was purified by
column chromatography on silica gel (CH2Cl,/MeOH 20:1) to give 2 (936 mg, 3.44 mmol, 85 %)

as a colourless oil, which partly crystallized.

ox
\KB,
Formula: C11H20N404 (272.31 g/mol).

R¢ (CH2Cl,/MeOH 30:1): 0.27.

1H NMR (CDCl3, 400 MHz): 6 (2 rotamers) = 1.45 (s, 9H, H-3'), 1.46-1.57 (m, 2H, H-4), 1.57—
1.66 (m, 2H, H-5), 1.66—1.80 (m, 1H, H-3), 1.80-1.96 (m, 1H, H-3), 3.29 (t, 3/ ;s = 6.7 Hz, 2H, H-
6), 4.07-4.40 (m, 1H, H-2), 5.06/6.55 (each br d, 3/yn» = 8.1/5.5 Hz, together 1H, NH), 9.93 (br
s, 1H, OH) ppm.

13C NMR (CDCls, 100 MHz): & (2 rotamers) = 22.7 (C-4), 28.4 (3C, C-3'), 28.5 (C-5), 32.0/32.2 (C-
3), 51.2 (C-6), 53.3/54.5 (C-2), 80.6/82.1 (C-2'), 155.8/157.0 (C-1'), 176.8/177.4 (C-1) ppm.

HRMS (ESI*): m/z calcd. for CiiH0NsNaOs [M+Na]*: 295.1377; found: 295.1383
(|Am/z| = 2.0 ppm); m/z calcd. for Ca2HaoNgNaOs [2M+Na]*: 567.2861; found: 567.2866
(|am/z]| = 0.8 ppm).

101



Supporting Information

FTIR (ATR): ¥=3313, 3186, 3073, 2979, 2936, 2870, 2095, 1712, 1686, 1514, 1479, 1456, 1392,
1368, 1281, 1234, 1189, 1150, 1106, 1051, 1024, 940, 852, 779, 753, 736, 643, 608, 564 cm™.

The measured spectroscopic data are in agreement with previously reported data.

tert-Butyl ((S)-6-azido-1-(((2S,3R,E)-1,3-dihydroxyoctadec-4-en-2-yl)Jamino)-1-oxohexan-2-

yl)carbamate (3)

To a solution of azido-acid 2 (45.5 mg, 167 umol, 1.00 eq.) in dry DMF (3 mL) were added NEts
(69.9 pL, 501 pmol, 3.00 eq.) and HATU (69.8 mg, 184 umol, 1.10 eq.) at 0 °C. After stirring at
this temperature for 20 min, sphingosine (50.0 mg, 167 umol, 1.00 eq.) and dry DMF (3 mL)
were added. The ice bath was removed and the reaction mixture was stirred at rt for 3.5 h.
After the addition of H,0 (10 mL) and saturated aq. NH4Cl solution (30 mL), the aqueous layer
was extracted with EtOAc (5 x 20 mL). The combined organic phases were washed with brine
(20 mL), dried (MgS04) and concentrated under reduced pressure. The oily residue was
purified by column chromatography on silica gel (CHCI3/MeOH 40:1 to 30:1) to give 3 (44.1 mg,

79.6 umol, 48 %) as a colourless, waxy solid.

Formula: C29HssNs05 (553.79 g/mol).
Rs (CH2Clo/MeOH 30:1): 0.15.

14 NMR (CDCls, 400 MHz): & = 0.88 (t, 31517 = 6.9 Hz, 3H, H-18), 1.25-1.31 (m, 20H, H-8-17),
1.35-1.38 (m, 2H, H-7), 1.44 (s, 9H, H-9'), 1.48-1.90 (m, 6H, H-3'-5'), 2.03-2.08 (m, 2H, H-6),
3.29 (t, 3,5 = 6.7 Hz, 2H, H-6'), 3.71 (dd, 1,1 = 11.6 Hz, 3/12 = 3.3 Hz, 1H, H-1), 3.83-3.86 (m,
1H, H-2), 3.96 (dd, 211 = 11.6 Hz, 3/1, = 3.3 Hz, 1H, H-1), 3.99-4.04 (m, 1H, H-2'), 4.36-4.38
(m, 1H, H-3), 5.07 (d, 3/n2 = 6.9 Hz, 1H, NH), 5.51 (ddt, 3/as = 15.4 Hz, 3Ja3 = 6.0 Hz, “Jas = 1.3
Hz, 1H, H-4), 5.80 (dtd, 3Js4 = 15.4 Hz, 3Js56 = 6.8 Hz, 4Js3 = 1.4 Hz, 1H, H-5), 6.86 (d, 3/ni.2 = 8.0
Hz, 1H, NH) ppm.
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13C NMR (CDCl3, 100 MHz): 6 = 14.3 (C-18), 22.8 (C-17), 23.0 (C-4'), 28.4 (3C, C-9'), 28.6 (C-5"),
29.3(C-7),29.4,29.5,29.6, 29.8, 29.8, 29.8 (8C, C-8-15), 32.0 (2C, C-3' & C-16), 32.5 (C-6), 51.3
(C-6'), 54.6 (C-2), 55.1 (C-2'), 61.9 (C-1), 74.0 (C-3), 80.7 (C-8'), 128.6 (C-4), 134.2 (C-5), 156.2
(C-7"),172.5 (C-1') ppm.

HRMS (ESI*): m/z calcd. for CiyHssNsNaOs [M+Na]*: 576.4095; found: 576.4073
(|Am/z| = 3.8 ppm); m/z calcd. for CsgH110N10NaO10 [2M+Na]*: 1129.8299; found: 1129.8274
(|Am/z| = 2.2 ppm).

(5)-2-Amino-6-azido-N-((2S,3R,E)-1,3-dihydroxyoctadec-4-en-2-yl)hexanamide / a-NH:-w-

N3-Cs-ceramide (4)

To a solution of carbamate 3 (37.0 mg, 6.68 uL) in CHxCl; (1 mL) was added TFA (200 L) at
0 °C. The reaction mixture was stirred at this temperature for 2 h and was then quenched by
the addition of H,O (5mL) and 1™ aq. NaOH (8 mL). After the extraction with EtOAc
(5 x 10 mL), the combined organic phases were washed with brine (10 mL), dried (MgS0a4) and
the solvent was removed under reduced pressure. The residue was purified by column
chromatography on silica gel (CHCls/MeOH/25 % aq. NHs 9:1:0.1) to give the crude product
containing some NHs salts. To remove these impurities, the residue was dissolved in CHCl;
(15 mL) and washed with saturated aq. NaHCOs solution (10 mL). The aqueous phase was
extracted with CH,Cl, (6 x 5 mL), washed with brine (5 mL) and dried (MgS0a). The solvent was

removed under reduced pressure to give 4 (11.9 mg, 26.2 umol, 39 %) as a colourless solid.

Formula: C24H47NsO3 (453.67 g/mol).
R: (CHCl3/MeOQOH/25 % ag. NH3 9:1:0.1):0.26.

14 NMR (CDCls, 600 MHz): & = 0.87 (t, 3J1817 = 7.1 Hz), 1.25-1.30 (m, 20H, H-8-17), 1.33-1.37
(m, 2H, H-7), 1.43-1.52 (m, 2H, H-4'), 1.53-1.59 (m, 1H, H-3'), 1.59-1.67 (m, 2H, H-5'), 1.83—
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1.88 (m, 1H, H-3"), 2.03-2.07 (m, 2H, H-6), 2.21 (br s, 4H, 2 x OH & NH2), 3.26-3.33 (m, 2H, H-
6'), 3.39 (dd, 3/2.3 = 7.9 Hz, 3J2.3 = 4.7 Hz, 1H, H-2'), 3.71 (dd, 2J11 = 11.4 Hz, 3/1, = 3.5 Hz, 1H,
H-1), 3.83-3.86 (m, 1H, H-2), 3.91 (dd, 2/1,1 =11.4 Hz, 3/1, =4.3 Hz, 1H, H-1), 4.30-4.32 (m, 1H,
H-3), 7.82 (d, 3Jnw2 = 7.7 Hz, 1H, NH), 5.52 (ddt, 3Ja.4 = 15.4 Hz, 3Ja3 = 6.5 Hz, /a6 = 1.4 Hz, 1H,
H-4), 5.78 (dtd, 3Js,4 = 15.4 Hz, 3J56 = 6.8 Hz, %Js3 = 1.2 Hz, 1H, H-5) ppm.

13C NMR (CDCls, 150 MHz): § = 14.3 (C-18), 22.8 (C-17), 23.1 (C-4'), 28.8 (C-5'), 29.3 (C-7), 29.4,
29.5, 29.6, 29.8, 29.8, 29.8, 29.8 (8C, C-8-15), 32.1 (C-16), 32.5 (C-6), 34.8 (C-3'), 51.3 (C-6'),
55.0 (C-2), 55.3 (C-2'), 62.7 (C-1), 74.3 (C-3), 128.8 (C-4), 134.5 (C-5), 175.7 (C-1') ppm.

15N NMR (CDCls, 60 MHz): & = -352.3 (NH,), -309.4 (C-N-N-N), -265.8 (NH), -132.8 (C-N-N-N)

ppm.

HRMS (ESI*): m/z calcd. for CasHa7NsNaOs [M+Na]*: 476.35711; found: 476.35763
(|am/z| = 1.08 ppm).

FTIR (ATR): V= 3414, 3315, 3271, 3183, 3087, 2677, 2096, 1651, 1614, 1552, 1467, 1455, 1438,
1365, 1348, 1304, 1249, 1165, 1126, 1082, 1044, 1012, 992, 962, 932, 822, 801, 720, 801, 720,
650, 616, 590, 557 cm™.
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NMR Spectra
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Supplementary Figure 1: 'H NMR spectrum of 2 (CDCls, 400 MHz) (Gotz and Kunz et al., 2020a).

oo W
-+ - o o @ o w0

. P st - N ™
@ w0 0 . s
- W =1 et R
— — — —~ [sulyss) [inltoiyiy}

T T T T T T
177  ppm 157 por 32.5 ppm 28.5 ppm

L J L J| . l\

T T T T T T
230 220 210 200 180 180 170 160 150 14C 130 120 110 100 @90 80 70 60 50

Supplementary Figure 2: 3C NMR spectrum of 2 (CDCls, 100 MHz) (Gotz and Kunz et al., 2020a).

ppm

105



Supporting Information

el

=

6.9 pom 5.80 Epm 5.55 5.50 ppm 5.1 ppm 4,40 ppm
T T T T T T T T T T T T T
4.0 3.9 3.8 pom 3.3 ppn 2.0 1.9 1.8 1.7 1.¢ pem 0.9 ppm

- = n
= (3] — o = N
. . .. - o
o Lo = @ - .
r- wy (48] = -
I 1 Cal 1 @ -~
I T T T T T T
55.0 54.5 ppm 32.5 32.0 ppm 23,0 22.8 ppm
r T T T T T T T T
29,8 25,6 29,4 29,2 29,0 28,8 28,6 28,4 ppm

T T T T T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 180 180 170 160 150 140 130 12C0 110 100 90 &80 70 60 50 40 30 20 10 [¢] pom

Supplementary Figure 4: 3C NMR spectrum of 3 (CDCls, 100 MHz) (Gotz and Kunz et al., 2020a).
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Supplementary Figure 5: 'H NMR spectrum of 4 (CDCls, 600 MHz) (Gotz and Kunz et al., 2020a).
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Supplementary Figure 6: 3C NMR spectrum of 4 (CDCls, 150 MHz) (Gotz and Kunz et al., 2020a).
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Supplementary Figure 7: (*H,*>N)-HMBC NMR spectrum of 4 (CDCls, 600 MHz) (Gotz and Kunz et al., 2020a).
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Supplementary Figure 8: (*H,>N)-HSQC NMR spectrum of 4 (CDCls, 600 MHz) (Gotz and Kunz et al., 2020a).

108



Supporting Information

Mass Spectra
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Supplementary Figure 11: Mass spectrum of 4 (ESI*) (Gotz and Kunz et al., 2020a).
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Supplementary Figure 12: FTIR spectrum of 2 (ATR) (Gotz and Kunz et al., 2020a).
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Supplementary Figure 13: FTIR spectrum of 4 (ATR) (Gotz and Kunz et al., 2020a).

Supplementary Figure 14: dSTORM image of HeLa229 cells expressing cristae marker MtCK-GFP

dSTORM imaging of HelLa229 cells, transfected for 24 hours with MtCK-GFP and immunolabeled for GFP and Cy5
to visualize mitochondrial cristae. Scale bar, 1 um. Image acquisition performed by Ralph G6tz (Kunz et al., 2020).

111



Supporting Information

Supplementary Figure 15: dSTORM image of a-NHz-w-N3-Cs-ceramide in HeLa229 cells

dSTORM images of Hela229 cells, fed with a-NH2-w-N3-Cs-ceramide, fixed, permeabilized and stained with
DBCO-Cy5. Image acquisition performed by Ralph Gotz.

Supplementary Figure 16: Chlamydial RBs localizing close to the inclusion membrane.

10x expanded SIM images of HeLa229 cells, infected 24 hours with Chlamydia trachomatis, fed with a-NHz2-w-Ns-
Ce-ceramide, fixed, permeabilized and stained with DBCO-Alexa Fluor 488. Scale bar, 10 um (Gotz et al., 2020a).
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Supplementary Figure 17: Simkanial “highways” connecting the inclusion to the host plasma membrane.

4x expanded confocal images of HelLa229 cells, infected for 72 hours with Simkania negevensis, fed with a-NH2-
w-N3-Ce-ceramide, fixed, permeabilized and stained with DBCO-Alexa Fluor 488. Scale bar, 10 um.

Supplementary Movie 1: Z-stacks of HelLa229 cells, infected with RSTE4 for 22 hours and immunolabeled for
HSP60 (green) and CPAF (magenta) (Kunz et al., 2019). The video was created using Imaris 8.4.1.

Supplementary Movie 2: Z-stacks of HelLa229 cells, infected with RSTE4 for 30 hours and immunolabeled for
HSP60 (green) and CPAF (magenta) (Kunz et al., 2019). The video was created using Imaris 8.4.1.

Supplementary Movie 3: Z-stacks of HelLa229 cells, infected with wildtype Chlamydia trachomatis for 22 hours
and immunolabeled for HSP60 (green) and CPAF (magenta) (Kunz et al., 2019). The video was created using Imaris
8.4.1.

Supplementary Movie 4: Z-stacks of HelLa229 cells, infected with wildtype Chlamydia trachomatis for 30 hours
and immunolabeled for HSP60 (green) and CPAF (magenta) (Kunz et al., 2019). The video was created using Imaris
8.4.1.

Supplementary Movie 5: Z-stacks of Hela229 cells, infected with C. tr Cdul:: Tn bla for 24 hours and
immunolabeled for HSP60 (green) and Cdul (magenta) (Kunz et al., 2019). The video was created using Imaris
8.4.1.

Supplementary Movie 6: Z-stacks of HelLa229 cells, infected with wildtype Chlamydia trachomatis for 24 hours
and immunolabeled for HSP60 (green) and Cdul (magenta) (Kunz et al., 2019). The video was created using Imaris
8.4.1.

Supplementary Movie 7: Z-stacks of HelLa229 cells, infected with Ct mCh(GroL2) GFP(OmcAL2) for 30 hours and
immunolabeled for GFP (green) and mCherry (magenta) (Kunz et al., 2019). The video was created using Imaris
8.4.1.

Supplementary Movie 8: Z-stacks of HelLa229 cells, infected 24 hours with Chlamydia trachomatis, fed with a-
NH2-w-N3-Ce-ceramide, fixed, permeabilized and stained with DBCO-Alexa Fluor 488.
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