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I Summary

Biogenesis and maintenance of the thylakoid membranes in cyanobacteria and chloroplasts is a
vital process. Nevertheless, the mechanism of the biogenesis has stayed a mystery until today.
The IM30 protein appears to play an important role in this process, as has been shown via de-
pletion experiments. Recently, the ability of IM30 to bind to negatively charged lipids and to
fuse liposomes in presence of Mg?* has been demonstrated. This discovery indicates a capability
of IM30 to fuse the cytoplasmic membrane in cyanobacteria or the inner envelope in chloro-
plasts with the constructive thylakoid membrane in order to create a transfer point for lipids
and/or proteins. Additionally, connections between different thylakoid membranes through
IM30 are thinkable.

In the framework of this thesis, interactions of IM30 leading to membrane fusion and the fusion
mechanism itself were investigated. Here, the interplay of IM30 and Mg?* as well as negatively
charged membranes were separately examined via in vitro approaches and finally combined in

order to have a closer look at the IM30-mediated membrane fusion.

It was observed that Mg?* binds directly to IM30 and induces a structural alteration in the pro-
tein, which results in stabilization against different stressors and an increased tendency of IM30
to form double-rings. The IM30-membrane interaction was shown to depend on the electrostatic
interaction with anionic lipids and is enhanced in presence of Mg?*. Furthermore, lower-ordered
IM30 oligomerization states seem to have an increased membrane binding affinity. This circum-
stance potentially causes the dissociation of IM30 ring oligomers on membranes in absence of
Mg?*. Since the presence of the ring structure is probably crucial for the IM30 function, dissoci-
ation of rings might be prevented by Mg?*. Stabilized by Mg?*, an IM30 double-ring might be
able to fuse two membranes. While doing this, the double-ring seems to dissociate and most

probably needs to be reactivated prior to another fusion.

The results of this thesis provide hints concerning the in vivo function of IM30, which can now

be investigated further in a more target-oriented manner.
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Il Zusammenfassung

Die Biogenese und Instandhaltung der Thylakoidmembran in Cyanobakterien und Chloroplas-
ten ist ein lebenswichtiger Prozess. Dennoch ist der Mechanismus der Biogenese bis heute ein
Ratsel. Das IM30-Protein scheint in diesem Vorgang eine entscheidende Rolle zu spielen, wie
Depletionsexperimente an den Tag gelegt haben. Kirzlich konnte gezeigt werden, dass IM30 an
negativ geladene Lipide bindet und Liposomen in Gegenwart von Mg?* miteinander fusionieren
kann. Diese Entdeckung deutet die Fahigkeit des Proteins an, die Cytoplasmamembran in
Cyanobakterien bzw. die innere Membran in Chloroplasten mit der sich aufbauenden Thyla-
koidmembran zu verbinden und eine Ubertragung von Lipiden und/oder Proteinen zu ermogli-

chen. Weiterhin kdnnte IM30 verschiedene Thylakoidmembranen miteinander verbinden.

Im Rahmen dieser Doktorarbeit sollten Interaktionen von IM30, welche zu der Membranfusion
fuhren, und der Fusionsmechanismus selber naher untersucht werden. Hierbei wurden zunachst
die Wechselwirkungen von IM30 mit Mg?" und negativ geladenen Membranen mit Hilfe von
biophysikalischen in vitro Experimenten jeweils einzeln untersucht und schlieflich miteinander

kombiniert, um die durch IM30 induzierte Membranfusion néher zu analysieren.

Es konnte beobachtet werden, dass Mg?* direkt an IM30 bindet und eine Strukturanderung aus-
lost, die zur Stabilisierung unter verschiedenen Stressbedingungen und einer erhéhten Tendenz
zur Doppelringbildung des Proteins fiihrt. Weiterhin wurde festgestellt, dass die Membranbin-
dung von IM30 durch elektrostatische Wechselwirkungen mit anionischen Lipiden beding ist
und in Anwesenheit von Mg?* verstarkt wird. AuRerdem scheinen niedere Oligomerisierungs-
stufen von IM30 eine erhdhte Membranaffinitdt zu besitzen. Dies tragt vermutlich dazu bei,
dass IM30-Ringe in Abwesenheit von Mg?* durch Membraninteraktion dissoziieren. Da das
Vorliegen der Ringstruktur jedoch wichtig fiir die Auslibung der Fusionsfunktion ist, kdnnte die
Dissoziation zunachst durch Mg?* verhindert werden. Durch das Kation stabilisiert, konnte ein
IM30-Doppelring zwei Membranen miteinander fusionieren. Dabei zerféllt der Doppelring und

muss wahrscheinlich vor einer weiteren Fusion reaktiviert werden.

Die Ergebnisse dieser Arbeit liefern Hinweise zur in vivo-Funktion von IM30, welche nun ge-

zielter durch weitere Versuche untersucht werden kann.
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1 Introduction

1.1 Cyanobacteria and chloroplasts

The existence of an oxygen atmosphere is essential for almost all life on earth. Cyanobacteria,
which were formerly known as blue-green algae, have existed for ~3.2 billion years and are the
oldest photosynthetic producers of oxygen via photosynthesis (Allwood et al. 2006; Bosak et al.
2009; Govindjee & Shevela 2011). They were responsible for flooding the earths’ atmosphere
with the vital gas around ~2.3 billion years ago, and thereby, aerobic conditions for further life
development were created (Govindjee & Shevela 2011). Inevitably, the evolution of eukaryotic
photosynthesis took place upon endosymbiosis of a cyanobacterial ancestor into the precursor
cells of early plants and higher algae, leading to the development of today’s chloroplasts
(Martin & Kowallik 1999). Consequently, cyanobacteria and chloroplasts share many structural
similarities, e.g. a complex membrane system. Cyanobacteria are surrounded by an outer mem-
brane (OM) and the cytoplasmic membrane (PM), whereas chloroplasts have an outer envelope
(OE) and an inner envelope (IE). Furthermore, cyanobacteria and chloroplasts contain an inter-
nal membrane network, the so-called thylakoid membranes (TM), which represent the stage for
the light reaction of the photosynthesis. In some cyanobacteria, the TM was observed to con-
verge to the PM. These areas are called thylakoid centers. In Fig. 1.1 the ultrastructure of the

cyanobacterium Synechocystis sp. PCC 6803 (Synechocystis) is exemplarily shown.

Fig. 1.1: Synechocystis sp. PCC 6803

An electron micrograph of Synechocystis is shown, wherein the OM (blue arrow), the PM (red arrow), a TM (green
arrow) and a thylakoid center (*) are indicated (A). The framed area in (A) is enlarged in (B). Scale bars represent
200 nm (A) and 100 nm (B). Modified from (Nickelsen et al. 2011), used with permission from Oxford University
Press (license number 4190271041641 via RightsLink).



Introduction 15

Due to their common heritage, cyanobacteria are perfectly suitable as a model organism for
chloroplasts when it comes to research on photosynthesis and TM biogenesis. The protein of

interest in this thesis originates from the cyanobacterium Synechocystis.

1.2 The thylakoid membrane

Oxygenic photosynthesis requires a special membrane structure which integrates the major
complexes of the photosynthetic electron transport chain: the thylakoid membrane. This unique
membrane network only exists in organisms performing oxygenic photosynthesis, such as cya-

nobacteria and chloroplasts (Rasmussen et al. 2008).

1.2.1 Structure and lipid compaosition

The TM is an internal bilayer system which encloses another compartment, the thylakoid lumen.
The protein complexes photosystem | (PS 1), photosystem Il (PS 1), the cytochrome bsf com-
plex and the ATP synthase are embedded in the thylakoids and represent ~60% of the total TM
mass in pea chloroplasts, including further pigments and cofactors (Chapman et al. 1983). The
remaining mass is filled by four main classes of lipids: the two galactolipids monogalactosyldi-
acylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG), the sulfolipid sulfoquinovo-
syldiacylglycerol (SQDG) and the phosphoglycerolipid phosphatidylglycerol (PG). The galacto-
lipids MGDG and DGDG are uncharged and represent 54% and 18% of the lipid mass in Syn-
echocystis and 53% and 27% in spinach leaf chloroplasts, respectively (Wada & Murata 1989;
Dorne et al. 1990). SQDG and PG, on the other hand, are anionic and make up 15% and 13% of
the thylakoid lipids in Synechocystis and 7% each in spinach leaf chloroplasts, respectively
(Wada & Murata 1989; Dorne et al. 1990). The negative charge of SQDG and PG is crucial for
a proper TM structure. In cyanobacteria and chloroplasts, the amount of one anionic lipid in-
creases upon a decreased amount of the other one, leading to the conclusion that the negatively
charged lipids can replace each other (Benning et al. 1993; Sato et al. 1995; Guler et al. 1996;
Essigmann et al. 1998; Yu et al. 2002; Aoki et al. 2004). DGDG, SQDG and PG are quasi-
cylindrical and are thus typical bilayer-forming lipids, which prefer formation of a lamellar
phase. Due to its small headgroup relative to the broad fatty acid chain, a peculiarity of MGDG
is its tendency to form inverse-hexagonal lipid phases. In vivo, MGDG can most probably only
be maintained in the lamellar phase when protein complexes are present (Simidjiev et al. 2000).
Advantageously, the unconventional lipid favors curved thylakoid areas, which contain a higher
MGDG amount than smooth areas, as was demonstrated for grana and stroma lamella (Gounaris
et al. 1983).

An overview of the thylakoid lipids’ chemical structures as well as their charge, steric struc-

tures, and mass ratios is summarized in Fig. 1.2.
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Fig. 1.2: Thylakoid lipids

Shown are the chemical structures of the thylakoid lipids MGDG, DGDG, SQDG and PG (left). Furthermore, charge,
steric structures, and the thylakoid lipid mass ratios are indicated (right). Taken from (Heidrich et al. 2017), used with
permission from Elsevier (license number 4190941074655 via RightsLink).

The structure of the TMs in cyanobacteria strongly varies between different organisms. For
example, the thylakoids in Synechocystis form as parallel sheets, which converge to the PM (cf.
thylakoid centers in Fig. 1.1) (Kunkel 1982). However, Synechococcus elongatus sp. PCC 7942
(Synechococcus) has a circular internal TM system but no thylakoid centers (Rexroth et al.
2011). The cyanobacterium Gloeobacter violaceus (Gloeobacter) represents an exception, since
it lacks thylakoids and has the electron transfer chain located in the PM (Rippka et al. 1974). In
chloroplasts, the TMs are built as lamellar stacks, in which there are the commonly-known gra-
na and stroma lamella. However, in both cyanobacteria and chloroplasts, the TM is strongly
interconnected (Liberton et al. 2006; Nevo et al. 2007).

1.2.2 Biogenesis

In cyanobacteria, the TMs develop as curved parallel stacks close to the PM in presence of light
(Barthel et al. 2013), whereas in chloroplasts, the thylakoids begin to form upon light exposure
during the maturation of undifferentiated proplastids (Adam et al. 2011; Rast et al. 2015). How-
ever, also in already differentiated plastids, the TM represents a dynamic network, which ad-
justs to environmental light conditions (Nevo et al. 2012). Despite its striking vital importance,
the biogenesis and maintenance of the TM in differentiated cyanobacteria and chloroplasts has

stayed a secret until today.

TM biogenesis requires a strictly coordinated synthesis and transportation of lipids, proteins,
pigments and cofactors, and there has been an ongoing debate on whether the TM is assembled
de novo or if components as lipids and proteins, which are synthesized at the IE of chloroplasts

or the PM of cyanobacteria, respectively, are transported to a constructive TM later. The de
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novo assembly of TMs in cyanobacteria has never been observed, which might be ascribed to
the impossibility to remove the TM, as has been shown for dark-grown Synechocystis (Barthel
et al. 2013). A hypothetical transport of lipids/or proteins might be fulfilled by (i) a direct con-
nection of the TM with the PM/IE or (ii) a vesicle transporting system (Nickelsen et al. 2011).

The thylakoid centers in Synechocystis (cf. Fig. 1.1), which are convergency sites of the TM to
the PM, were recently assumed to represent a link between the TM and the PM/IE and were
thought to be TM biogenesis centers (Nickelsen et al. 2011). Noteworthy, the thylakoid centers
were also suggested to be an artefact from cell division (Liberton et al. 2006). Additionally,
contact areas called translation zones (T-zones) were found in green algae (Schottkowski et al.
2012; Rast et al. 2015) but never in the chloroplasts of plant cells. In addition to thylakoid cen-
ters and T-zones, other hypothetical direct connections between the TM and the PM/IE were
discussed as exchange bridges (Shimoni et al. 2005; van de Meene et al. 2006). External fluo-
rescence staining of cyanobacterial cells, on the other hand, implied the absence of any connec-
tions, since the dye did not migrate into the TM (Schneider et al. 2007). Instead, fluorescent
bodies appeared, which might represent vesicles (Schneider et al. 2007). Indeed, a vesicle trans-
porting system has been suggested as an alternative to a hypothetical direct connection between
the different membranes. Vesicles were detected in chloroplast located at the IE (Lindquist et al.
2016) and in the stroma (Hoober et al. 1991; Westphal et al. 2001b) under certain conditions.
Strikingly, some proteins with homologies to components of the secretory pathway were pre-
dicted to be present in chloroplasts and cyanobacteria (Andersson & Sandelius 2004; Khan et al.
2013). On the other hand, no vesicles have been unambiguously detected in cyanobacteria so far
(Rast et al. 2015).

The dominating lipid of the TM, the inverse-hexagonal phase forming MGDG, has recently
been discussed to play a major role in TM biogenesis due to its ability to break bilayers
(Kobayashi et al. 2007; Bastien et al. 2016). Interestingly, MGDG is one of the major compo-
nent in prolamellar bodies (PLB), which are semi-crystalline aggregates forming in etioplasts
prior to differentiation (Adam et al. 2011). Furthermore, several proteins were suggested to play
a role in TM biogenesis as, among many others, the inner membrane associated protein of
30 kDa (IM30) (Li et al. 1994), the curvature thylakoid 1 protein (CURT1) (Armbruster et al.
2013; Heinz et al. 2016), the processing associated TPR protein (PratA) (Kunkel 1982; Stengel
et al. 2012), the DnaK protein (Nimura et al. 1996; Rupprecht et al. 2010) and the Tlg2-
compartment vesicle protein of 38 kDa (Tvp38) (Keller & Schneider 2013).
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1.3 The availability of Mg?* in cyanobacteria and chloroplasts

Mg?" ions are the most abundant metal ions in the TM lumen and the cytosol/stroma in cyano-
bacteria and chloroplasts (Shaul 2002). The concentration of free Mg?* ions in cyanobacteria is
not known so far, but for chloroplasts it ranges from 0.4 to 120 mM for different plant com-
partments (reviewed in (Shaul 2002)). Mg?" ions seem to have a variety of functions in chloro-
plasts: They act as cofactors in the oxygenic photosynthetic electron transfer apparatus (e.g. as
central atom of the chlorophyll molecule) as well as in the Calvin cycle. Furthermore, Mg?* ions
help in the generation of an electrochemical pH gradient across the TM (Krause 1977).

Most importantly, the availability of Mg?* in the chloroplast stroma is strictly regulated in de-
pendence on the outer light conditions. Upon illumination, the ions are released from the
thylakoid lumen into the stroma in order to balance the pH gradient across the TM and thereby
regulate enzymes as fructose-1,6-bisphosphatase, the ribulose-1,5-bisphosphate carbox-
ylase/oxygenase (RuBisCO) and the RuBisCO activase, which are involved in the CO; assimila-
tion in photosynthesis (Lin & Novel 1971; Portis & Heldt 1976; Krause 1977; Portis 1981;
Ashton 1998; Ishijima et al. 2003; Hazra et al. 2015). A light-induced increase of Mg?* was
found to vary between 1 and 5 mM (Shaul 2002). Since thylakoids develop upon light exposure
(Adam et al. 2011; Barthel et al. 2013; Rast et al. 2015; Frain et al. 2016), it seems convenient

to speculate about an involvement of the ion in TM biogenesis.

1.4 Theinner membrane associated protein of 30 kDa (IM30)

The IM30 protein was discovered in 1994 in Pisum sativum, located at the TMs and the IE, and
named after its mass and localization (Li et al. 1994). Based on its membrane association, IM30
was early assumed to play an important part in TM biogenesis (Li et al. 1994). Noteworthy, due
to the observation that vesicular structures which were visible at cold stress in Arabidopsis tha-
liana (Arabidopsis) disappeared in a mutant strain lacking IM30, the protein is also known as

vesicle-inducing protein in plastids 1 (Vippl) (Kroll et al. 2001).

14.1 Origin and occurrence

Phylogenetic studies indicated that the im30 gene is exclusively found in cyanobacteria and
chloroplasts (Li et al. 1994; Kroll et al. 2001; Westphal et al. 2001a; Fuhrmann et al. 2009b)
and therefore evolved at the same time as TMs and oxygenic photosynthesis in general. It was
first studied in detail in Arabidopsis and Synechocystis (Kroll et al. 2001; Westphal et al.
2001a).

Most probably, IM30 has evolved from the prokaryotic phage shock protein A (PspA) via gene
duplication in an early cyanobacterial ancestor (Westphal et al. 2001a; Vothknecht et al. 2012).
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PspA was first discovered in Escherichia coli (E. coli) in 1990 as a member of the phage shock
proteins system (Psp system), which is involved in bacterial stress response (Darwin 2005) at
different membrane stress situations (Brissette et al. 1990; Brissette et al. 1991; Kobayashi et al.
2007). Unlike the im30 gene, the pspA gene was not passed to plant cells during the endosymbi-
otic event and, thus, cannot be found in plants (Kroll et al. 2001). Despite that, the two proteins
share several similarities concerning their structure and function. Significantly, IM30 was re-
ported to be able to take over the function of PspA in an E. coli pspA deletion strain (DeLisa et
al. 2004).

1.4.2 Structure

IM30 and PspA share ~30% identity and 50% similarity of the amino acid sequence in Syn-
echocystis (Bultema et al. 2010). Each member of the IM30/PspA family has a similar N-
terminal structure, the so-called PspA domain, which has a size of ~220 amino acids (Westphal
et al. 2001a). For this domain, computational predictions suggested an almost exclusively a-
helical structure with some amino acids interrupting four or six helices in PspA and IM30, re-
spectively (Hankamer et al. 2004; Fuhrmann et al. 2009a; Bultema et al. 2010; Otters et al.
2013; Saur et al. 2017). Importantly, in some publications, the IM30 helix 5 and 6 are also as-
sumed as one helix (Saur et al. 2017). A recently published crystal structure of an N-terminal
PspA fragment (amino acids1-144) confirmed the predicted structures (Osadnik et al. 2015).
However, the main difference between IM30 and PspA is the C-terminal extension of IM30: an
additional ~16-20 amino acid long a-helix connected via a short linker region of variable length
in different organisms (Westphal et al. 2001a; Vothknecht et al. 2012; Otters et al. 2013), which
was often assumed to be responsible for an additional function of IM30 compared to PspA. De-
spite the fact that most amino acids in the C-terminus are not conserved, it seems to exhibit a
pronounced hydrophobicity, which is conserved in cyanobacteria, algae and plants (Vothknecht
et al. 2012). Secondary structure predictions of IM30 and PspA (Otters et al. 2013) and the hy-

pothetical functions of the single a-helices are illustrated in Fig. 1.3.
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Fig. 1.3: IM30/PspA secondary structure and hypothetical functions of predicted a-helices

Shown are the predicted 1IM30 and PspA secondary structures from (Otters et al. 2013), in which a-helices (boxes)
and random coil domains (lines) are emphasized. Furthermore, the N-terminal PspA domain (red line) and the C-
terminus, which is connected to the PspA domain via a linker region (green line), are indicated. The hypothetical
functions of the predicted a-helices are added. Taken from (Heidrich et al. 2017), used with permission from Elsevier
(license number 4190941074655 via RightsLink).

The a-helical regions of the PspA domain in both IM30 and PspA are predicted to form coiled-
coil structures (Fuhrmann et al. 2009a; Bultema et al. 2010; Saur et al. 2017), which has been
partly confirmed by the crystal structure of an N-terminal PspA fragment (Osadnik et al. 2015).
These coiled-coil domains of IM30 were suggested to play a role in membrane interaction
(Otters et al. 2013) and quaternary structure formation (Aseeva et al. 2004; Elderkin et al. 2005;
Bultema et al. 2010; Otters et al. 2013; Gao et al. 2015). However, no crystal structure of the
full-length protein exists so far. Despite that, a predicted tertiary structure based on the PspA
fragment crystal structure (Osadnik et al. 2015) has recently been published (Saur et al. 2017)
and is shown in Fig. 1.4.

Fig. 1.4: Predicted tertiary structure of IM30

The predicted tertiary IM30 structure based on the PspA fragment crystal structure from (Osadnik et al. 2015) (PDB:
4WHE) has been introduced in (Saur et al. 2017). For this thesis, the figure was generated with PyMOL. Indicated
are individual a-helices: H1 (yellow), H2 (red), H3 (light blue), H4 (green), H5/6 (orange) and H7 (dark blue). The
helices are interrupted by loop regions, which consist of random coil areas.



Introduction 21

On the quaternary structure level, IM30 forms pronounced homo-oligomeric rings with a mass
>2 MDa (Aseeva et al. 2004; Hankamer et al. 2004; Fuhrmann et al. 2009a). Noteworthy, the
C-terminal tail is most probably located outside the oligomeric ring structures (Aseeva et al.
2004; Zhang et al. 2016a; Saur et al. 2017). The IM30 rings vary in their rotational symmetries
from at least 10-18 (Saur et al. 2017) and the smallest building blocks were assumed to be di-
mers (Hankamer et al. 2004) (based on PspA studies) or tetramers (Fuhrmann et al. 2009a), but
further proof was lacking. Regarding the size, Synechocystis IM30 rings possess a diameter of
24-33 nm (Fuhrmann et al. 2009a; Saur et al. 2017) and a standard height of ~ 15 nm (Saur et
al. 2017). Importantly, the IM30 oligomers are Janus-faced, which most probably affects mem-
brane binding (Saur et al. 2017). Modeling the tertiary structure prediction of IM30 into 3D ring
reconstructions recently suggested that the N-terminal PspA domains are located at one site
(ring bottom) and the C-termini at the other (ring top) (Saur et al. 2017), which is illustrated in
Fig. 1.5.

Fig. 1.5: Predicted IM30 monomer structure inside the ring

Modeling the tertiary structure prediction of IM30 into 3D ring reconstructions suggested the N-terminal PspA do-
main located at one site (ring bottom) and the C-terminus at the other (ring top). Indicated are the N-terminus (red
circle), the loop 2 region (black circle) and the C-terminus (blue circle). Modified from (Saur et al. 2017), used with
permission from Elsevier (license number 4204211443929 via RightsLink).

On an even higher oligomerization level, IM30 rings can further assemble into double-rings, as
shown for Arabidopsis and Synechocystis IM30 (Aseeva et al. 2004; Fuhrmann et al. 2009a).
The double-rings are able to stack, forming so-called rods, whereas it is unknown in which way
the top- and bottom ring sites are stacked in this higher-ordered structures. It must be added that

it is still not clear whether the rod structures are just inactive storage forms for the protein and,
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thus, in vitro artefacts or if they play an important role in the physiological function of IM30. In
fact, they were not observed in vivo until now. However, the rods were assumed to be part of a

microtubule-like system (Liu et al. 2007).

The subsequent in vitro assembly of IM30 is schematically illustrated in Fig. 1.6 and electron

micrographs of the protein can be found in the results section (cf. 3.1).
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Monomer ? Ring Double-ring Rod

Fig. 1.6: In vitro oligomerization of IM30

IM30 monomers were suggested to form at least tetramers as basic building blocks of higher-ordered oligomerization
forms. IM30 Janus-faced rings consist of 10-18 subunits and can further assemble into double-rings and rod-like
structures. The grey triangle indicates the increasing number of oligomerized IM30 molecules.

1.4.3 Lipid interaction
IM30 was connected to membranes early, since it was discovered in association with the IE as
well as the TM in Pisum sativum chloroplasts (Li et al. 1994). Due to the fact that the protein
does not contain transmembrane domains, it was predicted and later experimentally verified via
electron microscopy, to be a peripherally membrane-associated protein (Li et al. 1994; Kroll et
al. 2001; Hennig et al. 2015).

Recently, it could be demonstrated that IM30 interacts with the negatively charged thylakoid
lipids SQDG (Suppes 2013; Hennig et al. 2015) and PG (Suppes 2013; Hennig et al. 2015;
McDonald et al. 2015), but not with the neutral lipids MGDG and DGDG (Suppes 2013;
Hennig et al. 2015). Whether the IM30-membrane interaction is driven by electrostatic forces
has not been investigated so far. However, due to the observation that IM30 interacts with both
dioleoylphosphatidylglycerol (DOPG) and dimyristoylphosphatidylglycerol (DMPG) (Suppes
2013; Hennig et al. 2015; Heidrich et al. 2016), it can be concluded that the lipid acyl length is

not important for membrane interaction.

Recent in vitro studies demonstrated an effect of IM30 on the membrane polarity. The protein
seemed to increase the membrane rigidity of PG liposomes in the bilayer head group as well as
the core region (Suppes 2013; Heidrich et al. 2016). A subsequent effect is a shift of the lipo-
some phase transition temperature to higher values in presence of IM30 (Suppes 2013; Heidrich

et al. 2016). The capability of increasing lipid packing seems to be a conserved feature for IM30
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and PspA, since the latter was reported to reduce membrane proton leakage in E. coli
(Kleerebezem et al. 1996; Kobayashi et al. 2007).

1.4.4  Mg? interaction

Several in vitro experiments indicated an interaction of IM30 with Mg?* (Suppes 2013; Hennig
et al. 2015). In a liposome aggregation assay, the lipid vesicles aggregated at a lower cation
concentration in presence of IM30 (Hennig et al. 2015). Furthermore, a membrane fusion assay
revealed the ability of IM30 to mediate liposome fusion (Suppes 2013; Hennig et al. 2015),
which is described further in 1.4.5. Interestingly, fusion was only possible in presence of Mg?*
(Suppes 2013; Hennig et al. 2015). Since fusion did not take place in absence of IM30, an acti-
vating effect of the ion on IM30 was strongly suggested (Suppes 2013; Hennig et al. 2015).
Until this point, it remained elusive whether the interaction between IM30 and Mg?* is based on
a direct binding of the ion to the protein or if a structural alteration of IM30 is indirectly induced
by Mg?*. In fact, it was suggested that the ion might act as a glue between negatively charged
membranes and anionic areas on the IM30 surface (Heidrich et al. 2017). Furthermore, sum
frequency generation (SFG) experiments indicated an increased membrane binding affinity of
IM30 in presence of Mg?* (Hennig et al. 2015).

As already described in 1.2.2 and 1.3, TM biogenesis in cyanobacteria and chloroplasts as well
as Mg?* release from the thylakoid lumen into the stroma is activated upon light exposure (Lin
& Novel 1971; Portis & Heldt 1976; Krause 1977; Portis 1981; Ashton 1998; Ishijima et al.
2003; Adam et al. 2011; Barthel et al. 2013; Hazra et al. 2015; Rast et al. 2015; Frain et al.
2016). IM30 might connect these two phenomena by interacting with Mg?* and subsequently
mediating processes involved in TM biogenesis. Thus, a threshold Mg?* concentration in vivo
was discussed for IM30 activation (Heidrich et al. 2017).

1.45 Postulated Functions

As already mentioned above, IM30 was early thought to play a key role in TM biogenesis. This
theory was mainly based on an observation made in the Arabidopsis mutant line hcfl155, in
which the IM30 expression was decreased (Kroll et al. 2001). The mutant chloroplasts had a
completely disturbed TM structure, a strongly reduced number of thylakoids, and subsequently
a reduced photosynthesis output (Kroll et al. 2001). Similar observations were made in IM30
depleted mutants of Synechocystis (Westphal et al. 2001a). Interestingly, the expression of
IM30 in different Zea mays leaves varied in dependence of the TM amount (Majeran et al.
2005). Bundle sheath types, which contained a very pronounced number of thylakoids, express
ten times more IM30 compared to mesophyll types (Majeran et al. 2005). Furthermore, the cya-
nobacterium Gloeobacter, which does not contain typical TMs and performs parts of the photo-
synthesis in the PM (Rippka et al. 1974), does not express IM30 (Nakamura et al. 2003). All

these observations indicate a conserved function of IM30 in relation to TM formation.
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For the last two decades, the precise role of IM30 in TM biogenesis has been part of a highly

controversial discussion. Several functions were suggested and are summarized in Fig. 1.7.

Chloroplast Cyanobacteria

: - Protein/
IM30 Vesicl Lipid
O esicie ? P @ Protein complex

Fig. 1.7: Postulated IM30 functions in chloroplasts and cyanobacteria

Postulated IM30 functions in chloroplasts and cyanobacteria are illustrated: Vesicle formation (A), vesicle fusion (B),
thylakoid center organization (C), protein/lipid transport (D), protein/lipid insertion (E), membrane stress protection
(F) and formation of cyto-skeleton-like elements (G). Taken from (Heidrich et al. 2017), used with permission from
Elsevier (license number 4190941074655 via RightsLink).

Several components of the TM as proteins, the thylakoid lipid MGDG and other lipids are syn-
thesized within the IE or PM, respectively (Douce 1974; Joyard & Stumpf 1981; Zak et al.
2001; Keren et al. 2005; Kobayashi et al. 2007). Thus, there is an urgent need for a transporta-
tion mechanism of those molecules to the constructive TM. In the past, the IM30 function was

often discussed in this context.

A lipid transport function of IM30 would be one possibility, as it has been suggested early (Li et
al. 1994; Benning et al. 2006). Indeed, infrared spectroscopy has demonstrated that a recombi-
nant IM30 expressed in E. coli has different structures before and after lipase treatment and a
significant reduction of lipid group absorption bands (Otters et al. 2013). Analogously to lipid
transport, IM30 was discussed to be involved in protein transport and subsequent insertion in
the TM. For example, the interaction of IM30 with Albino3.2 was observed, a protein involved
in the insertion of integral TM membrane proteins (Gohre et al. 2006; Walter et al. 2015). IM30
and PspA were also linked to the twin arginine transport (Tat)-mediated protein translocation in
chloroplasts and cyanobacteria (DeLisa et al. 2004; Lo & Theg 2012). Furthermore, binding of
IM30 to lots of other proteins involved in photosynthesis and stress response has been suggested
(Liu et al. 2005; Heide et al. 2009; Bryan et al. 2014; Feng et al. 2014).
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Since IM30 can form rod-like structures in vitro at higher concentrations and unknown microtu-
bule-like structures have been discovered in chloroplasts and cyanobacteria (Anderson et al.
1973; van de Meene et al. 2006), it has been debated whether IM30 might form cytoskeleton-
like structures, which could be used as rails for proteins and lipids from the IE or PM to the TM
(Vothknecht et al. 2012). However, experimental proof of the involvement of IM30 in such

structures is missing.

Another suggested function of IM30 was the organization of cyanobacterial thylakoid centers,
which are under suspicion for being TM biogenesis centers since they represent areas where the
TM converges to the PM in Synechocystis (Nickelsen et al. 2011). IM30 was recently assumed
to form a structural component within the thylakoid centers (Rutgers & Schroda 2013), and
GFP-labeled IM30 was localized accumulated at the cell periphery (Bryan et al. 2014). On the
other hand, thylakoid convergence sites are not conserved in all cyanobacteria (cf. 1.2.1), indi-
cating that they cannot be responsible for the TM biogenesis in every cyanobacterium. As al-
ready mentioned in 1.2.2, T-zones and other hypothetical direct connections between the TM
and the PM/IE were found in cyanobacteria, green algae and chloroplasts and discussed as ex-
change bridges instead (Shimoni et al. 2005; van de Meene et al. 2006; Charuvi et al. 2012;
Engel et al. 2015).

A vesicle transporting system for those eukaryotic plastids was suggested when vesicle-like
objects in Arabidopsis and Pisum sativum chloroplasts were observed via electron microscopy
under special experimental conditions, which prevented membrane fusion of those vesicles
(Morre et al. 1991; Kroll et al. 2001; Westphal et al. 2001b). Strikingly, the vesicles were not
visible anymore in an Arabidopsis im30 depletion strain (Kroll et al. 2001). Consequently,
IM30 was suggested to be involved in the formation of the vesicles, which would provide a
possibility for exchange of proteins and/or lipids between IE and TM via a vesicle traffic sys-
tem. It must be mentioned that further evidence for this hypothetical IM30 function is missing
(Vothknecht et al. 2012).

All previously observed effects upon IM30 deletion in cyanobacteria and chloroplasts were
recently explained by a new hypothetical function of the protein. A membrane fusion assay as
well as electron microscopy demonstrated the in vitro ability of IM30 to mediate membrane
fusion in presence of Mg?* (Suppes 2013; Hennig et al. 2015). Furthermore, for TM biogenesis
in chloroplasts, the formation of an MGDG inverse-hexagonal platform was suggested as an
exchange point for material between the IE and a constructive TM (Bastien et al. 2016). In this
model, IM30 was thought to act as a bridge in order to transfer proteins and/or lipids (Bastien et
al. 2016; Selao et al. 2016). Since TM biogenesis probably includes a direct membrane connec-
tion between TM and PM/IE or a vesicle traffic system, a fusion-mediating protein seems ad-

vantageous. In both cases, IM30 could connect two membranes with each other to enable a ma-
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terial exchange. Importantly, a fusion function of IM30 would not contradict the idea of IM30
being a vesicle inducing protein per se, but rather suggest the mediation of the opposing event

depending on the regulation, e.g. the cytosolic Mg?* content.

Aside from a lipid/protein transportation via membrane fusion, IM30 was also discussed in the
context of membrane protection independent from Mg?*. The membrane integrity as well as the
upkeep of electric potential and the proton motive force of thylakoids are crucial for cell viabil-
ity. PspA has been reported to be involved in membrane stress protection, as in the situation of
proton leakage by forming large complexes at the PM (Kleerebezem et al. 1996; Kobayashi et
al. 2007; Standar et al. 2008; Yamaguchi et al. 2013). Due to its connection to PspA, IM30 was
also assumed to play a role in membrane stress protection, e.g. during a hypothetical vesicle
budding or fission. Indeed, Arabidopsis chloroplasts lacking IM30 were found sensitive to hy-
potonic membrane stress (Zhang et al. 2012) and in Synechocystis, IM30 was upregulated in
presence of the membrane stressor hexane (Liu et al. 2012). Furthermore, IM30 could fulfill the
PspA protection function in E. coli (DeLisa et al. 2004; Zhang et al. 2012). When IM30 was
ectopically expressed in Arabidopsis, the tolerance to heat and oxidative stress was increased
(Zhang et al. 2016a; Zhang et al. 2016b), which was ascribed to the C-terminal a-helix of IM30
(Zhang et al. 2016a). Additionally, GFP-labeled IM30 rings in Arabidopsis were found to dy-
namically react in form of dissociation on membranes upon hypotonic treatment via fluores-
cence live-imaging (Bryan et al. 2014; Zhang et al. 2016a). As mentioned above (cf. 1.4.3), the
ability of IM30 to increase the membrane polarity has been shown, and this effect was suggest-

ed to play a role in membrane protection (Suppes 2013).

1.5 Objectives of this thesis

TM biogenesis is a vital process for all life on earth. Despite its outstanding importance, it is not
fully understood yet. Only recently, a huge step was taken into the direction of determining the
role of IM30 in this process. Thus, the starting point of this thesis were discoveries made in
(Suppes 2013) and (Hennig et al. 2015). Here, IM30 was shown to have a dual function in pres-
ence and absence of Mg?*: membrane fusion and protection, the latter seeming to be a heritage
from the proteins’ bacterial ancestor PspA. Due to the presence of a certain Mg?* threshold con-
centration, the ability to connect membranes with each other, on the other hand, seems to be
directly related to TM biogenesis. Hence, the main goal of this thesis was to further identify and
to illuminate upstream interactions, steps and conditions for the IM30-mediated membrane fu-
sion and to develop a model which describes the 1IM30 interactions and the fusion process on
the macromolecular level. This includes the interaction of IM30 with Mg?*, with membranes,
with other IM30 molecules during oligomerization and deoligomerization, and the interdepend-

ency of all components in different equilibria.
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A schematic overview of equilibria and events of interest is illustrated in Fig. 1.8.

AN

- IM30/Mg?*/membrane
interaction

IM30
oligomerization

Fusion:
mechanism/
conditions

Q Mg2+

Fig. 1.8: IM30 interactions of interest

Interactions of IM30 involve oligomerization and deoligomerization, Mg?* and membrane binding at different struc-
tural levels. The interactions of the protein eventually end up in membrane fusion. Indicated are formerly confirmed
equilibria (green arrows) and equilibria which are supposed to be confirmed or excluded and are investigated further
in this thesis (black arrows).

As indicated in Fig. 1.8, a main issue of this thesis was to confirm or exclude a direct binding of
Mg?* to IM30, which has not been unambiguously proven so far and was only indicated in for-
mer experiments (Suppes 2013; Hennig et al. 2015). In this context, it was also interesting to
see which requirements need to be fulfilled for a hypothetical interaction, especially the oli-
gomerization state as well as the structural flexibility of IM30.

Another issue investigated in this thesis was the IM30-membrane interaction. In the past, IM30
has been demonstrated to interact with membranes containing negatively charged lipids (Suppes
2013; Hennig et al. 2015). However, the nature of these interactions, which was suggested to
base on electrostatic forces, remained elusive and was investigated further. Additionally, bind-
ing conditions as the IM30 oligomerization state and the effects of the presence/absence of Mg?*
were important for an improved understanding of the IM30-membrane interaction.

Furthermore, the oligomerization behavior of IM30 on membranes was not investigated at this
point. It has been shown that IM30 mainly exists in higher-ordered oligomerization states in
solution (Heidrich et al. 2016). The oligomerization state on membranes, on the other hand, was
not further described. In the framework of this thesis, a hypothetical IM30 ring dissociation into
smaller subunits in presence and absence of Mg?* and in dependence of different membrane
compositions was examined. To do so, a pair of labeled IM30 mutants, containing the FRET

pair forming dyes CFP and Venus was generated for this thesis.
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Not only the interactions leading to the final fusion mediation, but also the membrane fusion
itself was a main objective in this thesis. Whether IM30 acts as an active fusion protein or an
indirect fusion mediator has not been investigated so far. Additionally, fusion conditions, such

as the IM30 structural flexibility and the membrane composition, were analyzed.

Importantly, all experiments in this thesis were performed in vitro using liposomes as thylakoid
model membranes. This approach has already been shown as advantageous in former work
(Fuhrmann 2010; Suppes 2013; Hennig 2014; Hennig et al. 2015). Since in vivo, all interactions
and events are directly connected to each other, they are impossible to separate, and secondary
effects might be misinterpreted. Thus, the in vitro approach has an advantage concerning the
isolation of a specific feature in the IM30 interaction cascade by minimizing the components in
the samples. By combining the results from individual in vitro studies, a putative sequence of
events in the IM30 fusion performance can be proposed. Subsequently, a further confirmation of

the suggested 1IM30 membrane fusion in vivo can be more target-oriented.
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2 Materials and methods

2.1 Chemicals
Table 2.1: Chemicals

Chemical

Origin

Acetic acid

Acrylamide/bis-acrylamide, 40% solution
8-Anilino-1-naphthalenesulfonic acid (ammonium
salt) (ANS)

Agar-agar

Agarose GTQ

Ammonium persulfate (APS)

Ampicillin sodium salt

N,-Benzoyl-L-arginine ethylester (BAEE)

Bovine serum albumin (BSA)

Bromphenol blue sodium salt

Chloroform

Chromium (Cr)

Coomassie Brilliant Blue G-250
Deoxynucleotidetriphosphate solution set (ANTPs)
Digalactosyldiacylglycerol (DGDG)

Dimethyl sulfoxide (DMSO)
1,2-Dioleoyl-sn-glycero-3-phosphocholine (sodium
salt) (DOPC)
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine
labeled with Atto633 (Atto633-PE)
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(lissaminerhodamine B sulfonyl) (ammonium salt)
(LissRhod-PE)
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt)
(NBD-PE)
1,2-Dioleoyl-sn-glycero-3-phosphoglycerol (sodium
salt) (DOPG)
1,2-Dioleoyl-sn-glycero-3-phospho-L-serine (sodium
salt) (DOPS)

Disodium phosphate dihydrate (Na;HPO4*2H,0)
Ethanol (abs.)

Ethidium bromide

Formic acid

Glutaraldehyde

Glycerol

Glycine

Gold (Au)

Hellmanex 11 solution

Hydrochloric acid (HCI)
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)

Imidazole

VWR (Darmstadt, GER)
AppliChem (Darmstadt, GER)
Sigma-Aldrich (Minchen, GER)

Roth (Karlsruhe, GER)

Roth (Karlsruhe, GER)

Merck (Darmstadt, GER)

Roth (Karlsruhe, GER)

Thermo Scientific (Darmstadt, GER)
Thermo Scientific (Darmstadt, GER)
Sigma-Aldrich (Miunchen, GER)

VWR (Darmstadt, GER)

Umicore (Hanau, GER)

AppliChem (Darmstadt, GER)

BioLabs (Ipswich, MA, US)

Avanti Polar Lipids (Alabaster, AL, US)
BioLabs (Ipswich, MA, US)

Avanti Polar Lipids (Alabaster, AL, US)

Sigma-Aldrich (Minchen, GER)

Avanti Polar Lipids (Alabaster, AL, US)

Avanti Polar Lipids (Alabaster, AL, US)

Avanti Polar Lipids (Alabaster, AL, US)
Avanti Polar Lipids (Alabaster, AL, US)

Roth (Karlsruhe, GER)
Sigma-Aldrich (Miinchen, GER)
AppliChem (Darmstadt, GER)
Roth (Karlsruhe, GER)
Sigma-Aldrich (Minchen, GER)
Sigma-Aldrich (Miinchen, GER)
AppliChem (Darmstadt, GER)
ESG (Rheinstetten, GER)
Hellma (Jena, GER)

Roth (Karlsruhe, GER)

Thermo Scientific (Darmstadt, GER)

AppliChem (Darmstadt, GER)
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Chemical

Origin

Isopropyl alcohol
Isopropyl-S-D-thiogalactopyranoside (IPTG)
Laurdan

Magnesium chloride hexahydrate (MgCl,*6H,0)
16-Mercaptohexadecanoic acid (16-MHDA)
Methanol

Monogalactosyldiacylglycerol (MGDG)
Monosodium phosphate monohydrate
(NaH2PO4*H20)

Nickel nitrilotriacetic acid agarose (Ni-NTA-
agarose)

Protease Inhibitor Cocktail P8849
Roti-Quant 5x

Sodium dithionite (NazS,04)

Sodium chloride (NaCl)

Sodium dodecyl sulfate (SDS)

Spectra/Gel Absorbent
Sulfoquinovosyldiacylglycerol (sodium salt)
(SQDG)

N,N,N’, N -Tetramethylethylenediamine (TEMED)
Tris(hydroxymethyl)aminomethane (Tris)
Triton X-100

Tryptone

Tween20

Uranyl acetate

Urea

Yeast extract

VWR (Darmstadt, GER)

Thermo Scientific (Darmstadt, GER)
Fluka (Taufkirchen, GER)

AppliChem (Darmstadt, GER)
ProChimia (Sopot, PL)

Sigma-Aldrich (Minchen, GER)

Avanti Polar Lipids (Alabaster, AL, US)
Roth (Karlsruhe, GER)

Marcherey-Nagel (Diiren, GER)

Sigma-Aldrich (Minchen, GER)

Roth (Karlsruhe, GER)

Sigma-Aldrich (Munchen, GER)

Roth (Karlsruhe, GER)

Roth (Karlsruhe, GER)

Spectrum Labs (Los Angeles, CA, US)
Larodan Fine Chemicals (Solna, SWE)

AppliChem (Darmstadt, GER)

Roth (Karlsruhe, GER)
Sigma-Aldrich (Miinchen, GER)
Roth (Karlsruhe, GER)
Sigma-Aldrich (Miunchen, GER)
Fluka (Taufkirchen, GER)

Thermo Scientific (Darmstadt, GER)
Roth (Karlsruhe, GER)

2.2 Buffers and solutions

Table 2.2: Buffers and solutions

Notation Composition
For agarose gel electrophoresis:
50x TAE buffer 242 g Tris

57.1 ml Acetic acid

6x DNA sample buffer

For SDS-PAGE:

Loading gel buffer

Resolving gel buffer

100 ml 0.5 M EDTA, pH 8.0
Add. 11ddH:0

10 mM Tris, pH 7.6

0.03% Bromphenol blue (w/v)
60% Glycerol (v/v)

60 mM EDTA

1.5 M Tris, pH 6.8
0.4% SDS (w/v)

0.5 M Tris, pH 8.8
0.4% SDS (w/v)
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Notation Composition
10x SDS running buffer 0.25 M Tris
2 M Glycine
1% SDS (w/v)

5x SDS sample buffer

Coomassie staining solution

Coomassie destaining solution

For immunoblot detection

TBS buffer

TBS-T buffer

For protein purification:

NaPh buffer

Washing buffers
W20

W50

W100

Elution buffer

For protein storage:

HEPES buffer

NaPh buffer

250 mM Tris, pH 6.8

10% SDS (w/v)

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

500 MM DTT

0.125% Coomassie Brilliant Blue G-250 (w/v)
40% Ethanol (v/v)
5% Acetic acid (v/v)

10% Acetic acid (v/v)
30% Ethanol (v/v)

25 mM Tris
1.25 M Glycine
20% Ethanol (v/v)

TBS buffer
0.05% Tween20 (v/v)

50 mM NaPh, pH 7.6
300 mM NaCl

NaPh buffer
20 mM Imidazole

NaPh buffer
50 mM Imidazole

NaPh buffer
100 mM Imidazole

NaPh buffer
500 mM Imidazole

20 mM HEPES, pH 7.6

10 mM NaPh, pH 7.6

All buffers used for protein purification and protein storage were filtered and stored at 4 °C.
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2.3 Oligonucleotides

Table 2.3: Oligonucleotides

Notation Sequence (5’2 3%) Target Plasmid Mutation
A227C fw CCG GGA ACCTCTTGC GCT pRSET IM30 A227C
ACG CCCCAAC
A227C rev GTT GGG GCG TAG CGC AAG pRSET IM30 A227C
AGG TTC CCG G
IM30 -stopfw ~ CGG TTA AAT AAT CTG GGA pRSET IM30-CFP  -Stop
TCC GTG AGC AA
IM30 -stoprev  TTG CTC ACG GAT CCC AGA pRSET IM30-CFP  -Stop
TTATTT AAC CG
Venus fw TAA GCA GGA TCC GTG AGC pVenus-GlpF +BamHI at 5
AAG GGC GAG GAC +EcoRI at 3’
Venus rev TGCTTAGAATTCTTACTT pVenus-GlpF +BamHI at 5°
GTA CAG CTC GTC CAT GCC +ECORI at 3’

All oligonucleotides were obtained from Eurofins MWG Genomic (Martinsried, GER).

2.4 Plasmids

Table 2.4: Plasmids

Notation Mutation Resistence  Origin
pRSET GpA-CFP +CFP with the modifications R27K  Ampicillin ~ Schneider group
and H232L
pRSET IM30 - Ampicillin ~ Schneider group
pRSET IM30 ACT A223-267 Ampicillin  Schneider group
pRSET IM30 A227C  A227C Ampicillin ~ This work
pRSET IM30 C4 AT5S, A78S, L79A Ampicillin ~ Schneider group
pPRSET IM30 C7 F168A, E169A, R170A, M171A Ampicillin  Schneider group
pRSET IM30-CFP +CFP with the modifications R27K ~ Ampicillin  This work
and H232L
pRSET IM30-Venus +Venus Ampicillin  This work
PVenus-GlpF +Venus Ampicillin  Schneider group

2.5 Enzymes and enzyme buffers

Table 2.5: Enzymes and buffers

Notation Origin

BamHI BioLabs (Ipswich, MA, US)

CIP BioLabs (Ipswich, MA, US)
CutSmart buffer 10x BioLabs (Ipswich, MA, US)

Dpnl BioLabs (Ipswich, MA, US)

EcoRl BioLabs (Ipswich, MA, US)

NEB 10x buffer 2.1 BioLabs (Ipswich, MA, US)

NEB 10x buffer 3.1 BioLabs (Ipswich, MA, US)
Phusion 5x GC buffer Thermo Scientific (Darmstadt, GER)

Phusion 5x HF buffer Thermo Scientific (Darmstadt, GER)




Materials and methods 33

Phusion polymerase Thermo Scientific (Darmstadt, GER)
T4 ligase BioLabs (Ipswich, MA, US)

T4 ligase 10x reaction buffer BioLabs (Ipswich, MA, US)

TLL Sigma-Aldrich (Miinchen, GER)
Trypsin Roth (Karlsruhe, GER)

Xbal BioLabs (Ipswich, MA, US)

2.6 Antibodies

The antibody aVipp420 against IM30 was from (Fuhrmann 2010). The secondary antibody
arabbit was from Sigma Aldrich (Miinchen, GER).

2.7 E.colicells

Table 2.6: E. coli cells

Notation Genotype Origin

E. coli BL21(DE3) FompT hsdS(rs mg") gal dcm A(DE3) Novagen (Madison, WI, US)
E.coli XL-1Blue  recAl endAl gyrA96 thi-1 hsdR17 Novagen (Madison, WI, US)
SsupE44 relAl lac

2.8 Cell culture media

Table 2.7: Cell culture media

Notation Composition

2YT liquid medium 10 g Yeast extract
5 g NaCl
16 g Tryptone
Add. 1 | ddH0, autoclaved

LB agar 15 g Agar
10 g Tryptone
5 g Yeast extract
10 g NaCl
Add. 1 | ddH-0, autoclaved

LB liquid medium 10 g Tryptone
5 g Yeast extract
10 g NaCl
Add. 1 | ddH,0, autoclaved
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2.9 Kits

Table 2.8: Kits

Kit Notation Origin

Agarose gel extraction
Immunostaining

PCR clean-up
Plasmid preparation
SEC marker

Gel Extraction Kit

Amersham ECL Prime Western
Blotting Detection Reagent
PCR Cleanup Kit

High-Speed Plasmid Mini Kit
Molecular Weight Maker Kit

Geneaid Biotech (Taipei, TW)
GE Healthcare (Munchen, GER)

Geneaid Biotech (Taipei, TW)
Geneaid Biotech (Taipei, TW)
Sigma Aldrich (Mlnchen, GER)

2.10 DNA & protein ladders

Table 2.9: DNA & protein ladders

Notation

Origin

GeneRuler 1kb DNA Ladder
PageRuler Prestained Protein Ladder
PageRuler Unstained Protein Ladder
Pierce Unstained Protein MW Marker

Thermo Scientific (Darmstadt, GER)
Thermo Scientific (Darmstadt, GER)
Thermo Scientific (Darmstadt, GER)
Thermo Scientific (Darmstadt, GER)

2.11 Instruments

Table 2.10: Instruments

Instrument Notation Origin

CD spectrometer J-815 Spectropolarimeter Jasco (Gross-Umstadt, GER)
Centrifuge Allegra X-15R Centrifuge Beckman Coulter (Krefeld, GER)

Electron microscope
Electrophoresis adapter

Electrophoresis cham-
ber

Extruder

Fluorimeter

Gel scanner

Heating bath

Heating block

Heating plate/magnetic

stirrer
Horizontal shaker

Avanti J-26XP
Centrifuge 5415 R
Centrifuge 5424
Concentrator 5301
FEI Tecnai 12

pegPOWER300

PowerPac Basic

Mini-Protean 3 Cell
Min-Protean Tetra Cell
PerfectBlue Gelsystem S, M, L
Mini-Extruder

FluoroMax-4

Quantum-ST4 1100/26M
ViewPix 700

Thermomix 1420

HBT-1 Heiz-Block-Thermostat
MR Hei-Standard

Duomax 1030

Beckman Coulter (Krefeld, GER)
Eppendorf (Hamburg, GER)
Eppendorf (Hamburg, GER)
Eppendorf (Hamburg, GER)
FEI, Thermo Scientific (Darm-
stadt, GER)

PegLab (Erlangen, GER)
BioRad (Hercules, CA, US)
BioRad (Hercules, CA, US)
BioRad (Hercules, CA, US)
PegLab (Erlangen, GER)

Avanti Polar Lipids (Alabaster,
AL, US)

Horiba Scientific (Bensheim,
GER)

PegLab (Erlangen, GER)
Biostep (Burkhardtsdorf, GER)
Braun (Melsungen, GER)

HLC BioTech (Pforzheim, GER)
Heidolph (Schwabach, GER)

Heidolph (Schwabach, GER)
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Instrument

Notation

Origin

Immunoblot documen-
tation system
Incubator

ITC instrument

Mass spectrometer

Overhead shaker
pH meter

Photometer

SEC system
Shaking incubator
SPR instrument
SPT instrument

Sterile bank
Tank blot equipment

Thermo cycler
Thermo mixer
Ultrasound device

Vacuum coater
Vacuum pump
Vortex mixer

STELLA

Binder Inkubator Serie BF
MicroCal VP-ITC Microcalori-
meter

Mass spectrometer

Rollenmischer CMV-ROM
pH 211 Microprocessor

Lambda 35
NanoDrop

Novaspec Plus

U-5100 Spectrophotometer
AKTApurifier 10
Multitron

SPR instrument
NanoSight LM10

Biological Safety Cabinet
Trans-Blot wet electroblotting
system

Thermocycler Primus 25
Thermomixer comfort
Branson Sonifier 250

Ultrasonic Cleaner
Vacuum Coater Auto 306
High Vacuum Pump
Vortex Mixer

Raytest (Straubenhardt, GER)

Binder (Tuttlingen, GER)
Malvern Instruments (Malvern,
UK)

Prof. Nina Morgner (Frankfurt,
GER)*

Frobel (Lindau, GER)

Hanna Instruments (V6hringen,
GER)

PerkinElmer (Rodgau, GER)
Thermo Scientific (Darmstadt,
GER)

Amersham Biosciences (Little
Chalfont, UK)

Hitachi (Tokio, JPN)

GE Healthcare (Munchen, GER)
Infors HT (Bottmingen, CH)
MPI-P (Mainz, GER)*
Malvern Instruments (Malvern,
UK)

Microflow (Kaufbeuren, GER)
BioRad (Hercules, CA, US)

PegLab (Erlangen, GER)
Eppendorf (Hamburg, GER)
Heinemann Labortechnik (Duder-
stadt, GER)

VWR (Radnor, PA, US)

Edwards (Crawley, UK)

Edwards (Crawley, UK)

VWR (Radnor, PA, US)

*These instruments were in-house built.

2.12 Consumables

Table 2.11: Consumables

Consumable Notation Origin
Blotting paper Thick Blot Paper BioRad (Hercules, CA, US)
Copper grids CF400-Cu, carbon film on 400 Electron Microscopy Sciences
mesh copper grids (Hatfield, UK)
Cuvettes Acryl cvuvettes Sarstedt (Niimbrecht, GER)
1.5 ml PMMA cuvettes Brand (Wertheim, GER)
Quartz crystal suprasil cuvettes, Hellma (Jena, GER)
3 mm
Quartz crystal suprasil cuvettes, Hellma (Jena, GER)
10 mm
Dialysis tube Spectra/Por Dialysis Membrane, Spectrum Labs (Rancho

Disposable column

MWCO: 6-8.000

Spectra/Por Dialysis Membrane,
MWCO: 3.500

Disposable 5-ml polypropylene

Dominguez, CA, US)
Spectrum Labs (Rancho
Dominguez, CA, US)

Thermo Scientific (Darmstadt,
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Consumable Notation Origin
columns GER)

Extruder membrane  Polycarbonate membranes 0.1 um  Avanti Polar Lipids (Alabaster,

AL, US)

Immunoblot memb-  Roti-PVDF Roth (Karlsruhe, GER)

rane

LaSFN9 glass plates  LaSFN9 glass plates Hellma (Jena, GER)

LaSFN9 prism LaSFN9 prism Hellma (Jena, GER)

Rotors JA-2550 Beckman Coulter (Krefeld, GER)
JLA-8100 Beckman Coulter (Krefeld, GER)

SEC column Superdex-200-16/600 GE Healthcare (Minchen, GER)

2.13 Software
Table 2.12: Software

Application Software
Chemical structures ACD/ChemSketch 12.01
PyMOL
Literature management EndNote X5
Mathematical analysis Microsoft Excel 2010
Origin 7G
Origin 7.5
OriginPro 8

Picture editing Adobe Photoshop CS4 Extended
CorelDRAW X7

ImageJ 1.47t

Microsoft PowerPoint 2010
ClustalX2

Genamics Expression 1.3.2

ale UV-Vis-IR Spectral Analysis 2.2
Winspall 2.20

Microsoft Word 2010

Sequencing analysis

Spectra analysis
SPR analysis
Text editing

The instrument software used in this thesis belonged to the respective instrument (see 2.11).

2.14 Molecular biological methods

2.14.1 Polymerase chain reaction (PCR)

With the polymerase chain reaction (PCR), the possibility of exponential DNA duplication is
given (Mullis & Faloona 1987). In principle, two oligonucleotide primers attach to two com-
plementary DNA regions in the opposite direction. The DNA region is then amplified by a
DNA polymerase (here: Phusion polymerase). The process can be divided into three main steps:
Denaturing of the original DNA, annealing of the primers to the DNA, and DNA synthesis.

Each step is repeated 15-50 times.
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In this thesis, PCR was used to amplify regions of interest (the im30 coding sequence and the
venus coding sequence) as well as to introduce targeted changes in the DNA sequence called

point mutagenesis (see 2.14.2).

The samples were pipetted as shown in Table 2.13.

Table 2.13: Protocol for the PCR

Component Concentration Volume (ul)
Plasmid 17 ng/ul 4.0

fw primer 10 pmol/pul 25

rev primer 10 pmol/ul 25

dNTPs 2mM 5.0

Phusion polymerase 0.5 units 0.5

Phusion HF buffer  5x 10.0

ddH,O 25.5

The PCR running program was conducted as listed in Table 2.14.

Table 2.14: Protocol for the PCR running program

Step T(°C) t(s) Number of cycles
First denaturation 98 30 _1

Denaturation 98 10

Primer annealing 50 30 135

Duplication 72 240

Last duplication 72 600 1

Storage 4 o 1

Afterwards, 1 pl of Dpnl was added in order to cleave the methylated original vector DNA. The

mixture was incubated at 37 °C for 30 min.

2.14.2 Site-directed mutagenesis

The site-directed mutagenesis is a special case of the PCR (see 2.14.1), in which a specific point
mutation is introduced to a plasmid. The protocol was used from a QuickChange Site-Directed
Mutagenesis Kit from Agilent Technologies (Santa Clara, CA, US) (Kirsch & Joly 1998). The

samples were pipetted as shown in Table 2.15.

Table 2.15: Protocol for the site-directed mutagenesis

Component Concentration Volume (pl)
Plasmid 100 ng/pul 1

fw primer 10 pmol/pl 1

rev primer 10 pmol/pl 1

dNTPs 2mM 5

Phusion polymerase 0.5 units 1

Phusion GC buffer  5x 10

MgCl, 50 mM 1

DMSO 100% 3

ddH:0 27
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Here, MgCl; is used to increase the polymerase speed and DMSO helps denaturating the tem-

plate. The running program was conducted as listed in Table 2.16.

Table 2.16: Protocol for the site-directed mutagenesis running program

Step T(°C) t(s) Number of cycles
First denaturation 98 30 _1

Denaturation 98 20

Primer annealing 57 30 116

Duplication 72 180

Last duplication 72 600 1

Storage 4 o 1

Afterwards, 1 pl of Dpnl was added in order to digest the original vector DNA. The mixture
was incubated at 37 °C for 1 h.

2.14.2.1 Primer design

For site-directed mutagenesis, primers were designed in order to introduce a specific point mu-
tation to the pRSET IM30 plasmid. The primer length N was between 25 and 45 bases. If possi-
ble, the primers ended with the bases guanine or cytosine. Furthermore, the melting temperature
Tm stayed below 80 °C and did not exceed 78 °C.

Tm could be calculated via
T = (81.5 + 0.41 - (%GC) — GNE - (%mismatch)) -1°C Eq. 2.1

where %GC is the amount of guanine and cytosine in relation to N and %mismatch is the num-

ber of mutated bases in relation to N.

2.14.3 PCR clean-up
The PCR clean-up was performed using the “PCR Cleanup Kit” as described in the manual.

2.14.4 Generation of pRSET IM30-CFP and pRSET IM30-Venus expression
plasmids
In order to create IM30 variants with a chromophore attached, the sequence coding for CFP or

Venus were cloned into a pRSET vector after the C-terminus of the IM30 sequence, respective-

ly.

2.14.4.1 pRSET IM30-CFP

A pRSET GpA-CFP plasmid, which contained the sequence of the cyan fluorescent protein
(CFP) as described in (Bisicchia et al. 2010), including the two modifications R27K and
H232L, was used as a vector, after removing the gpa sequence. The im30 sequence, which was
encoded on a pRSET IM30 plasmid, was used as the insert. Both plasmids were digested by
BamHI and Xbal, respectively, using the pipetting scheme listed in Table 2.17.
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Table 2.17: Protocol for the pRSET IM30-CFP restriction

Component Quantity Volume (ul)
Plasmid 1ug X

BamHI 25units  1.25

Xbal 25units  1.25

NEB 10x buffer 3.1 5.00

ddH.O Q.s. 50

The mixtures were incubated at 37 °C for 2 h without shaking. The desired fragments were iso-
lated from a 1% agarose gel (see 2.14.5 and 2.14.6) and ligated using the pipetting scheme in
Table 2.18.

Table 2.18: Protocol for the pRSET IM30-CFP ligation

Component Quantity Volume (ul)
Vector 50 ng X

Insert 37.5ng X

T4 ligase 400 units 1.0

T4 ligase 10x reaction buffer 15

ddH.0O Q.s. 15

The mixture was incubated at 37 °C for 2 h. The enzymes were deactivated afterwards via heat-
ing for 10 min at 65 °C. Subsequently, E. coli cells were transformed with the ligation product
(see 2.15.1) and the plasmid was extracted from a single colony (see 2.15.2).

In order to remove the stop codon between the im30- and cfp sequence, a site-directed mutagen-
esis (see 2.14.2) was performed using the primers IM30 -stop fw and IM30 -stop rev. The se-

quence was checked via sequencing (see 2.14.7).

2.14.4.2 pRSET IM30-Venus

The plasmid for expression of the IM30-Venus mutant was generated using the pRSET 1IM30-
CFP expression plasmid as a vector after removing the cfp sequence. From a pVenus-GlpF
plasmid the venus gene (Nagai et al. 2002) was amplified via PCR (see 2.14.1), using the pri-
mers Venus fw and Venus rev. Via the primers, BamHI- and EcoRlI restriction sites were intro-
duced at the 5’end and 3"end of the venus gene, respectively. This allowed a directed insertion
of the Venus sequence into the pRSET IM30 plasmid, which contains both restriction sites after

the im30 gene.

The pRSET IM30-CFP plasmid and the PCR product were digested by BamHI and EcoRl, re-
spectively, using the pipetting scheme listed in Table 2.19.
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Table 2.19: Protocol for the pRSET IM30-Venus restriction

Component Quantity Plasmid PCR product
Volume (ul) Volume (ul)

Plasmid 1ug X -

PCR product 1ug - X

BamHI 20 units 1 1

EcoRl 20units 1 1

NEB 10x buffer 2.1 5 5

ddH>O Q.s. 50 Q.s. 50

The mixtures were incubated at 37 °C for 1 h. The desired fragment from the plasmid digestion
was isolated from a 1% agarose gel (see 2.14.5 and 2.14.6), and for the PCR product digestion a
PCR clean-up (see 2.14.3) was performed. The products were then ligated using the pipetting
scheme in Table 2.20.

Table 2.20: Protocol for the pRSET IM30-Venus ligation

Component Quantity Volume (ul)
Vector 50 ng X

Insert 37.5ng X

T4 ligase 80 units 0.2

T4 ligase 10x reaction buffer 2.0

ddH.O Q.s. 20

The mixture was incubated at 37 °C for 2 h. The enzymes were deactivated afterwards via incu-
bation for 10 min at 65 °C. Subsequently, a plasmid transformation (see 2.15.1) and a plasmid

preparation (see 2.15.2) were performed. Afterwards, the plasmid was sequenced (see 2.14.7).

2.14.5 Agarose gel electrophoresis

With the help of agarose gel electrophoresis, DNA- and RNA-fragments can be separated due to
their size. The polysaccharide agarose is part of the gel and serves as a sieve. By introducing a
current to the gel, the loaded oligonucleotides migrate to the anode due to their negatively
charged phosphate groups. Smaller fragments are more motile and can be found at the bottom of

the gel.

In this thesis, agarose gel electrophoresis was used in order to (i) monitor the success of PCRs
and site-directed mutagenesis or (ii) elute DNA fragments directly from the gel. Only gels from
1% agarose (w/v) in 1XTAE buffer were used. 0.5 g of agarose was weighed and dissolved in
50 ml 1x TAE buffer by heating gently in the microwave. The still hot solution was immediate-
ly filled into an agarose gel chamber. A suitable comb was put in the chamber as well and the

agarose polymerized for 30 min.

For the sample preparation, 10 pl of the PCR product was mixed with 2 pl of 6x DNA sample

buffer. From this mixture 10 pl was loaded on the agarose gel. Electrophoresis was performed
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in 1x TAE buffer at 130 V. In order to visualize the bands, the gel was incubated with ethidium

bromide for 30 min and afterwards exposed to UV light at a wavelength of 590 nm.

2.14.6 Agarose gel elution

Agarose gel elution was performed using the “Gel Extraction Kit” as described in the manual.

2.14.7 DNA sequencing
Sequencing of plasmid DNA was performed by Eurofins MWG Genomic (Martinsried, GER).

2.15 Microbiological methods

2.15.1 E. coli plasmid transformation via heat shock
With the help of plasmid transformation, it was possible to introduce plasmid DNA to a compe-

tent E. coli cell.

1-2 pl of plasmid DNA solution was added to 50-150 ul of freshly thawed E. coli cells. For pre-
cultures, E. coli BL21 cells and for preparation of plasmid DNA, E. coli XL1-Blue cells were
used. The cells were incubated on ice for 1 min, then the heat shock leading to a permeable cell
membrane was performed in the thermo mixer at 42 °C and 900 rpm for 1 min. Afterwards,
500 pl of 2YT or LB medium was added, and the sample was incubated in the thermo mixer at
37 °C and 900 rpm for 45-60 min. 300 pl of the sample was then transferred on a dry LB agar
plate containing the correct antibiotic and plated. The agar plate was kept in the incubator at
37 °C for ~15 h,

In the case of PCR samples, 25-100 pul of plasmid solution was added to the E. coli cells. After
heat shock and incubation at 37 °C, the cells were centrifuged at 4000 rpm for 2 min. 300 ul of
the supernatant was discarded and the cell pellet resuspended in the remaining medium. This

was necessary to increase the cell concentration.

2.15.2 Preparation of plasmid DNA

From an agar plate, which was prepared during plasmid transformation (see 2.15.1), colonies
were picked and transferred in 3 ml of 2YT or LB medium. Additionally, ampicillin was added
to a final concentration of 100 pg/ml. The overnight cultures were incubated at 37 °C and
200 rpm for ~15 h. Subsequently, preparation of plasmid DNA was performed with the “High-

Speed Plasmid Mini Kit” as described in the manual.

2.15.3 Optical density (OD) determination in E. coli
In order to determine the cell concentration in E. coli cultures, the optical density (OD) was

determined by measuring the absorption at 600 nm in a photometer.
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2.15.4 Protein expression in E. coli

For protein expression, E. coli BL21 cells were used. Pre-cultures were usually prepared in
200 pl of 2YT or LB medium. The medium was inoculated with a colony picked from the agar
plate (see 2.15.1). Additionally, ampicillin was added with a final concentration of 100 pg/ml.
The pre-cultures were incubated at 37 °C and 200 rpm for ~15 h.

For the main culture, 2 | of 2YT or LB medium (pre-incubated at 37 °C) was inoculated with
enough pre-culture to reach an ODeyo 0f 0.2. The added volume Vpre-cuiure Was calculated with

the ODeqo Of the pre-culture via

Vmain culture - 0-2
Vpre—culture = 0D6l0t0-f Eq. 2.2
where Vmain cuiure 1S the volume of the main culture, ODsoo the optical density of the pre-culture
and f the dilution factor for the pre-culture. Also, ampicillin was added to a final concentration
of 100 pg/ml.

The main culture was incubated at 37 °C and 130 rpm until the ODeqo reached a value between
0.8 and 1. Then, IPTG was added to a final concentration of 0.5 mM in order to induce overex-
pression of the desired protein. The cells were harvested 4 h after IPTG induction via centrifug-
ing at 4 °C and 2500 rpm for 10 min. The cell pellets were resuspended in 50 ml of ddH.O and
centrifuged at 4 °C and 4600 rpm for 10 min. The supernatant was discarded and the cell pellets

were frozen in liquid nitrogen.

2.15.5 E. coli cell disruption via sonification

In order to release the desired overexpressed protein from the E. coli cells, the cells were dis-
rupted via sonification. The cell pellets were thawed and resuspended in 50 ml of W20 buffer.
To protect the proteins from degradation, 35 pl of Protease Inhibitor Cocktail P8849 was added.
Cell disruption was performed in the ultrasound device for 5 cycles at 2 min with the output

signal set at 20%. During the cell disruption, the cells were ice-cooled.

2.16 Proteinbiochemical methods

2.16.1 Protein purification and co-purification via affinity chromatography

Protein purification was performed via affinity chromatography. The surface of the agarose-
NTA carrier material was coordinated with Ni?* ions. During the purification, the desired pro-
tein, which was always coupled with an N-terminal histidine residue, could coordinate to the
Ni2* ions in order to form an octahedral complex. Due to this complex formation, the desired
protein could be separated from other proteins. Afterwards, a highly concentrated imidazole

buffer was added in order to elute the protein in a competing reaction:
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Ni-NTA- - -protein + imidazole 2 Ni-NTA- - -imidazol + protein

2.5 ml of the Ni-NTA matrix, which was previously stored in EtOH, was transferred in ddH.O
and centrifuged at 500 rpm and 4 °C for 2 min. This step was repeated with another addition of
ddH>0O and subsequent addition of W20 buffer. The washed Ni-NTA matrix was then equili-
brated in W20 buffer at RT for 1 h.

In order to load the Ni-NTA with the protein, the previously disrupted E. coli cell solution (see
2.15.5) was centrifuged at 10000 rpm and 4 °C for 10 min. 50 ml of the supernatant was then
transferred to the washed Ni-NTA matrix, and the mixture was incubated in the overhead shaker
at 4 °C for 1.5-2 h. Afterwards, the equilibrated Ni-NTA was washed in order to remove unde-
sired components. To do so, the Ni-NTA was centrifuged at 800 rpm and 4 °C. The supernatant
was removed and 50 ml of W20 buffer was added. The step was repeated with W50 and W100
buffer. The washed Ni-NTA was then transferred in W100 buffer into a 5-ml polypropylene
column. For protein elution, 1 ml of elution buffer was added five times. The eluates were col-
lected and analyzed via SDS-PAGE (see 2.16.3). The eluates containing the highest IM30 band
intensity were dialyzed against HEPES buffer (see 2.16.2).

In order to create oligomeric mixtures of the CFP- and Venus-labeled IM30 versions, E. coli
pellets containing overexpressed IM30-CFP and IM30-Venus, respectively, were mixed prior to
purification. Former unpublished work in our group indicated that the IM30 ring formation
takes place after purification. Because of this, it was not necessary to conduct a co-expression,
where both, IM30-CFP and IM30-Venus, would have been expressed within the same bacteria

culture.

2.16.2 Dialysis

In order to change the buffer of a protein solution, dialysis was performed. 1-10 ml of the pro-
tein solution was loaded into a semipermeable dialysis tube which had tiny pores (see 2.12) to
let smaller molecules pass. The dialysis tube was then placed in ~2 | of the desired buffer at

4 °C for at least 1 h and was stirred thoroughly. The buffer was renewed two times.

2.16.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

With the help of SDS polyacrylamide gel electrophoresis (SDS-PAGE), proteins can be separat-
ed by their size (Laemmli 1970). During sample preparation, the protein solution is exposed to
high temperatures of 80-90 °C, the disulfide bridge breaker DTT, and the anionic detergent
SDS. Thereby, the proteins are denaturated and surrounded by the detergent in a ratio of 1.4 ¢
SDS/g protein (Pitt-Rivers & Impiombato 1968). Due to the common negative charge, the pro-
teins can migrate to the anode and are separated by their mass. The gel contains crosslinked

polymers and can detain larger proteins.
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In this thesis, gels with different polymerization degrees were used. The respective amounts of

components are listed in Table 2.21.

Table 2.21: Protocol for two loading and resolving gels

Resolving gel Loading gel

Component 8% 10% 12% 14% | 6%

ddH>0 (ml) 55 50 45 40 (3.0

40% Acrylamide/bis-acrylamide (ml) | 20 25 3.0 35 |[0.75
Resolving gel buffer (ml) 25 25 25 25 |-

Loading gel buffer (ml) - - - - 1.75

10% APS (ul) 50 50 50 50 25

TEMED (pl) 20 20 20 20 10

For sample preparation, 8 ul of the protein sample was mixed with 2 ul of 5x SDS sample buff-
er and incubated at 90 °C for 5 min. The pockets in the SDS gel, which was previously placed
into the electrophoresis chamber, were (if not otherwise mentioned) loaded with 10 ul of the
sample or 3 pl of the marker, respectively. Electrophoresis was performed in 1x SDS running
buffer at 200 V for ~45 min.

In order to stain the gel after electrophoresis, it was incubated in a Coomassie staining solution
for ~45 min, wherein the dye Coomassie Brilliant Blue G-250 can bind to basic amino acids
while stabilizing its anionic form. Afterwards, the gel was destained with a Coomassie destain-

ing solution for ~20 min in order to uncover the protein bands.

2.16.4 Immunoblot detection
Proteins, which were separated on an SDS, gel can be specifically made visible via immunoblot

detection.

After SDS-PAGE was performed (cf. 2.16.3), the gel was fixed between sponges and blotting
papers together with a Roti-PVDF membrane, which was previously activated in methanol, into
the tank blot equipment, wherein the PVDF membrane was facing the anode and the gel was
facing the cathode. For protein transfer, 100 V was applied for 1 h. The membrane was then
washed with TBS-T buffer and blocked with a 5% milk powder solution in TBS-T buffer for 1 h
in order to occupy free spots on the membrane. Afterwards, the membrane was washed three
times with TBS-T buffer for 5 min, respectively, and then incubated with the primary antibody
aVipp420 (1/1000 in TBS-T buffer) at 4 °C overnight. Then, the membrane was washed with
TBS-T buffer five times for 5 min and was incubated with the secondary antibody arabbit
(1/10000 in TBS-T buffer) for 1 h and afterwards washed with TBS-T buffer five times for
5 min. The secondary antibody was connected with the enzyme horseradish peroxidase (HRP),
which can catalyze the oxidation of luminol in presence of peroxides. This reaction results in a

detectable luminescence. Therefore, the membrane was washed with the Amersham ECL Prime
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Western Blotting Detection Reagent as described in the manual for 5 min and then developed in

the immunoblot documentation system.
2.16.5 Concentration determination

2.16.5.1 Bradford assay

In a Bradford assay, protein concentrations are determined via photometrical quantification
(Bradford 1976). The dye Coomassie Brilliant Blue G-250, which is positively charged in acid
environments with an absorbance maximum of 470 nm, switches into the anionic state with an
absorbance maximum of 595 nm upon protein binding. With a BSA standard series, a calibra-
tion curve can be generated and the protein concentration determined. The samples for the cali-

bration curve, which were pipetted in duplicates, are listed in Table 2.22.

Table 2.22: Protocol for the Bradford assay

BSA amount (ug) 0.5 pg/ul BSA (ul) ddH.O (ul)

0 0 50
2 4 46
4 8 42
6 12 38
8 16 34
10 20 30

The protein samples were pipetted in triplicates with a volume of 5-50 pl depending on the band
intensity in the SDS-PAGE (see 2.16.3). The volume was filled up to 50 ul with ddH,O. After-
wards, 50 pl of formic acid was added to all standards and samples and incubated at RT for
10 min. Subsequently, 900 ul Roti-Quant 1x was added and the sample was incubated at RT for
20 min. The absorbance of the standards and samples was measured at 595 nm and the sample
concentration was determined via the standard calibration curve, which was evaluated via a
linear fit (see 5.13.1.5).

2.16.5.2 BSA standard SDS-PAGE
Alternatively to the Bradford assay, BSA standard SDS-PAGEs were used in this thesis. With a
BSA standard series, a calibration curve was generated and the protein concentration deter-

mined. The samples for the calibration curve are listed in Table 2.23.

Table 2.23: Protocol for the BSA standard SDS-PAGE

BSA amount (ug) 0.5 pg/ul BSA (ul) SDS sample buffer (ul)

0.5 1 10 (1)
1.0 2 10 (1x
15 3 10 (1x)
2.0 4 10 (1x)
2.5 5 2 (5x)
3.0 6 2 (5x)
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10 ul of the protein samples was pipetted in triplicates and 2 ul of 5x SDS sample buffer was
added. An SDS-PAGE was performed as described in 2.16.3. It was necessary to load the com-
plete sample on the gel. Afterwards, the band intensities were densiometrically evaluated with
the program ImageJ 1.47t, which could determine the area below the band intensity peaks. With
the BSA standards, a calibration curve was generated and was evaluated via a linear fit (see

5.13.1.5). Based on the standard calibration curve, the sample concentration was determined.

2.16.5.3 Absorbance measurement

The dye ratio of mixtures of IM30-CFP and IM30-Venus was determined via estimation of the
IM30-Venus concentration due to absorption of the dye. Thus, the protein absorbance was
measured from 300 to 800 nm. The scattering in the absorption spectrum due to the protein
background was reconstructed with the ale UV-Vis-IR Spectral Analysis 2.2 software via a scat-
ter fit (cf. 5.13.1.9) and subtracted from the raw data. After scattering correction, the absorbance
at 515 nm As;s, which was independent of the CFP absorbance, was determined and the concen-
tration of the Venus-labeled protein Cimso-venus Was calculated via the Lambert-Beer law

As1s = Cimzo-venus " 4 * Es15venus Eg. 2.3

where d is the path length of the cuvette and esisvenus the extinction coefficient of Venus at 515,
which is 92200 M-tcm™ (Nagai et al. 2002).

The ratios of Venus and CFP, respectively, were then calculated as

_ CIM30-Venus Eq. 2.4

%
0IM30-Venus —
CIM30-CFP/Venus

%im30-crp = 1 — Yrm30-venus Eg. 2.5

where Civso-crrivenus IS the concentration of the mixed sample, which was previously determined
via BSA standard SDS-PAGE (see 2.16.5.2).

2.16.6 Buffer system

If not otherwise mentioned, all following experiments were performed in HEPES buffer.

2.16.7 Concentrating protein samples

In some experiments, it was necessary to use a rather high protein concentration, which could
not be obtained via the standard protein purification (see 2.16.1). In order to increase the protein
concentration, the sample was transferred into a dialysis tube and was overlaid with a thin layer
of “Spectra/Gel Absorbent”, which was able to absorb some water from the sample. The sample
was incubated with the gel at 4 °C for ~18 h and the absorbent was exchanged up to three times.
After the procedure was finished, the protein was dialyzed as described in 2.16.2 and the con-

centration was determined via a Bradford assay (see 2.16.5.1).
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2.16.8 Protein crosslinking

In some experiments, it was necessary to fix the tertiary/quaternary structure of IM30. Glutaral-
dehyde can connect, among others, amide-, imidazole-, phenol- and thiol groups of proteins
(Okuda et al. 1991; Migneault et al. 2004) and thereby prevent structural changes in the protein,

e.g. oligomerization and dissociation.

5 vol% of a 2.5% glutaraldehyde solution was added to the protein solution and the mixture was
incubated at 37 °C for 5 min. Subsequently, 3.8 vol% of a 2.5 M TrisHCI solution was added in
order to stop the crosslinking reaction, since the chemical is able to form complexes with glu-
taraldehyde. In the case of a protein preparation, the sample was dialyzed afterwards (see

2.16.2) to remove excess glutaraldehyde and TrisHCI.

2.16.8.1 Dissociation of IM30 rings

A hypothetical dissociation of the higher-ordered IM30 structures on liposomes was tested us-
ing glutaraldehyde. 3 uM of protein was incubated with increasing lipid concentrations (O-
3000 uM) in presence and absence of 7.5 mM MgCI; for ~2 h at RT. Afterwards, the crosslinker
glutaraldehyde was added and an SDS-PAGE was performed. Also, control samples lacking the
crosslinker were loaded. Upon IM30 ring dissociation, hypothetically formed monomers could
not be crosslinked anymore and would be visible in the SDS gel. The experiment is schemati-

cally demonstrated in Fig. 2.1.

1 2
@ + Glutaraldehyde == J -
SDS-PAGE
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A schematic overview of the IM30 ring dissociation assay is shown. The protein is incubated with liposomes (in
presence and absence of Mg?*, not shown) and crosslinked prior to an SDS-PAGE analysis. Two scenarios are possi-
ble: In the case of a stable unchanged ring oligomerization, all protein monomers would be crosslinked inside the ring
and thus, no monomer band in the gel would be visible (1). Upon a ring dissociation, hypothetically formed mono-
mers would migrate away from each other and cannot be crosslinked. Thus, a monomer band in the SDS gel would

appear (2).

Fig. 2.1: Dissociation of IM30 rings

2.16.9 Protein denaturation and renaturation

Urea is a common protein denaturant. It is speculated that the molecule forms hydrogen bonds
with peptide groups and thereby replaces water molecules (Lim et al. 2009). The urea binding is
thermodynamically favored, and a larger surface of proteins in the denatured state is promoted

upon urea addition (Auton et al. 2007).
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For measuring denaturation curves of IM30 in presence of Mg?*, urea stocks were prepared
containing different urea concentrations between 0 and 6.5 M in NaPh buffer. For sample prepa-
ration, 3.16 uM of IM30 was incubated with different MgCl, concentrations between 0 and
15 mM at RT for 30 min and then mixed with the urea stocks, which already contained the same
amount of MgCl,. After 45 min of final incubation, the samples were measured as described in
2.18.1.1.

In order to control the reversibility of the denaturation process in presence of Mg?*, renaturation
curves were recorded. 3.16 uM of IM30 was incubated with 15 mM MgCl. in NaPh buffer at
RT for 30 min. After that, the protein was denatured in 7 M of urea solution, which also con-
tained 15 mM MgClI;, at RT for 30 min. The urea concentration was then decreased stepwise at
a constant MgCl, concentration via dialysis with an incubation time of 1.5 h per step. The final
step in urea-free NaPh buffer was performed overnight. After each step, samples were taken for
the measurement (see 2.18.1.1). For the final sample, another Bradford assay was performed as
described in 2.16.5.1 in order to compensate for the protein loss.

The protein denaturation and renaturation experiments were performed in cooperation with

Benedikt Junglas.

2.16.10 Protein dephosphorylation
Alkaline phosphatases are able to hydrolyze phosphate ester groups and can therefore remove

phosphate residues from proteins:

Alkaline phosphatase

R — OPO3™ + H,0 R—OH + H* + PO}~

In order to test for a hypothetical phosphorylation, IM30 was incubated with the enzyme Alka-
line phosphatase, calf intestinal (CIP). The pipetting scheme is shown in Table 2.24.

Table 2.24: Protocol for the IM30 desphosphorylation

Component Control +CIP
Volume (pl)  Volume (ul)

IM30 (10.4 uM) 10.0 10.0

CIP - 0.7

CutSmart buffer 10x 1.5 15

ddH,O 3.5 2.8

The mixtures were incubated at 37 °C for 1 h. Subsequently, an SDS-PAGE (see 2.16.3) was

performed.

Since there is the possibility of single lipid binding to 1IM30, which would bias the experiment

due to a dephosphorylation of the lipids, a control experiment with lipase from Thermomyces
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lanuginosus (TLL), which is able to digest lipids, was performed. The pipetting scheme is
shown in Table 2.25.

Table 2.25: Protocol for the IM30 lipolysis

Component Control +TLL
Volume (ul)  Volume (ul)

IM30 (10.4 uM) 10 10

TLL 1

ddH.O 5 4

The mixtures were incubated at 37 °C for 30 min. Subsequently, an SDS-PAGE (see 2.16.3)

was performed.

2.16.11 Tryptic digestion

In order to investigate the proteolysis resistance of IM30 under different conditions, tryptic di-
gestion was performed. Trypsin is a serine protease which cleaves proteins at the C-terminal
side of the alkaline amino acids lysine and arginine (Olsen et al. 2004). It is found in digestive

systems of vertebrates.

The enzyme was stored at -20 °C in 0.1 mM of HCI. For the experiments, dilutions were pre-
pared using HEPES buffer.

2.16.11.1 Digestion of IM30 in presence of Mg?*

2.5 UM of IM30 was mixed with 10 mM MgCl,. Afterwards, 0.01 mg/ml trypsin was added,
and the samples were incubated at 37 °C. From this stock, samples were taken after different
time intervals and mixed with 5x SDS sample buffer in order to stop proteolysis. The same pro-
cedure was performed for a control sample lacking MgCl,. Subsequently, an SDS-PAGE was
performed as described in 2.16.3.

In order to confirm the independence of the trypsin activity in presence of Mg?*, a BAEE assay
was performed. Here, BAEE is digested by trypsin and the product N,-Benzoyl-L-arginine can
be detected photometrically. The reaction is shown in Fig. 2.2.

W o H2NYN”M(OH

Fig. 2.2: Hydrolysis of BAEE via tryptic digestion

In the BAEE assay, BAEE is hydrolyzed via trypsin. Products are N.-Benzoyl-L-arginine and ethanol.
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0.23 mM of BAEE was mixed with 0.002 mg/ml trypsin and MgCl; in different concentrations.
For the blank sample, 0.1 mM of HCI was added instead of trypsin, and no salt was added. After
mixing, the absorption at 253 nm was measured for 300 s in order to observe the formation of
N,-Benzoyl-L-arginine. The trypsin activity was then determined as the maximal slope of the
absorption curve. In order to do so, the first derivative of this curve was calculated and fitted via
a Boltzmann fit (see 5.13.1.2), whereas the variable A; was assumed to represent the trypsin

activity. An exemplary measurement and evaluation of the BAEE assay is shown in Fig. 2.3.
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Fig. 2.3: Exemplary BAEE assay

An exemplary measurement (A) and evaluation (B) of the BAEE assay is shown for the control sample lacking
MgClz. The absorbance at 253 nm was recorded after mixing BAEE and trypsin (A). The first derivative of this curve
(B) was fitted with a Boltzmann fit (red curve, R?=0.989) in order to determine the maximal slope of the absorption
curve (A). In cooperation with Benedikt Junglas.

After a triplicate measurement, the obtained slope values were normalized to the value of the

sample lacking MgCl..

The tryptic digestion of IM30 in presence of Mg?* and the BAEE assay were performed in co-
operation with Benedikt Junglas.

2.16.11.2 Digestion of IM30 in presence of DOPG and DOPC liposomes

0.3 mM of unilamellar liposomes was prepared as described in 2.17.3 and incubated for at least
30 min with 3.16 puM of IM30. Afterwards, 0.01 mg/ml trypsin was added, and the samples
were incubated at 15 °C. From this stock, samples were taken after different time intervals and
mixed with 5x SDS sample buffer in order to stop the reaction. Subsequently, an SDS-PAGE
was performed as described in 2.16.3. The experiment was performed in cooperation with Car-

men Siebenaller.

2.16.12 Size exclusion chromatography (SEC)
In order to compare the structure of IM30-CFP and IM30-Venus with the IM30 wildtype (WT)
structure, size exclusion chromatography (SEC) was performed. 250-350 g of the protein was

loaded onto a Superdex-200-16/600 column at 4 °C using an AKTApurifier 10 at a flow rate of
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0.55 ml/min. For calibration, the following proteins from the “Molecular Weight Maker Kit”
were used: ribonuclease A (13.7 kDa), carbonic anhydrase (29 kDa), BSA (66 kDa), s-amylase
(200 kDa), and apoferritin (443 kDa).

2.17 Lipidbiochemical methods

2.17.1 Invitro membrane model systems
In order to investigate protein-membrane interactions, liposomes with different compositions,
which have already been established in (Suppes 2013), were created as model membranes for in

vitro investigations.

The thylakoid membrane composition was already discussed in 1.2.1. Thus, the negatively
charged and bilayer-forming lipids SQDG and PG were represented by DOPG. If only mem-
brane interaction was of interest, 100% DOPG liposomes were used to ensure maximal mem-
brane binding of IM30.

In order to investigate the IM30 interaction with specific lipids, liposomes containing 80% of
the zwitterionic DOPC as background lipid and 20% of the lipid of interest were created. This
mixture was already used in (Suppes 2013), in which the interaction of IM30 with the single
thylakoid lipids was investigated. The reason to use DOPC in the mixture is originally based on
the issue that 100% MGDG liposomes would not be stable.

For experiments involving membrane fusion, a 60%/40% MGDG/DOPG mixture was normally
used as a thylakoid membrane model (Suppes 2013), since it consists of a realistic ratio of nega-
tively charged and neutral lipids. Furthermore, the amount of inverse-hexagonal and lamellar

phase forming lipids agrees with the thylakoid in vivo situation.

2.17.2 Preparation of multilamellar liposomes

For the generation of multilamellar liposomes, the desired lipid amounts (if not otherwise men-
tioned in w/w), which were usually stored in a 2/1 (v/v) chloroform/methanol solution, were
pipetted, and the organic solvent was evaporated under a gentle nitrogen stream. In order to
remove the remaining solvent compounds, the lipid film was evacuated in an exsicator over-
night or for at least 5 h. The dried film was resuspended in HEPES buffer, whereby multilamel-

lar liposomes were produced.

2.17.3 Preparation of unilamellar liposomes via freeze-thaw
The alternating freezing and thawing (freeze-thaw) of multilamellar liposomes has been demon-

strated to result in unilamellar liposomes (Hope et al. 1986). Previously produced multilamellar
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liposomes (see 2.17.2) were rotationally frozen in liquid nitrogen and thawed in a 37 °C tem-

pered heat bath for five cycles.

2.17.4 Preparation of uniformly sized liposomes via extrusion

Via extrusion, liposomes can be sized to a uniform diameter (Hope et al. 1985). A sample of
unilamellar liposomes, generated via the freeze-thaw procedure (see 2.17.3), was pressed
through an extruder, containing a polycarbonate membrane with the desired pore size of

100 nm. This was repeated 15-25 times.

2.18 Biophysical methods

2.18.1 Circular dichroism (CD) spectroscopy

Circular dichroism (CD) spectroscopy is based on the observation that optically active sub-
stances, such as proteins, feature two different extinction coefficients ¢ and &, for left or right
circularly polarized light, respectively. The difference Ae is characteristic for each optically
active substance, and in the case of proteins, it depends on the secondary structure fractions of
the a-helices, S-sheets, p-turns and random coil areas.

In a typical CD measurement, A¢ is transferred into the ellipticity © via
0, =32.98°- (g2 —&2)-C*d Eq. 2.6

where @, is the wavelength-dependent ellipticity in deg, ¢ the protein concentration in g/cm?
and d the path length of the cuvette in cm. The raw signal from the instrument is given as @, in

mdeg and can be converted into the molar ellipticity [@]; in deg*cm?*dmol* via

— _ %
1012 = 50 Ea.2.7

where c is the protein concentration in mM. Typical CD spectra for the respective secondary

structure types are shown in Fig. 2.4.
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Fig. 2.4: Typical CD spectra for a-helices, g-sheets and g-turns

CD spectra of ideal a-helices, p-sheets, p-turns and other structures (including random coil) are shown. The amount
of the respective secondary structure fractions can usually be calculated from a CD spectrum. The horizontal line
indicates a molar ellipticity of 0. The data were obtained from Jasco as part of the J-815 Spectropolarimeter evalua-
tion software.

All CD measurements were performed in 10 mM NaPh buffer.

2.18.1.1 Urea denaturation/renaturation experiments

In order to determine the stability of the IM30 secondary structure in presence of different
amounts of Mg?*, urea denaturation and renaturation experiments were performed by incubating
the samples with different urea concentrations (see 2.16.9). The measurements were performed

in cooperation with Benedikt Junglas.

For the measurement, the following parameters were chosen:

Table 2.26: Parameters used for the urea denaturation curve CD measurements

Parameter Value
Temperature T 20 °C
Measured wavelength area Aem  210-250 nm
Observed wavelength Aops 222 nm
Bandwidth 5nm
Measuring steps 1nm
Integration time ls
Scanning speed 100 nm/min
Repeats 3

In order to compare different denaturation curves with each other, the ratio of denaturated pro-
tein fp was plotted against increasing urea concentration. fp was calculated as described in (Pace
1986) via
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fo= ﬁ Eq. 2.8
where y the molar ellipticity at 222 nm and yn and yp the molar ellipticity at 222 nm in the na-
tive and denaturated state, respectively, which implies a two-state mechanism (Pace 1986). The
latter two can be obtained by identification of the linear areas of the denaturation curves at low
and high urea concentration and calculating the mean value from the data points of these areas.
The error for fp was determined via Gaussian error distribution of 3 samples (see 5.13.3). Addi-
tionally, the inflection points of the denaturation curves Dy, were calculated via fitting the nor-
malized denaturation curves with a Boltzmann fit (cf. 5.13.1.2):

YN—YD
=—F+ Eqg. 2.9
fo LoD/ Yp q

where X is the urea concentration.

2.18.2 Fluorescence spectroscopy

Fluorescence spectroscopy is based on the deactivation of excited chromophores upon emitting
light, which is red-shifted compared to the excitation light. The reason for this alteration lies in
different radiationless relaxation processes prior to deactivation, e.g. a steric change or the in-
teraction of the chromophoric molecule with its environment. These processes are called inter-
nal conversions. (Winter & Noll 1998)

The fluorescence of a molecule can be manipulated by addition of different solvents or other
components and thus, fluorescence spectroscopy is a multifaceted tool in biochemistry or bio-
physics. In this thesis, several special cases of fluorescence were taken advantage of: (Winter &
Noll 1998)

o Dipolar relaxation/Stokes shift: Polar solvent molecules (e.g. HO) can decrease and
stabilize the energy of an excited fluorophore via antiparallel alignment of their dipole
moment compared to the dipole moment of the chromophoric molecules. Subsequently,
the lower energy level of the excited fluorophores results in a red-shifted emission spec-
trum.

e Fluorescence quenching: Some molecules can act as so-called quencher, which can de-
grade the fluorescence ability of chromophores upon direct interaction. Due to complex
formation, irreversible chemical alterations (e.g. oxidation) or particle collisions, the
guencher destroys the fluorophore or absorbs its energy and releases it as heat instead of
light.

e Forster resonance energy transfer (FRET): This effect is a special case of fluorescence
guenching and describes an energy transfer between two fluorophores: the donor and

the acceptor. The conditions for FRET include the ability of donor and acceptor to form
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a dipole-dipole interaction when they are in close proximity. Furthermore, the emission
spectrum of the donor must overlap with the excitation spectrum of the acceptor (spec-
tral overlap J). An important value is the Forster distance, which describes the distance

between two fluorophores with a FRET efficiency of 50%.

2.18.2.1 ANS fluorescence
The fluorophore ANS can bind to polar and non-polar protein areas due to its hydrophilic sul-
fonate group, which undergoes electrostatic interactions with negatively charged amino acids,

and its hydrophobic anilino-naphthalene group. The structure of ANS is shown in Fig. 2.5.

°37° iy
HO

Fig. 2.5: Structure of ANS

The amphiphilic fluorophore ANS binds to polar as well as non-polar protein surfaces. Only upon hydrophobic inter-
actions between the fluorophore and a protein, the ANS fluorescence changes significantly.

While interactions of ANS with polar protein surfaces have no significant effect on the ANS
fluorescence, binding to hydrophobic protein sites results in a dramatic increase in the ANS
fluorescence intensity and a blue shift of the fluorescence emission maximum due to the lack of
dipolar relaxation. Thus, the fluorophore is useful when it comes to the detection of a protein

conformation change, e.g. during binding reactions. (Slavik 1982; Matulis et al. 1999)

In this thesis, several experiments based on ANS fluorescence were performed in order to inves-
tigate a potential interaction between IM30 and Mg?*. A typical ANS spectral shift in presence
of IM30/Mg?* is illustrated in Fig. 2.6.
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Fig. 2.6: ANS fluorescence emission spectra blue shift upon 1IM30 and IM30/Mg?*-binding
Binding of ANS to IM30 results in a decrease in the polarity of the ANS environment, which is further decreased
upon Mg?* addition (A). This change can be monitored via a blue shift of the maximum in the ANS fluorescence

emission spectrum from ~550 nm (red curve) to 490 nm (blue curve) and an increase of the total fluorescence intensi-
ty, which is indicated by the black and blue arrows, respectively (B).

ANS spectrarecording
For simple ANS spectra recording, 1 UM protein was incubated with 7.5 uM ANS and different
MgCl. concentrations between 0 and 10 mM. Additionally, control samples were prepared,

lacking IM30, in order to evaluate the influence of Mg?* on the ANS fluorescence. The samples

were incubated for ~3 h and then measured using the parameters given in Table 2.27.

Table 2.27: Parameters used for the ANS spectra recording

Parameter Value
Temperature T 25°C
Excitation wavelength Aex 370 nm
Measured wavelength area Aem  400-650 hm
Slit width 5nm
Measuring steps 1nm

Integration time 0.1s
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All spectra were corrected for buffer background. In order to compare measurements from dif-
ferent days with each other, all spectra for samples containing pure ANS, which were repeated
in every new approach, were normalized to the sample containing pure ANS from the initial
measurement in which IM30 WT was tested. The obtained correction factors were used to ad-

just all other spectra.
ANS titration curves

For ANS titration curves, the titrator equipment of the fluorimeter was used. 2500 pl of differ-
ently concentrated (0-2 uM) IM30 solutions, which were incubated with the 7.5-fold amount of
ANS, was prefilled in 10 mm cuvettes. In 5 pl-steps, a total volume of 500 pl MgCl; solutions
of different concentrations (0.01-0.1 mM) was added, and the change in the ANS fluorescence
was measured, respectively. During the experiment, the mixture was stirred thoroughly. The

measurement parameters are listed in Table 2.28.

Table 2.28: Parameters used for the ANS titration curves

Parameter Value

Temperature T 25°C

Equilibration time teq 1 min

Excitation wavelength Aex 370 nm

Measured wavelength area Aem  400-650 nm

Observed wavelength Aobs 490 nm

Slit width Different Cumgz+: 6 Nm
Different Cimzo: 5 nm

Measuring steps 1nm

Integration time 0.1s

For each dilution step, the raw ANS fluorescence intensities at 490 nm lsgo,raw Were corrected
using

Vot+Vadded

. Eq. 2.10

Lyoo,corr. = lagoraw *

with Vo being the start volume and Vaddes the added volume. The curves were normalized to the
same starting point. For the experiment using different MgCl, concentrations, the obtained bind-
ing curves for the IM30-Mg?* interaction were fitted with a binding fit (cf. 2.18.2.3 and

5.13.1.1), respectively, from which the dissociation constants Kp were calculated.
ANS thermofluor assay

In a thermofluor assay, the protein stability upon ligand binding can be evaluated via a dye-

binding thermal shift screen (Lavinder et al. 2009).

1.5 uM IM30 was incubated with a 7.5-fold excess of ANS in presence and absence of 10 mM

MgClI; for at least 30 min. Control samples lacking IM30 were also prepared. For all samples, a
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denaturation curve was recorded. For the samples containing 1IM30, an additional renaturation
curve was recorded. The ANS fluorescence of the samples was measured using the parameters
listed in Table 2.29.

Table 2.29: Parameters used for the ANS thermofluor assays

Parameter Value

Temperature T fw: 0-80 °C, rev: 80-0 °C
Temperature steps fw: 1°C, rev:5°C
Equilibration time teq fw: 1 min, rev: 3 min
Excitation wavelength Aex 370 nm

Measured wavelength area Aen  400-650 hm

Observed wavelength Aops 490 nm

Slit width 3nm

Measuring steps 1nm

Integration time 0.1s

For the denaturation process, the fluorescence intensity at 490 nm was then normalized to a
relative scale where the intensity at 0 °C is defined as 1 and that at 80 °C is defined as 0:

__I4o0,r=x°c—1a90,T=80°C
I490,rel.,T=x °C T 7 _] Eq. 2.11
490,T=0°c~1490,T=80°C

With lago rel T=x °c, lagorer.7=0 °«c and lago rel. =80 «c being the ANS fluorescence intensity at 490 nm
for x, 0 and 80 °C, respectively. From the resulting curves, the difference of the relative fluores-

cence intensities between sample and control lacking Mg?* was calculated.

2.18.2.2 Forster resonance energy transfer (FRET) measurements

In order to investigate association and dissociation of IM30 rings under different conditions, an
IM30 associated FRET pair was used. Thus, two labeled versions of IM30, which are able to act
as a FRET pair (Broussard et al. 2013), were generated: IM30-CFP and IM30-Venus. The fluo-
rescence excitation and emission spectra of those dyes are illustrated in Fig. 5.6. Since FRET is
only possible when donor and acceptor fluorophores are in close proximity to each other (e.g. as
part of the same IM30 ring), a mixture of both mutants was required. Thus, co-purification was
performed as described in 2.15.4. In the following, a mixture of IM30-CFP and IM30-Venus is
termed as IM30-CFP/Venus.

In all experiments, the ratiometric FRET efficiency Er. was calculated as described below. Ea
is suitable to compare the relative ratios between donor and acceptor peak in a qualitative man-
ner.
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Dissociation experiments of IM30-CFP/Venus on liposomes

In order to investigate the potential IM30 ring dissociation on membranes in presence and ab-
sence of Mg?*, IM30-CFP/Venus (xMg?") was mixed with liposomes of different compositions.

Upon ring dissociation, a decrease in Era was expected due to the spatial separation of the dyes.

The liposomes preparation was performed as described in 2.17.2 and 2.17.3. IM30-CFP and
IM30-Venus were co-purified (see 2.16.1) with a ratio of 27% CFP and 63% Venus. 0.2 uM of
the labeled IM30 mixture was incubated with an increasing amount of 100% DOPG or 60%
MGDG/40% DOPG lipids (0-1000 uM) for ~2 h in the presence or absence of 7.5 mM MgCl..
For background correction, identical samples, containing IM30 WT instead of the mutant mix-
tures, were prepared. Furthermore, in order to determine correction factors, control samples
were prepared containing 0.2 uM of the single-labeled IM30-CFP or IM30-Venus, respectively,
in presence of the liposomes or MgCl.. For each sample, two spectra were recorded for CFP- or

Venus excitation, respectively, using the parameter listed in Table 2.30.

Table 2.30: Parameters used for the dissociation experiments of co-purified IM30 on liposomes

Parameter Value for CFP excitation Value for Venus excitation
Temperature T 25 °C 25°C

Excitation wavelength Aex 420 nm 510 nm

Measured wavelength area Aem  440-700 nm 517-700 nm

Observed wavelength Aops 475 nm, 528 nm 528 nm

Slit width 3nm 2nm

Measuring steps 1nm 1nm

Integration time 0.1s 0.1s

For the evaluation, all spectra were corrected for HEPES buffer. The background spectra rec-
orded at CFP excitation, which where obtained from the samples containing IM30 WT, were
normalized to the fluorescence intensity at 440 nm of the CFP excited spectra from the samples
containing IM30-CFP/Venus. The same factors were then used to normalize the background
spectra with Venus excitation, which were recorded from the samples containing IM30 WT, to
the fluorescence intensity of 517 nm. After normalizing, all background spectra were subtracted

from the sample spectra originating from the IM30-CFP/Venus mixture.

Correction factors were determined from triplicate measurements of IM30-CFP and IM30-
Venus, respectively. After background correction, the mean values, including standard deviation
as error bars, of the fluorescence intensities at 475 nm and 528 nm for both excitation condi-
tions, were plotted against increasing lipid or MgCl, concentrations, respectively. In case of an
apparent trend which was also visible in all single measurements, the curve was fitted with a
suitable fit function (cf. 5.8). From the fit functions, the respective correction factors were cal-

culated.
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All sample spectra recorded at Venus excitation were corrected, if necessary, and then normal-
ized to the sample lacking liposomes in order to counterbalance pipetting errors. The same fac-
tors were then used to correct the sample spectra recorded at CFP excitation. The resulting spec-
tra were the final FRET spectra.

In order to calculate Era, it was necessary to determine the ratio of the CFP emission in the
FRET spectra. Therefore, a pure IM30-CFP spectrum was normalized to the fluorescence inten-

sity of 475 nm of the FRET spectra. This step is demonstrated in Fig. 2.7.
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Fig. 2.7: Evaluation of the final FRET spectra
Exemplary evaluation of a final FRET spectrum (black curve) is demonstrated. A pure IM30-CFP spectrum (blue
curve) is normalized to the fluorescence intensity at 475 nm of the FRET spectrum. The donor intensity Io and the

acceptor intensity Ia were calculated as described.

The donor intensity Ip and the acceptor intensity Ia from the FRET spectra were then calculated

via
Ip = I475pa Eq. 2.12
and
Iy = 1528,DA - 1528,D Eqg. 2.13

where ls7spa, Is28pa and Ispsp are the respective fluorescence intensities of the FRET spectra

(DA) and the normalized donor (D) spectra. Er.: was then calculated as
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1
Ip
CF,
1+< ex421(j4/em475>
CFex420/ems528

where CFexazoemars and CFexazoemszs are the correction factors for the donor and the acceptor

Erqr = Eq. 2.14

peaks, respectively (cf. 5.8).
Mg?* interaction of IM30-CFP and IM30-Venus

In order to investigate the effect of Mg?* on a potential IM30 ring monomer exchange or dou-
ble-ring formation, IM30-CFP and IM30-Venus were mixed in presence and absence of Mg?".

The change of Era was observed in equilibrium as well as kinetically.

For equilibrium measurements, samples were prepared containing 1 UM of each labeled protein
and 0-25 mM MgCI, and were incubated for ~2h. For each sample, two spectra were recorded
for CFP- or Venus excitation, respectively, using the parameter listed in Table 2.31.

Table 2.31: Parameters used for the Mg?* interaction experiments of separately purified labeled IM30 (equilib-
rium)

Parameter Value for CFP excitation Value for Venus excitation
Temperature T 25 °C 25°C

Excitation wavelength Aex 420 nm 510 nm

Measured wavelength area Aem  440-700 nm 517-700 nm

Observed wavelength Aops 475 nm, 528 nm 528 nm

Slit width 2nm 1nm

Measuring steps 1nm 1nm

Integration time 0.1s 0.1s

The evaluation was performed as described above. Due to the lack of liposomes, no background

correction was necessary.

In order to observe the change of E in a time-dependent matter, 1 pM of each labeled protein
was mixed in presence or absence of 7.5 mM MgCl.,. Spectra were recorded after donor excita-

tion in different temporal intervals overnight using the parameters listed in Table 2.32.

Table 2.32: Parameters used for the Mg?* interaction experiments of separately purified labeled IM30 (kinet-
ics)

Parameter Value
Temperature T 25°C
Excitation wavelength Aex 420 nm
Measured wavelength area Aem  440-700 hm
Observed wavelength Aobs 475 nm

528 nm
Slit width 2 nm
Measuring steps 1nm

Integration time 0.1s
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The evaluation was performed as described above, except that, due to the lack of liposomes, no
background correction was necessary. Furthermore, for experimental reasons, no spectra for
Venus excitation could be recorded. But since the same sample was measured for each time

step, normalization in order to correct pipetting errors was not necessary.

To compare the results with an upper limit for Er, which would be obtained from a complete
protein monomer mixing between differently labeled IM30 rings, a 1 UM co-purified IM30-
CFP/Venus mixture with a ratio of ~50% CFP and ~50% Venus, simulating a perfect mixture,

was measured using the donor excitation wavelength. E.« was calculated as described above.
Mg?* interaction of IM30-CFP/Venus

In order to further investigate the IM30-Mg?" interaction, an IM30-CFP/Venus mixture was
prepared (see 2.16.1) with a ratio of 27% CFP and 63% Venus and was measured in presence of
different MgCl, concentrations.

Samples were prepared containing 0.2 uM of IM30-CFP/Venus and 0-15 mM MgCI; and were
incubated for ~2h. For each sample, two spectra were recorded at CFP- or Venus excitation,
respectively, using the parameters listed in Table 2.33.

Table 2.33: Parameters used for the Mg?* interaction experiments of co-purified labeled IM30

Parameter Value for CFP excitation Value for Venus excitation
Temperature T 25°C 25°C

Excitation wavelength Aex 420 nm 510 nm

Measured wavelength area Aem  440-700 nm 517-700 nm

Observed wavelength Aops 475 nm, 528 nm 528 nm

Slit width 3nm 2 nm

Measuring steps 1nm 1nm

Integration time 0.1s 0.1s

The evaluation was performed as described above. Due to the lack of liposomes, no background

correction was necessary.

2.18.2.3 Laurdan fluorescence

Laurdan fluorescence is often used for the detection of alterations in membrane phases. The
fluorophore consists of a hydrophobic tail as well as a polar head group, which has a dipole
moment due to a partial charge separation between the 6-carbonyl and the 2-dimethylamino
residues. (Sanchez et al. 2012)

The Laurdan structure is shown in Fig. 2.8.
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Fig. 2.8: Structure of Laurdan

The fluorophore Laurdan consists of a hydrophobic alkyl chain as well as a polar head group, which has a dipole
moment due to a charge separation between the 6-carbonyl and the 2-dimethylamino residues.

Laurdan incorporates into the unpolar membrane region of liposomes via its hydrophobic alkyl
chain. Due to its chromophoric head group, which is located towards the polar lipid headgroups,
it can detect changes in the polarity of the membrane environment via shifting the maximum in
the fluorescence emission spectrum from 490 nm to 440 nm (blue shift) or from 440 nm to
490 nm (red shift). This phenomenon can be described by the effect of dipolar relaxation, which
is pronounced in polar environments and decreased in unpolar environments. (Winter & Noll
1998; Sanchez et al. 2012)

It has already been demonstrated that IM30 binding to liposomes containing negatively charged
lipids results in a decreased membrane polarity, which is connected with a loss of water mole-
cules inside the membrane, and can be detected via Laurdan spectroscopy (Suppes 2013). This
correlation, which marks Laurdan as a suitable IM30-membrane binding marker, is illustrated in
Fig. 2.9.
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Fig. 2.9: Blue shift of the Laurdan fluorescence emission spectra upon IM30 membrane binding
Binding of IM30 to membranes containing negatively charged lipids results in a decrease in the membrane polarity

(A). This change can be monitored via a blue shift of the maximum in the Laurdan fluorescence emission spectrum
from 490 nm (red curve) to 440 nm (blue curve) (B). The data were obtained from (Suppes 2013).

Shifts in the membrane polarity are quantified via the so-called generalized polarization (GP),

which is calculated as
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I440—1
Laurdan GP = 22 2% Eq. 2.15
I440+1490

where lao and lago are the fluorescence intensities at 440 and 490 nm, respectively. A GP value
between -1 and 0 indicates a high amount of polar membrane areas (liquid-crystalline phases)
and a GP value between 0 and 1 is connected to a domination of unpolar membrane areas (gel
phases).

Laurdan spectrarecording

Laurdan spectra recording has already been established in (Suppes 2013). In general, unilamel-
lar liposomes were prepared as described in 2.17.2 and 2.17.3., except that Laurdan was added
in a molar ratio of 1:500 to the lipid mixture prior to solvent evaporation. The desired amount of

IM30 was added to the liposomes and the mixture was incubated for ~2 h.

Spectra were recorded using the parameter listed in Table 2.34.

Table 2.34: Parameters used for the Laurdan spectra recording

Parameter Value

Temperature T 25 °C

Excitation wavelength Aex 350 nm

Measured wavelength area Aem  400-550 nm

Observed wavelength Aops 440 nm
490 nm

Slit width Lipid headgroup interaction: 3 nm
Ko determination: 3 nm or 4 nm

Measuring steps 1nm

Integration time 0.1s

IM30 interaction with different lipids, containing negatively charged head groups

In order to investigate the interaction of IM30 with different lipids, containing negatively
charged head groups, liposomes were prepared, containing 80% DOPC and 20% of another
lipid of interest, including SQGD, PG and the non-thylakoid lipid DOPS. This composition was

chosen to be comparable with similar experiments performed in (Suppes 2013).

0.1 mM of the respective lipid mixture was incubated with 2.5 uM IM30 and measured using
the parameter listed in Table 2.34. The averaged GP values were calculated and normalized to

control samples lacking IM30.
Membrane binding affinity of IM30 WT and IM30 mutants

To determine quantitative information concerning the membrane interaction of IM30 and sever-
al mutants, a binding assay was developed. This assay is based on the simplified concept that

the protein (P) binds to a specific lipid area (L) upon forming a binding complex PL:
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P+ L 2 PL

The qualitative information of the binding strength is given via the dissociation constant Kp:

where P, L and PL are the equilibrium concentrations of the respective components.

An essential condition of this binding assay is the excess of one component (cf. 5.13.2). This
must be fulfilled during sample preparation. Therefore, 75 uM 100% DOPG lipids were incu-
bated with different IM30 WT or IM30 mutant concentrations (0.4-7.0 uM), in which the pro-
tein was assumed to be in excess compared to the available lipid binding area for the following

reasons:

o ~50% of the lipids are part of the inner leaflet of the liposomes and therefore not availa-
ble for binding.

¢ Not the whole but instead less than ~50% of the outer leaflet membrane area might be
suitable for protein binding due to non-perfect packing of multiple proteins. This has
been estimated for tightest sphere packing of globular proteins on cylindric gold nano-
rods (Pannwitt 2015).

o Several lipids are necessary to form a binding area for the respective protein (cf. 5.13.4).

The samples were measured using the parameters listed in Table 2.34. The averaged GP values
were calculated and plotted against the initial protein concentration Py, using the standard devia-
tion as error bars. The resulting binding curve was then fitted via

AGP

Kp
P0+1

GP =GPy + Eq. 2.17
where GPy is the GP value for 0 uM protein and AGP is the difference between the initial GP
value and the GP value which is reached in the saturation plateau of the binding curve. From the

binding fit, the Kp value was identified. The derivation of the binding fit is described in 5.13.2.

2.18.2.4 Liposome destabilization assay

The IM30/Mg?* mediated membrane fusion mechanism was investigated via a liposome desta-
bilization assay (Mcintyre & Sleight 1991; Matsuzaki et al. 2000). In principle, liposomes are
labeled with the lipid-fluorophore NBD-PE, which is limited in its ability to perform a trans-
verse diffusion inside the membrane. Upon addition of the quencher Na.S,0s4, the fluorophores
located at the outer liposome leaflets are quenched and the NBD fluorescence decreases to
~50% of the initial fluorescence. A further addition of a potential destabilization component

(here: IM30/Mg?*) could result in a further decrease of the NBD fluorescence, since also the
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fluorophores located at the inner liposome leaflets are quenched due to the induced permeability
of the liposomes. If this were not the case, the NBD fluorescence would keep its previous level.
The experimental design was developed together with Prof. Nadja Hellmann, the measurements

were performed by myself. The experiment is schematically illustrated in Fig. 2.10.
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Fig. 2.10: Liposome destabilization

For assaying the liposome destabilization, liposomes were labeled with the lipid-fluorophore NBD-PE (green). Upon
addition of the quencher Naz2S204 (1.) the fluorescence decreases to ~50% since the fluorophore at the outer liposome
leaflets are quenched. Further addition of IM30/Mg?* (2.) might result in a membrane destabilization, which would be
visible via a further decrease of the NBD fluorescence.

60%/40% MGDG/DOPG unilamellar liposomes, containing NBD-PE in a 1:500 molar ratio,
were prepared as described in 2.17.2 and 2.17.3 and sized to 100 nm as described in 2.17.4. The
samples always contained 0.15 mM of lipid. A positive control containing 1% (v/v) Triton X-
100 was also prepared. Triton X-100 is a detergent which is supposed to disrupt liposomal
structures. In order to determine dilution factors, a sample containing only HEPES buffer was
prepared. The samples were incubated at 10 °C for 5 min prior to the measurement. Then, the
NBD fluorescence was observed, using the parameters listed in Table 2.35.

Table 2.35: Parameters used for the liposome destabilization assay

Parameter Value
Temperature T 10°C
Excitation wavelength Aex 460 nm
Measured wavelength Aem 535 nm
Slit width 4 nm
Total measuring time tu 840 s

Time before Na,S»04 addition 120's
Time before component addition 490 s
Time between points At 1s

During each measurement, 0.11 M of NaxS;O4 was added after 120 s. Different amounts of
IM30 and/or 11 mM MgCl, were added after 490 s. Exceptions were the negative control and
the dilution control, in which only HEPES buffer was added. The duration of the addition steps

was estimated to be 20 s.
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For the evaluation, all curves were corrected for dilution using the NBD fluorescence intensities
from the dilution sample before and after the respective addition steps. For normalization, the

initial NBD fluorescence of each sample was set as 100%.

2.18.2.5 Liposome fusion assay

In order to investigate the membrane fusion ability of IM30 WT and IM30 mutants under dif-
ferent conditions, two different types of liposome fusion assays were performed. In both cases,
liposomes were created containing two species of lipid-fluorophores, which were able to form a
FRET pair, respectively. Upon fusing with plane liposomes, the lipid-fluorophores are separated
due to the enlarged surface, and the FRET efficiency decreases. Two different combinations of

donor and acceptor fluorophores were used:

e Green fusion assay: The combination NBD-PE as donor and LissRhod-PE as acceptor
was described in (Struck et al. 1981) and has already been used in IM30 research
(Suppes 2013; Hennig et al. 2015).

e Red fusion assay: The combination LissRhod-PE as donor and Atto633-PE as acceptor
was specifically developed for fusion assays of IM30-CFP, IM30-Venus and 1IM30-
CFP/Venus.

The respective fluorescence excitation and emission spectra, including the spectral overlap J,
are shown in 5.3.1 and 5.3.2. Illustrations of the two fusion assays are shown in Fig. 2.11.

Fig. 2.11: Liposome fusion assays

The green fusion assay utilizes NBD-PE and LissRhod-PE as donor and acceptor fluorophores (A), whereas in the
red fusion assay LissRhod-PE acts as donor and Atto633-PE as acceptor (B). In both cases, the lipid-fluorophores are
part of the same labeled liposomes and can form a FRET pair. Upon fusion with plane liposomes, the lipid-
fluorophores are separated from each other due to the enlarged liposome surface, and the FRET efficiency decreases.
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The protocol for the fusion assay was developed in (Suppes 2013) and is based on
(EncapsulaNanoSciencesLLC 2012). For sample preparation, 3 different liposome types were

prepared:

o Labeled liposomes: Liposomes containing a molar fraction of 0.8% of the lipid-
fluorophores

e Plane liposomes: Unlabeled liposomes

e Mock-fused liposomes: Liposomes containing a molar fraction of 0.08% of the lipid-

fluorophores in order to simulate fused liposomes

If not otherwise mentioned, 60%/40% MGDG/DOPG unilamellar liposomes, containing the
respective amount of lipid-fluorophores, were prepared as described in 2.17.2 and 2.17.3 and
sized to 100 nm as described in 2.17.4. For sample preparation, labeled and plane liposomes
were mixed in a ratio of 1:9 and a total lipid concentration of 0.1 mM. The desired amounts of
MgCl; and IM30 WT or IM30 mutants were added. Additionally, a negative control containing
the same lipid composition but lacking Mg?* and protein, as well as a positive control contain-
ing the mock-fused liposomes in the same total lipid concentration were prepared (cf. 5.3.1 and
5.3.2).

After mixing, the samples were measured immediately by observing the donor fluorescence,
using the parameter listed in Table 2.36.

Table 2.36: Parameters used for the liposome fusion assay

Parameter Value for green fusion assay Value for red fusion assay
Temperature T 25 °C 25 °C

Excitation wavelength Aex 460 nm 560 nm

Measured wavelength Zem 535 nm 583 nm

Slit width 5nm 3nm

Death time tp 12+1s 12+1s

Total measuring time tw ~ 1500-2000 s 1500 s

Time between pointsAt 55 5s

If not otherwise mentioned, the recorded curves were evaluated as described in (Suppes 2013).
In order to quantify the fusion activity and to eliminate bleaching effects, all samples were nor-
malized setting the negative control as 0% and the positive control as 100% via

. Ie=It o0
Fusion = ——£%% Eq.2.18
It 0 —It,100%

where It is the donor fluorescence intensity of the samples at time t, l;os% is the donor fluores-
cence intensity of the negative control at time t and l100% is the donor fluorescence intensity of

the positive control at time t.
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Furthermore, the death time tp was estimated to be (12 + 1) s, and this value was added to all
time points. For the curves, in which no fusion could be observed, the value at 12 s was used for
0 s as well. All other curves were fitted via an ExpDec2 fit (see 5.13.1.4), and the fusion activity

for 0 s was calculated.

In order to reconstruct a starting point, the averaged value from the fusion activities at 0 s I,
was calculated, and the standard deviation was assumed as the error for the fusion activity. All

curves were then normalized to this starting point via

Iy = It yraw — (It=0,raw - E) Eq. 2.19
whereas ltraw is the donor fluorescence intensity of the raw data at time t.

2.18.2.6 Tryptophan fluorescence measurements

The intrinsic tryptophan fluorescence of proteins is often used in biophysical assays. In this
thesis, the tryptophan fluorescence of IM30, which possesses a single tryptophan (W71) (cf.
5.1.1), was used to investigate the hypothetical electrostatic nature of the IM30-membrane in-
teraction. In principle, the protein was pre-incubated with 100% DOPG liposomes, and a titra-
tion with increasing NaCl concentration was performed to see whether Na* can remove 1IM30
from the membrane surface through electrostatic shielding. IM30 dissociation from the mem-
brane might result in changed environment of W71. Since the tryptophan fluorescence depends
on the polarity of the surrounding periphery, a shifted tryptophan fluorescence might be observ-
able. The assay was not possible using Laurdan fluorescence (see 2.18.2.3) since Na* ions also

influence the membrane polarity.

0.1 mM of the 100% DOPG lipids was incubated with 2.5 uM of IM30 and different NaCl con-
centrations (0-200 mM). Control samples lacking liposomes were also prepared. The samples

were incubated for at least ~2 h and then measured using the parameters listed in Table 2.37.

Table 2.37: Parameters used for the replacement assay

Parameter Value
Temperature T 25 °C
Excitation wavelength Aex 300 nm
Measured wavelength area Aem  310-380 nm
Observed wavelength Aobs 333 nm

Slit width 4 nm
Measuring steps 1nm
Integration time 0.1s

For evaluation, the averaged tryptophan fluorescence at 333 nm was plotted against the increas-

ing Na* concentration. Subsequently, the difference between the values of samples containing
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liposomes and samples lacking liposomes was calculated. The error was determined via Gaussi-

an error distribution.

2.18.3 Laser-induced liquid bead ion desorption mass spectrometry (LILBID-
MS)

Laser-induced liquid bead ion desorption mass spectrometry (LILBID-MS) is a native mass

spectrometry method. Here, micro-droplets are irradiated by IR-laser pulses in a vacuum. The

droplets can then emit charged biomolecules that can be analyzed via MS. The advantage of this

soft method compared to other MS settings is the suitability for investigations of noncovalently

bonded biomolecule complexes (Morgner et al. 2006).

Samples used in the experiments contained 18 uM of IM30 and 5% glycerol. Sample prepara-
tion was done by myself. The LILBID-MS measurements were performed by Phoebe Young.
Design and setting were used as described in (Morgner et al. 2006) in an in-house built instru-
ment. Evaluation was performed by Phoebe Young as described in (Morgner & Robinson
2012).

2.18.4 Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) is used to describe thermodynamic parameters in molecu-
lar interaction (e.g. protein-ligand) reactions. Two identical cells (the sample- and the reference
cell) in a heat bath are surrounded by an adiabatic mantle. When the heat in the sample cell
changes due to addition of a component, the heat rate AP necessary to counterbalance the tem-

perature difference between the two cells is measured.

Here, ITC was performed to study the IM30-Mg?* interactions. In a standard ITC measurement,
the ligand is titrated into the protein solution, which was investigated in cooperation with Svenja
Winzen in pre-experiments (not shown in this thesis). The other way around is called reverse
ITC (Grossoehme et al. 2010) and was used in the measurement due to the huge dilution heat of
Mg?* in aqueous solutions. The main reverse ITC experiment using IM30 WT was mainly per-
formed and evaluated by Prof. Nadja Hellmann and Benedikt Junglas, whereas | was advising

and supervising Benedikt in the framework of his master thesis.

The experimental set-up is schematically shown in Fig. 2.12.
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Fig. 2.12: Reverse ITC

In areverse ITC, the ligand (here: Mg?*) is provided in the sample cell and the protein is the titrant. Upon an intermo-
lecular interaction, the heat in the sample cell changes and is readjusted to the reference cell. The heat rate AP is
measured and converted into the enthalpy change AH.

Differently concentrated MgCl; solutions (0-100 mM) were filled into the sample cell, respec-
tively, and a 20 uM IM30 solution was in the titrant syringe. The reference cell was filled with
buffer. All solutions were degassed for 5 min and precooled to 19.7 °C. Prior to each injection,
2 ul test volume was added to remove potential air bubbles and diluted protein in the syringe
tip. Then, 30 pl was injected three times and AP was measured. For the measurement, the fol-

lowing parameters were chosen:

Table 2.38: Parameters used for the ITC measurement

Parameter Value
Temperature T 20 °C

Stirring speed 199 rpm
Reference heat rate P 20 pcalls
Equilibration Automatic and fast
Feedback high

Measuring time tw 40 s

Time between measurements 210-260 s

With the help of the MicroCal VP-ITC Microcalorimeter instrument software, a baseline was
created, and the area below the AP peaks was determined as enthalpy change AH and then nor-
malized to the molar ratio N between protein and ligand Nerowin/NLigand. From the three data
points, the averaged value could be calculated due to the insignificant protein dilution. The pro-

cedure was repeated at different Mg?* concentrations in the sample cell in order to obtain a
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binding curve for the IM30-Mg?* interaction. An exemplary measurement for 10 mM MgCl; is

shown in Fig. 2.13.
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Fig. 2.13: Exemplary ITC measurement
A typical ITC measurement is shown for 10 mM MgCI: in the sample cell. The heat rate was measured after addition
of 2 ul and three times 30 pl of protein solution, respectively (A). The baseline is shown in red. After integrating the

area between heat rate peaks and baseline, the enthalpy change was normalized to the molar ratio N (B). In coopera-
tion with Prof. Nadja Hellmann and Benedikt Junglas.

Furthermore, it was necessary to consider the dilution enthalpy of the MgCl, solution. Thus,
correction measurements were performed by injecting only buffer into the MgCl, solution. After
fitting the data with a Logistic fit (cf. 5.13.1.5), the obtained baseline could be subtracted from

the main measurements.

Additionally, the enthalpy effect of unspecific cation binding was measured by titrating IM30 to
a NaCl solution. Also in this case, the dilution enthalpy needed to be considered. Thus, the data
were fitted with a parabolic fit (cf. 5.13.1.8) and the obtained baseline subtracted from the cor-
rection measurement. The calculated data were then fitted with a hyperbolic fit (cf. 5.13.1.7),
from which the respective points for the main measurement were calculated and subtracted. The

fit functions were chosen based on good empirical matching.

After subtracting the data belonging to the mentioned effects (in due consideration of the cation
equivalent concentrations, respectively), the obtained binding curve for the IM30-Mg?* interac-
tion was fitted with a binding fit (cf. 2.18.2.3 and 5.13.1.1) from which the dissociation constant

Kp was calculated.

Additional corrections to compensate for the dilution enthalpy of IM30 and the buffer protona-
tion enthalpy were recorded by Benedikt Junglas (independent from his supervised master the-

sis) and found to be insignificant for the Kp determination (cf. (Heidrich et al. 2018)).
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2.18.5 Single particle tracking (SPT)

Single particle tracking (SPT) can be used to observe the movement of individual particles, e.g.
liposomes. A requirement for using this method is the visibility of such particles, for instance
via fluorescence labeling. The fluctuation can then be observed via fluorescence microscopy.
Due to the laws of Brownian motion, the observed movement is correlated to the diffusion coef-
ficient and the size of the particles. In this thesis, SPT was performed to find a further confirma-
tion of IM30/Mg?*-mediated membrane fusion. Thus, upon addition of IM30/Mg?*, the motion
of the liposomes was expected to change due to a size increase. The experiment was performed
in cooperation with Prof. Nadja Hellmann.

60%/40% MGDG/DOPG unilamellar liposomes containing the lipid-fluorophore LissRhod-PE
in a molar ratio of 1:500 were prepared as described in 2.17.2 and 2.17.3 and sized to 100 nm as
described in 2.17.4. A reaction sample was prepared by mixing 0.15 mM of lipids with 1.3 uM
of IM30 and 7.5 mM of MgCl,. A control sample lacking IM30 was also prepared. After the
respective reaction time, a 10 pl sample from the reaction sample was extracted and diluted
1:2000 into HEPES buffer in order to stop the reaction. The particle size distribution was then
determined via SPT based on the fluorescence signal using the parameters listed in Table 2.39.

Table 2.39: Parameters used for the SPT measurements

Parameter Value
Temperature T 23 °C
Excitation wavelength Aex 532 nm
Emission filter (long-pass) wavelength Aem 565 nm
Measuring time tw 30s
Repeats 10

Subsequently, the average size distribution was calculated by the instrument software. The final
evaluation was performed by Prof. Nadja Hellmann by normalizing the particle size distribution

to the particle concentration.

2.18.6 Surface plasmon resonance (SPR)

In metals, free electrons can be described as an electron liquid of high density, also called plas-
ma. At the metal surface, fluctuations of such a liquid upon interaction with an electric field are
called surface plasmon. In other words, a surface plasmon is characterized as a surface charge
density wave at a metal surface. If the wave vector of the incoming p-polarized electric field ko
equals the wave vector of the surface plasmon ks, a total resonance coupling, the surface plas-

mon resonance (SPR), is induced and the light is completely absorbed (Winter & Noll 1998):

ko = kgp Eq. 2.20
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% % = %\/s_psine Eq.2.21
Here, w is the light frequency, c is the speed of light, em, & and g, are the dielectric constants of
the metal, the surrounding media and the prism, respectively, and @ is the incident angle of the
light. ks, depends on the refractive index of the metal, which shifts upon binding of material at
the metal surface. This shift can indirectly be measured by observing the incident angle of the
light @spr at which a surface plasmon resonance appears. Thus, with SPR measurements it is
possible to observe biomolecular interactions at liquid-solid interfaces.

A typical SPR scan measurement is shown in Fig. 2.14.
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Fig. 2.14: Typical SPR scan measurement

A typical SPR spectrum of Cr/Au coated LaSFN9 glass exposed to HEPES buffer is shown. At the critical incident
angle @, the light is totally reflected, whereas at the incident angle of plasmon resonance @ser, the light is complete-
ly absorbed by the surface electrons. In cooperation with Prof. Tobias Weidner and Bernhard Menges.

In this thesis, SPR measurements were performed to investigate the interaction of IM30 with a
negatively charged surface in presence and absence of Mg?*. As the negatively charged surface,
the thiol-coupled fatty acid 16-MHDA was provided. The measurements were performed in
cooperation with Prof. Tobias Weidner and Bernhard Menges. The experimental set-up is

schematically shown in Fig. 2.15.
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Fig. 2.15: SPR

In an SPR measurement, p-polarized light impacts on a prism, which is attached to a LaSNF9 sensor chip loaded with
layers of Cr and Au. Upon addition of other components (here: 16-MHDA and IM30) through the flow channel, the
refractive index of the sensor chip changes, resulting in a shifted @spr.

For the SPR experiments, LaSFN9 glass plates were used as sensor chips. Prior to usage, they
needed to be cleaned and coated with Au/Cr layers. Thus, the plates were purged 5-6 times with
ddH-0 and gently rubbed with dishwashing detergent. Afterwards, the glass plates were again
rinsed with ddH.O for 10 times, then placed in Hellmanex Il solution and sonificated in an ul-
trasonic cleaner for 25 min. Subsequently, the plates were rinsed with ddH.O 10 times and then
thoroughly rinsed in isopropyl alcohol. After drying, the clean LaSFN9 plates were placed in a

vacuum coater and coated with a Cr layer of ~2 nm and a Au layer of ~50 nm.

The measurement was carried out in an in-house built SPR instrument, equipped with a HeNe-
Laser, using the Kretschmann configuration (Kretschmann 1972). The sensor chips were at-
tached to an LaSFN9 prism via index matching immersion oil and fixated on a microfluidic cell.
Solutions were pumped into the cell using a peristaltic pump. Gradually, components were add-

ed to the sensor chip:

e HEPES buffer
e 350 mM 16-MHDA in a 2/1 (v/v) chloroform/methanol solution
e 3.12 uM IM30 = 10 mM MgCl;

The addition of the single components was usually observed kinetically, choosing an incident
angle © at ~30% of SPR reflection intensity lser. After addition of each component, a scan
measurement was performed, respectively, if not otherwise mentioned. The measurements were

carried out using the parameters listed in Table 2.40.
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Table 2.40: Parameters used for the SPR measurements

Parameter Value
Temperature T RT

Laser wavelength A 633 nm
Incident angle ® area for scan measurements 44-65°
Pump speed for kinetic measurements 40 pl/min

In order to estimate the layer thicknesses, the scan measurements were evaluated by using the
program Winspall 2.20. With a combination of manual and iterative fitting, the parameters for
the fit were adapted to the scan curves. Here, the real and imaginary parts of the respective die-
lectric constants, erear and eimg, Were considered. The values listed in Table 2.41 were used as

initial values.

Table 2.41: Initial fitting parameters used for SPR scan measurements

Layer Thickness (NM)  &real &img
LaSFNO prism 0* 3.4036 O
Cr 2 -6.3 18
Au 50 -12.3  1.29
16-MHDA 2 2.1 0
IM30 £ Mg** 7 2.1 0
HEPES buffer 0* 1778 0

*0 nm stands for infinite.

Importantly, the parameters were kept constant after fitting one layer, and only the parameters
for the new layer were adjusted. The surface coverage for 16-MHDA and IM30 was then calcu-

lated via

Thickness layer

Surface coverage = Eq. 2.22

Thickness molecule

2.18.7 Transmission electron microscopy (TEM)

With transmission electron microscopy (TEM), protein structures can be made visible. Electrons
are accelerated and focused via magnetic lenses. Upon interaction with material-rich areas of the
fixated sample, some of the electrons are scattered. The remaining electrons can pass the sample
and can be displayed on a screen by further focusing. In order to increase the contrast, the sam-
ple can be treated with a heavy metal solution, e.g. uranyl acetate. The uranyl cations are then
supposed to arrange around the proteins. The electrons are scattered more strongly at heavy
metals, resulting in a higher contrast due to the brightening of the protein structures, which is
called negative staining. (Winter & Noll 1998)

The structure of IM30 WT and several IM30 mutants were examined under different conditions.
The sample design and biochemical preparation was done by myself. Some of the experiments

were also performed in cooperation with Benedikt Junglas or Carmen Siebenaller. The sample
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fixation and negative staining for TEM and measurements were performed by Kristiane Rusitz-

ka or Wolfgang Gebauer.

The concentration of the analyzed protein samples was ~0.1-0.2 mg/ml. 3 mm copper grids,
coated with graphene, were hydrophilized/negatively charged via glow discharge and stripped
through 5 pl droplets of the respective sample. The grids were air-dried, and the step was re-
peated with ddH.O and a heavy metal solution of 2% (v/v) uranyl acetate, pH 2.0, for negative
staining. The sample grids were measured with an electron microscope afterwards or stored

under vacuum.
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3 Results

The IM30 protein has been linked to thylakoid membrane biogenesis for more than 20 years (Li
et al. 1994). Due to in vivo experiments in the last fifteen years, several putative functions for
IM30 have been suggested (see 1.4.5). Only recently, we could demonstrate via biophysical in
vitro approaches that the protein mediates membrane fusion in presence of Mg?* (Suppes 2013;
Hennig et al. 2015).

The goal of this PhD thesis was the investigation of the IM30 interactions and fusion function
and, if possible, developing a model for the events during the IM30-mediated membrane fusion
(cf. 1.5). To do so, in vitro experiments were performed exclusively. Since in vivo all processes
and events are impossible to separate, the in vitro approach has an advantage over in vivo exper-
iments: the isolation of interactions of interest. In the following, investigations of the IM30 oli-

gomerization and interactions with Mg?* and membranes are described.

3.1 Expression and purification of IM30 and the mutants ACT, C4
and C7

All proteins used in this thesis were heterologously expressed in E. coli as described in 2.15.4.

3.1.1 Introduction of the used IM30 mutants

In addition to the IM30 WT, three further IM30 mutants were used for several experiments:

e IM30 ACT (ACT): ACT is a mutant lacking the C-terminal seventh helix and the linker
region between helix 6 and helix 7. ACT has been shown to behave similarly to the WT
concerning the membrane fusion activity and structure, except that the double-ring for-
mation is dramatically enhanced (Hennig 2014).

o IM30 C4 (C4): The mutation of C4 is a highly conserved amino acid cluster at the loop
2 region. C4 mainly forms rings and is not able to perform membrane fusion (Hennig
2014).

e IM30 C7 (C7): The mutation of C7 is a highly conserved amino acid cluster in helix 4.
This mutant has been demonstrated to form smaller IM30 particles and no rings
(Hennig 2014). The smaller particles are assumed to be tetramers (Heidrich et al. 2016).

Furthermore, the fusion function of C7 is impaired (Hennig 2014).
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The respective positions of the cluster mutations of ACT, C4 and C7 are schematically shown in

Fig. 3.1.

H1 H2 H3 H4 HS5 H6 H7

NTH TH HT HOH O~
)
ca c7 AET

Fig. 3.1: Positions of cluster mutations in the IM30 secondary structure

The IM30 mutants used in this thesis are indicated in a schematic representation of the IM30 secondary structure.

The primary structures of the IM30 mutants with indications of the mutated amino acids can be
found in 5.1.3, 5.1.4 and 5.1.5, respectively.

3.1.2 Expression and purification of IM30 and the used IM30 mutants

Expression and purification of the IM30 WT and the above-mentioned set of IM30 mutants has
already been established in previous work (Fuhrmann 2010; Hennig 2014) and is described in
detail in 2.15.4, 2.15.5 and 2.16.1. To confirm whether IM30 and the mutants ACT, C4 and C7
were successfully expressed and purified, SDS-PAGE and immunoblot analysis using the
aVipp420 antibody were performed as described in 2.16.3 and 2.16.4 and are shown in Fig. 3.2.
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Fig. 3.2: Purification of IM30, C4, C7 and ACT

Expression and successful purification of IM30 WT and IM30 mutants were confirmed on 12% SDS gels (A) and in
an immunoblot analysis using the aVipp420 antibody (B).

All lanes in Fig. 3.2 contain one significant band, representing the respective protein. For an

unknown reason, IM30 and the IM30 mutants with a similar size (as C4 and C7) ran at a molec-

ular weight at ~37 kDa in SDS gels, instead of the expected molecular weight at ~32 kDa. This
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phenomenon might be accredited to structural properties of IM30. Anyway, as can be seen in
several other theses and publications, this behavior seems to be usual (Fuhrmann et al. 2009z;
Otters 2011; Hennig 2014). Since the C-terminal a-helix and the linker region between helix 6
and helix 7 is lacking, the gel band for ACT is found at a lower molecular weight at ~30 kDa.
The slightly weaker band above 25 kDa found in the lane containing the ACT sample is an un-

known degradation product, which has already been observed in former work (Hennig 2014).

Additionally, in cooperation with Kristiane Rusitzka and Benedikt Junglas, TEM was performed
as described in 2.18.7 to check the structure of the IM30 WT (Fig. 3.3).

Fig. 3.3: TEM micrographs of IM30

Representative TEM micrographs of IM30 samples are shown. Arrows indicate rings. Scale bars represent 500 nm
(A, B), 167 nm (C) and 125 nm (D). In cooperation with Kristiane Rusitzka and Benedikt Junglas.

The micrographs revealed an overall significant appearance of oligomeric ring structures, which
is in perfect agreement with previous results (Fuhrmann 2010). Further representative micro-
graphs of ACT, C4 and C7 were already shown in (Hennig 2014).

Altogether, the controls indicated a regular expression and structural arrangement of IM30 WT
and the IM30 mutants. Thus, the proteins purified for this thesis were used without any further

reservations.
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3.1.3 Phosphorylation of IM30

Several SDS-PAGEs in which IM30 samples were loaded tended to exhibit a second and less
intense band above the main IM30 band (cf. Fig. 3.2, Fig. 3.9, Fig. 3.12, Fig. 3.18, Fig. 3.26,
Fig. 3.31 and Fig. 3.32). This band was thought to represent a phosphorylated version of IM30,
which was included in purified samples as an artefact from the expression in E. coli. To confirm
a phosphorylation of the protein, dephosphorylation of IM30 was performed using the phospha-
tase CIP, as described in 2.16.10, to see whether the additional band in the SDS gel disappears
when plotting the sample. Furthermore, to exclude the possibility of lipid binding to IM30,
which would have biased the experiment due to a dephosphorylation of the lipids, a control
experiment, using the lipase TLL, was performed. TLL can digest lipids and thus, the additional
band in the SDS-PAGE would have disappeared in case of single lipid binding, which must also
be accessible for the lipase. The results are shown in Fig. 3.4.
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Fig. 3.4: Dephosphorylation of IM30

To investigate a phosphorylation of IM30, dephosphorylation was performed using the phosphatase CIP (A). To
exclude the possibility of single lipid binding to IM30, which would have biased the experiment due to a
dephosphorylation of the lipids, a control experiment using TLL was performed (B). Here, hypothetical lipids could
be digested. In both experiments, the samples were separated on 12% SDS gels. The CIP band in (A) can be found
below 70 kDa and the TLL band in (B) can be found at ~35 kDa. The bands which might represent the phosphory-
lated IM30 are indicated (*).

In the SDS gel shown in Fig. 3.4A, the band for the phosphorylated IM30 is not visible any-
more upon CIP addition. This result indicates the existence of phosphorylated 1IM30 originating
from the heterologous protein expression in E. coli. Importantly, as can be seen in the experi-
ment shown in Fig. 3.4B, incubating the protein with the lipase TLL, did not seem to influence
the band above the IM30 main band. Thus, the additional IM30 band probably did not originate
from IM30-bound lipids. However, there is still the possibility that potentially bound lipids were

not available for TLL.
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3.2 The basic building block of IM30 rings

In a recent publication, it has been indicated that the C7 mutant forms tetramers rather than
rings (Heidrich et al. 2016). The IM30 WT, however, is known for forming huge ring oligomers
and rod-like structures. There is little information concerning the complexity of lower-ordered
oligomers. Given the observation that the IM30 rings are highly symmetrical, it appears likely
that the WT ring assembles from a common building block, which was suggested to be a te-
tramer or a dimer of dimers in the past (Aseeva et al. 2004; Fuhrmann et al. 2009a; Bultema et
al. 2010). In fact, only modelling four monomers, for which the tertiary structure was predicted
based on a PspA crystal structure of the first three N-terminal a-helices (Osadnik et al. 2015), as
tetramer building blocks into ring spikes resulted in a proper filling of the electron density (Saur
et al. 2017). Nevertheless, no distinct experimental observation of IM30 WT dimer and/or te-

tramer formation has been shown so far.

In order to resolve the basic building block of IM30 rings, LILBID-MS was performed for the
IM30 WT in cooperation with Phoebe Young as described in 2.18.3. LILBID-MS is a native
mass spectrometry method and suitable for investigations of noncovalently bonded biomolecule

complexes. The mass spectrum is shown in Fig. 3.5.
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Fig. 3.5: LILBID-MS of IM30

Native mass spectrometry of IM30 low-mass complexes indicated the presence of IM30 monomers, dimers, tetramers
and potentially trimers. Oligomerization states including their respective charges are indicated (yellow circles). In the
case of a spectral overlap, both species are indicated. In cooperation with Phoebe Young. The results in this figure are
published in (Saur et al. 2017).
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IM30 monomers, dimers, trimers and tetramers could be identified in the mass spectrum, as
indicated in Fig. 3.5. Compared to the other species, the trimer fraction appeared rather small,
which supports the idea of a preference of IM30 for dimer and tetramer formation. Additionally,
pentamer oligomerizations of IM30 seemed to be absent, further dismissing the idea of a ran-
dom association of the monomers. To a greater extent, stable dimer and tetramer oligomers
were identified, supporting the model of dimer-dimer formation as the smallest IM30 ring build-

ing block.

It must be mentioned that for experimental reasons, the concentration of IM30 in this experi-
ment was not more than 18 uM. The ring concentration in this case would have been only
0.3 UM (for a ring with 15 spikes and 15*4 monomers), if nearly all protein was oligomerized
as shown in (Fuhrmann et al. 2009a; Heidrich et al. 2016). Since the detection limit of LILBID-

MS is 1 uM, no further structures of higher masses were detected.

Overall, it could be indicated that IM30 monomers prefer to oligomerize into dimers and te-
tramers instead of trimers, pentamers or other random monomer associations. Thus, the tetramer
formation might indeed base on a dimer-dimer complex formation. These findings are important

for further structural simulations and investigations on the IM30 oligomerization.

3.3 Interaction of IM30 with Mg?*

Recently, the ability of IM30 to perform membrane fusion in vitro has been observed in differ-
ent experiments (Suppes 2013; Hennig et al. 2015). Interestingly, IM30 possesses its membrane
fusion ability only in presence of Mg?*. The ion is important in light-dependent processes in-
volved in photosynthesis (Portis & Heldt 1976; Ishijima et al. 2003). In fact, an increasing Mg?*
concentration in the cyanobacterial cytosol and the plant stroma seems to regulate several pro-
teins (Portis et al. 1977; Portis 1981; Portis 1992). Since Mg?* is also known to aggregate lipo-
somes (Leventis et al. 1986), the question arises how Mg?* is involved in the IM30-mediated
membrane fusion. A solely Mg?*-activated fusion due to aggregation of liposomes was previ-
ously excluded via adjusting liposome composition and curvature (Suppes 2013; Hennig et al.
2015). Thus, it may be concluded that IM30 interacts with Mg?".

One of the goals of this thesis was to identify a potential IM30-Mg?* interaction. Furthermore,
the effects of this interaction on IM30 concerning structure stability, structure flexibility, dou-

ble-ring formation and/or monomer exchange between IM30 rings were investigated.
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3.3.1 Mg? binds to IM30

In order to investigate a potential binding of Mg?* to IM30, ANS experiments were performed
as described in 2.18.2.1. ANS is able to bind to hydrophobic and polar areas of proteins and
changes its fluorescence emission spectrum in unpolar environments due to the lack of dipolar
relaxation. Thus, the experiments had a more indirect nature, since ANS only detects changes in

the surface structure of the protein, which might result from Mg?* binding.

IM30 samples were incubated with ANS and different MgCl, concentrations between 0 and
10 mM. Control samples lacking IM30 were prepared to evaluate the influence of Mg?* on the

ANS fluorescence. ANS spectra were recorded and are shown in Fig. 3.6.
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Fig. 3.6: ANS spectra of IM30 in presence and absence of Mg?*

Shown are ANS spectra of IM30 samples, incubated with different MgCl2 concentrations (A) and control spectra
from samples lacking IM30 to exclude an influence of Mg?* on ANS fluorescence (B). The experiment was repeated
three times.

In presence of IM30, addition of Mg?* was coupled with an increased ANS fluorescence (Fig.
3.6 A), indicating exposure of hydrophobic surfaces at increased Mg? concentrations. This
observation strongly supports the idea of Mg?* binding to IM30, followed by a structural rear-
rangement, whereat a greater amount of unpolar surfaces is exposed. Essentially, the ANS fluo-
rescence was not affected by Mg?* (Fig. 3.6 B), which indicated that the observed effect (Fig.
3.6 A) can be completely ascribed to IM30.

The interaction of IM30 with Mg?* seemed to directly affect the ANS fluorescence emission. To
further quantify the observations from the experiments and to calculate a dissociation constant
Kp for the interaction, titration curves with more measuring points were recorded as described in
2.18.2.1. Differently concentrated IM30 solutions, which were previously incubated with ANS,
were titrated with MgCl, solutions, and the change in the ANS fluorescence emission at 490 nm
was monitored. Different IM30 stocks titrated with the same Mg?* stock and the same IM30

stock titrated with different Mg?* stocks were compared. The results are shown in Fig. 3.7.
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Fig. 3.7: Titration of IM30 with Mg?*

Titration curves were recorded using different IM30 concentrations provided in the sample solution and 0.1 M Mg?*
as titrator (A). In a complementary approach, 1 pM IM30 was titrated with MgCl. stocks of different concentrations
(B). For the latter experiment, the titration curves were fitted with a binding fit in order to determine Kp values.
R?=0.731 (black curve), R?=0.982 (grey curve), R?=0.975 (blue curve). Single points identified as extreme outliers
were excluded.

Upon Mg?* addition, an increase in the ANS fluorescence emission at 490 nm was monitored
(Fig. 3.7). In the first approach, differently concentrated IM30 samples of 0.5-2.0 uM were
titrated with a 0.1 M MgCIl; solution (Fig. 3.7 A). As expected, a plateau was reached at a
smaller amount of added Mg?* for the lower concentrated IM30 samples, probably due to earlier
saturation. In a second approach, identically concentrated IM30 samples of 1 uM were titrated
with different MgCl, solutions. The latter experiment was used to determine Kp values for the
IM30-Mg?* interaction by using binding fits (see 5.13.1.1). For each sample, the Kp values were
determined from the fit and the weighted mean value for Kp was calculated. The results are
listed in Table 3.1.

Table 3.1: Calculated Kp values from the ANS titration curves

Cmgz+ (MM)  Kp(mM)  Weighted Kp (mM)

0-1 2.10+0.29
0-5 2.05+0.20 | 1.33 +0.60
0-10 0.36 +0.19

The calculated weighted Kp of (1.33 + 0.60) mM is in perfect agreement with the Kp value ((1.1
* 0.5) mM) determined from the ANS spectra in (Junglas 2016), which were recorded in coop-

eration with Benedikt Junglas.

As mentioned above, the ANS experiments only provide indirect hints for a binding of Mg?* to
IM30. A more direct experiment, including a Kp determination, was reverse ITC, in which the
reaction heat was determined. Since a standard ITC, in which the ligand Mg?* was titrated to the
protein solution, was not suitable for this investigation due to the high dilution heat of Mg?

itself (demonstrated in cooperation with Svenja Winzen, not part of this thesis), a reverse ITC



86 Results

was performed in cooperation with Prof. Nadja Hellmann and Benedikt Junglas as described in
2.18.4. Here, an IM30 stock was titrated to a solution containing MgCl,, and the enthalpy
change 4H was determined for different Mg?* concentrations. The final titration curve, which
illustrates the specific enthalpy change upon IM30 addition to differently concentrated Mg?*
solutions, is shown in Fig. 3.8. All baseline corrections for dilution heat minus unspecific ionic
effects (baselines and raw data are illustrated in 5.9, missing data were calculated via fit func-

tions) are included.

AN
o
]

w
(&)
-

- - wn| - e - - e - e

o

w
o
(L [N

N
(&) ]
1
Eam
——
L ]
L

- —

o o

1 1 1 n n
- I

(&)
1

o

T 4 T : T

Y — T v T T T T v T
25 50 75 100 125 150 175 200

Enthalpy change 4H (kcal/mol IM30)
N
o

o -

Cation equivalents Mg®" (mM)

Fig. 3.8: Reverse ITC of Mg?* titration with IM30

To demonstrate the direct binding of Mg?* to IM30, a reverse ITC was performed via titrating IM30 samples to a
MgCl: solution and measuring the enthalpy change 4H. The data were fitted with a binding fit. R>=0.976, error bars
represent standard deviation (n=3). The large error bars for high Mg?* cation equivalent concentrations result from
the strong enthalpy change of the baseline. In cooperation with Prof. Nadja Hellmann and Benedikt Junglas. The
results in this figure are published in (Heidrich et al. 2018).

The specific enthalpy change of the IM30-Mg?* interaction, shown in Fig. 3.8, describes a satu-
ration curve in good approximation. Since Mg?* was in large excess compared to IM30, the
curve was fitted with a binding fit (cf. 5.13.1.1). At lower Mg?* cation equivalent concentrations
<25 mM, the curve increased steeply and leveled off at ~30 kcal/mol into saturation. Important-
ly, the development of 4H in Fig. 3.8 describes an endothermal domination in the IM30-Mg?*
binding, indicating that the reaction was entropically driven. From the binding fit, the Kp value
was calculated to be (3.72 + 0.36) mM for the cation equivalents which was converted to a Kp
of (1.86 + 0.18) mM for the Mg?* concentration. In (Junglas 2016), a different one-site binding
fit was used, resulting in a similar Kp value of (1.53 £ 0.11) mM. These values resemble the Kp

values determined in the ANS titration curves (see above).
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In summary, the interaction between IM30 and Mg?* was observed indirectly via ANS fluores-
cence as well as directly via reverse ITC. From the ANS experiments, the observation was made
that the structure of IM30 alters upon Mg?* binding, probably due to hydrophobic surface expo-
sure. The positive enthalpy change for the IM30-Mg?* binding obtained from the ITC measure-
ment revealed an apparent endothermal nature of this interaction. Furthermore, the ANS titra-

tion and reverse ITC revealed Kp values for the IM30-Mg?* interaction in the range of 1-2 mM.

3.3.2 Introduction of crosslinked IM30 and IM30 dimers

To identify potential necessary dynamical properties of IM30 rings during Mg?* binding, the
IM30 quaternery structure was influenced via two different approaches: (i) a crosslinked version
of IM30 in order to fixate the ring structures due to additional covalent connections and (ii) a
forced dimer formation of IM30 via covalent disulfide bridges, partially preventing the for-

mation of IM30 rings.

3.3.2.1 Introduction of crosslinked IM30

In order to create crosslinked IM30 (IM30-X), the crosslink agent glutaraldehyde was used as
described in 2.16.8. Glutaraldehyde is able to connect amide, imidazole-, phenol- and thiol
compounds of proteins (Okuda et al. 1991; Migneault et al. 2004), and thereby creates a fixated
structure of the protein. TrisHCI was added subsequently in order to stop the crosslinking reac-

tion, since the chemical is able to form complexes with glutaraldehyde.

To confirm successful crosslinking of 1IM30, an SDS-PAGE analysis was performed. Here,
samples containing only IM30, IM30 incubated with TrisHCI, and IM30 first incubated with
glutaraldehyde and subsequent addition of TrisCl were loaded. The gel is shown in Fig. 3.9.
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Fig. 3.9: Confirmation of successful IM30 crosslinking

In order to confirm successful crosslinking of IM30, samples were loaded on a 12% SDS gel containing only IM30,
IM30 incubated with TrisHCI, and IM30 first incubated with glutaraldehyde and subsequent addition of TrisHCI.
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Obviously, the IM30 band at ~37 kDa in Fig. 3.9 is only visible in the lanes containing the sam-
ples which were not incubated with glutaraldehyde. When adding the crosslinking agent to
IM30, the protein seemed to be completely crosslinked and is, thus, not visible in the resolving
gel. Importantly, TrisHCI did not seem to have an intrinsic effect on IM30. The findings con-

firm a successful crosslinking of IM30.

Since the crosslink agent might have influenced the correct formation of IM30 ring oligomers or
could have induced excessive aggregate formation, a further structure control via TEM was
necessary. The micrographs of 1IM30-X, recorded in cooperation with Kristiane Rusitzka, are

shown in Fig. 3.10.

Fig. 3.10: TEM micrographs of IM30-X

Representative TEM micrographs of IM30-X samples are shown. Arrows indicate rings (A, B), rods (C) and double-
rings (D). Scale bars represent 200 nm (A, B), 67 nm (C) and 50 nm (D). In cooperation with Kristiane Rusitzka.

As displayed in Fig. 3.10, crosslinked IM30 was still able to form rings and even rod structures.
Similar to the non-crosslinked WT (cf. Fig. 3.3), some aggregates are visible (Fig. 3.10 B). In
conclusion, the TEM micrographs confirm the correct oligomerization of IM30 in presence of

glutaraldehyde.

3.3.2.2 Introduction of IM30 dimers
In order to partially prevent higher-ordered oligomerization of IM30, the dimerization of IM30
via covalent disulfide bridges was enabled. Since the IM30 WT does not contain any cysteine



Results 89

residues, site-directed mutagenesis changing an alanine for a cysteine residue in the linker re-
gion between helix 6 and helix 7 was performed (see 2.14.2). This region was assumed not to
interfere with ring formation in absence of disulfide bridges (Otters et al. 2013). The mutation is

schematically shown in Fig. 3.11.

H1 H2 H3 H4 H5 H6 H7

nTH 1 HOOH O

A227C

Fig. 3.11: Position of the point mutation A227C in the IM30 secondary structure

The IM30 point mutation A227C is indicated in a schematic representation of the IM30 secondary structure.

In order to confirm a successful formation of IM30 dimers, an SDS-PAGE and immunoblot
analysis were performed using samples of IM30 A227C (A227C) in presence and absence of
the disulfide reducing agent DTT inside the sample buffer (Fig. 3.12).
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Fig. 3.12: Purification and dimer formation of A227C in presence and absence of DTT

Expression and successful purification of A227C was confirmed on 12% SDS gels (A) and in an immunoblot analy-
sis using the aVipp420 antibody (B). Furthermore, in the lane containing the sample lacking 10 mM DTT, the IM30
dimers appear above the 70 kDa marker band (A and B).
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As displayed in Fig. 3.12, the dimer band above the 70 kDa marker band can be found in the gel
lane containing the sample lacking DTT. Still, a less intense monomer band is also visible in

this lane, indicating incomplete dimer formation.

In order to investigate the structure of A227C further, TEM was performed in cooperation with
Wolfgang Gebauer, Kristiane Rusitzka, and Carmen Siebenaller for protein samples containing

and lacking 10 mM DTT. The micrographs are shown in Fig. 3.13.

Fig. 3.13: TEM micrographs of A227C in presence and absence of DTT

Representative TEM micrographs of A227C in the absence (A, B) and presence (C, D) of 10 mM DTT are shown.
Arrows indicate particles or aggregates (A), rings (B, C, D) and rods (D). Scale bars represent 200 nm (A, C) and
100 nm (B, D). In cooperation with Wolfgang Gebauer, Kristiane Rusitzka and Carmen Siebenaller.

Upon lacking of DTT, A227C was obviously impaired in oligomer formation (Fig. 3.13 A and
B), which might be ascribed to the formation of disulfide bridges and the resulting reduced
structural flexibility. In contrast, upon addition of DTT, A227C returned to its ability to oli-
gomerize as ring structures and rod-like structures (Fig. 3.13 C and D).

Overall, the mutant A227C was found to be suitable for experiments requiring IM30 dimers,
which are impaired in oligomerization but can be triggered to form rings and rod-like structures
upon DTT addition.
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3.3.3 Structural flexibility and ring formation of IM30 influences Mg?* binding
After indicating the ability of IM30 to directly interact with Mg?* (see 3.3.1), the question arised
whether a dynamic structure and the oligomeric ring formation of the protein is necessary for
the binding reaction. To tackle this issue, further ANS experiments were performed using the
crosslinked 1IM30-X (see 3.3.2.1) and the mutant A227C (see 3.3.2.2), which forms dimers and
only a strongly decreased amount of higher-ordered structures in absence of DTT. If structural
flexibility and ring formation were mandatory for Mg?* binding, a reduced shift in the ANS
spectra for IM30-X and A227C in absence of DTT upon Mg?* addition could be expected.

Samples of IM30 (z crosslinker) and A227C (+ DTT) were incubated with ANS and 10 mM of
MgCl,, respectively. A control lacking Mg?* and a control containing only DTT and ANS were

also prepared. ANS spectra were recorded and are shown in Fig. 3.14.
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Fig. 3.14: ANS spectra of IM30/IM30-X and A227C (+ DTT) in presence and absence of Mg?*

To investigate the influence of the IM30 structure flexibility on the Mg?* interaction, ANS spectra of crosslinked and
uncrosslinked IM30 samples in presence and absence of 10 mM MgCl. were recorded (A). Complementarily, to
examine the influence of ring-formation on the Mg?* interaction, ANS spectra of A227C samples (+ 10 mM DTT) in
presence and absence of 10 mM MgCl2 were recorded (B). The experiment was repeated two times.

It has been demonstrated that using the protocol for crosslinking 1IM30 most probably results in
a nearly complete crosslinked protein (cf. Fig. 3.9). As shown in Fig. 3.14A, the ANS fluores-
cence emission spectra of samples containing IM30-X were far more red-shifted compared to
the ANS spectra of the IM30 WT samples, indicating a reduced affinity of the crosslinked pro-
tein for ANS. Upon Mg?* addition, a blue shift was observed for both, samples containing IM30
or IM30-X. Nevertheless, this shift was dramatically decreased in the case of the crosslinked
protein compared to the uncrosslinked IM30 and could have resulted from a small fraction of
uncrosslinked 1M30 species in the sample, which would still have been able to alter their struc-
ture. It must be mentioned that the observations do not exclude Mg?* binding to IM30-X prior to

reduced structural rearrangements per se.

As displayed in Fig. 3.14B, the ANS spectra for the A227C samples lacking DTT, in which

IM30 was partly dimerized and was, thus, not able to oligomerize (cf. 3.3.2.2), also showed a
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decreased blue shift upon Mg?* addition compared to the samples containing DTT. Importantly,
in the control sample containing only DTT and ANS, the detergent was found not to influence
the fluorescence of the dye. Since addition of DTT has been shown to restore the ring formation
of A227C (cf. Fig. 3.13) and the ANS fluorescence was dramatically increased in these samples,
it seems reasonable to assume that IM30 ring formation is required for Mg?* binding. However,
the experiment does not exclude the Mg?* binding to higher-ordered IM30 structures other than

rings.

In summary, the ANS experiments using IM30-X and A227C provided first hints for the condi-
tions of the IM30-Mg?* interaction: IM30 must most probably exist in the oligomerized ring
state, which is furthermore supposed to stay flexible during or after Mg?* binding. The latter
requirement is in perfect agreement with the observed exposure of hydrophobic surfaces upon
Mg?* addition, made in ANS experiments for the IM30 WT (cf. Fig. 3.6 and Fig. 3.7). While
crosslinked, the protein is supposed to be completely fixated in the oligomerized form (cf.
3.3.2.1) and is, thus, no longer able to conduct any structural alteration.

3.4 The effect of Mg?* on the IM30 structure and stability

In 3.3, it has been described that Mg?* probably directly binds to IM30 rings and/or other high-
er-ordered IM30 structures upon an increase of hydrophobic surfaces. The next issue of interest
was the effect of this interaction on physical properties such as the thermodynamic stability of
the protein. Furthermore, the induced change of the IM30 surface properties upon Mg?* binding
seems to be predisposed for a more global structural alteration, e.g. concerning increased dou-

ble-ring formation.

34.1 Mg?* influences the IM30 secondary structure

The stability of the IM30 secondary structure upon Mg?* addition was investigated via urea
denaturation/renaturation and CD spectroscopy as described in 2.16.9 and 2.18.1.1. In general,
IM30 samples were incubated with different amounts of Mg?*, the samples were exposed to
different urea concentrations, and CD spectra were recorded. Subsequently, the ratio of de-
naturated protein fp was plotted against increasing urea concentration. All CD experiments were

performed in cooperation with Benedikt Junglas.

IM30 has already been demonstrated to renaturate in absence of Mg?* (Debus 2013), but not in
presence of the metal ion yet. Thus, this was investigated in a preliminary test by denaturation

and renaturation of IM30 in presence of 15 mM MgClIy, which is illustrated in Fig. 3.15.
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Fig. 3.15: Urea denaturation and renaturation of IM30 in presence of Mg?*

The reversibility of the urea denaturation and renaturation of IM30 in presence of 15 mM Mg?* was investigated via
CD spectroscopy. The ratio of denaturated protein fo was plotted against increasing urea concentration in order to
check whether start and ending points as well as the curve form were identical (A). Error bars were calculated via
Gaussian error distribution of three samples. Additionally, CD spectra prior to denaturation and after renaturation
were recorded and compared (B). In cooperation with Benedikt Junglas. The results in this figure are published in
(Heidrich et al. 2018).

The denaturation and renaturation curves of IM30 in presence of Mg?" in Fig. 3.15A strongly
differ from each other concerning a shift of the denaturation curve to higher urea concentrations.
The two curves resemble a hysteresis loop, indicating an irreversible reaction (Andrews et al.
2013). However, as already suggested in (Junglas 2016), the shift could have originated from
different folding and unfolding mechanisms. Furthermore, the renaturation curve in Fig. 3.15A
resembles the renaturation curve for an IM30 sample lacking Mg?* (Hennig 2014), which indi-
cates the dissociation of the IM30-Mg?* complex in the denaturation process (Junglas, p.c.).
When comparing CD spectra prior denaturation and after renaturation, as illustrated in Fig.
3.15B, the curves slightly differ from each other due to smaller [®], values for the renaturated
protein. However, both CD spectra clearly indicate a mainly a-helical structure of IM30 in pres-

ence of Mg?*.

After the reversibility of the IM30 denaturation process was investigated, denaturation curves of
the protein for different MgCl. concentrations were recorded. For a better overview, only the
curves for 0 mM Mg?*, 15 mM Mg?* and the cation equivalent 30 mM Na* as negative control
are shown in Fig. 3.16. The data for the other investigated Mg?* concentrations including the

respective Boltzmann fits can be found in 5.10.
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Fig. 3.16: Urea denaturation of IM30 in presence and absence of 15 mM Mg?* and 30 mM Na*

In order to investigate the effect of Mg?* on the IM30 secondary structure stability, urea denaturation curves for IM30
in the presence of 0 mM Mg?*, 15 mM Mg?* and 30 mM Na*, respectively, are shown. Error bars were calculated via
Gaussian error distribution of three samples. In cooperation with Benedikt Junglas. Several results in this figure are
published in (Heidrich et al. 2018).

All recorded denaturation curves, illustrated in Fig. 3.16 and Fig. 5.23, show the expected sig-
moidal trend, which is further emphasized by fitting with a Boltzmann fit (cf. Fig. 5.23). The
plateaus of the curves typically range from 0-2 M urea and 4-7 M urea, respectively. The steep
sections of the denaturation curves are shifted to higher urea concentrations with increasing
MgCl, concentrations. The negative control containing 30 mM Na*, which is the cation equiva-
lent for 15 mM Mg?*", was assumed not to influence the form of the denaturation curve com-
pared to the sample lacking any additional ions. In fact, the impact of Na* on the IM30 denatur-
ation seems to be insignificant since the curve is hardly shifted. Thus, the effect of Mg?* on
IM30 seems to be specific. Due to the shift to higher urea concentrations in the denaturation
curves, Mg?* can be assumed to stabilize the IM30 secondary structure. Combined with the
observation that Mg?* triggers the exposure of hydrophobic surfaces of IM30 (see 3.3), it seems
most likely that the stability of IM30 is increased due to a structural rearrangement upon Mg?*

binding.

In order to quantify the IM30 denaturation curves in presence of Mg?*, Dy, values for all sam-
ples with different MgCl, concentrations were calculated as described in 2.18.1. The results are
illustrated in Fig. 3.17.
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Fig. 3.17: D12 values of IM30 at different Mg?* concentrations

The Du2 values of IM30 at different Mg?* concentrations were calculated from the urea denaturation curves by fitting
with a Boltzmann fit. Error bars were also obtained from the Boltzmann fit. In cooperation with Benedikt Junglas.
The results in this figure are published in (Heidrich et al. 2018).

As can be seen in Fig. 3.17, the inflection points of the denaturation curves Dy increase from
~2.9 M to ~3.3 M. A plateau is reached at ~5 mM MgCl..

Overall, the analysis of the IM30/Mg?* denaturation curves supports the impression that the ion
increases the stability of the IM30 secondary structure. This effect seems to require at least

5 mM of Mg?* for maximal stabilization.

3.4.2 Mg?* influences the IM30 tertiary/quaternary structure

As described in 3.3.1, it has been observed that Mg?* induces increased exposure of hydropho-
bic surfaces and, thus, a change of the IM30 tertiary and/or quaternary structure. Another possi-
bility to further illuminate this issue was the determination of the molar ellipticity ratio
[@]222 0l [@) 208 nm from the CD spectra. This ratio provides information concerning the coiled-
coil amount of the a-helices inside the protein (Lau et al. 1984; Zhou et al. 1992), which might
be changed upon structural alteration due to an influence of Mg?*. A calculated value <0.86
normally stands for isolated a-helices, whereas a value >1.0 indicates the presence of coiled-coil
structures (Lau et al. 1984). Here, the [@]222 n/[©]208 nm ratio was calculated from CD spectra of
samples containing IM30 in presence and absence of 15 mM Mg?*. Furthermore, the ratio was
also calculated for a control sample containing IM30 and the cation equivalent 30 mM Na*. The
experiment was performed in cooperation with Benedikt Junglas. The results are listed in Table
3.2.
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Table 3.2: Ratio [@]222 nm/[@]208 nm Of IM30 in presence and absence of 15 mM Mg?* and 30 mM Na*

Sample Ratio [@]222 n/[ @] 208 im™
Control 1.097 + 0.016
15 mM Mg?*  1.194 +0.017
30 mM Na* 1.116 +£0.009

In cooperation with Benedikt Junglas. Several results in this table are published in (Heidrich et al. 2018). *Errors
represent the standard deviation (n=3).

The calculated [@]222 n/[ @] 208 nm ratio for the IM30 control sample was ~1.1, indicating a pro-
nounced coiled-coil amount in the proteins’ structure. Upon Mg?* addition, this value shifted to
~1.2. Thus, stronger clustering of a-helices and an increased coiled-coil amount could be as-
sumed. Importantly, the control sample containing the cation equivalent of Na* was not signifi-
cantly altered concerning the [@]222 nm/[@]208 nm ratio compared to the pure IM30 sample, imply-
ing a specific effect of Mg?* on the coiled-coil portion of IM30. The results are in perfect
agreement with findings in (Hennig 2014) and indicate an increased stability of IM30 upon
Mg?* binding due to a more compact tertiary/quaternary structure. Importantly, the outcome of
the experiment does not exclude the formation of coiled-coil structures between several IM30

molecules when part of the same ring oligomer.

In another complementary experiment, the influence of Mg?* binding on the IM30 stability
against proteolysis was tested, as described in 2.16.11.1. A change in the tertiary/quaternary
structure of IM30 upon Mg?* binding was expected to result in an altered accessibility for prote-
ases, leading to a different degradation pattern. The serine protease trypsin, which was used in
this assay, cleaves proteins at the C-terminal side of the alkaline amino acids lysine and arginine
(Olsen et al. 2004).

To exclude an effect of Mg?* on the trypsin activity, which would have affected the results of
the main proteolysis assay, a BAEE assay was performed previously. Here, BAEE was digested
by trypsin in presence and absence of different Mg?* concentrations, and the product N,-
Benzoyl-L-arginine was detected photometrically. The trypsin activity was determined as the
maximal slope of the absorption curve (cf. Fig. 2.3) and the obtained values were normalized to
the sample lacking Mg?*. The experiment was performed in cooperation with Benedikt Junglas.
The results are listed in Table 3.3.

Table 3.3: Trypsin activity in presence of Mg?*

Cmg- (MM)  Trypsin activity (%)*

0 100+ 9
5 117+ 9
10 109 + 11

In cooperation with Benedikt Junglas. The results in this table are published in (Heidrich et al. 2018). *Errors repre-
sent the standard deviation (n=3).

As can be seen in Table 3.3, the trypsin activity was slightly increased in presence of Mg?*, but

this shift is negligible considering the error. Furthermore, there is no trend upon Mg?* addition,
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since the trypsin activity for the sample containing 10 mM of MgCl, was decreased compared to
the sample containing 5 mM of MgCl,. Thus, an effect of Mg?* on the trypsin activity was ne-

glected in the following tryptic digestion.

The tryptic digestion was performed for samples containing IM30 in presence and absence of
10 mM MgCl.. Upon trypsin addition, samples were taken at different time intervals, mixed
with 5x SDS sample buffer in order to stop the reaction and loaded on an SDS gel. The experi-

ment was performed in cooperation with Benedikt Junglas. The gels are shown in Fig. 3.18.
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Fig. 3.18: Tryptic digestion of IM30 in presence and absence of 10 mM Mg?*

Tryptic digestion was performed to investigate the proteolytic stability of IM30 upon Mg?* binding. Samples from a
tryptic digestion of IM30 in absence (A) and presence (B) of 10 mM Mg?* were separated on a 10% SDS gel. Indi-
cated are the incubation times of the respective samples with trypsin. The trypsin band can be found in each lane on
the SDS gels below 25 kDa. The experiment was repeated two times. In cooperation with Benedikt Junglas. The
results in this figure are published in (Heidrich et al. 2018).

As expected, the IM30 band is always located above 35 kDa at ~37 kDa (cf. Fig. 3.2). In both
Fig. 3.18A and Fig. 3.18B, a second band is visible below the IM30 full-length band upon incu-
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bation with trypsin, which is named “degradation band” in the following. Due to recent findings
indicating a flexible C-terminus, which was easily cleaved by trypsin and subtilisin, it can be
assumed that the degradation band was the N-terminal PspA domain of IM30 (Otters et al.
2013; Gao et al. 2015). Indeed, determination of hypothetical cleavage sites of IM30 upon tryp-
tic digestion include a cleavage site in the linker region after amino acid R285 with a probability
of nearly 100%, resulting in a cleavage product of ~4 kDa (Junglas 2016). Further bands which
might form from additional degradations are not visible in the gel.

In the SDS gel containing the sample lacking Mg?* (Fig. 3.18A), the IM30 full-length band
already started to vanish after 1 min and disappeared after 7 min. In presence of Mg?* (Fig.
3.18B), on the other hand, the main band seemed to stay stable for 2 min and was still slightly
visible after 10 min of incubation with trypsin. In both gels, the disappearance of the full-length
band was accompanied by the appearance of the degradation band before the latter was also
degraded. Thus, for the control sample in Fig. 3.18A, the degradation band appeared rather ear-
ly at 0 min, whereat the unknown death time needs to be considered. Instead, for the IM30 in
presence of 10 mM Mg?* in Fig. 3.18B, the degradation band first appeared after 1 min and only
very weak. Overall, the stability of IM30 against tryptic digestion seemed to be increased in
presence of Mg?* since it took more time to (i) form the degradation product, if at all, and (ii) to
completely digest the full-length protein. This result can most probably be explained by a
change of the tertiary/quaternary structure of IM30 upon Mg?* binding, which would result in an
altered accessibility for trypsin. As argued above, this structural change could include a protec-

tion of the IM30 C-terminus due to a change of its structure and/or localization.

To further investigate the stability of the IM30 tertiary/quaternary structure upon Mg?* binding,
ANS thermofluor experiments were performed as described in 2.18.2.1. Here, IM30 was incu-
bated with ANS in presence and absence of 10 mM Mg?#", and the temperature was increased
from 0 to 80°C. Additionally, control samples containing only ANS and ANS incubated with
10 mM of Mg?* were prepared in order to investigate the effect of an increased temperature on
the dye. For each step, the ANS fluorescence at 490 nm was measured. The results are shown in
Fig. 3.19.



Results 99

—_ 2+ —_

3 26 . Roe: Mg 5 261 Control fw
S 2.4 - ; T 2.4 = Control rev

£ 2.2 re: # £ 2.2 o 10mMMg® fw
S 20 o 20 o 10 mM Mg”
2 1.8 o + + S 1.8 mM Mg”" rev
w 1.67 w 1.61

8 1.4 o 1.4

GC) 1.2 8 1.2

3 1.0 3 1.0

© 0.8 0 0.8

é 0671 4444 bk e EEERTE é 0.6

o 0.4 ‘ ’ o 0.4

E 0 10 20 30 40 50 60 70 80 E 0 10 20 30 40 50 60 70 80
C T(°C) D TG

fé 1.0 %‘ = Control ;; 0.16 at

= 0.9 e 10 mM Mg* ] eu

£ 0 A g° g 014 . z=

S 01 ~“ 5 0124 - n .

g 0.7 1 “ 3 0.10- ,.- [ = [} .ﬂ-.

© 0.6 ®© =

2 0.] \1 g 0.08] oY o,

& § 0.061 = " -

) 0.44 3

© 0.3 g 0041 w m"® L] ik
é 0.2 - 0.02 r.' .. L
7)) 0.14 % 0.00 -‘ m e -
Z 0.0 < -002{ =

g 0 10 20 30 40 50 60 70 80 E’ 0 10 20 30 40 50 60 70 80

<
T(°C) T(°C)

Fig. 3.19: ANS thermofluor experiment for the IM30/Mg?* interaction

ANS thermofluor measurements were performed to investigate the thermal stability of the IM30 tertiary/quaternary
structure in presence of Mg?*. Samples containing IM30 were incubated with ANS in presence and absence of
10 mM MgClz. The temperature was increased and the ANS fluorescence was measured at 490 nm. The raw data
revealed an increased ANS fluorescence in presence of IM30/Mg?* compared to the sample lacking Mg?* (A). Never-
theless, the fluorescence decreased with increasing temperature, which was not the case for the control samples lack-
ing IM30. At 80 °C, the curves seemed to converge, indicating a complete dissociation of ANS from IM30. After a
temperature increase, the samples were cooled down again, resulting in a recovery of the initial ANS fluorescence
(B). The raw data were normalized to 0 and 80 °C degrees as 1 and 0, respectively (C), and the difference between
the two curves was calculated (D), indicating two plateaus of increased stability. The experiment was repeated two
times.

In Fig. 3.19A, the raw data from the ANS thermofluor measurement are shown. While the ANS
fluorescence decreased in presence of IM30 and IM30/Mg?* when increasing the temperature, it
slightly increased when free in solution. Temperature-induced changes in the hydrophobic IM30
surface area, which is available for ANS binding, probably became visible as a change in the
ANS fluorescence. As already shown in Fig. 3.6, Mg?" did not influence the ANS fluorescence,
as can be seen for the control samples. Importantly, all curves converged at ~80 °C, indicating
dissociation of the IM30-ANS complex with increasing temperature. The reversibility of the
experiment was demonstrated via cooling the samples after heating (Fig. 3.19B). As already
observed in the urea denaturation experiments for denaturation and renaturation curves (cf. Fig.
3.15), the forward- and reverse curves were shifted. However, the findings also excluded a po-

tential thermal bleaching of ANS and supported the theory of an IM30-ANS complex dissocia-
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tion (Fig. 3.19A). Nevertheless, when the relative ANS intensities (shown in Fig. 3.19C) and
subsequently, the differences between the spectra containing Mg?* and the control sample with-
out Mg?* were calculated, two temperature ranges could be identified, where the stability of
IM30 was increased due to Mg?*-binding: (i) between ~25-35 °C and (ii) between ~45-60 °C
(Fig. 3.19D). The stabilizing of IM30 by Mg?* is in agreement with the results presented above.

Overall, the experiments tackling the influence of Mg?* on the IM30 tertiary/quaternary struc-
ture revealed a structural alteration resulting in a stabilization of the protein at temperature
stress and an increased IM30 stability against tryptic digestion. This might result from the pro-

tection of the C-terminal domain in presence of Mg?*.

3.4.3 Introduction of an IM30 FRET system

In order to investigate potential monomer exchanges between IM30 oligomers and IM30 dou-
ble-ring formation in presence and absence of Mg?*, two C-terminal labeled versions of IM30,
which can act as a FRET pair, were created: IM30-CFP and IM30-Venus. Importantly, recent
findings showed that a fluorescent protein tag at the IM30 C-terminus does not inhibit the IM30
in vivo activity (Bryan et al. 2014).

3.4.3.1 Expression and purification of IM30-CFP and IM30-Venus

Cloning of the two labeled IM30 mutants was successfully performed as described in 2.14.4.
The amino acid sequences can be found in 5.1.7 and 5.1.8, respectively. In order to confirm the
correct expression of IM30-CFP and IM30-Venus, SDS-PAGE and immunaoblot analysis were
performed (Fig. 3.20).
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Fig. 3.20: Purification of IM30-CFP and IM30-Venus

Expression and successful purification of IM30-CFP and IM30-Venus were confirmed on 12% SDS gels (A) and in
an immunoblot analysis using the aVipp420 antibody (B).
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In the gel shown in Fig. 3.20 A, there is one significant strong band in each lane, representing
the mutants IM30-CFP and IM30-Venus below the 70 kDa marker band, respectively. This is in
agreement with the expected molecular masses of ~59 kDa for IM30-CFP and ~58 kDa for

IM30-Venus. The immunoblot shown in Fig. 3.20 B further confirms the two mutants.

3.4.3.2  Structure of IM30-CFP, IM30-Venus and IM30-CFP/Venus
In order to control the ring formation and to exclude the existence of an increased amount of
lower-ordered oligomers, SEC was performed with the labeled mutants as described in 2.16.12.

The results are shown in Fig. 3.21.
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Fig. 3.21: SEC of IM30 WT, IM30-CFP and IM30-Venus

A SEC of the labeled IM30 mutants was performed for comparison with the IM30 WT. For calibration, the following
proteins from the “Molecular Weight Maker Kit” were used: ribonuclease A (13.7 kDa), carbonic anhydrase
(29 kDa), BSA (66 kDa), f-amylase (200 kDa) and apoferritin (443 kDa). The data for the IM30 WT and the marker
proteins were from Adrien Thurotte. The results in this figure are published in (Heidrich et al. 2018).

The elution profiles of IM30-CFP and IM30-Venus strongly resemble the one from the IM30
WT. Only for IM30-CFP, a smaller fraction (<10%) with a molecular weight below 66 kDa in-
dicated some lower-ordered oligomers. However, most of the protein was found in the void
volume, which included structures above 443 kDa. As it was already discussed in (Heidrich et
al. 2016), SEC cannot distinguish between proper ring structures and other larger aggregates.
Thus, the structure of the protein was further investigated via TEM in cooperation with Wolf-
gang Gebauer. The micrographs of the single-labeled mutant and the mixtures are shown in Fig.
5.8, Fig. 5.9 and Fig. 5.10. All micrographs indicated the capability of the labeled IM30 mu-
tants to form ring structures, even though there appeared to be more lower-ordered particles
compared to the WT (Fig. 3.3). In order to confirm correct folding of the fluorophores CFP and

Venus, which would result in proper fluorescence, fluorescence emission and excitation spectra
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were recorded using the labeled proteins. The normalized fluorescence spectra are shown in Fig.
5.6.

Additionally, it was necessary to demonstrate the ability of the labeled mutants to form a FRET
pair when they are part of the same ring. Thus, the CFP fluorescence was supposed to decrease
whereas the Venus fluorescence should increase. In order to investigate this, fluorescence emis-
sion spectra of IM30-CFP and IM30-Venus, both recorded with donor fluorescence excitation
(cf. 2.18.2.2), were compared to the spectrum of an IM30-CFP/Venus mixture. In this mixture,
the ratio between IM30-CFP and 1IM30-Venus was coincidentally found to be ~1/1. The fluores-
cence of the IM30-CFP/Venus sample was normalized to the same amount of protein used for
the IM30-CFP and IM30-Venus mutants, respectively. For this experiment, it should be kept in
mind that the concentrations of IM30-CFP and IM30-Venus were not determined with the same
method as for IM30-CFP/Venus (cf. 2.16.5.2 and 2.16.5.3). Therefore, the nature of this com-
parison was more qualitative. The spectra are shown in Fig. 3.22.

I
5 g : —— IM30-CFP
S IM30-Venus
2, IM30-CFP/Venus 1/1
> 44
7
[
S 34
£
8 2.
C
()
B 1
2 1
g - W 4
o 97°

T v T v T T T T T T T
450 500 550 600 650 700
Wavelength 1 (nm)

Fig. 3.22: Fluorescence emission spectra of IM30-CFP, IM30-Venus and IM30-CFP/Venus

Fluorescence emission spectra of IM30-CFP, 1IM30-Venus and IM30-CFP/Venus were recorded with an excitation
wavelength of 420 nm and compared. The peak intensity alterations of donor and acceptor fluorescence emission are
indicated via grey arrows, respectively.

As can be seen in Fig. 3.22, the donor fluorescence in the co-purified mixture is decreased com-
pared to the spectrum of the single-labeled IM30-CFP whereas the acceptor fluorescence is
increased compared to the single-labeled IM30-Venus. Those observations strongly indicate
formation of a FRET pair. As mentioned above, this conclusion is more qualitative. However, it

was important to see whether FRET is possible or not. The E;a for the 1/1 mixture of IM30-
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CFP/Venus was calculated to be 0.54 with a negligible error in a triplicate measurement (spectra

are shown in Fig. 5.7).

3.4.4 Mg?* supports IM30 double-ring formation

As described in 1.4.2, IM30 is able to form pronounced ring structures, which can further as-
semble into double-rings and rod-like structures. Strictly speaking, the latter two might be called
“pentamery structures” of IM30. The effect of Mg?* on these IM30 super-complexes was inves-

tigated and is described in the following.

The results presented in 3.4.2 indicate a structural alteration of IM30 in presence of Mg?*, which
might result in an increased protection of the proteins’ C-terminus and/or increased double-ring
formation. In fact, masking of the C-terminus inside a ring or a double-ring might explain the
observations described above. To further investigate this issue, the C-terminally labeled mutants
IM30-CFP and 1IM30-Venus, which can form a FRET pair when they are in proximity to each
other (cf. 3.4.3), were mixed in a 1/1 molar ratio and were incubated with different MgCl, con-
centrations (0-25 mM). The samples were measured in equilibrium and the FRET efficiency Era
was calculated as described in 2.18.2.2. Furthermore, kinetic measurements were conducted
after mixing the two labeled mutants in absence and presence of 7.5 mM MgCl,. The results are
illustrated in Fig. 3.23.
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Fig. 3.23: IM30-CFP and IM30-Venus in presence and absence of different Mg?* concentrations

The labeled IM30 mutants IM30-CFP and IM30-Venus were mixed in a 1/1 molar ratio in presence and absence of
different Mg?* concentrations to investigate potential double-ring formation (A). Equilibrium measurements (B) as
well as kinetic measurements (C) were performed. Error bars represent the standard deviation (n=3). The results in
this figure are published in (Heidrich et al. 2018).
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For the equilibrium measurement, which is shown in Fig. 3.23B, a steady increase of Era from
~0.15 to ~0.40 was observed with increasing Mg?* concentration. A plateau was reached at
Mg?* concentrations >20 mM. The increase indicates a Mg?*-driven interaction of the two la-
beled protein species. In a complementary approach, the mixing of IM30-CFP and IM30-Venus
in presence and absence of 7.5 mM MgCI, was observed kinetically (Fig. 3.23C). For the sam-
ple lacking Mg?*, Erx increased until after ~8 h a plateau was reached at ~0.20 In presence of
7.5 mM Mg?", on the other hand, Er increased much faster, and a plateau was reached already
after ~2 h. Importantly, the final E. value (~0.23) was higher for the sample containing Mg?*.
The origin of this increase could have been a monomer exchange between differently labeled
IM30 rings or a dye-dye crosstalk due to double-ring formation, which is illustrated in Fig.
3.23A. To tackle this problem, the maximum Ex for a co-purified 1/1 mixture of IM30-
CFP/Venus was calculated to be 0.54 with an insignificant error (spectra are shown in 5.5).
Since in Fig. 3.23B a lower plateau for E;a Was reached in the absence as well as in presence of
Mg?*, it is reasonable to assume that a monomer exchange, which would have lead to a similar
Era as in the co-purified mixture, did not take place. Thus, an increased double-ring formation
of the labeled IM30 variants in presence of Mg?* seems most likely. Importantly, recent struc-
tural simulation of IM30 revealed that its C-terminus is probably located at one of the ring sur-
faces (Saur et al. 2017). Since the Forster radius of the CFP-YFP pair is ~50 A (Patterson et al.
2000) and the height of one IM30 is ~150 A (Saur et al. 2017) (or ~300 A for double-rings), an
increased Era was probably only possible upon double-ring formation with the C-termini facing

each other (top-to-top orientation).

To confirm the conclusion drawn above, a similar experiment as shown in Fig. 3.23B was per-
formed, using IM30-CFP/Venus with a ratio of 27% CFP and 63% Venus. The protein mixture
was again incubated with increasing MgCl. concentrations and the Era values were calculated.

The results are shown in Fig. 3.24.
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Fig. 3.24: IM30-CFP/Venus in presence and absence of different Mg?* concentrations

IM30-CFP/Venus was exposed to different Mg?* concentrations to investigate potential double-ring formation (A, B).
Error bars represent the standard deviation (n=3). Note that this figure is not directly comparable to Fig. 3.23 since a
ratio of 27% CFP and 63% Venus was used here.

As displayed in Fig. 3.24B, the Ea values increased from ~0.56 to ~0.72 until a plateau was
reached at a Mg?* concentration >12 mM. Importantly, the experiment shown in Fig. 3.24B is
not directly comparable to the results in Fig. 3.23B due to the different ratio of IM30-
CFP/IM30-Venus. Nevertheless, the main conclusion is identical for both experiments: The
increase in the Era values can most likely be explained by increased double-ring formation of
IM30 in presence of Mg?*, illustrated in Fig. 3.23A and Fig. 3.24A. For the experiment using
IM30-CFP/Venus (Fig. 3.24B), this could be explained by the consideration that a simple mon-
omer exchange would not have changed the FRET efficiency for statistical reasons. The obser-
vation that the Ers values were dramatically higher compared to those obtained from the single-
labeled mixtures (Fig. 3.23B), might be explained by the assumption that in the IM30-
CFP/Venus mixture the energy transfer took place ring-internally as well as ring-externally,

leading to an overall increased FRET.

An increased formation of IM30 double-rings upon Mg?* addition should be easily observable
via electron microscopy. Thus, TEM was performed in cooperation with Kristiane Rusitzka and

Benedikt Junglas. The micrographs are presented in Fig. 3.25.
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Fig. 3.25: TEM micrographs of IM30 in presence of Mg?*

Representative TEM micrographs of IM30 samples in presence of 15 mM Mg?* are shown. Arrows indicate double-
rings (A, B, C) and rods (D). Scale bars represent 500 nm (A, B) and 125 nm (C, D). In cooperation with Kristiane
Rusitzka and Benedikt Junglas.

Indeed, TEM of IM30 in presence of Mg?* revealed an increased formation of IM30 double-
rings. Compared to Fig. 3.3, these higher-ordered oligomers were also observed in absence of
Mg?*, but not as extensively as shown in Fig. 3.25. Those observations support the assumption

that ring stacking is the major cause of the increasing Era: value for IM30 in presence of Mg?*.

In conclusion, the experiments described in 3.4.2, which indicated structural rearrangements and
the protection of the C-terminus of IM30 in presence of Mg?*, can probably be explained by an
increased IM30 double-ring formation and hiding of the C-terminus at the interface between

two rings.
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3.5 IM30-membrane interactions

In former work, it has been demonstrated that 1IM30 interacts with membranes containing the
negatively charged thylakoid lipids PG and SQDG (Otters et al. 2013; Suppes 2013; Hennig et
al. 2015). With the neutral thylakoid lipids MGDG and DGDG on the other hand, no interaction
has been observed yet (Suppes 2013; Hennig et al. 2015). Consequently, those results suggested
an electrostatic nature of the IM30-membrane interaction. This hypothetical ionic binding was
investigated and is described in the following.

351 IM30 interacts with negatively charged membranes

First, it was supportive to have a further proof for the interaction of IM30 with negatively
charged membranes. Thus, the influence of membrane binding on the IM30 stability against
tryptic digestion was tested similarly as in the previous tryptic digestion using Mg?* (cf. 3.4.2).
Membrane binding of IM30 could result in an altered accessibility for proteases and, thus, a
different degradation pattern on the SDS-PAGE gel.

Tryptic digestion was performed for samples containing IM30 in presence and absence of 100%
DOPG liposomes. Another negative control sample containing 100% DOPC liposomes was also
prepared, since it has been indicated that IM30 does not to interact with DOPC (Suppes 2013;
Hennig et al. 2015). Upon trypsin addition, samples were taken after different time intervals,
mixed with 5x SDS sample buffer in order to stop the reaction and loaded on an SDS gel. Addi-
tionally, in each gel, a sample of IM30 which was not incubated with trypsin was loaded for
comparison. The experiment was performed in cooperation with Carmen Siebenaller as de-
scribed in 2.16.11.2. The gels are shown in Fig. 3.26.
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Fig. 3.26: Tryptic digestion of IM30 in presence and absence of liposomes

Tryptic digestion was performed to investigate the proteolysis stability of IM30 upon membrane binding. Samples
from a tryptic digestion of IM30 in the absence (A) and presence of 0.3 mM 100% DOPC (B) and 100% DOPG (C)
liposomes were separated on a 12% SDS gel. Indicated are the incubation times of the respective samples with tryp-
sin. The trypsin band can be found in each lane on the SDS gels below 25 kDa. The experiment was repeated three
times. In cooperation with Carmen Siebenaller.

In all gels shown in Fig. 3.26, the IM30 full-length band is located at ~37 kDa (cf. Fig. 3.2). A

degradation band below the full-length band, which was assumed to represent the N-terminal
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PspA domain of IM30 lacking the C-terminus (cf. Fig. 3.18), is also found in each gel already at
0 min after the death time. Other than in Fig. 3.18, further degradation bands were visible in this
experiment. It should be mentioned that for experimental reasons, the tryptic digestion of IM30
in presence and absence of Mg?* was performed at 37 °C whereas in presence and absence of
liposomes 15 °C were applied. Furthermore, it was not possible to conduct a control assay to
investigate the influence of liposomes on the trypsin activity, probably due to interactions of
BAEE with liposomes. However, due to the observation that in the gels shown in Fig. 3.26
samples containing DOPC and DOPG behave different concerning tryptic digestions of 1M30,
an influence of lipids on the trypsin activity seems unlikely.

Fig. 3.26A shows the tryptic digestion of IM30 in absence of liposomes. The main band as well
as the degradation band started to vanish after ~5 min. The IM30 full-length band was almost
vanished at ~30 min and the degradation band at ~20 min. Unsurprisingly, the digestion pattern
was identical for the negative control sample containing IM30 incubated with 100% DOPC
liposomes, shown in Fig. 3.26B. Since IM30 was not supposed to interact with the zwitterionic
DOPC as demonstrated in (Suppes 2013; Hennig et al. 2015), the protein probably stayed in
solution and had the same availability for trypsin as in the sample lacking liposomes. For the
sample containing 100% DOPG liposomes, on the other hand, the IM30 full-length band and
the degradation band were visible until 7 min and both bands were still slightly visible after
60 min. Overall, the stability of IM30 against tryptic digestion seems to be increased in presence
of 100% DOPG liposomes since it took more time to completely digest the protein. This result
could be explained by a shielding effect of the membrane and/or a structural alteration of IM30

upon membrane binding. Both cases would result in an altered trypsin accessibility.

3.5.2 IM30 interacts with membranes via electrostatic forces

To investigate a hypothetical electrostatic interaction of IM30 with negatively charged mem-
branes, a displacement assay was performed. Here, IM30 was pre-incubated with 100% DOPG
liposomes and titrated with an increasing NaCl concentration to see whether an excess of Na*
could electrostatically shield IM30 from the membrane surface (illustrated in Fig. 3.27A). This
assay only worked in the case of an electrostatic interaction between IM30 and DOPG. Fur-
thermore, in order to distinguish between bound and non-bound IM30, dissociation of the pro-
tein from the membrane must result in an altered environment of W71 due to the fact that the
tryptophan fluorescence depends on the environment of the fluorophore. The experiment was

conducted as described in 2.18.2.6 and the results are shown in Fig. 3.27.
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Fig. 3.27: Electrostatic interaction of IM30 with DOPG membranes

It was tested whether Na* can electrostatically shield IM30 from 100% DOPG liposomes (A). Samples of IM30 in
presence and absence of DOPG were titrated with increasing NaCl concentrations (B) and the difference between the
two titration curves was calculated (C). The line indicates a difference of 0. Error bars represent the standard devia-
tion (n=3).

The titration of 100% DOPG liposomes, which were pre-incubated with IM30, with Na* reveals
a steady increase of the tryptophan fluorescence (see Fig. 3.27B). A plateau is reached at
~100 mM NacCl. This increase is not visible for the control sample lacking liposomes, excluding
a direct influence of Na* on IM30. Strikingly, the titration curve for the samples containing lip-
osomes exceeds the control curve above ~100 mM NacCl to some extent. This observation might
be explained by the assumption that the previously bound IM30 was completely released from
the liposomes above this point and therefore had a similar tryptophan fluorescence compared to
the control sample. When calculating the difference between the two titration curves, the disso-
ciation curve for IM30-DOPG is revealed (see Fig. 3.27C), with a constant difference above
~100 mM NacCl, again indicating an electrostatic shielding of the liposomes by Na*. Due to the
initial shift of the tryptophan fluorescence in the Na* titration curve and the difference between
the two curves (Fig. 3.27B) resulting in a dissociation curve, the displacement of IM30 by Na*
from the 100% DOPG liposomes is strongly implied. Thus, it seems reasonable to assume that

the IM30-DOPG interaction has an electrostatic nature.

Next, the question was tackled whether the electrostatic interaction of IM30 with negatively
charged membranes is specific for the negatively charged thylakoid lipids and, thus, headgroup-
dependent. A similar assay was performed as already described in (Suppes 2013). Here, Laur-
dan-labeled liposomes containing 80% of the zwitterionic lipid DOPC and 20% of another lipid

of interest were prepared in presence and absence of IM30. The negatively charged thylakoid
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lipids PG and SQGD as well as the anionic non-thylakoid lipid PS were tested. Upon membrane
binding of IM30, the Laurdan GP value was assumed to change compared to the respective con-
trol sample lacking 1IM30 (cf. 2.18.2.3). Additionally, a sample containing 100% DOPC lipo-
somes was prepared as negative control. The experiment was conducted as described in
2.18.2.3, and the results are shown in Fig. 3.28.
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0.2

OO I I I I I I I I 1
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Membrane composition 80% DOPC / 20% x

Fig. 3.28: Negatively charged headgroup binding of IM30

To check whether the electrostatic interaction of IM30 with negatively charged membranes is specific for anionic
thylakoid lipids, lipid binding was investigated by using Laurdan-labeled liposomes containing 80% of the lipid PC
and 20% of the thylakoid lipids PG and SQDG or the non-thylakoid lipid PS, respectively. The relative Laurdan GP
values are plotted for samples conaining IM30 (+) and control samples lacking the protein (-). The control samples
are set as 1. Error bars represent the standard deviation (n=3).

As can be seen in Fig. 3.28, the relative Laurdan GP values decrease to ~0.5 for all tested nega-
tively charged lipids in presence of IM30, since the protein probably increased the membrane
rigidity (cf. 2.18.2.3). Importantly, the control sample containing 100% DOPC liposomes was
not influenced by IM30, which supports the eligibility of DOPC as bulk lipid. The observation
that also the non-thylakoid lipid PS induced IM30-membrane interaction implies a binding of
IM30 to negatively charged lipids, including non-thylakoid lipids. This result is in perfect
agreement with observations made in (McDonald et al. 2015), where E. coli PspA was shown to
bind to PS.

In conclusion, the results imply that IM30 binds to negatively charged membranes, independent

from the availability of thylakoid lipids, in an electrostatic interaction.



112 Results

3.6 The IM30 structure affects membrane interaction

The physiological relevance of IM30 rings is a widely-discussed topic. Upon deletion of the
first a-helical domain of IM30 from Arabidopsis, which was assumed to be involved in IM30
oligomerization, ring formation as well as membrane binding was disturbed (Otters et al. 2013).
Thus, it has been assumed that the oligomerization of the protein is necessary for membrane
interaction (Otters et al. 2013). Furthermore, TEM measurements indicated that IM30 rings bind
to negatively charged lipid bilayers (Hennig et al. 2015). Since smaller IM30 oligomers (e.g.
tetramers, cf. 3.1.3) are not visible in TEM micrographs, it has been an open question whether
also lower-ordered IM30 structures can bind to lipids and to which extent. First hints were given
in (Hennig 2014), where 100% DOPG membrane binding of C7 was qualitatively shown. In
order to further investigate an interaction of lower-ordered IM30 oligomers with membrane and
to quantify interaction of IM30 WT and mutants with membranes, a quantitative binding assay
for the IM30 wildtype/IM30 mutants-membrane interaction was established. The set of IM30
mutants introduced in 3.1.1 and the crosslinked IM30 WT (cf. 3.3.2.1) were used for the exper-

iments in order to benefit from different IM30 structural variants.

To directly compare membrane interaction of higher-ordered ring structures and tetrameric ver-
sions of IM30, the determination of the dissociation constants Kp via a binding assay using
100% DOPG liposomes, labeled with Laurdan as probe, was performed using the WT and the
C7 mutant protein. For the WT, a mainly higher-ordered ring structure formation has been sug-
gested recently via SEC, as well as the formation of tetramers for C7 (Heidrich et al. 2016).
Samples were prepared with a constant DOPG concentration of 75 uM and an increasing pro-
tein amount of 0.4-7.0 uM. An essential condition of this binding assay was the excess of the
protein compared to the available lipid binding surface (cf. 5.13.2). The reasons why this re-
guirement was most probably fulfilled are listed in 2.18.2.3. For each sample, Laurdan spectra
were recorded, from which the GP values were calculated and plotted against the protein con-
centration. The experiment was performed as described in 2.18.2.3, and the results for the IM30
WT and C7 are shown in Fig. 3.29.
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Fig. 3.29: Ko determinations of the interaction of IM30 and C7 with DOPG

To compare the DOPG binding affinity of different IM30 structural varients with each other, Kp determinations for
IM30 (A) and C7 (B) were performed. The data were fitted with a binding fit, from which the dissociation constants
Kb was calculated. R?=0.997 (A), R?=0.998 (B), error bars represent the standard deviation (n=3). The results in this
figure are published in (Heidrich et al. 2016).

Aside from the quantitative information, the results shown in Fig. 3.29B clearly indicated the
DOPG hinding of C7, since an increase of the GP values with increasing protein concentration
was monitored. This discovery confirmed the result in (Hennig 2014) and showed that binding

of IM30 to negatively charged membranes does not depend on IM30 ring formation.

When comparing the DOPG binding curves of IM30 and C7 (Fig. 3.29), it seems noticeable that
the plateau of the C7 binding curve is almost reached at the highest concentration used in this
assay, which is not the case for the binding curve of IM30. This observation indicated a higher
binding affinity of C7. Strikingly, the GP values obtained for the samples containing the mutant
were in general much higher compared to the WT. This difference could originate from the
structures of the different protein species on membranes, which might have had different effects
on the membrane polarity and, thus, on the Laurdan fluorescence. Since only the concentration
at which the plateau of the GP values is reached is important for the evaluation of the binding

affinity and, thus, the absolute GP values are neglected at this point.

The curves obtained from the binding assays (Fig. 3.29) were fitted with a binding fit (cf.
5.13.1.1), from which the dissociation constants Kp were calculated. The Kp values for IM30,
all investigated mutants and the crosslinked variant IM30-X are listed in Table 3.4, the remain-

ing binding assay diagrams are presented in 5.11.
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Table 3.4: Kp determination for the DOPG interaction of IM30 and IM30 mutants

Mutant Structure Kp (UM)*

IM30 Rings 7.20+£0.95
IM30-X Rings (crosslinked) 9.35+ 7.29
ACT Rings 5.71+0.76
C4 Rings 2.05+0.39
Cc7 Tetramers 1.39 +0.22

Several results in this table are published in (Heidrich et al. 2016). *Errors represent the standard deviation (n=3).

It must be mentioned that the calculated Kp values listed in Table 3.4 were rather apparent than
originating from a typical 2" order reaction. Thus, they do not reveal information concerning
potential structural alteration during the membrane interaction. However, as they were measured
under equilibrium conditions, they allow a comparison of IM30 and the IM30 mutants with one
another.

Most interesting is the comparison between the the Kp values of IM30 and the C7 mutant in
order to illuminate differences between the binding of ring structures and tetramers, respective-
ly. With 7.20 vs. 1.39 puM, the Kp value is significantly increased (~5-fold) for IM30 compared
to C7. Since a higher Kp stands for a weaker binding, it can consequently be speculated that the
formation of higher-ordered oligomers counteracts membrane binding of IM30. Due to the as-
sumption that the measurement was performed in excess of the protein compared to the availa-
ble lipid binding surface, it seems reasonable to assume that only few potential ring dissocia-
tions of IM30 took place. However, the increased membrane binding affinity of lower-ordered

structures indeed supports the idea of IM30 ring dissociation.

The observation that IM30-X binds to membranes was important to confirm a functional mem-
brane binding of the protein in presence of the crosslink reagent (cf. 3.3.2.1), even though the
error for the calculated Kp value was rather high. Besides that, the dissociation constant seems
to lie in the same size range as the values for the other investigated proteins. This is of interest
when comparing the fusion activity of IM30-X with the WT (cf. 3.9.2). Furthermore, the similar
Kp values of IM30 and IM30-X again indicate the disability of the WT to dissociate when in

excess to the available membrane surface.

For the DOPG interaction of the ACT and C4 mutants, smaller Kp values were calculated com-
pared to the IM30 WT. Interestingly, an increased hydrophobic surface of both the ACT mutant
and IM30 WT incubated with Mg?* has already been suggested (Junglas 2016). Indeed, an in-
creased membrane binding affinity of IM30 in presence of Mg?* was indicated via SFG meas-
urements (Hennig et al. 2015), which would be in agreement with this theory. The effect of
Mg?* on the IM30 binding to negatively charged surfaces is further described in 3.7. The en-
hanced binding affinity of the mainly ring-forming C4 mutant, on the other hand, could origi-
nate from a decreased hydrophobicity due to the mutation in the loop 2 region, which might be

involved in membrane interaction via electrostatic forces (cf. 3.5.2).
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In conclusion, Kp values for the interaction of IM30 WT and several IM30 mutants with DOPG
were determined. Most importantly, the C7 mutant, which seems to predominantly form tetram-
ers (Heidrich et al. 2016), has been observed to bind to negatively charged membranes. A lower
Kp for the interaction with DOPG was determined for C7 and, thus, an increased membrane

binding affinity of the mutant compared to the mainly ring forming IM30 WT.

3.7 Mg? affects the interaction of IM30 with negatively charged

surfaces
In previous experiments, an effect of Mg?* on the IM30 structure resulting in stabilization of the
double-rings was observed (cf. 3.4). Furthermore, it has been demonstrated that the protein
binds to negatively charged membranes (cf. 3.5). Thus, the effect of Mg?* on the IM30 interac-
tion with anionic surfaces was investigated. Recently performed SFG measurements already
showed an increased binding affinity of IM30 to DOPG monolayers in presence of Mg?*
(Hennig et al. 2015). To further investigate this behavior, SPR measurements were performed in
cooperation with Prof. Tobias Weidner and Bernhard Menges. The advantage of this method is
the exclusion of background fusion effects due to the experimental design by using a fatty acid
monolayer. Furthermore, effects of Mg?* to the binding surface are not as relevant for the signal

output as they would have been using other experimental set-ups, e.g. Laurdan experiments.

Probably due to repulsive interactions between lipids, all initial attempts to create a negatively
charged membrane surface on the Au sensor chips failed. Thus, the thiol-coupled fatty acid 16-
MHDA was used as the negatively charged surface. The binding of IM30 and IM30/Mg?* to 16-
MHDA was observed by measuring Kinetics. Furthermore, after addition of each component, a
scan measurement was conducted to evaluate layer thicknesses. The measurements were per-
formed and evaluated as described in 2.18.6. The results of representative measurements are
illustrated in Fig. 3.30A and B. The raw data of the kinetic measurements are shown in Fig.
5.27.

Fig. 3.30A shows representative scan measurements. As expected, the incident angle of light
Ospr is shifted after addition of 16-MHDA and IM30, respectively, indicating a successful bind-
ing of the components. Importantly, a control measurement demonstrated that IM30 does not
bind to the empty Au surface (cf. Fig. 5.28). In Fig. 3.30B, representative kinetic measurements
were chosen to illustrate the difference between the binding of IM30 in absence of Mg?* and
IM30 pre-incubated with 10 mM Mg?* to the 16-MHDA surface, respectively. Obviously, Mg
has a noticeable effect on the interaction. In presence of the ion, the plateau was already reached

after ~3000 s, whereas in its absence it took ~6000 s. Furthermore, upon Mg?* addition, the
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maximal reflection intensity lspr Of the laser signal was dramatically increased, indicating a

thicker layer and, thus, an increased binding affinity of the protein in presence of Mg?*.

Due to experimental conditions, it was not possible to compare different SPR measurements, as
shown in Fig. 3.30B, in a quantitative manner, since the bound protein apparently could not be
completely washed off after binding (cf. Fig. 5.29) and, consequentially, the same sensor chip
could not be used for multiple measurements. Thus, for each experiment, new sensor chips were
used. To confirm a qualitative reproducibility and to allow a comparison concerning layer
thicknesses and surface coverages of different sensor chips, a rough evaluation of four meas-
urements (two control experiments and two experiments in presence of Mg?*) was conducted
via iterative fitting of simulated SPR curves to the scan data as described in 2.18.6. The results
are listed in Table 3.5.

Table 3.5: Estimated layer thicknesses of the SPR experiments

Thickness (nm) | Thickness (nm) Medium surface coverage (%0)
+ IM30 + IM30/Mg?*
Layer #1 #2 #1 #2 +IM30 +1M30/Mg*
Cr 0.86 1.73 1.80 2.47 100* 100*
Au 4724 4739 |[48.19  46.96 | 100* 100*
16-MHDA** [ 1.35 1.44 1.43 1.37 ~70 ~70
IM30 + Mg?* | 4.92 4.30 6.57 6.72 ~31 (ring)  ~44/22 (ring/double-ring)

In cooperation with Prof. Tobias Weidner and Bernhard Menges. *The 100% surface coverage for Cr and Au was
assumed due to the preparation of the sensor chips. **The length of a 16-MHDA molecule is 2 nm (Wang et al.
2014b). The height of an IM30 ring was assumed to be 15 nm and 30 nm for an IM30 double-ring (Saur et al. 2017).

As can be seen in Table 3.5, the 16-MHDA layer had a similar thickness and a surface coverage
of ~70% in each experiment, indicating the reproducibility of the binding of the thiol-coupled
fatty acid. Noteworthy, steric reasons might have prevented a 100% surface coverage. Further-
more, from these measurements, it could not be decided whether 16-MHDA was homogenously
distributed on the Au surface or if it formed raft-like areas. The IM30 and IM30/Mg?* layer
thicknesses also seemed reproducible. Strikingly, the values differed in presence and absence of
Mg?* as already mentioned above. Since the precise structure of IM30 when bound to negatively
charged surfaces is not known and might include partial deoligomerization of the IM30 rings, it
was hardly possible to estimate a surface coverage. Thus, a quantitative comparison of the pro-
tein amount bound to the 16-MHDA layer in presence and absence of Mg?* was difficult at this
point, even though an increased binding affinity of IM30/Mg?* was already implied in (Hennig
et al. 2015). However, based on former SFG measurements which suggested an upright mono-
mer orientation on lipid monolayers and, thus, the disability of IM30 rings to dissociate under
these conditions (Hennig et al. 2015), the existence of IM30 rings on the 16-MHDA layer could
be assumed. For IM30 pre-incubated with Mg?* it seemed reasonable to assume that the ring
structure and/or double-ring structure are stabilized. Using the height of an IM30 ring of 15 nm

or 30 nm for a double-ring (Saur et al. 2017), it could be estimated that the protein covered
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~31% of the surface in the absence and ~44% (as rings) or ~22% (as double-rings) in presence
of Mg?*, respectively. These values seemed justified considering the approximation that not the
whole but instead less than ~50% of the binding area might have been available for protein
binding due to non-perfect packing of multiple proteins, as it has been calculated for the binding

of globular proteins on cylindric gold nanorods, which were coupled with lipids (Pannwitt

2015).

The results shown in Fig. 3.30B imply an increased association rate constant ko, for the 1M30-
16-MHDA interaction in presence of Mg?*. To further support this observation, two kinetic
experiments, including the addition of both components sequentially, were performed on the

identical sensor chip and are illustrated in Fig. 3.30C and Fig. 3.30D.
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Fig. 3.30: SPR measurements of IM30 interacting with 16-MHDA surfaces in presence and absence of Mg?*

To investigate the effect of Mg?* on the IM30 interaction with anionic surfaces (here: 16-MHDA), SPR measure-
ments were performed. Addition of IM30 and IM30/10 mM Mg?* to the 16-MHDA surface were observed in scan
measurements (A) as well as kinetically (B). Note that new sensor chips were used for each approach. To have a
further direct comparison, IM30 and IM30/Mg?* were added to the identical sensor chip sequentially after different
durations (C, D). The experiments were repeated two times, representative data are shown. In cooperation with Prof.

Tobias Weidner and Bernhard Menges.
In the experiment shown in Fig. 3.30C, an IM30 sample was initially added to the 16-MHDA
surface until a plateau for Ispr Was reached. Then, IM30 pre-incubated with Mg?* was added. As

expected, the surface was already completely covered and no further increase of the reflection
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intensity was observed. In another approach, shown in Fig. 3.30D, the second addition step of
IM30/Mg?* was performed before the plateau was reached. Here, a second increase was record-
ed which was significantly stronger than the first increase when IM30 in absence of Mg?* was
added. In this experiment, the enhancing effect of Mg?* on the association kinetics is strongly

indicated.

In summary, the SPR measurements revealed an altered association kinetic and binding affinity

of IM30 to negatively charged surfaces in presence of Mg?*.

3.8 Membrane interaction affects the IM30 oligomerization state

In former work and as part of this thesis, the required membrane properties and protein structure
for the IM30-membrane interaction were observed: Most likely, the membrane needs to contain
negatively charged lipids (cf. 3.5.1) (Suppes 2013). Furthermore, it has been indicated that
IM30 ring oligomers as well as lower ordered structures can bind to membranes (cf. 3.6)
(Hennig et al. 2015). Nevertheless, the effect of membrane interaction on the IM30 oligomeric
structure was not investigated so far. Thus, the questions if and under which conditions the

IM30 ring dissociate on membranes were further investigated.

In a preliminary experiment, dissociation of the higher-ordered IM30 ring structures on lipo-
somes was tested. IM30 was incubated with increasing lipid concentrations of 100% DOPG or
60%/40% MGDG/DOPG (0-3000 uM), respectively, in presence and absence of 7.5 mM
MgCl.. Subsequently, the crosslinker glutaraldenyde was added and an SDS-PAGE analysis
was performed. Also, control samples lacking the crosslinker were loaded on the same SDS-
PAGE. On the SDS gel, the IM30 monomer band was only visible upon oligomer dissociation
since the monomers were subsequently distributed on the membrane and could not be cross-
linked anymore. On the other hand, if no monomer band was visible, the presence of stable ring
structures or lower-ordered oligomers was indicated. The experiment was performed as de-
scribed in 2.16.8, and the results are shown in Fig. 3.31 for 100% DOPG liposomes and in Fig.
3.32 for 60%/40% MGDG/DOPG liposomes.
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Fig. 3.31: IM30 ring dissociation in presence of 100% DOPG liposomes

The IM30 ring dissociation in presence of 100% DOPG was tested in order to investigate structural alteration of the
protein upon membrane addition. IM30 was incubated with different lipid concentrations in presence and absence of
7.5 mM Mg?, respectively. Afterwards, the crosslinker glutaraldehyde was added, and the samples were loaded on a
12% SDS gel (A). Furthermore, the IM30 gel bands from the samples including lipids were graphically evaluated via
ImageJ 1.47t, and the gel band intensities were plotted against the lipid concentration (B). A representative gel is
shown in (A). The experiment was repeated three times. Note that it was not possible to compare different gels in a
quantitative manner, but the qualitative trend was reproducible.
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Fig. 3.32: IM30 ring dissociation in presence 60%/40% MGDG/DOPG liposomes

The IM30 ring dissociation in presence of 60%/40% MGDG/DOPG was tested in order to investigate structural
alteration of the protein upon membrane addition. IM30 was incubated with different lipid concentrations in presence
and absence of 7.5 mM Mg?", respectively. Afterwards, the crosslinker glutaraldehyde was added, and the samples
were loaded on a 12% SDS gel (A). Furthermore, the IM30 gel bands from the samples including lipids were graph-
ically evaluated via ImageJ 1.47t, and the gel band intensities were plotted against the lipid concentration (B). A
representative gel is shown in (A). The experiment was repeated two times. Note that it was not possible to compare
different gels in a quantitative manner, but the qualitative trend was reproducible.

The gels from the IM30 oligomer dissociation experiment are shown in Fig. 3.31A and Fig.
3.32A for two different types of liposomes. Since the qualitative information of the two gels are
similar, they can be discussed at the same time. In the control lanes containing the IM30 sam-
ples lacking DOPG/glutaraldehye and glutaraldehye, the IM30 band can be identified at
~37 kDa. This band is less intense upon addition of liposomes in absence of Mg?*, whereas in

presence of the ion it has completely disappeared.

The protein bands from the samples including lipids were graphically evaluated via the program

ImageJ 1.47t, and the gel band intensities were plotted against the lipid concentration, as shown
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in Fig. 3.31B and Fig. 3.32B. For the samples lacking Mg?*, an increasing IM30 band intensity
with increasing lipid amount can be observed. For the gels shown in Fig. 3.31A and Fig. 3.32A,
this trend seems more pronounced for the samples containing 60%/40% MGDG/DOPG. How-
ever, the experiment was only qualitatively reproducible and, thus, the degree of IM30 oligomer
dissociation cannot be compared between different liposome composition. Anyhow, the ob-
served correlation indicates a liposome-dependent dissociation of the proteins’ higher ordered
ring structure. The observation that the band intensities for the samples containing liposomes
are less intense than those belonging to the control samples in Fig. 3.31A and Fig. 3.32A could
have had different origins: The dissociation might not have been complete due to an incomplete
membrane binding of the protein. Indeed, there probably is an equilibrium between membrane-
bound and non-bound protein, whereas the latter seems to stay in the ring state. On the other
hand, oligomerized IM30 did not necessarily dissociate only into monomers, which were visible
in the SDS gel. In 3.1.3, it was indicated that the smallest IM30 ring building block is indeed a
tetramer, formed from dimers of dimers. Also, the formation of other lower-ordered structures
during the dissociation process could have been possible. As displayed in Fig. 3.31B and Fig.
3.32B, the samples containing Mg?* show a constant low IM30 band intensity compared to the
sample lacking the ion. This is in agreement with Fig. 3.31A and Fig. 3.32A, where no IM30
bands are visible upon Mg?* addition. This observation strongly supported a stabilizing effect of
the ion, as it has already been described in 3.4. However, since only monomers were resolved in
the gel, an IM30 oligomer dissociation into lower-ordered oligomers despite the presence of

Mg?* cannot be completely excluded.

Since the number of 1IM30 oligomerization states that are observable on the SDS gel appeared
limited, experiments using a mixture of IM30-CFP and IM30-Venus were performed next. Im-
portantly, the mutants were able to mediate membrane fusion (cf. 5.7), which indirectly demon-
strated the ability of the labeled proteins to interact with membranes. In the case of ring dissoci-
ation upon membrane binding, the FRET efficiency Era was expected to decrease, since the
monomers and/or subunits would move away from each other, resulting in a reduced energy
transfer (schematically and simplified shown in Fig. 3.33A). Here, the degree of dissociation
does not matter, since also a less expanded dissociation would have been detectable. Thus,
IM30-CFP/Venus was incubated with increasing lipid concentrations of 100% DOPG or
60%/40% MGDG/DOPG liposomes (0-1000 uM), respectively, in presence and absence of
7.5 mM MgCl,. The low protein concentration of 0.2 uM was supposed to ensure an excess of
available protein binding areas. The samples were measured in equilibrium, and the FRET effi-

ciency Er. Was calculated as described in 2.18.2.2. The results are shown in Fig. 3.33B.
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Fig. 3.33: IM30-CFP/Venus oligomer dissociation in presence of 100% DOPG and 60%/40% MGDG/DOPG
liposomes

A FRET-based assay using an IM30-CFP/Venus mixture was performed to investigate the dissociation of the protein
upon membrane addition. The protein was incubated wih 100% DOPG and 60%/40% MGDG/DOPG liposomes,
respectively, in presence and absence of 7.5 mM Mg?*. Upon ring dissociation, a decrease in FRET was expected
(A). The FRET efficiencies Erat were calculated and plotted against the increasing lipid concentration (B). IM30-
CFP/Venus ratio: 37% CFP, 63% Venus, error bars represent the standard deviation (n=3, for 60%/40%
MGDG/DOPG liposomes: n=4, for 60%/40% MGDG/DOPG liposomes in presence of Mg?*: n=6).

The results shown in Fig. 3.33B provide information regarding the dissociation of IM30 oligo-
mers upon membrane interaction. In absence of Mg?*, Era decreased with increasing lipid con-
centration for both 100% DOPG and 60%/40% MGDG/DOPG mixtures. This indicates dissoci-
ation of IM30 rings independent from the lipid MGDG and is in agreement with the dissociation
into monomers shown in Fig. 3.31 and Fig. 3.32, even though dissociation into other lower-
ordered oligomers might be possible as well. The starting value for Erx at 0 UM lipid was at
~0.55 for 100% DOPG and ~0.57 for 60%/40% MGDG/DOPG liposomes, respectively. Those
values were in the same size range as the Ea value calculated for the 1/1 mixture of 1IM30-
CFP/Venus (0.54, cf. Fig. 5.7), even though the ratio used here was 37% CFP/63% Venus. The

Era Values decreased until a plateau was reached at ~0.52 and ~0.49, respectively. The observa-
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tion that the curves did not decrease further can be ascribed to an incomplete dissociation,
which could have originated from (i) an incomplete membrane binding despite the large lipid
excess and/or (ii) the retaining of lower-ordered protein oligomers, e.g. tetramers (cf. 3.1.3),
which would still have exhibited a rather high energy transfer. Furthermore, it cannot be ex-

cluded that (iii) already dissociated particles still interacted slightly with one another.

In presence of Mg?", the situation looked rather different. The starting values for Era of the
IM30-CFP/Venus mixture were at ~0.70 for both, the sample containing 100% DOPG lipo-
somes and the one with 60%/40% MGDG/DOPG liposomes. The influence of Mg?* on an in-
creased Er.r had already been observed (3.4.3) and was explained by an increased double-ring
formation. For the samples containing 100% DOPG liposomes, no increase of the Er. values
was observed upon lipid addition. On the contrary, they even seemed to slightly increase to a
value of ~0.72 upon DOPG addition for an unknown reason. Hypothetically, membrane interac-
tion slightly affects the IM30 packing inside the ring structure resulting in an enhanced interac-
tion of CFP and Venus. However, IM30-CFP/Venus most probably does not dissociate on 100%
DOPG liposomes in presence of Mg?*. This was in agreement with the results shown in Fig.
3.31 and could be explained by a stabilization effect of Mg?*. In contrast, the Era values of the
IM30-CFP/Venus mixture decreased to ~0.67 when adding 60%/40% MGDG/DOPG liposomes
in presence of Mg?", whereas the small decrease might be explained by the same reasons as
listed above. Notably, the latter experiment was conducted under the same conditions used in
the standard membrane fusion assays. Thus, this observation indicated an influence of the lipid
MGDG on the dissociation of the proteins’ higher-ordered structures in presence of Mg?*.
Whether this was connected to the presence of the inverse-hexagonal lipid in the membrane
fusion process, as suggested in (Bastien et al. 2016), was investigated further and is described in
3.9.2. Furthermore, considering the results shown in Fig. 3.32, where no IM30 monomers were
observable in presence of 60%/40% MGDG/DOPG and Mg?, it can be assumed that the ion

stabilizes at least other lower or higher-ordered oligomers of IM30.

In conclusion, it seems that higher-ordered IM30 oligomers dissociates on negatively charged
membranes, independent of the lipid MGDG. This dissociation includes formation of at least a
few monomers as it can be seen in the SDS-PAGEs. Mg?* stabilized the IM30 ring structure, on
the other hand, and the dissociation on 100% DOPG membranes is not possible anymore. In
contrast, when MGDG is present in the liposomes, the protein dissociates despite the presence
of Mg?*. However, the ion probably conserves some lower or higher-ordered oligomeric struc-

tures due to the observation that no monomer bands were visible in the SDS-PAGE anymore.
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3.9 IM30-mediated membrane fusion

In former work, it has been demonstrated that IM30 mediates membrane fusion in vitro in pres-
ence of Mg?* (Suppes 2013; Hennig et al. 2015). Furthermore, several mutants were identified
with increased or decreased fusion activity (Hennig 2014; Hennig et al. 2015) and thus, im-
portant protein domains for the IM30 fusion activity are probably identified in the future. Nev-
ertheless, the required conditions for the fusion process, e.g. protein flexibility and membrane
properties, have hardly been investigated so far. Furthermore, membrane destabilization as part
of the mechanism of IM30-mediated membrane fusion was of great interest.

3.9.1 IM30 mediates membrane fusion

In previously performed membrane fusion assays and TEM (Suppes 2013; Hennig et al. 2015),
small liposomes with a mean diameter of 100 nm were fused. In order to further confirm the
IM30-mediated membrane fusion and to investigate the extent to which the small liposomes are
fused, SPT measurements were performed. Here, the particle size distribution of 60%/40%
MGDG/DOPG liposomes, which were sized to 100 nm and labeled with the fluorescence probe
LissRhod-PE, were temporally observed in presence of IM30 and 7.5 mM Mg?*. Upon mem-
brane fusion, the particle size was supposed to increase and a wider size distribution was ex-
pected. As a control, samples containing only liposomes and only liposomes/Mg?* were moni-
tored. The experiment was performed as described in 2.18.5 in cooperation with Prof. Nadja

Hellmann. The results are shown in Fig. 3.34.
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Fig. 3.34: Liposome size-distribution for IM30-mediated membrane fusion

SPT was performed to further confirm the IM30-mediated membrane fusion. The particle size distribution of
60%/40% MGDG/DOPG liposomes was temporally monitored upon IM30/Mg?* addition (blue curves). Additionally,
control samples containing only liposomes (red curves) and liposomes in presence of Mg?* (grey curves) were also
prepared. The experiment was repeated two times. In cooperation with Prof. Nadja Hellmann. The results in this
figure are published in (Hennig et al. 2015).
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As can be seen in Fig. 3.34, the mean liposome diameter of the Mg?" control sample is just
slightly shifted compared to the initial size to ~130 nm after 65 min. In presence of both IM30
and Mg?*, on the other hand, a distinct temporal liposome size shift is visible, wherein the peak
is located at ~400 nm after 60 min. The observation that the liposome diameter increases with
increasing incubation time supports the necessity of the presence of IM30 and Mg?* for the
membrane fusion. Thus, the result is in line with the observations shown in (Suppes 2013) and
(Hennig et al. 2015).

3.9.2 MGDG supports IM30-mediated membrane fusion

In 3.8, a special role of the lipid MGDG has been described for Mg?*-dependent IM30 ring dis-
sociation. Recently, the necessity of the inverse-hexagonal phase forming lipid for in vivo mem-
brane fusion was suggested (Bastien et al. 2016), but so far, experimental evidence was missing.
Thus, the role of MGDG in the fusion process was investigated further. To do so, a fusion assay,
using liposomes with varying amounts of MGDG and DOPG, was performed as described in
2.18.2.5. No liposomes with a higher MGDG content than 60% were investigated due to former
experiments which showed that no lamellar phase forms above this MGDG concentration
(Suppes 2013). Importantly, for each composition separately prepared positive and negative
controls were used. The results are illustrated in Fig. 3.35.

100 - .
MGDG DOPG IM30 Mg
80 60%  40% +  +
_—~~
2
< 60 30% 70% +  +
.5 0% 100% + +
7] i
4 40
L 0% 100% -  +
20
30% 70% -+
R R AR SRR
04 Other controls

0 200 400 600 800 1000 1200 1400
t(s)

Fig. 3.35: IM30-mediated fusion of differently composed liposome

A fusion assay was performed in order to investigate the required liposome composition for IM30-mediated mem-
brane fusion. Thus, the assay was performed with samples containing liposomes with varying amounts of MGDG and
DOPG. Control curves were recorded with samples containing only 2.5 uM of IM30 (red curves) or only 7.5 mM
Mg?* (black curves). Fusion was measured with samples containing 2.5 uM IM30 and 7.5 mM Mg?* (blue curves).
AFusion =+ 4.3%, At =+ 1 s. The experiment was repeated two times.
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The results in Fig. 3.35 indicate a correlation between the membrane composition and fusion
induced by IM30: The number of fused liposomes increased with increasing amount of MGDG.
Strikingly, when not using the standard lipid composition 60%/40% MGDG/DOPG but an in-
creased DOPG amount up to 100%, the liposomes already fused in sole presence of Mg?*, as
can be seen for the respective controls. This effect seems more pronounced for higher DOPG
amounts. For 100% DOPG liposomes, it is hard to distinguish between the effect of Mg?* and
IM30/Mg#, since it is not known how they influence each other. Thus, it seems reasonable to
assume that despite the enhancing effect of MGDG on the maximal fusion, even the sole pres-
ence of MGDG is required for IM30-mediated membrane fusion. This hypothesis might be as-
cribed to physical properties of the lipid, which is a breaker of lamellar phases (cf. 1.2.1).

3.9.3 Structural flexibility of M30 affects IM30-mediated membrane fusion

It has previously been observed that C7, which probably forms tetramers (Heidrich et al. 2016),
is not able to mediate membrane fusion (Hennig 2014). Furthermore, a correlation between the
dissociation of the IM30 rings and the presence of Mg?* and 60%/40% MGDG/DOPG lipo-
somes, was striking (cf. 3.8). Thus, it was investigated whether a structural flexibility of IM30 is
necessary for membrane fusion. A fusion assay was performed to compare the fusion activity of
IM30 and IM30-X. The crosslinked version of the protein was assumed not to dissociate due to
the glutaraldehyde crosslink, and the fusion activity was thought to be decreased in case of a
required structural flexibility. The results are shown in Fig. 3.36.
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Fig. 3.36: Fusion assay of IM30-X

A fusion assay was performed in order to investigate the necessity of structural flexibility of IM30 for the membrane
fusion process. Control curves were recorded with samples containing only 2.5 uM of the respective protein (red
curves) or only 7.5 mM Mg?* (black curve). Fusion was measured with samples containing 2.5 uM of the respective
protein and 7.5 mM Mg?* (blue curves). AFusion = +5.7%, At = + 1 s. The experiment was repeated two times.
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As can be seen in Fig. 3.36, the fusion activity of IM30-X seems dramatically decreased com-
pared to the uncrosslinked version in presence of Mg?* (~10% vs. 90% fusion after 1500 s).
Importantly, it has previously been shown that a similar dissociation constant for membrane
interaction of IM30-X and IM30 WT are obtained (cf. 3.6). Thus, it can be excluded that IM30-
X did not fuse due to a weaker membrane interaction. Overall, the experiment provided hints for
the necessity of structural alterations of IM30 for the proteins’ fusion activity. The low fusion

activity of IM30-X might have originated from uncrosslinked IM30.

394 IM30-mediated membrane fusion induces membrane destabilization

So far, the ability of IM30 to mediate membrane fusion has been demonstrated via fusion assays
(Suppes 2013; Hennig et al. 2015), TEM (Hennig et al. 2015) and SPT (cf. 3.9.1). Some elec-
tron micrographs showed the formation of large multilamellar 60%/40% MGDG/DOPG lipo-
somes in presence of IM30 and Mg?*, indicating an uncontrolled, passive fusion (Hennig et al.
2015). Nevertheless, none of the mentioned experiments could provide hints concerning the
fusion mechanism. The protein might be a direct fusion protein similar to soluble N-
ethylmaleimide-sensitive-factor attachment receptor (SNARE) proteins (Marsden et al. 2011) as
well as a passive fusion mediator, which destabilizes membranes followed by a spontaneous,
random reorganization of the lipid bilayers. Also, a direct fusion combined with destabilization
might be thinkable. To further illuminate this issue, a liposome destabilization assay was per-
formed to investigate membrane destabilization by IM30. Here, NBD-PE labeled 60%/40%
MGDG/DOPG liposomes were exposed to the quencher sodium dithionite, which was supposed
to initially quench ~50% of the fluorophores located at the outer leaflet of the liposomes. Upon
further addition of IM30/Mg?*, the fluorophores located at the inner leaflet of the liposomes
were expected to be quenched in case of membrane destabilization, since Na,S;04 could pass
the membrane barrier in this case. The protein was used in different concentrations. Further-
more, samples containing only IM30 or Mg?* and a positive control for total quenching, using
the detergent Triton X-100, were also prepared. The experiment was performed as described in

2.18.2.4 in cooperation with Prof. Nadja Hellmann. The results are shown in Fig. 3.37.
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Fig. 3.37: Liposome destabilization by IM30/Mg?*

In order to investigate a liposome destabilization during the IM30-mediated membrane fusion, a destabilization ex-
periment was performed. 60%/40% MGDG/DOPG liposomes, which were labeled with the fluorescence probe NBD-
PE, were exposed to the quencher Na2S204 (1). After ~60% of the dye, located at the outer liposome leaflet, were
quenched, IM30 and/or 11 mM Mg?* were added (2). A further intensified decrease at this point indicated membrane
destabilization. Furthermore, the detergent Triton X-100 was added to the positive control in (1). The experiment was
repeated two times. In cooperation with Prof. Nadja Hellmann. The results in this figure are published in (Hennig et
al. 2015).

As displayed in Fig. 3.37, the NBD fluorescence is decreased to ~40% after the addition of so-
dium dithionite. The decrease did not level off, which might be explained by the potential abil-
ity of NBD-PE to perform a very slow lipid flip-flop. Thus, the dye which was first at the inner
liposome leaflet could flip to the outer liposome leaflet later. Another explanation might be an
intrinsic permeability of the liposomes for Na;S;0s. In the following, a steady continuance of
the NBD fluorescence decrease after the addition of IM30 and/or Mg?* was interpreted as non-
destabilization. This was given for the negative control, in which only buffer was added, as well
as for the control samples containing only IM30 and Mg?*, respectively. This is in agreement
with the observation that in the fusion assay both protein and Mg?* need to be present for mem-
brane fusion (Suppes 2013; Hennig et al. 2015). An enhanced decrease of the NBD fluores-
cence was indeed observed for samples containing IM30 and Mg?*, indicating membrane desta-
bilization. This conclusion is supported by the observation that the decrease correlated with the
amount of IM30. Importantly, for the positive control containing the detergent Triton X-100, a
prompt decrease to an NBD fluorescence of 0% was monitored since the liposomes were dis-
solved and all dyes were available for the quencher. This control confirmed the functionality of
the experiment. Overall, the results of the experiment support the theory of membrane destabili-

zation as a part of the mechanism for the IM30-mediated membrane fusion.
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4 Discussion

In this thesis, IM30 interactions which lead to membrane fusion were investigated via in vitro
methods. This included homo-oligomerization of the protein, interaction with Mg?*, and mem-
brane binding. In this context, the influence of IM30 structural properties on the respective in-
teractions were analyzed. Also, the effect of the interactions with Mg?*/membranes on the IM30

structure and oligomerization were of great interest.

In the following chapter, the results described in chapter 3 are discussed. Finally, models for the
sequence of the steps leading to membrane fusion and a mechanism for the membrane fusion
itself are presented and placed in a biological context. It must be mentioned that the suggested
models are based on the experiments made for the heterologously expressed Synechocystis
IM30. However, due to the strong structural conservation of the protein in different organisms

(Bultema et al. 2010), the results can likely be transferred to other IM30 variants as well.

4.1 The IM30 oligomerization steps

The ability to form higher-ordered oligomeric ring structures is a conserved feature of IM30 and
PspA (Aseeva et al. 2004; Hankamer et al. 2004; Fuhrmann et al. 2009a; Bultema et al. 2010).
The rotational symmetries were recently shown to vary at least between 10-18 and are visible in
electron micrographs as so-called spikes (Saur et al. 2017). Due to this variability, it has been
assumed that the ring oligomers are assembled from a common building block (Bultema et al.
2010). The number of IM30 molecules filling a spike has been indicated via SDS titration to be

tetrameric (Fuhrmann et al. 2009a), but further evidence has been lacking so far.

To further investigate the formation of tetramers, native mass spectrometry method LILBID-
MS, which is suitable for investigations of noncovalently bonded biomolecule complexes, was
performed. The mass spectrum shown in Fig. 3.5 revealed a significant number of dimers and
tetramers in the used IM30 sample. The trimer fraction, on the other hand, appeared rather small
and, thus, insignificant. Therefore, it seems reasonable to assume that the smallest IM30 oligo-

mers are dimers or dimers of dimers and.

After all, the subsequent oligomerization steps of IM30 was probably already correctly predict-
ed in (Vothknecht et al. 2012). Probably, IM30 dimers are the smallest oligomer and IM30 te-
tramers the basic building blocks of IM30 rings. Indeed, recent modeling of predicted IM30

structures into 3D ring reconstructions showed a perfect matching of tetramers inside recurring
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ring elements (Saur et al. 2017). Furthermore, IM30 rings were shown to oligomerize into dou-
ble-rings and rod-like structures in vitro (Aseeva et al. 2004; Fuhrmann et al. 2009a). A sche-

matic overview of the suggested in vitro oligomerization is illustrated in Fig. 4.1.
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Fig. 4.1: In vitro oligomerization of IM30

IM30 monomers were observed to form dimers and tetramers as the basic building blocks of higher-ordered oligo-
mers. 1IM30 rings consist of at least 10-18 subunits and can assemble into double-rings and rod-like structures. The
grey triangle indicates the increasing number of oligomerized IM30 molecules.

It needs to be mentioned that there is no evidence for the existence of double-rings and rod
structures in vivo. Whether they represent in vitro artefacts or play an important role for the
IM30 activity, as it is suggested for double-rings in the following chapters, needs to be investi-
gated in the future. However, the findings summarized in Fig. 4.1 are important for the follow-
ing discussion. In different situations (e.g. upon membrane binding), IM30 rings dissociate into
lower-ordered oligomers, which can now be assumed to be tetramers or at least dimers. Most
probably, the C7 mutant, which forms tetramers, is a suitable representative of the IM30 ring
building block.

4.2 The IM30-Mg?* interaction

Mg?* is a common binding partner for pro- and eukaryotic proteins (Bellsolell et al. 1994; Chin-
Sang & Spence 1996; Ohki et al. 1997; Sissi & Palumbo 2009; Piovesan et al. 2012). As al-
ready described in 1.3, the ion plays a major role in cyanobacteria and chloroplasts. It has a
regulatory function and is the central ion of chlorophyll (Krause 1977). Additionally, it seems
reasonable to connect Mg?* with TM biogenesis since the Mg?* concentration in the chloroplast
stroma is influenced by outer light conditions as well as the formation of the TM (Lin & Novel
1971; Portis & Heldt 1976; Portis 1981; Ishijima et al. 2003). The fusion activity of IM30 has
recently been shown to be influenced by Mg?* since the protein can only mediate membrane
fusion in presence of the ion (Suppes 2013; Hennig et al. 2015). However, neither information
concerning a direct binding of Mg?* to IM30 nor the effect of this interaction on the IM30 struc-

ture have been available so far.
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4.2.1  Direct binding of Mg?* to IM30

ANS experiments were performed in order to investigate a potential binding of Mg?* to IM30.
The fluorescent dye ANS binds to hydrophobic and polar areas of proteins and changes its fluo-
rescence emission spectrum in hydrophobic environments due to the lack of dipolar relaxation
(Slavik 1982; Matulis et al. 1999). For IM30, this shift in the fluorescence was observed in de-
pendence of increasing Mg?* concentrations (cf. Fig. 3.6 and Fig. 3.7), which indicated a direct
influence of the ion on the protein. A dissociation constant Kp for the interaction was calculated
to be (1.3 £ 0.6) mM (cf. Fig. 3.7) or (1.1 £ 0.5) mM in (Junglas 2016), respectively. Since ANS
experiments only indirectly demonstrate binding reactions, but instead structural alterations of
proteins coupled to the dye, reverse ITC measurements were additionally performed to control
whether titration of IM30 to a MgCl, solution resulted in a measurable reaction heat (cf. Fig.
3.8). Indeed, the ITC measurements indicated an interaction of Mg?* with IM30 upon a positive
enthalpy change with a Kp of (1.9 £ 0.2) mM, which is in perfect agreement with the results
from the ANS experiments. Thus, it can be summarized that IM30 and Mg?* probably directly
interact with each other and that the binding reaction has a Kp in the range of ~1-2 mM. This is
in agreement with other Kp values for protein-Mg?* interaction (10-2-10"° M) found in the litera-
ture (Black et al. 1994). Considering the in vivo situation, the obtained Kp lies in the transition
concentration of Mg?* in the stroma upon light exposure (1-5 mM) (Shaul 2002). Thus, an acti-

vation of the IM30 fusion activity by Mg?* seems likely.

Interactions between proteins and ions usually have an electrostatic nature and are exothermally
driven (Yamashita et al. 1990). However, the positive enthalpy change 4H of ~20 kcal/mol for
the IM30-Mg?* interaction, which was obtained from the ITC measurement (cf. Fig. 3.8), re-
vealed an apparent overall endothermal nature of this binding reaction. This might be explained
by proton release reactions of IM30 on buffer molecules and intramolecularly, which was re-
cently indicated (Heidrich et al. 2018). Furthermore, recent fourier transform infrared (FTIR)
spectroscopy experiments suggested the deprotonation of glutamic acid or aspartic acid side
chain carboxyl groups of IM30 in presence of Mg?* (Heidrich et al. 2018). The proton release
could be coupled with an endothermal enthalpy change (Heidrich et al. 2018), since such reac-
tions often affect the total enthalpy change (Baker & Murphy 1996). Thus, it might superpose
the exothermal enthalpy change for an electrostatic IM30-Mg?* binding. Due to the second law
of thermodynamics, the binding reaction must be entropically supported instead of having an
overall exergonic reaction. Therefore, it most probably involves additional events, such as struc-
tural alterations of 1IM30. Indeed, since a blue shift of the IM30 attached ANS fluorescence up-
on increasing Mg?* concentration was observed (Fig. 3.6), a structural alteration of IM30 is
indicated. Due to the observation that ionic interactions of ANS did not significantly influence
its fluorescence emission (Slavik 1982; Matulis et al. 1999), the observed shift can be ascribed

to an increased exposure of hydrophobic IM30 surfaces caused by structural alteration of flexi-
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ble domains such as the C-terminus, which is accompanied by a decrease of free water mole-
cules. Upon forming a hydrate shell around the hydrophobic area, the water molecules become
more ordered and, thus, the entropy decreases (Winter & Noll 1998). However, since this effect
counteracts the binding of Mg?* to IM30, another reaction must take place in order to have an
overall exergonic reaction. Thus, it was speculated that Mg?* binding and/or the deprotonating
reactions of IM30 are accompanied by an additional unknown structural alteration which results

in an increased entropy via water molecule release (Junglas, p.c.) (cf. 4.2.3).

The ability of IM30 to expose hydrophobic surfaces upon Mg?* binding and, thus, the necessity
of the protein to be flexible during or after the binding reaction, was additionally indicated by
repeating the ANS experiment with IM30-X (cf. Fig. 3.14A). As expected, the ANS fluores-
cence of the sample containing the crosslinked protein was dramatically decreased compared to
the sample containing IM30 WT due to the fixation of the IM30 ring in the crosslinked version.
This indicated the lack of IM30 structural alteration in the case of an unflexible IM30 ring. Im-
portantly, the experiment did not exclude binding of Mg?* to IM30-X.

Next, the potential requirement of IM30 ring or other higher-ordered oligomer formation for
Mg?* binding were investigated. It has recently been indicated via ANS experiments that the
non-ring forming IM30 mutant C7 is not influenced by Mg?* addition (Hennig 2014). This im-
plies a requirement of higher-ordered IM30 structures for interaction with the metal ion. To
further investigate this issue, an ANS experiment was performed using the IM30 mutant A227C
in presence and absence of Mg?/DTT (cf. Fig. 3.14). Importantly, A227C forms disulfide-
linked dimers and only a strongly decreased amount of higher-ordered IM30 structures in ab-
sence of DTT, whereas upon addition of DTT, it oligomerizes (cf. Fig. 3.12 and Fig. 3.13). As
can be seen in Fig. 3.14, the Mg?* related fluorescence intensity is strongly increased in pres-
ence of DTT. This observation supported the necessity of IM30 ring formation or other higher-
ordered IM30 structures for the Mg?* binding. Binding of divalent cations to ring-like oligomers
is not unusual. For instance, the Ca?* sensor synaptotagmin-1, which is involved in synchronous
neurotransmitter release, oligomerizes into ring structures under calcium-free conditions (Wang
et al. 2014a). However, unlike the IM30-Mg?* interaction, the synaptotagmin-1 rings dissociate
upon Ca?* binding (Wang et al. 2014a).

4.2.2 Structural alterations and stabilization of IM30 upon Mg?* binding
After indicating a direct binding of Mg?* to IM30, which probably results in alterations of the
protein structure, the effect of the ion on the IM30 secondary, tertiary and quaternary structure

was investigated further.

As recently shown, Mg?* probably influences the IM30 secondary structure, since the CD spec-
trum of IM30 alters in presence of Mg?* (Hennig 2014; Heidrich et al. 2018). The stability of
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the IM30 secondary structure, which is mainly a-helical (Fuhrmann et al. 2009a; Bultema et al.
2010; Otters et al. 2013), was investigated via urea denaturation/renaturation and CD spectros-
copy. IM30 was incubated with increasing urea amount in presence of different MgCl, concen-
trations (cf. Fig. 3.16 and Fig. 5.23). The steep areas of the denaturation curves were shifted to
higher urea concentrations with increasing MgCl, concentrations. This shift was also quantita-
tively visible when calculating the transition points D1, of the denaturation curves (cf. Fig.
3.17), which increased upon Mg?* addition. Thus, Mg?* can be assumed to have a stabilizing
effect on the IM30 secondary structure. This was further confirmed by thermal denaturation of
IM30 in presence of different Mg?* concentrations (Junglas 2016). The origin of this stabiliza-
tion might be ascribed to the involvement of several a-helices in the coordination of Mg?*, re-
sulting in tighter packing of IM30.

As already discussed in 4.2.1, ANS titration experiments indicated an altered tertiary/quaternary
structure of IM30 in presence of Mg?*, including the exposure of hydrophobic surfaces. In order
to further investigate the effect of Mg?* on the IM30 tertiary/quaternary structure, coiled-coil
formation of IM30 upon addition of the ion was studied. Thus, the molar ellipticity ratio
[©]222 /[ @] 208 nm Was calculated from the CD spectra of IM30 in presence and absence of Mg?*
(cf. Table 3.2). Here, a value <0.86 stands for isolated a-helices, whereas a value >1.0 indicates
the presence of coiled-coil structures (Lau et al. 1984). The [@]a22 nm/[@]208 nm ratio for the con-
trol sample shifted from ~1.1 to ~1.2 for the sample including Mg?*, indicating an increased
amount of coiled-coil structures in presence of the ion. Coiled-coil formation likely result in a
tighter packing of IM30 in presence of Mg?*. This is supported by acrylamide quenching exper-
iments, which revealed a decreased availability of the amino acid W71 upon Mg?* addition
(Heidrich et al. 2018).

To further investigate the influence of Mg?* on the stability of the IM30 tertiary/quaternary,
tryptic digestion of the protein in presence and absence of the ion was performed and subse-
quently investigated in an SDS gel (cf. Fig. 3.18). The observed changed degradation pattern of
IM30 in presence of Mg?* most probably resulted from an altered trypsin accessibility due to a
changed IM30 tertiary and/or quaternary structure. Obviously, the stability of IM30 against
tryptic digestion seems to be increased in presence of Mg?* since it took more time to complete-
ly digest the full-length protein. Strikingly, below the main IM30 band, a degradation band ap-
peared during proteolysis, which most probably showed the N-terminal PspA domain of IM30,
as demonstrated via immunoblot detection (Heidrich et al. 2018) and calculation of hypothetical
IM30 cleavage sites (Junglas 2016). A flexible C-terminal a-helix, which is easily cleaved by
trypsin and subtilisin, was already suggested in the past (Otters et al. 2013; Gao et al. 2015),
and recently, modeling of predicted 1IM30 structures into 3D ring reconstructions confirmed the

C-terminus to be outside of the IM30 ring (Saur et al. 2017). Since the degradation band in Fig.
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3.18 appeared temporally deferred and was only slightly visible in presence of Mg?*, alteration
of the IM30 structure most probably included a protection of the IM30 C-terminus due to a
change of its structure and/or localization, e.g. via double-ring formation. This idea is in perfect

agreement with a tighter packing of IM30 in presence of Mg?*, as suggested above.

In a complementary ANS thermofluor experiment, the stability of the IM30 tertiary/quaternary
structure upon Mg?" binding was further investigated during thermal denaturation (cf. Fig.
3.19). Here, the protein was incubated with ANS in presence and absence of 10 mM Mg?*, and
the temperature was increased from 0 to 80°C. IM30 was found to be stabilized in presence of
Mg?* at two temperature ranges of ~25-35 °C and ~45-60 °C. This stabilizing effect of Mg?* is
in agreement with the results presented above. However, the type of stabilization was not de-
termined in the ANS thermofluor experiment. Considering other observations described in 3.3
and 3.4, the two temperature ranges might represent a retardation of the reorganization of mon-
omers or lower-ordered oligomers inside the IM30 ring (first range), potentially involving a
dislocation of the C-terminus, and double-ring/ring/tetramer dissociation with contemporaneous
denaturation (second range), which is in agreement with thermal denaturation experiments
shown in (Junglas 2016). The hypothetical stabilization steps are schematically illustrated in
Fig. 4.2.
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Fig. 4.2: Suggested stabilizations of IM30 induced by Mg?* during thermal denaturation

The ANS thermofluor experiment revealed two temperature ranges with increased IM30 stability upon thermal dena-
turation in presence of Mg?* (cf. Fig. 3.19). The ion might stabilize a reorganization of IM30 monomers or lower-
ordered oligomers inside the ring structure and/or other higher-ordered oligomers (first range) and contemporaneous
deoligomerization/denaturation of higher-ordered structures (second range). The IM30 ring in this figure stands for
all types of higher-ordered oligomers.

Both tryptic digestion and the ANS thermofluor experiments indicated a stabilization of 1IM30
structures in presence of Mg?*. A stabilization triggered by Mg?* is not unusual and can also be
found in other proteins, such as protein kinase C (Lester et al. 1990) and a-tropomyosin (Correa
et al. 2009). Specifically, Mg?* is often responsible for protection against thermal denaturation,
as shown for the pancreatic elastase (Favre-Bonvin et al. 1986) and the creatine kinase (Cao et
al. 1999).

Based on the results of the proteolysis assay, it seems reasonable to assume an altered structure
of the IM30 C-terminus in presence of Mg?, resulting in its increased protection. Thus, it does
not seem far-fetched to assume the C-termini buried inside the ring or being masked by double-
ring formation. Therefore, the C-terminally labeled IM30 mutants IM30-CFP and IM30-Venus,



Discussion 135

which can form a FRET pair, were used to investigate a double-ring formation of IM30 trig-
gered by Mg?". Importantly, a normal ring formation has been demonstrated for both mutants
via SEC and TEM (cf. Fig. 3.21, Fig. 5.8 and Fig. 5.9). The differently labeled IM30 mutants
were mixed and the ratiometric FRET efficiency Era was measured in equilibrium for different
Mg?* concentrations (cf. Fig. 3.23A) and kinetically monitored in presence and absence of
7.5 mM Mg?* (cf. Fig. 3.23B). In both experiments, an increase of Er. was observed upon Mg?*
addition. In the kinetic measurement, a plateau for E;a: was reached faster and on a higher level
in presence of Mg?* compared to the control sample. Since the plateau did not reach the maxi-
mum value for E.x as calculated for a co-purified 1/1 mixture of IM30-CFP/Venus, a monomer
exchange between IM30 rings was excluded. Thus, the Ea increase most probably originated
from double-ring formation, which was enhanced in presence of Mg?*. This is supported by a
recently performed simulation showing the IM30 C-terminus located at the ring edges (Saur et
al. 2017). Upon double-ring formation via head-to-head connection with the C-termini facing
each other, the two dyes are in close proximity to each other and able to interact. Indeed, an
increased FRET might only be possible upon double-ring formation via head-to-head since the
Forster radius of the CFP-YFP pair is ~50 A (Patterson et al. 2000) and the height of one IM30
is ~150 A (Saur et al. 2017) (or ~300 A for double-rings). The result was further supported by a
similar experiment using IM30-CFP/Venus (cf. Fig. 3.24) and TEM (cf. Fig. 3.25). Further-
more, recently performed static light scattering (SLS) measurements, which showed an in-
creased IM30 particle size in presence of Mg?*, also indicated the Mg?* induced double-ring
formation of the protein (Heidrich et al. 2018). Whether the double-rings are an in vitro artefact
or if they also appear in vivo remains elusive at this point. However, it appears tempting to

speculate about their potential involvement in membrane fusion.

It can be concluded that Mg?* binding most probably alters the IM30 structure, including expo-
sure of hydrophobic surfaces. This effect is accompanied by stabilization of the protein from
secondary to quaternary structure against stress, such as urea addition, proteolysis and heat. This
is most probably caused by a tighter packing of the IM30 ring upon coiled-coil formation and an
enhanced generation of IM30 double-rings, which results in an increased protection of the pro-
teins’ secondary structure, e.g. by a decreased availability for urea. Consequentially, the C-
terminal o-helix is probably protected inside the ring or between two rings upon double-ring

formation.

423 Coordination of Mg?* by IM30 residues

Coordination of Mg?* in proteins usually involves the formation of octahedral complexes (Black
et al. 1994). Since the ion is a hard base after the HSAB concept, it prefers hard oxygen ligands,
such as carboxylates, hydroxyls, carbonyls and water (Black et al. 1994). The most important

coordination partners for Mg?* are glutamic acid or aspartic acid carboxylic side chains, but also
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glutamine and asparagine side chains as well as the peptide backbone carbonyl groups are
common ligands (Dudev et al. 1999). Unoccupied positions in the octahedral sphere are usually
filled with water molecules (Dudev & Lim 2007). As already mentioned, a proton release of a
carboxyl group has indeed been observed (Heidrich et al. 2018). Thus, it seems reasonable to
assume that glutamic acid and/or aspartic acid are involved in the Mg?* coordination. Further-
more, Mg?" sometimes tends to coordinate at proteins via phosphate bridges (Mbah 2014;
Khrustalev et al. 2016) and interestingly, the property of IM30 to be phosphorylated has been
indicated in this work for heterologous protein expression in E. coli (cf. 3.1.3).

Since neither a crystal structure of the IM30 full-length protein nor a stoichiometry for the
IM30-Mg?* binding reaction is available so far, it is difficult to suggest hypothetical Mg?* bind-
ing sites within the IM30 tertiary and/or quaternary structure. In general, there are at least two
possibilities: (i) one or more metal ions are coordinated inside the IM30 monomer or (ii) the
binding is based on intermolecular coordination and, thus, several IM30 molecules bind one or

more Mg?* ions.

In the first scenario (i), it seems reasonable to assume electron donors from several helices to be
involved in the binding of Mg?*. However, typical features of Mg?* binding proteins such as the
unspecific primary structure motifs -DXDD- (Prisic et al. 2007), -NADFDGD-, -YXDD- or -
LXDD- (Cowan 1998) as well as -GK(T/S)T- for binding via phosphate bridges (Mbah 2014;
Khrustalev et al. 2016) cannot be found in the IM30 primary structure (cf. 5.1.1), although the
similarity of the EDP(E) motif (E23-E26) to some of these binding motifs has been suggested
recently (Hennig 2014). Furthermore, typical secondary structure combinations for Mg?* bind-
ing such as g-strand-random coil-a-helix (Khrustalev et al. 2016), are lacking. However, it has
been suggested that the C-terminal a-helix is retracted from its location and forms a triple-helix
with helices 4 and 5/6, stabilized by Mg?* coordination (Junglas, p.c.) and the EDE motif (E207-
E209), which is located in helix 6, has been suggested as a hypothetical Mg?* binding site
(Hennig 2014). This is supported by the increasing coiled-coil amount of IM30 in presence of
Mg?* (cf. 4.2.2). The C-terminal a-helix, which is assumed to be located at the ring top site
(Saur et al. 2017), could be moved inside the ring, resulting in the availability of hydrophobic
surfaces for double-ring formation. Indeed, illustrating the amino acids of the neighboring linker
region (A218-D249), the hydrophobic/neutral amino acids are outnumbering charged amino

acids:
AGGALPGTSAATPQLEAAPVDSSVPANNASQD

where green, red and black letters represent hydrophobic, acidic and neutral amino acids, re-
spectively. Calculating the hydrophobic and neutral character of this sequence revealed an
amount of 50% and 40.63%, respectively (PEPTIDE2.0 2007). Thus, Mg -bound IM30 could



Discussion 137

hypothetically mimic the ACT mutant (Junglas 2016), which is known to have increased dou-
ble-ring formation and fusion activity (Hennig 2014). However, also the ACT mutant needs
Mg?* for membrane fusion (Hennig 2014), indicating the necessity of additional structural alter-
ation of the protein in presence of the ion or additional effects of Mg?* on the IIM30-membrane

binding as temporal ring stabilization, which is discussed further in 4.3.4.

As a second possibility (ii), Mg?* could be coordinated by four IM30 molecules inside a tetram-
er or by several ring subunits. Since the inner diameter of an IM30 ring is ~10 nm (Fuhrmann et
al. 2009a) and coordination distances of Mg?* are usually in the A range, Mg?* ions cannot be
coordinated in the center of an IM30 ring. However, as the tetramer forming mutant C7 does not
bind Mg?* (Hennig 2014) and the ring structure is most probably required for ion binding, as
shown in the ANS experiments using the mutant A227C (cf. Fig. 3.14), an intermolecular coor-
dination beyond the tetrameric ring subunits does not seem completely abstruse. In fact, delocal-
ization of the IM30 C-terminus, a hypothetical coiled-coil formation with other helices, and the
release of a hydrophaobic area at the ring top is not excluded in this model, but might rather be a
side effect of a structural reorganization of IM30. Considering the ring symmetry, it seems fur-
thermore reasonable that several Mg?* ions are coordinated by an IM30 ring. In the most ex-
treme case, the ion could also be coordinated by two IM30 rings, which would also explain the
increased formation of double-rings. Anyhow, it seems more likely that the enhanced double-
ring generation originates from the structural alteration of an IM30 ring upon Mg?* binding, e.g.

due to an increased hydrophobic surface.

In both scenarios, the incorporation of the C-terminus inside the ring instead of outside seems
more likely based on the decreased availability of the a-helix for trypsin in the proteolysis assay
(cf. Fig. 3.18), as described above.

A schematic overview for the discussed possibilities of Mg?* coordination inside an IM30 ring

is illustrated in Fig. 4.3.
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Fig. 4.3: Possible binding of Mg?* by IM30 rings

Different possibilities for Mg?* binding by IM30 are schematically illustrated. The ion could be coordinated protein-
internally (A). In this case, the C-terminal o-helix is dislocated due to Mg?* binding. The C-terminus could be located
outside or inside the ring, possibly including coiled-coil formation. Upon Mg?* hinding, hydrophobic areas at the ring
top get exposed, resulting in double-ring formation. On the other hand, Mg?* might also be coordinated by two IM30
monomers from different ring subunits (B). The interaction eventually results in a structural rearrangement of the
protein monomers inside the ring, also resulting in a hydrophobic surface and increased double-ring formation. Note
that only two representative Mg?* ions and C-termini are shown per ring. The large distance between IM30 rings and
Mg?* ions is not realistic and was chosen for a better overview. See text for further details and possibilities of the
respective scenarios.

4.3 Interaction of IM30 with membranes

The ability of IM30 to interact with membranes has early been suggested (Li et al. 1994) and
was recently confirmed via cryo-TEM (Hennig et al. 2015) and Laurdan experiments, showing
that the protein binds to membranes containing the negatively charged lipids SQDG or PG
(Suppes 2013; Hennig et al. 2015). Furthermore, the IM30-membrane interaction was supported
by tryptic digestion, in which the digestion of IM30 was delayed when bound to 100% DOPG
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liposomes (cf. Fig. 3.26). However, further information concerning this interaction are lacking.
In the framework of this thesis, the forces driving the IM30-membrane interaction as well as the
effect of the IM30 structure on the membrane binding were investigated. Furthermore, the effect
of Mg?* on the interaction of IM30 with negatively charged membrane models and the dissocia-

tion of IM30 rings on membranes were analyzed.

43.1 Forces driving IM30 binding to membranes

Since IM30 binds to the negatively charged lipids PG and SQDG (Suppes 2013; Hennig et al.
2015), it seems reasonable to assume that the IM30-membrane interaction is driven by electro-
static forces. Thus, positively charged amino acids of the protein could play a crucial role during
the binding process. Indeed, the basic amino acids arginine, lysine, and histidine can be found in
all sections of IM30, especially in the PspA domain (cf. 5.1.2). Usually, peripheral membrane
proteins associate to bilayers via electrostatic interactions followed by incorporation of hydro-
phobic groups or helices into the membrane (Khan et al. 2016). The electrostatic forces between
protein and membranes normally have a long-range character, and each amino acid contributes
~1 kcal/mol to the binding energy (Kim et al. 1991; Johnson & Cornell 1999).

In order to investigate a hypothetical electrostatic origin of the IM30-membrane interaction, a
displacement assay was performed by titrating NaCl to 100% DOPG liposomes pre-incubated
with IM30, where the Na* ions were supposed to electrostatically shield the membrane surface
resulting in a dissociation of IM30 (cf. Fig. 3.27B). The tryptophan fluorescence was monitored
in this experiment since it depends on the environment of the amino acid. In the case of an al-
tered environment for the only IM30 tryptophan residue W71 in presence and absence of nega-
tively charged membranes, IM30 dissociation from the 100% DOPG liposomes into the buffer
was expected to result in a shifted fluorescence upon dissociation. This was indeed observed
upon increasing the NaCl concentration. When calculating the differences between the titration
curve and the control curve from samples lacking liposomes, a dissociation curve for IM30-
DOPG binding was revealed (cf. Fig. 3.27C), exhibiting a constant difference above ~100 mM
NaCl, which indicates a complete electrostatic shielding of the liposomes by Na*. Thus, the
results of this experiment strongly implied an electrostatic impetus of the IM30-membrane in-

teraction.

It has previously been demonstrated that the lipid chain length is not crucial for IM30-
membrane binding as the protein could interact with both 100% DOPG as well as 100% DMPG
liposomes (Suppes 2013; Hennig et al. 2015; Heidrich et al. 2016). Whether the electrostatic
interaction of IM30 with negatively charged membranes depends on the lipid head-groups and
is, thus, specific for the negatively charged thylakoid lipids or not, was investigated further. The
non-thylakoid lipid PS was therefore investigated by measuring relative Laurdan GP values for

liposomes including 80% of the background lipid PC and 20% of the negatively charged lipids
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thylakoid lipids PG, SQDG and PS, respectively (cf. Fig. 3.28). Indeed, the relative Laurdan GP

values decreased for all tested negatively charged lipids in presence of IM30.

Obviously, IM30 binds specific to negatively charged membranes, independent from the lipid
head-groups. This specificity further emphasizes the tendency of the protein to interact with
membranes via electrostatic forces. Importantly, the experiments tackling the electrostatic
membrane interaction of IM30, which were described in 3.5.2, do not exclude additional hydro-
phobic interactions of IM30 with negatively charged membranes. Indeed, the C-terminal a-
helix, which has been shown to have a conserved hydrophobic character (Vothknecht et al.
2012), was recently demonstrated to interact with membranes (Hennig et al. 2017). On the other
hand, this was only confirmed for the isolated C-terminus and might only be valid for lower-
ordered IM30 structures, which could occur upon IM30 ring dissociation on membranes (cf.
4.3.4).

When discussing the membrane binding site of IM30 rings, it has to be considered that the C-
terminus, which is probably located at the top sites of the rings (Saur et al. 2017), seemed not to
be specifically protected in the proteolysis assay, since the degradation band appeared contem-
poraneously in presence and absence of liposomes (cf. Fig. 3.26). Noteworthy, this experiment
was not performed in excess of available lipid binding area compared to IM30, most probably
excluding an excessive dissociation of IM30 on the membranes. Furthermore, the IM30 N-
terminal PspA domain has repetitively been suggested to be involved in IM30-membrane inter-
action (Otters et al. 2013; McDonald et al. 2017). Thus, the IM30 ring binding via the bottom
site, which might be occupied by the loop 2 region of IM30 (cf. Fig. 1.5) as suggested in (Saur
et al. 2017), seems likely. When illustrating the amino acids in this area and additional amino
acids from the surrounding helices (K69-S96), the charged amino acids are outnumbering hy-

drophobic/neutral amino acids:

KKWEDRAKLALTNGEENLAREALARKKS

where green, red, blue and black letters represent hydrophobic, acidic, basic and neutral amino
acids, respectively. Calculating the acidic and basic character of this sequence revealed an
amount of 17.86% and 28.57%, respectively (PEPTIDE2.0 2007). Due to the presence of sever-
al basic amino acids in this region, in which R74, R88, R93, K94 and K95 are conserved in the
PspA/IM30 family (cf. 5.2), it seems reasonable to assume that the IM30 ring bottom binds to
anionic lipids via electrostatic forces, as already discussed above. Interestingly, the C4 mutant,
which has a further decreased amount of hydrophobic amino acids in the loop 2 region but in-
stead two additional polar serine residues, has an increased DOPG membrane binding affinity
(cf. Table 3.4). Furthermore, the fluorescence of W71 of membrane-bound IM30 WT changed
upon replacing IM30 from the membranes by Na* (cf. 3.5.2), indicating an initial influence of

the membrane on W71. However, the presence of five acidic amino acids in the loop 2 region,
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in which E84 and E89 are conserved in the PspA/IM30 family (cf. 5.2), could counteract the
electrostatic attraction. Due to the lack of further data, it cannot be said if they might play a role
in regulation of the membrane-interaction, IM30 ring dissociation or membrane fusion. Interest-
ingly, cluster mutations including E84 and E89 resulted in fusion incompetent IM30 mutants
(Hennig 2014; Saur et al. 2017). Noteworthy, conserved amino acids in the discussed region are

also likely involved in coiled-coil formation (Osadnik et al. 2015).

4.3.2 Effect of IM30 ring formation on membrane binding

Regardless of their potential physiological relevance, IM30 rings were shown in vitro via TEM
to bind at negatively charged membranes (Hennig et al. 2015). However, whether also lower-
ordered structures can interact with bilayers or not has not been demonstrated so far. This lack
of information can be ascribed to the inability of TEM measurements to visualize smaller IM30
oligomers or monomers. However, since different oligomerization states of the protein could
have an impact on IM30-mediated membrane fusion during a dissociation processes, the mem-
brane binding affinity of IM30 proteins, which had different quaternary structures, was investi-
gated further.

IM30 WT and the C7 mutant were used as representatives for rings and tetramers, respectively,
based on former results from SEC (Heidrich et al. 2016), and the dissociation constants Kp were
determined for the membrane interactions via recording of binding curves using Laurdan-
labeled 100% DOPG liposomes (cf. Fig. 3.29). The results demonstrated that tetrameric 1IM30
could interact with DOPG membranes as well. Furthermore, calculation of the Kp values even
indicated an increased binding affinity of the C7 mutant compared to IM30 WT (1.39 vs.
7.20 pM). Consequently, oligomerization into ring structures probably counteracts membrane
binding of IM30. This discovery is important when discussing the dissociation of IM30 rings on
membranes (cf. 4.3.2). Additionally, NanoSPR measurements showed a Kp of 0.4 uM for the
IM30-membrane interaction (Heidrich et al. 2016). This might be explainable by the assump-
tion that the used Au nanoparticles, which were covered with a lipid bilayer, were too small to
provide a binding surface for IM30 rings. Thus, the obtained Kp value was ascribed to the small
fraction of IM30 lower-ordered structures in solution and therefore supported the Kp value

gained for the C7 mutant.

The higher affinity of the IM30 tetramers (represented by the C7 mutant) might be explained by
a different binding type. It seems unlikely for a single tetramer to bind in an upright position at
the membrane, as it has been shown for IM30 subunits when part of the ring (Hennig et al.
2015). Instead, a parallel arrangement of the helices to the membrane surface appears reasona-
ble. Thus, the possibility for amphipathic helices to incorporate into the membrane seems in-
creased due to a potentially advantageous orientation. Furthermore, the C-terminus, which

might have an increased membrane availability when the protein is arranged parallel to the bi-
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layer surface, has been shown to interact with membranes (Hennig et al. 2017), as already dis-

cussed above.

4.3.3 Effect of Mg?* on IM30 membrane binding

Not only does Mg?* influence the structural properties and thermodynamic stability of IM30, it
also seems to affect the membrane binding affinity of the protein, as it has been indicated previ-
ously via SFG measurements (Hennig et al. 2015). In the past, the membrane binding affinity of
several proteins has been demonstrated to be enhanced by divalent cations as for the neuronal
calcium sensor recoverin, which binds to membranes in presence of Ca?* due to structural al-
terations (Potvin-Fournier et al. 2017). To further investigate the effect of Mg?* on IM30 mem-
brane binding, SPR measurements were performed using the thiol-coupled fatty acid 16-
MHDA.. Importantly, the dissociation of IM30 rings on monolayers was excluded due to previ-
ously performed SFG measurements (Hennig et al. 2015). Addition of IM30 and IM30/Mg?*
was observed kinetically and in equilibrium via scan measurements (cf. Fig. 3.30A and B). In
presence of Mg?*, IM30 was able to bind twice as fast to the negatively charged surface as well
as to a greater extent, since a thicker protein layer was calculated compared to the sample lack-
ing Mg?* (cf. Table 3.5). A faster binding of the protein/Mg?* mixture to the 16-MHDA surface
indicates an increased association rate constant kon. On the other hand, the increased reflection
Iser Most probably revealed an enhanced binding affinity of the protein to the 16-MHDA sur-
face in presence of Mg?* and/or the hypothetical double-ring stabilization through Mg?*. How-
ever, due to the non-reversibility of the binding reaction (cf. Fig. 5.29), the measurements were
not performed on the same sensor chip. Since different sensor chips slightly vary in their surface
coverage and thickness, the measurements were not compared with each other in a quantitative
manner. Thus, two Kinetic experiments including the addition of both components sequentially
were performed on the identical sensor chip (cf. Fig. 3.30C and D). First, an IM30 sample was
added to the negatively charged surface until a plateau for Ispr Was reached. Subsequently, IM30
pre-incubated with Mg?* was added. Unsurprisingly, the latter addition had no further effect on
Iser since the surface was most probably already completely covered. In a second approach,
when adding IM30/Mg?* prior to saturation, a second increase was recorded, which was signifi-
cantly stronger than the first increase when IM30 alone was added. Thus, the enhancing effect

of Mg?* on association of IM30 at negatively charged surfaces was indicated in this experiment.

When transferring the results of the negatively charged 16-MHDA surface to membranes con-
taining anionic lipids, an increased membrane binding affinity of IM30 in presence of Mg?,
both kinetically and thermodynamically, is indicated. But how does the ion affect the protein-
membrane interaction? There are at least two possibilities: (i) Mg?* alters the structure of IM30
in a way that the proteins’ interaction with the membrane is enhanced or (ii) the ion acts as a

glue or bridge between IM30 and the membrane.
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When discussing the first case (i), the conclusions described in 4.2 need to be considered. Most
probably, Mg?* induces the retraction of the C-terminus inside the ring, which results in an in-
crease of hydrophobic surfaces at the ring top and an increased formation of double-rings. Fur-
thermore, the higher-ordered oligomers probably exhibit an increased stability. Since the dou-
ble-rings are likely connected in a top-to-top orientation, the ring bottom remains as a binding
site for the membrane (cf. 4.3.1). Upon a structural rearrangement inside the IM30 ring during
Mg?* binding, a reorientation of basic amino acids in the IM30 loop 2 region, which is probably
located at the ring bottom (Saur et al. 2017), could enhance the membrane binding affinity of
the protein. However, since Mg?* induces an increased formation of double-rings, the enhanced
affinity of IM30 for negatively charged membrane, which was observed via the mass-weighing
method SPR, might be rather apparent due to the assumption that simply more mass is bound to
the same membrane area compared to IM30 in absence of Mg?* (31% vs. 44% 16-MHDA sur-
face coverage, when normalizing to ring structures, cf. Table 3.5). Interestingly, the IM30 mu-
tant ACT had a slightly smaller Kp value for the DOPG membrane interaction (cf. Table 3.4)
compared to the wildtype. As already mentioned, upon Mg?* binding, IM30 was suggested to
mimic the ACT mutant by relocating the C-terminus inside the ring (Junglas 2016). Indeed,
ACT has a pronounced tendency for double-ring formation (Hennig 2014). However, the Kp for
the ACT mutant was determined via Laurdan measurement, which provide information concern-
ing the membrane polarity change rather than the bound mass. Thus, the informative value of

this comparison needs to be taken with care.

Considering another possibility (ii), Mg?* could, aside from binding to IM30, additionally con-
nect the protein to negatively charged membranes by acting as a glue. In this case, the ion must
interact with negatively charged lipid head groups as well as acidic amino acids of IM30, which
can be found to some extent in the loop 2 region (cf. 4.3.1). Due to the observations that Mg?*
probably binds to IM30 rings (cf. 4.2.1), which (partly) dissociate upon membrane binding (cf.
4.3.4), an IM30-Mg?* complex formation prior to membrane fusion appears more likely. How-
ever, possibility (ii) cannot be excluded in the framework of this thesis. In fact, even the inter-

play of both cases (i) and (ii) might be possible.

43.4 IM30 ring dissociation upon membrane binding in presence and ab-
sence of Mg?*

Recently, dissociation of IM30 rings upon membrane binding has been suggested to be crucial

for the potential involvement of IM30 in membrane protection (Heidrich et al. 2017; Thurotte et

al. 2017). This was supported by the observation that the tetramer forming IM30 mutant C7

exhibited a smaller dissociation constant Kp for the interaction with 100% DOPG membranes

than the ring forming IM30 WT (cf. Table 3.4). However, no experiment explicitly tackling the

IM30 deoligomerization on membranes has been conducted so far. Thus, the IM30 ring dissoci-
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ation on liposomes containing different lipid compositions in presence and absence of Mg?* was

investigated as described in 3.8.

In a first experiment, IM30 was incubated with increasing concentrations of 100% DOPG or
60%/40% MGDG/DOPG liposomes, respectively, in presence and absence of Mg?*. Upon ring
dissociation on the respective membranes, monomers were not able to be crosslinked by glutar-
aldehyde. Loading the samples on an SDS gel revealed the extend of monomer appearance in
each sample (cf. Fig. 3.31 and Fig. 3.32). Apparently, the IM30 monomer band intensity in-
creased with increasing liposome concentrations for both lipid compositions. This correlation
indicates dissociation of IM30 on membranes in absence of Mg?*. Interestingly, the dissociation
is not connected to an MGDG content inside the liposomes. However, the IM30 band intensities
of the samples were in general very weak compared to a control sample lacking liposomes. This
indicates an uncomplete binding of IM30 to the available liposomes and/or an uncomplete dis-
sociation of bound IM30 rings. On the other hand, IM30 monomers might not be the only prod-
uct of an IM30 ring dissociation. However, other lower-ordered IM30 oligomerization states
were not resolved by using this method. When repeating the experiment in presence of Mg?*,
the monomer band of IM30 completely disappeared when incubated with 100% DOPG and
60%/40% MGDG/DOPG liposomes, respectively. This observation strongly supports a stabili-
zation effect of the ion on IM30 (cf. 4.2.2). On the other hand, a ring dissociation into lower-
ordered IM30 oligomers despite the presence of Mg?* was not excluded.

Due to the limitation of the described experiment, another assay using IM30-CFP/Venus was
performed next. The protein was incubated with increasing concentrations of 100% DOPG or
60%/40% MGDG/DOPG liposomes, respectively, in presence and absence of Mg?* and the
fluorescence was measured (cf. Fig. 3.33). In the case of IM30 ring dissociation, the FRET effi-
ciency Era was expected to decrease since the monomers and/or subunits would be distributed
on the membrane surface, resulting in less energy transfer. Indeed, in absence of Mg?*, Era de-
creased upon liposome addition for both, 100% DOPG and 60%/40% MGDG/DOPG lipo-
somes. This indicated dissociation of the IM30 rings, independent from the lipid MGDG, in
agreement with the results of the previous experiment. In presence of Mg?*, the initial value for
Era was generally increased (~0.7), which can be ascribed to an increased double-ring formation
(cf. Fig. 3.24). In agreement with the results from the dissociation experiment using glutaralde-
hyde, the Ea values did not decrease when 100% DOPG liposomes were added. In presence of
60%/40% MGDG/DOPG liposomes, on the other hand, a decrease of E. was observed indicat-
ing an MGDG-dependent dissociation of IM30 rings in presence of Mg?*. Concerning the con-
centrations used, an excess of lipid binding areas and, thus, enough space for dissociation was
assumed. However, in all approaches, the minimal E.x value was found to remain rather high.

This could be explained by a still uncomplete binding of the rings/double-rings and/or a dissoci-
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ation into lower-ordered oligomers, apart from the formation of monomers. Additionally, it
cannot be completely guaranteed that all membrane-bound IM30 rings are dissociated, which

can also have steric reasons.

Overall, the results suggest a dissociation of IM30 rings on negatively charged membranes into
monomers and smaller oligomers. This is in line with a recently suggested model of IM30 and
PspA, in which the proteins form large scaffold-like structures on stressed membranes (Thurotte
et al. 2017). Furthermore, GFP-labeled IM30 rings were found to dissociate in Arabidopsis up-
on hypotonic treatment via fluorescence live-imaging (Bryan et al. 2014; Zhang et al. 2016a).
However, other experiments contradict this result. When extracted from membranes, IM30 was
shown via SEC to exist in some higher-oligomerized forms, which were suggested to be rings
(Fuhrmann et al. 2009a). On the other hand, these higher-ordered structures might as well be
lower-ordered oligomers. Furthermore, in cryo-TEM experiments, IM30 rings were found at-
tached to negatively charged liposomes (Hennig 2014). Otherwise, in the cryo-TEM measure-
ments, the available lipid binding surface was not in excess compared to the protein (Hennig
2014), and lower-ordered IM30 oligomers resulting from ring dissociation might be present in
the sample but were not visible.

Mg?* seems to prevent IM30 dissociation on pure DOPG membranes. This is in agreement with
the stabilization of IM30 induced by Mg?*, which was discussed in 4.2.2. On the other hand,
when using 60%/40% MGDG/DOPG liposomes and, thus, the identical conditions used in the
membrane fusion assays, dissociation of IM30 rings and/or double-rings were observed to some
extent. Most probably, lower-ordered IM30 oligomers were still present after dissociation since
no monomers were found in the dissociation experiment using SDS-PAGE. This again supports
the idea of Mg?* connecting several ring subunits (cf. 4.2.3). Furthermore, IM30 deoligomeriza-
tion is most probably part of the fusion mechanism since the proteins’ ring structure in presence
of Mg?* only dissociates when the conditions used in the fusion assay are applied. The role of

IM30 ring dissociation in the membrane fusion is further discussed in 4.4.3.

4.3.5 A model for the IM30-membrane interaction
The following observations and assumptions allow the introduction of a model for the IM30-

membrane interaction prior to membrane fusion:

e IM30 binds to negatively charged surfaces via electrostatic forces (cf. 3.5) (Suppes
2013; Hennig et al. 2015). Thus, it seems reasonable to assume that ring bottoms initial-
ly interact with membranes, which probably contain several conserved basic amino ac-
ids (cf. 4.3.1). The IM30 ring top-sites, at which the C-termini are located, were as-

sumed to be involved in Mg?* coordination and double-ring formation (cf. 4.2.3).
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e The necessity of the IM30 N-terminus (Otters et al. 2013; McDonald et al. 2017; Saur
et al. 2017) and the hydrophobic IM30 C-terminus (Hennig et al. 2017) for membrane
interaction has been suggested previously. Upon ring dissociation and parallel align-
ment of lower-ordered IM30 structures to the lipid bilayer, the membrane interaction
with the IM30 C-termini and/or N-termini appears possible.

e In solution, the equilibrium between IM30 rings and lower-ordered subunits strongly
favors the ring structure (Heidrich et al. 2016). However, IM30 tetramers have an in-
creased binding affinity to negatively charged membranes (cf. 4.3.2), which could be
ascribed to an interaction of the N-terminus and/or C-terminus with the bilayer.

e The membrane binding affinity for IM30 and all IM30 mutants is in the uM range (cf.
3.6) whereas the IM30-Mg?* interactions has a Kp value in the mM range (cf. 3.3.1).
Thus, the protein-Mg?* binding prior to membrane interaction must be regulated via the
Mg?* concentration.

e Due to the increased membrane binding affinity of lower-ordered IM30 structures,
IM30 rings probably dissociate on membranes into monomers and other lower oligo-
mers (cf. 4.3.4). The dissociation seems to be prevented by Mg?* until a second mem-
brane is available for membrane fusion.

e In presence of Mg?*, the membrane binding affinity of IM30 is apparently increased (cf.
4.3.3), which is probably based on a statistically advantageous ratio of IM30 mass to

available lipid binding area due to ring/double-ring stabilization.

Due to the arguments summarized above, it seems reasonable to assume binding of different
IM30 species as monomers, lower-ordered oligomers, rings and double-rings to negatively
charged membranes. The equilibrium between the different IM30 oligomers in solution deter-
mines the type of binding. Due to the observation that the equilibrium between IM30 rings and
lower-ordered 1IM30 subunits strongly favors the ring structure, it seems likely that mostly IM30
rings initially bind to membranes via the ring bottom site. However, the rings seem to dissociate
on membranes, resulting in the distribution of monomers and other lower-ordered oligomers on
the lipid bilayer. In presence of a certain threshold concentration of Mg**, on the other hand,
double-ring formation of IM30 probably takes place prior membrane binding. Due to a stabili-
zation effect of Mg?*, the double rings do not dissociate when membrane-bound until another
membrane is available for membrane fusion. Whether undissociated membrane-bound IM30
rings are also binding Mg?* remains elusive at this point. The suggested series of events is illus-
trated in Fig. 4.4.
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Fig. 4.4: Individual steps of the IM30-membrane interaction in presence and absence of Mg?*

Individual steps of the IM30-membrane interaction in presence and absence of Mg?* are illustrated, including the
respective equilibria between different IM30 oligomerization states (double-rings, rings and lower-ordered oligo-
mers) in solution and on the membrane. Note that only one representative Mg?* ion is shown per double-ring. See text
for further details.

4.4 IM30-mediated membrane fusion

The in vivo function of IM30 is a widely discussed topic (cf. 1.4.5). Recently, it could be
demonstrated that the protein mediates membrane fusion in vitro in dependence of the available
Mg?* concentration (Suppes 2013; Hennig et al. 2015). This was supported via SPT measure-
ments (cf. 3.9.1). In the framework of this thesis, the required IM30 oligomerization and mem-
brane composition, and the mechanism of the IM30-mediated membrane fusion were further

investigated.

44.1 What is required for a functional IM30-mediated membrane fusion?

The observation that Mg?* induces a stabilization of IM30 double-rings implies the necessity of
this higher-ordered structure for IM30-mediated membrane fusion. Indeed, the C7 mutant,
which is impaired of performing membrane fusion (Hennig 2014), forms mainly tetramers and
cannot oligomerize into ring structures (Heidrich et al. 2016). Additionally, the C4 mutant,

which is not able to fuse membranes either, only forms rings but no double-rings (Hennig
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2014). Further requirements of the IM30-mediated membrane fusion were analyzed in this the-

sis concerning (i) the structural flexibility of IM30 rings and (ii) the liposome composition.

The dissociation of IM30 rings or, in other words, the structural flexibility of IM30 as a re-
quirement in for a functional membrane fusion process was tested by performing a fusion assay
with crosslinked IM30 (cf. Fig. 3.36). As expected, the fusion was almost completely prevented
in the case of the crosslinked protein. Therefore, it seems likely that the flexibility of IM30 rings
is a necessary requirement for a functional membrane fusion process. Anyhow, this result needs
to be considered with reservation, since experiments including crosslinkers are usually critical
when it comes to artefacts which might be induced by the crosslinker. In this case, protein sites
involved in the fusion process might be blocked by glutaraldehyde. The ability of IM30-X to
interact with membranes, on the other hand, has been observed this thesis (cf. 3.6). Furthermore,
as discussed before (cf. 4.2.1), it is not clear whether IM30-X is able to bind Mg?* or not. How-
ever, the IM30 deoligomerization experiments described in 3.8 indicated a stabilizing effect of
Mg?* on the IM30 ring structure on 100% DOPG membranes. When using 60%/40%
MGDG/DOPG liposomes, on the other hand, this effect was missing and the higher-ordered
oligomers dissolved in presence of Mg?* (cf. Fig. 3.33). This result strikingly supported the
assumption of a required structural flexibility of IM30 as part of the membrane fusion process.
This was supported by the observation that another IM30 mutant, which did not dissociate in
presence of Mg?* and the 60%/40% MGDG/DOPG liposomes, is not able to mediate membrane
fusion (Hennig et al. 2015).

The investigation of the membrane lipid composition based on observations described in 3.8,
where IM30 ring dissociation on membranes in presence of Mg? was only possible when ap-
plying the same conditions as used in the fusion assays: the presence of the lipid MGDG. In-
deed, a fusion assay indicated the enhancing effect of MGDG on IM30 mediated membrane
fusion (cf. Fig. 3.35). Furthermore, fusion of liposomes containing <60% MGDG in sole pres-
ence of Mg?* was observed. In fact, Mg?* is known for enhancing the aggregation of liposomes
(Leventis et al. 1986). However, the sample containing IM30/Mg?* and 100% DOPG liposomes
showed a slightly higher fusion activity compared to the identical sample lacking IM30. This
small increase might not have originated from a typical IM30-mediated membrane fusion but
rather from enhanced liposome aggregation leading to membrane fusion. This effect might have
been supported by IM30 double-rings connecting two membranes via the bottom ring sites (cf.
4.2.2). Thus, it does not seem completely unlikely that IM30-mediated fusion of 100% DOPG
liposomes is not possible in general and that a certain amount of MGDG needs to be present.
Due to the observation that this lipid prefers the inverse-hexagonal lipid phase, it seems reason-
able to assume an involvement of MGDG in lipid bilayer destabilization, which is further dis-
cussed below (cf. 4.4.2)
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4.4.2 The mechanism of the IM30-mediated membrane fusion

Membrane fusion processes usually involve the destabilization of lipid bilayers, so that the lipid
hydrophobic carbon chains get into contact with the polar environment, which is disadvanta-
geous from an energetic point of view (Arnold 1995; Xia et al. 2003; Chernomordik & Kozlov
2008; Marsden et al. 2011). Upon membrane aggregation and fusion, the lipid bilayers are re-

stored (Janmey & Kinnunen 2006).

In order to investigate membrane disruption during IM30-mediated membrane fusion, a lipo-
some destabilization assay was performed (cf. Fig. 3.37). Here, NBD-PE labeled 60%/40%
MGDG/DOPG liposomes were exposed to the quencher sodium dithionite, which initially
guenched the fluorophores located at the outer liposome leaflet. Subsequent addition of
IM30/Mg?* resulted in further strong NBD quenching due to the availability of the inner lipo-
some leaflet. This was possible in the case of membranes which increased permeability for di-
thionite. Importantly, this second decrease was not observable when only IM30 or Mg?* were
added. This seems reasonable considering that in the fusion assay both protein and ion needed
to be present for the membrane fusion (Suppes 2013). Overall, the results from the liposomes
destabilization assay support the theory of membrane destabilization as part of the mechanism
for the IM30-mediated membrane fusion. Anyhow, the experiment could not distinguish be-
tween a direct, controlled IM30-mediated membrane fusion, similar as in a SNARE mediated
fusion (Marsden et al. 2011), and a random, uncontrolled fusion. Both cases are schematically
illustrated for the in vitro situation in Fig. 4.5A and B.
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Fig. 4.5: Model for controlled and uncontrolled in vitro IM30-mediated membrane fusion

A
B

Controlled and uncontrolled IM30-mediated membrane fusion are illustrated. The fusion of two membranes could be
happen through or adjacent to an Mg?*-stabilized IM30 double-ring, which would result in a larger, unilamellar lipo-
some (A). On the other hand, IM30/Mg?* could as well destabilize liposomes in an uncontrolled manner, which
would lead to oligovesicular and multilamellar liposomes (B). However, also a controlled fusion could result in the
non-unilamellar vesicles (C). The latter case is further explained in Fig. 4.6.
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In the first scenario, shown in Fig. 4.5A, the fusion of two membranes would probably take
place through or adjacent to the Mg?*-stabilized IM30 double-ring, ending up in one larger, still
unilamellar liposome. This process does not exclude a temporary destabilization of the lipo-
somes and an increased permeability for sodium dithionite, e.g. during IM30 double-ring disso-
ciation. In the other case, illustrated in Fig. 4.5B, destabilization would be undirected and ran-
dom, resulting in the formation of oligovesicular and multilamellar liposomes. Indeed, the latter
were observed in TEM micrographs of 60%/40% MGDG/DOPG liposomes in presence of
IM30/Mg#" (Hennig et al. 2015). Thus, at first glance, it seems reasonable to assume an uncon-
trolled fusion mechanism. However, there is another possibility to explain the TEM observa-
tions in the context of direct, uncontrolled fusion, which is indicated in Fig. 4.5C and further
illustrated in Fig. 4.6.

Fig. 4.6: Formation of multilamellar and oligovesicular liposomes via direct, controlled 1M30-mediated
membrane fusion

The formation of oligovesicular and multilamellar liposomes might be induced by a direct, controlled IM30-mediated
membrane fusion. Liposome excrescences might fuse liposome-internally, mediated by IM30/Mg?*. This could
happen around a smaller liposome (A) or multiple times inside the same liposome (B), resulting in multilamellar or
oligovesicular liposomes, respectively. This explanation was developed together with Adrien Thurotte. Curved
liposomes can indeed be observed in vitro via TEM upon IM30/Mg?* addition (C, indicated by arrows, scale bar
represents 200 nm). The TEM picture (C) was reused and modified from (Hennig et al. 2015).

As demonstrated in Fig. 4.6, single liposomes might develop elongated excrescences, which are
liposome-internally closed by a controlled IM30-mediated membrane fusion. This could take
place around a smaller liposome, resulting in a multilamellar liposome (Fig. 4.6A) or multiple
times inside the same liposome, which would end up in an oligovesicular liposome (Fig. 4.6B).
Despite the energetic disadvantage, such curved liposomes can indeed be observed in vitro via
TEM when applying fusion conditions (Fig. 4.6C) (Hennig 2014).

An important role of the lipid MGDG in the in vivo IM30-mediated membrane fusion was re-

cently suggested (Bastien et al. 2016) and supported by an in vitro fusion assay in this thesis (cf.
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3.9.2). The formation of local membrane areas of enriched MGDG content, which might result
in a destabilization of the bilayer, could be a crucial step in the fusion process (Bastien et al.
2016; Heidrich et al. 2016) (cf. 4.4.3). This is further supported by the observation that IM30
binds to negatively charged lipids (Suppes 2013; Hennig et al. 2015) (cf. 3.5.1), which in vivo
could result in a raft-like area formation of enriched SQDG/PG content, leaving a surrounding
area with locally increased MGDG concentrations. Upon IM30 ring dissociation, the destabi-
lized lipid area might come into closer contact and could be able to fuse. Indeed, the coexistence
of lamellar and non-lamellar phases within the same membrane has been proposed in the past
(Garab et al. 2000) and the presence of polymorphic phases, including the inverse-hexagonal
phase in isolated spinach TM, has recently been observed (Garab et al. 2017). Furthermore, a
strong cohesion force between membranes containing glycolipids based on water-headgroup
interactions has been demonstrated for membrane stacks via atomistic molecular dynamics sim-
ulations (Kanduc et al. 2017). Thus, MGDG-enriched areas might additionally be attracted to
each other.

On the protein secondary/tertiary structural level, the IM30-mediated fusion mechanism can
only be discussed in a speculative manner. Known fusion proteins such as SNARE proteins and
viral fusion proteins usually exhibit pronounced coiled-coil structures between two proteins,
while the proteins incorporate into different membranes in order to connect them (White et al.
2008; Marsden et al. 2011). Whether IM30 also forms intermolecular coiled-coil structures
when part of a ring, e.g. within a tetramer subunit, has not been investigated so far. However,
upon Mg?* addition, double-rings are formed and are probably connected via the ring top sites,
leaving the bottom sites available for membrane interaction (cf. 4.2.2). Thus, it seems reasona-
ble to assume a completely different mechanism for IM30 mediated membrane-fusion compared
to eukaryotic and viral fusion proteins and rather a substitution of a single protein dimer by two
IM30 rings, which bring two membranes in close proximity. The structural change in the coiled-
coil area of SNARE proteins, which induces the encounter of the two membranes, is then hypo-

thetically substituted by ring dissociation in the case of IM30.

4.4.3 A model for the IM30-mediated membrane fusion
The observations, hints and ideas gained in this thesis and former work concerning the
IM30/Mg?*-mediated membrane fusion can be merged to a fusion model on the macromolecular

level. Some of these arguments were already published in (Heidrich et al. 2017):

e Based on previous experiments, it can be assumed that the equilibria involved in the
IM30-mediated membrane fusion include IM30-Mg?* complex formation (cf. 3.3.1),
membrane binding of IM30 (Suppes 2013; Hennig et al. 2015) (cf. 3.5.1), and IM30
ring dissociation (cf. 3.8). The observations that the IM30 ring structure or other high-

er-ordered IM30 structures are most probably required for Mg?* binding (cf. Fig.
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3.14B) (Hennig 2014) and IM30 rings dissociate in absence of Mg?* (4.3.4) indicate an
IM30/Mg?* binding prior to IM30 ring dissociation.

Mg?* probably enhances IM30 double-rings formation with the C-termini facing each
other via the ring top sites (cf. 4.2.2). Double-ring formation probably supports mem-
brane binding of IM30 via the two bottom sites of the respective rings (cf. 4.2.3), which
brings two membranes in close proximity to each other.

Prior to membrane fusion, the IM30 double-ring structure likely does not dissolve due
to stabilization by Mg?* (cf. 4.3.4).

MGDG is required for IM30-mediated membrane fusion (cf. 4.4.1). The inverse-
hexagonal phase-forming lipid has been assumed to form destabilized MGDG-enriched
areas (Bastien et al. 2016) and the existence of inverse-hexagonal phases in isolated
spinach TM has recently been shown (Garab et al. 2017).

IM30 binds to negatively charged lipids (cf. 4.3.1) (Suppes 2013; Hennig et al. 2015).
Possibly, SQDG an PG accumulate at the ring bottom sites, which results in an
MGDG/DGDG-enriched area in the ring center. Calculating the numbers of MGDG and
DGDG molecules inside the inner IM30 ring resulted in ~70 and ~30 lipids, respective-
ly (cf. 5.13.5).

The concentration of the inverse-hexagonal phase-preferring lipid MGDG might result
in membrane destabilization followed by fusion of two neighboring membranes through
the IM30 ring center (cf. 4.4.2). Indeed, membranes bending toward the ring center have
been observed (Hennig 2014).

A dissociation of IM30 rings (cf. 4.3.4), likely upon release of Mg?*, which probably
does not interact with lower-ordered IM30 structures (cf. 4.2.1) might support mem-
brane fusion by bringing the fusing membranes into closer contact.

After membrane fusion is completed, IM30 needs to be detached from the membrane to
be reused in another fusion process. The IM30 release most probably requires some ex-

ternal influence such as phosphorylation (cf. 3.1.3).

Due to the arguments summarized above, it can be assumed that an IM30 double-ring/Mg?

complex binds to a membrane via one ring bottom site. The IM30 rings are stabilized by Mg?*

until another membrane binds to the other ring bottom site. Accumulation of MGDG in the ring

centers might result in membrane destabilization and membrane fusion, which could be sup-

ported by contemporaneous IM30 ring dissociation. The detachment of IM30 from the mem-

brane probably requires external influence. The suggested model for IM30-mediated membrane

fusion is schematically illustrated in Fig. 4.7.
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Fig. 4.7: Model for IM30-mediated membrane fusion

Shown are steps hypothetically involved in IM30-mediated membrane fusion: Mg?* induces double-ring formation of
IM30 via the ring top sites (A). The double-ring binds to two membranes via the ring bottom sites (A, B). The nega-
tively charged lipids SDQG and PG are concentrated at the ring edges, whereas MGDG and DGDG are located at the
ring center (B). Upon IM30 ring dissociation, the two membranes fuse through the IM30 ring center due to the desta-
bilized bilayer and closer contact (C). After membrane fusion, IM30 lower-ordered oligomers are released from the
membranes (D). Note that only one representative Mg?* ion is shown per double-ring. Modified from (Heidrich et al.
2017), used with the permission from Elsevier (license number 4190941074655 via RightsLink).
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4.5 Thein vivo role of IM30

The role of IM30 in the TM biogenesis is a widely discussed topic, as already described in
1.4.5. Former findings found in (Suppes 2013; Hennig 2014; Hennig et al. 2015; Heidrich et al.
2016) and results described in this thesis lead to the assumption that the protein has a dual func-

tion in presence and absence of Mg?*: membrane protection and membrane fusion.

Maintaining the membrane fluidity is a ubiquitous and necessary ability of cell membranes in
vivo and is called homeoviscous adaptation (Ernst et al. 2016). However, there is also a limita-
tion of the possible fluidity since the TM membrane integrity as well as an intact pH gradient
between thylakoid lumen and cytoplasm/stroma are crucial for a functional photosynthesis. As
already demonstrated in former work, IM30 binding to membranes decreases the membrane
fluidity and makes it more rigid (Suppes 2013; Hennig et al. 2015; Heidrich et al. 2016) (cf.
Fig. 3.28 and Fig. 3.29). Most probably, this feature can be ascribed to a membrane protection
function since membranes get more fluid in several stress situations such as heat shock stress,
oxidative stress and solvent stress, and this was counteracted by IM30 in Arabidopsis due to an
overexpression of the protein (Zhang et al. 2012; Zhang et al. 2016a; Zhang et al. 2016b). By
increasing the membrane rigidity, IM30 could reduce the proton and/or ion permeability and
maintain the structure and integrity of TMs. Interestingly, IM30 is down-regulated under cold
stress conditions in Synechocystis (Suzuki et al. 2001). In this case, a further decrease of the
membrane polarity would be impedimental, as already mentioned in (Suppes 2013; Heidrich et
al. 2016). Recently, the ability of IM30 to protect membranes was ascribed to the C-terminal a-
helix of IM30 (Zhang et al. 2016a). Strikingly, it was observed that the proteins’ higher-ordered
ring structures dissociate on 100% DOPG and 60%/40% MGDG/DOPG membranes in absence
of Mg?*, which hypothetically ends up in an interaction of the IM30 C-terminus with the respec-
tive membranes (cf. 4.3.4). Consequently, the dissociation of IM30 rings might result in for-
mation of scaffold-like protective structures (Thurotte et al. 2017). Noteworthy, the membrane
protection ability of IM30 is most probably a relic from a common ancestor with PspA, which
has also been linked to membrane protection in the past (Kleerebezem et al. 1996; Kobayashi et
al. 2007; Standar et al. 2008; Yamaguchi et al. 2013). Indeed, IM30 could replace PspA in E.
coli (DeLisa et al. 2004; Zhang et al. 2012). However, PspA is still present in cyanobacteria and
is probably involved in membrane protection. Thus, it seems likely to assume an additional
function of IM30, e.g. membrane fusion. Indeed, PspA was not able to compensate an im30
deletion in Synechocystis (Westphal et al. 2001a). Nevertheless, this does not exclude that IM30
has a dual function and is involved in membrane protection as well. Importantly, PspA is absent

in plant chloroplasts. Thus, IM30 might play a role in membrane protection in eukaryotic cells.

The ability of IM30 to trigger membrane fusion seems to be the reason for the proteins’ im-

portance in TM biogenesis. All former in vivo observations in IM30 deletion strains are proba-
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bly secondary effects due to an absence of membrane fusion. In this thesis, a model for the in
vitro IM30-mediated membrane fusion has been suggested (cf. 4.4.3). However, the in vivo situ-
ation might be different and more complex. In fact, the TM differs from the in vitro model
membrane used in that it is crowded with protein complexes. Indeed, no experiments tackling
the IM30 fusion activity have been conducted for in vivo conditions so far. Thus, the following

discussion must be seen as speculative.

As already described in 1.2.2, the protein and/or lipid transfer from the PM/IE to the construc-
tive TM, which seems to be the centerpiece in TM biogenesis and maintenance, was suggested
to be regulated via (i) soluble glycerolipid transfer proteins, (ii) direct connections of the PM/IE
with the TM through thylakoid centers, T-zones and PM/IE invaginations or (iii) a vesicular
pathway. In the past, IM30 has been connected to all three possibilities (cf. 1.4.5). However, the
IM30 fusion model, which was established in this thesis (cf. 4.4.3), is only compatible with the

latter two options (ii) and (iii), which involve the direct connection of different membranes.

Considering a direct connection between the PM/IE and the TM in cyanobacteria and chloro-
plasts, the TM structure strongly varies between different photo-autotrophic organisms as al-
ready summarized in 1.2.1. Consequently, multiple solutions for PM/IE-TM connection and
transfer sites such as thylakoid centers, T-zones and PM/IE invaginations might have been de-
veloped independently from each other, and IM30 possibly can participate in all variants as a
membrane fusion mediator. The thylakoid centers, which are found in Synechocystis, were re-
peatedly suggested to play a role in TM biogenesis (Nickelsen et al. 2011) and a structure con-
taining a rotational symmetry similar to IM30 was found in the center of these biogenesis cen-
ters, based on EM studies (Kunkel 1982). In a recently suggested model for thylakoid centers,
the TMs are hemi-fused with the PM via a circular structure called PratA-defined membrane
(PDM) (Stengel et al. 2012). The hemi-fusion, which only involves the connection of one lipid
layer, would solve a serious problem concerning the maintenance of the proton gradient in the
thylakoid lumen and could be induced by IM30. In another model, the horizontal binding of
IM30 rods to thylakoids was suggested as a scaffold for a tubular-like thylakoid center (Rutgers
& Schroda 2013). Due to the observation that IM30 rings bind in a perpendicular manner via
ring bottom and/or top sites to liposomes (Hennig et al. 2015), this model seems rather unlikely.
The T-zones in C. reinhardtii, which are localized at the pyrenoid and contain an increased
amount of mMRNA and ribosomes, were found to be adjacent to thylakoid lobes and the IE
(Schottkowski et al. 2012; Rast et al. 2015). This again might involve membrane fusion by
IM30. Furthermore, the chloroplast translation membranes (CTMs), which are specialized TM
and contain material for photosystem Il translation, were found localized within the T-zones
(Ossenbuhl et al. 2002; Bohne et al. 2013), emphasizing the analogy to thylakoid centers in

cyanobacteria. In addition to thylakoid centers and T-zones, other hypothetical direct connec-
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tions between the TM and the PM/IE were found in cyanobacteria and chloroplasts and dis-
cussed as exchange bridges (Shimoni et al. 2005; van de Meene et al. 2006; Charuvi et al. 2012;
Engel et al. 2015). Additionally to TM-PM/IE connections, a material exchange between two
TMs has been suggested to take place at membrane perforation sites in Synechococcus (Nevo et
al. 2007), and the circular TMs in Cyanothece sp. ATCC51142 seem to be interconnected
(Liberton et al. 2011b, a). Whether IM30 only fuses the PM/IE with constructive TMs or also
several TM with each other or both cannot be said based on the available data. However, both
cases seem possible.

IM30 might as well be involved in the fusion of PM/IE-originated vesicles with the TM, as it
has been suggested for Arabidopsis due to experiments using cold stress conditions (Kroll et al.
2001). The protein was suggested to be involved in the induction of such vesicles, since they
were lacking in absence of IM30 (Kroll et al. 2001). Thus, IM30 was temporally renamed to
Vesicle-inducing protein in plastids 1 (Vippl). This is contradictory considering the fusion
function of IM30. If a vesicle transporting system exists in cyanobacteria and chloroplasts,
IM30 would most probably be involved in the opposing event: the fusion of vesicles originating
from the PM/IE with the TM. Furthermore, a vesicle exchange between several TMs might be
thinkable. However, it has to be mentioned that further evidence for the existence of a vesicle
transporting system in plant cells is lacking and no vesicles have been unambiguously detected
in cyanobacteria so far (Rast et al. 2015). Interestingly, some proteins with homologies to com-
ponents of the secretory pathway were found in in silico analysis to be present in chloroplasts
and cyanobacteria (Andersson & Sandelius 2004; Khan et al. 2013).

4.6 Thein vivo regulation of IM30

A critical point to consider is the in vivo regulation of the IM30 activity. Accounting the hypo-
thetical dual function of IM30, membrane protection and membrane fusion, the in vivo distinc-
tion between the two functions is not trivial. Considering the ability of IM30 to increase mem-
brane rigidity in stress situations, the concentration of the protein (including the concentration
of PspA) has to be carefully adjusted due to the observation that the membrane transition into
the gel phase, which might occur upon an uncontrolled IM30/PspA membrane interaction, is
counterproductive for a functional photosynthesis in vivo (Biswal et al. 1989; Murata 1989).
Thus, the IM30 availability, which depends on IM30 expression and transportation, most proba-
bly has to underlie a strict control mechanism. Other proteins involved in such a control system
have not been identified so far. Known transport systems are the Albino2.3 (Walter et al. 2015)
and the Tat transport system (Lo & Theg 2012). However, the regulation gets more complicated
when considering IM30-mediated membrane fusion. Based on former experiments, it can be

assumed that there are different regulation levels of IM30 for a dynamic TM/PM and/or
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TM/TM fusion: (i) the IM30 oligomerization into higher-ordered structures, (ii) the protein acti-
vation through Mg?* and (iii) the dissociation of lower-ordered IM30 oligomers and monomers

from membranes.

It has previously been suggested that the IM30 oligomerization (i) is controlled by chaperons,
since rings and rods disassemble in presence of the heat shock protein 70B (Hsp70B) and the
heat shock protein 40 (Hsp40) homologue chloroplast Dnal-like protein (CDJ2) in Chlamydo-
monas rheinhardtii (C. reinhardtii) (Liu et al. 2005; Liu et al. 2007). Other proteins, such as the
heat shock protein 90C (Hsp90C), were also found to interact with IM30 (Gao et al. 2015). In
cyanobacteria, IM30 might be regulated by the Hsp70/Hsp40 homologues DnaK and DnaJ (Liu
et al. 2007; Bryan et al. 2014; Gao et al. 2015). In vivo, the retention of IM30 ring-structures via
Hsp70B/CDJ2 (or homologues), might prevent an uncontrolled fusion. The deoligomerization
might as well be useful in chloroplasts when it comes to the transport of IM30 into chloroplasts
via the translocons at the inner and outer envelopes (TIC and TOC) (Li & Chiu 2010;
Vothknecht et al. 2012).

The membrane binding affinity of IM30 is in the uM range (cf. 3.6), whereas the IM30-Mg?*
interactions has a Kp value in the mM range (cf. 3.3.1) Thus, IM30 has a smaller binding affini-
ty for the ion compared to membranes. This is problematic when it comes to activation of the
IM30 fusion activity since the formation of an IM30 (ring)-Mg?* complex (ii) has been suggest-
ed to be the first step in the sequence of IM30-mediated membrane fusion (cf. 4.4.3) and IM30
dissociates on membranes in absence of Mg?* (cf. 4.3.4). Thus, the ability of IM30 to fuse
membranes must be regulated via drastic changes in the cytosolic/stromal Mg?* concentration,
which is given in cyanobacteria and chloroplasts upon light exposure and the release of Mg?*
from the thylakoid lumen (Shaul 2002). Interestingly, the light-induced increase of Mg®* in
chloroplasts was found to vary between 1 and 5 mM (Shaul 2002), which is in perfect agree-
ment with threshold concentrations of 5-7.5 mM found in fusion assays (Suppes 2013; Hennig
et al. 2015) and the urea denaturation experiment (cf. Fig. 3.17). This necessary threshold con-
centration might be crucial for in vivo regulation of IM30 functions in presence and absence of
Mg?*.

An additional regulation point might be dissociation of lower-ordered IM30 oligomers from
membranes (iii). IM30 rings were observed to dissociate into unknown smaller oligomers upon
applying fusion conditions (cf. 3.8). Due to the high affinity of lower-ordered IM30 oligomers
(cf. 4.3.2) and the observation that the protein was not able to be completely washed off from
16-MHDA surfaces (cf. 3.7), the membrane detachment most probably requires some kind of
external influence. This is supported by the observation that membrane fusion usually does not
reach 100% fusion in vitro (e.g. as shown in Fig. 3.35) and further components supporting the

membrane dissociation of IM30 are probably lacking in the samples. In vivo, a recycling of
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already ‘used’ protein by membrane dissociation is most probably critical when it comes to a
dynamic regulation of TM biogenesis. This recycling might be provided by a phosphoryla-
tion/dephosphorylation of IM30. Indeed, the phosphorylation of IM30 during heterologous ex-
pression in E. coli (cf. 3.1.3) as well as in vivo in Synechocystis cultures grown on nitrate (Spat
et al. 2015) has been indicated. Phosphorylation of IM30 would require specific kinases which
transfer phosphate residues from an ATP molecule onto the amino acid upon release of ADP.
Indeed, several serine/threonine protein kinases (STPKSs) in Synechocystis were connected to
abiotic stress response in the past (Los et al. 2010; Zorina 2013; Zorina et al. 2014). In Ara-
bidopsis, the STN7 kinase phosphorylates membrane proteins as the light-harvesting complex 11
(LHCII) in a light-dependent manner (Trotta et al. 2016). However, further experiments are
required to identify a hypothetical IM30-specific kinase.

Another issue to consider is that due to a more determined localization of membranes in cyano-
bacteria and chloroplasts, the membrane fusion might be an in vitro “over-interpretation” and it
could make more sense to consider simple temporal connections between membranes as men-
tioned above. However, this hemi-fusion has to be controlled by so far unknown factors. Indeed,
unknown components involved in membrane remodeling were already suggested in the past
(Kana & Govindjee 2016) and could be represented by protein complexes or the bilayer-
forming galactolipid DGDG, which has been demonstrated to inhibit membrane fusion in vitro
(Hennig & Schneider, p.c.).

Overall, the fusion function of IM30 seems to be in agreement with observations made in cya-
nobacteria and chloroplasts and does not contradict existing models for TM biogenesis and
maintenance. Since all conclusions made in this thesis are based on in vitro experiments, it is
difficult to speculate about the in vivo situation, which must be further investigated in the future.
However, the results in this thesis might provide ideas for further experimental approaches deal-
ing with the proteins’ structural properties, its interaction with Mg?* and membranes, and its

fusion function.
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5 Appendix

5.1

The following sequences were illustrated by ProtParam (Gasteiger et al. 2005). Mutated resi-

Protein amino acid sequences

dues used in this study are indicated in green.

5.1.1
10 20
MGLFDRLGRV VRANLNDLVS

70
LNQDTQEAKK

80
WEDRAKLALT

130
NLAALEAKIS

140
EAKTKKNMLQ

190
TSQAAGELAG

200
FGIENQFAQL

250
VPANNASQDD

260
AVIDQELDDL

5.1.2

10
MGHHHHHHHH

20
HHSSGHIDDD

70
EDLVQLRQAV

80
ARTIAEEKRT

130
TDTAAAYQTQ

140
LAQQRTMSEN

190
GLGTSSATSA

200
FERMENKVLD

250
AGGALPGTSA

260
ATPQLEAAPV

Synechocytis sl10617/IM30

30
KAEDPEKVLE

90
NGEENLAREA

150
ARAKAAKANA

210
EASSGVEDEL

RRRLNNL

His-tagged IM30 wild type

30
DKHLGLFDRL

90
EQRLNQDTQE

150
LRRNLAALEA

210
MEATSQAAGE

270
DSSVPANNAS

10
QAVIDMQEDL

100
LARKKSLTDT

160
ELQQTLGGLG

220
AALKASMAGG

10
GRVVRANLND

100
AKKWEDRAKL

160
KTSEAKTKKN

220
LAGFGTENQF

280
QODDAVIDQEL

50
VOLRQAVART

110
AAAYQTQLAQ

170
TSSATSAFER

230
ALPGTSAATP

50
LVSKAEDPEK

110
ALTNGEENLA

170
MLOARAKAAK

230
AQLEASSGVE

290
DDLRRRLNNL

60
TIAEEKRTEQR

120
QRTMSENLRR

180
MENKVLDMEA

240
QLEAAPVDSS

60
VLEQAVIDMQ

120
REALARKKSL

180
ANAELQQTLG

240
DELAALKASM
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5.1.3 His-tagged IM30 ACT
10 20 30 40 50 60
MGHHHHHHHH HHSSGHIDDD DKHLGLFDRL GRVVRANLND LVSKAEDPEK VLEQAVIDMQ
70 80 90 100 110 120
EDLVQLRQAV ARTIAEEKRT EQRLNQDTQE AKKWEDRAKL ALTNGEENLA REALARKKSL
130 140 150 160 170 180
TDTAAAYQTQ LAQQRTMSEN LRRNLAALEA KISEAKTKKN MLQOARAKAAK ANAELQQTLG
190 200 210 220 230
GLGTSSATSA FERMENKVLD MEATSQAAGE LAGFGIENQF AQLEASSGVE DELAALKAS
514 His-tagged IM30 C4
10 20 30 40 50 60
MGHHHHHHHH HHSSGHIDDD DKHLGLFDRL GRVVRANLND LVSKAEDPEK VLEQAVIDMQ
70 80 90 100 110 120
EDLVQLRQAV ARTIAEEKRT EQRLNQDTQE AKKWEDREKI, SATNGEENLA REALARKKSL
130 140 150 160 170 180
TDTAAAYQTQ LAQQRTMSEN LRRNLAALEA KISEAKTKKN MLQARAKAAK ANAELQQTLG
190 200 210 220 230 240
GLGTSSATSA FERMENKVLD MEATSQAAGE LAGFGIENQF AQLEASSGVE DELAALKASM
250 260 270 280 290
AGGALPGTSA ATPQLEAAPV DSSVPANNAS QDDAVIDQEIL DDLRRRLNNL
5.1.5 His-tagged IM30 C7
10 20 30 40 50 60
MGHHHHHHHH HHSSGHIDDD DKHLGLFDRL GRVVRANLND LVSKAEDPEK VLEQAVIDMQ
70 80 90 100 110 120
EDLVQLRQAV ARTIAEEKRT EQRLNQDTQE AKKWEDRAKL ALTNGEENLA REALARKKSL
130 140 150 160 170 180
TDTAAAYQTQ LAQQRTMSEN LRRNLAALEA KISEAKTKKN MLQOARAKAAK ANAELQQTLG
190 200 210 220 230 240
GLGTSSATSA BARAENKVLD MEATSQAAGE LAGFGIENQF AQLEASSGVE DKLAALKASM
250 260 270 280 290
AGGALPGTSA ATPQLEAAPV DSSVPANNAS QDDAVIDQEL DDLRRRLNNL
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5.1.6
10
MGHHHHHHHH

70
EDLVQLRQAV

130
TDTAAAYQTQ

190
GLGTSSATSA

250
AGGALPGTSE

51.7
10
MGHHHHHHHH

70
EDLVQLRQAV

130
TDTAAAYQTQ

190
GLGTSSATSA

250
AGGALPGTSA

310
TGVVPILVEL

370
QCFSRYPDHM

430
DFKEDGNILG

490
GDGPVLLPDN

20
HHSSGHIDDD

80
ARTIAEEKRT

140
LAQQRTMSEN

200
FERMENKVLD

260
ATPQLEAAPV

20
HHSSGHIDDD

80
ARTIAEEKRT

140
LAQORTMSEN

200
FERMENKVLD

260
ATPQLEAAPV

320
DGDVNGHRF'S

380
KQHDFFKSAM

440
HKLEYNYTSH

500
HYLSTQSKLS

His-tagged IM30 A227C

30
DKHLGLFDRL

90
EQRLNQDTQE

150
LRRNLAALEA

210
MEATSQAAGE

270
DSSVPANNAS

His-tagged IM30-CFP

30
DKHLGLFDRL

90
EQRLNQDTQE

150
LRRNLAALEA

210
MEATSQAAGE

270
DSSVPANNAS

330
VSGEGEGDAT

390
PEGYVQERTTI

450
NVYITADKQK

510
KDPNEKRDHM

10
GRVVRANLND

100
AKKWEDRAKL

160
KISEAKTKKN

220
LAGFGTENQF

280
QDDAVIDQEL

10
GRVVRANLND

100
AKKWEDRAKL

160
KISEAKTKKN

220
LAGFGIENQF

280
QODDAVIDQEL

340
YGKLTLKFIC

400
FFKDDGNYKT

460
NGIKAHFKIR

520
VLLEFVTAAG

50
LVSKAEDPEK

110
ALTNGEENLA

170
MLOARAKAAK

230
AQLEASSGVE

290
DDLRRRLNNL

50
LVSKAEDPEK

110
ALTNGEENLA

170
MLOARAKAAK

230
AQLEASSGVE

290
DDLRRRLNNL

350
TTGKLPVPWP

410
RAEVKFEGDT

470
HNTEDGSVQL

530
ITHGMDELYK

60
VLEQAVIDMQ

120
REALARKKSL

180
ANAELQQTLG

240
DELAALKASM

60
VLEQAVIDMQ

120
REALARKKSL

180
ANAELQQTLG

240
DELAALKASM

300
GSVSKGEELF

360
TLVTTLTWGV

420
LVNRTIELKGT

480
ADHYQONTPI

GIQ
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5.1.8 His-tagged IM30-Venus
10 20 30 40 50 60
MGHHHHHHHH HHSSGHIDDD DKHLGLFDRL GRVVRANLND LVSKAEDPEK VLEQAVIDMQ
70 80 90 100 110 120
EDLVQLRQAV ARTIAEEKRT EQRLNQDTQE AKKWEDRAKL ALTNGEENLA REALARKKSL
130 140 150 160 170 180
TDTAAAYQTQ LAQQRTMSEN LRRNLAALEA KISEAKTKKN MLQARAKAAK ANAELQQTLG
190 200 210 220 230 240
GLGTSSATSA FERMENKVLD MEATSQAAGE LAGFGIENQF AQLEASSGVE DELAALKASM
250 260 270 280 290 300
AGGALPGTSA ATPQLEAAPV DSSVPANNAS QDDAVIDQEL DDLRRRLNNL GSVSKGEELF
310 320 330 340 350 360
TGVVPILVEL DGDVNGHKFS VSGEGEGDAT YGKLTLKLIC TTGKLPVPWP TLVTTLGYGL
370 380 390 400 410 420
QCFARYPDHM KQHDFFKSAM PEGYVQERTI FFKDDGNYKT RAEVKFEGDT LVNRIELKGI
430 440 450 460 470 480
DFKEDGNILG HKLEYNYNSH NVYITADKQK NGIKANFKIR HNIEDGGVQL ADHYQQONTPT
490 500 510 520 530
GDGPVLLPDN HYLSYQSALS KDPNEKRDHM VLLEFVTAAG ITLGMDELYK



163

Appendix

5.2 Sequence conservations within the PspA/IM30 family
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Fig. 5.1: Sequence conservations within the cyanobacterial PspA/IM30 family

A sequence alignment of the cyanobacterial PspA/IM30 family was performed by using sequence information from

the Pfam database (Finn et al. 2014). In order to emphasize conserved amino acids, the web based application Web-

Logo (Crooks et al. 2004) was used. Strongly differing sequences were removed manually. The degree of conserva-

tion is represented by the number of bits.
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5.3 Fluorescence spectra of dyes used in the fusion assays

5.3.1 Green fusion assay
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Fig. 5.2: Normalized fluorescence excitation and emission spectra of NBD-PE and LissRhod-PE
Typical fluorescence excitation (dashed line) and emission (continuous line) spectra of NBD-PE (green) and

LissRhod-PE (yellow) are shown. The Spectral overlap J is indicated by shading. The data were obtained from
Thermo Scientific (ThermoScientifc™ 2017).
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Fig. 5.3: Fluorescence spectra of the positive and negative controls of the green fusion assay

The fluorescence spectra of the positive and negative controls of the green fusion assay are shown. The donor emis-
sion peak at 535 and the acceptor emission peak at 583 nm are indicated.
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5.3.2 Red fusion assay
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Fig. 5.4: Normalized fluorescence excitation and emission spectra of LissRhod-PE and Atto633-PE

Typical fluorescence excitation (dashed line) and emission (continuous line) spectra of LissRhod-PE (yellow) and
Atto633-PE (red) are shown. The spectral overlap J is indicated by shading. The data were obtained from Thermo
Scientific (ThermoScientifc™ 2017).
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Fig. 5.5: Fluorescence spectra of the positive and negative controls of the red fusion assay

The fluorescence spectra of the positive and negative controls of the green fusion assay are shown. The donor emis-
sion peak at 583 and the acceptor emission peak at 657 nm are indicated.
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5.4 Fluorescence spectra of IM30-CFP and IM30-Venus
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Fig. 5.6: Normalized fluorescence excitation and emission spectra of IM30-CFP and IM30-Venus

Typical fluorescence excitation (dashed line) and emission (continuous line) spectra of IM30-CFP (blue) and IM30-
Venus (yellow) samples were recorded. For experimental reasons, the spectral overlap cannot be displayed.

5.5 Fluorescence spectra (triplicate) of IM30-CFP/Venus (1/1)
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Fig. 5.7: Fluorescence spectra (triplicate) of IM30-CFP/Venus 1/1 mixture

Fluorecence spectra of IM30-CFP/Venus with a ratio of ~1/1 were recorded in order to estimate a maximal Erat for
IM30-CFP/Venus mixtures. The results obtained from this figure are used in (Heidrich et al. 2018).
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56 TEM micrographs of IM30-CFP, IM30-Venus and IM30-
CFP/Venus

Fig. 5.8: TEM micrographs of IM30-CFP

Representative TEM micrographs of IM30-CFP samples are shown. Arrows indicate rings. Scale bars represent
500 nm (A, B), 200 nm (C) and 50 nm (D). In cooperation with Wolfgang Gebauer. Several results in this figure are

published in (Heidrich et al. 2018).
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Fig. 5.9: TEM micrographs of IM30-Venus

Representative TEM micrographs of IM30-Venus samples are shown. Arrows indicate rods (A) and rings (B-D).
Scale bars represent 1000 nm (A, B), 500 nm (C) and 200 nm (D). In cooperation with Wolfgang Gebauer.
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Fig. 5.10: TEM micrographs of IM30-CFP/Venus

Representative TEM micrographs of IM30-CFP/Venus samples (ratio: 52% CFP, 48% Venus (A. C, D) and 43%
CFP, 57% Venus (B)) are shown. Arrows indicate rings. Scale bars represent 500 nm (A), 200 nm (B, C) and 50 nm

(D). In cooperation with Wolfgang Gebauer.
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5.7 Membrane fusion of IM30-CFP, IM30-Venus and [IM30-
CFP/Venus
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Fig. 5.11: Fusion assay of the labeled IM30 mutants IM30-CFP, IM30-Venus and IM30-CFP/Venus

A fusion assay was performed in order to confirm the membrane binding ability and fusion activity of the labeled
IM30 mutants IM30-CFP, IM30-Venus and IM30-CFP/Venus (ratio: 52% CFP, 48% Venus). Control curves were
recorded with samples containing only 1.5 uM of the respective protein (red curves) or only 7.5 mM Mg?* (black
curve, not visible), respectively. Fusion was measured with samples containing 1.5 uM of the respective protein and
7.5 mM Mg?* (blue curves). AFusion = + 4.3%, At = + 1 s. The experiment was repeated two times.
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5.8 Correction factors of IM30-CFP and IM30-Venus

5.8.1 IM30-CFP and IM30-Venus fluorescence in presence of 100% DOPG lip-

osomes
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Fig. 5.12: IM30-CFP fluorescence in presence of 100% DOPG liposomes (ex420/em475)

In order to determine correction factors for the IM30-CFP/Venus fluorescence (ex420/em475) in presence of 100%
DOPG liposomes, the IM30-CFP fluorescence was measured in presence of 100% DOPG liposomes (A). Error bars
represent the standard deviation (n=3). The obtained curve was fitted with an ExpDec1 fit, which was used to deter-
mine the correction factors in the main experiments (B).
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Fig. 5.13: IM30-Venus fluorescence in presence of 100% DOPG liposomes (ex420/em528)

In order to determine correction factors for the IM30-CFP/Venus fluorescence (ex420/em528) in presence of 100%
DOPG liposomes, the IM30-Venus fluorescence was measured in presence of 100% DOPG liposomes (A). Error bars
represent the standard deviation (n=3). The obtained curve was fitted with a linear fit, which was used to determine
the correction factors in the main experiments (B).
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Fig. 5.14: IM30-Venus fluorescence in presence of 100% DOPG liposomes (ex510/em528)

In order to determine correction factors for the IM30-CFP/Venus fluorescence (ex420/em528) in presence of 100%
DOPG liposomes, the IM30-Venus fluorescence was measured in presence of 100% DOPG liposomes (A). Error bars
represent the standard deviation (n=3). The obtained curve was fitted with a linear fit, which was used to determine
the correction factors in the main experiments (B).

5.8.2 IM30-CFP and IM30-Venus fluorescence in presence of 60%/40%
MGDG/DOPG liposomes
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Fig. 5.15: IM30-CFP fluorescence in presence of 60%/40% MGDG/DOPG liposomes (ex420/em475)

In order to examine the necessity of correction factors for the IM30-CFP/Venus fluorescence (ex420/em475) in pres-
ence of 60%/40% MGDG/DOPG liposomes, the IM30-CFP fluorescence was measured in presence of 60%/40%
MGDG/DOPG liposomes. In due consideration of the single measurements, which differ from each other concerning
the trend, the data points were not fitted. Error bars represent the standard deviation (n=4).
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Fig. 5.16: IM30-Venus fluorescence in presence of 60%/40% MGDG/DOPG liposomes (ex420/em528)

In order to examine the necessity of correction factors for the IM30-CFP/Venus fluorescence (ex420/em528) in pres-
ence of 60%/40% MGDG/DOPG liposomes, the IM30-Venus fluorescence was measured in presence of 60%/40%
MGDG/DOPG liposomes. In due consideration of the single measurements, which differ from each other concerning
the trend, the data points were not fitted. Error bars represent the standard deviation (n=4).
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Fig. 5.17: IM30-Venus fluorescence in presence of 60%/40% MGDG/DOPG liposomes (ex510/em528)

In order to examine the necessity of correction factors for the IM30-CFP/Venus fluorescence (ex510/em528) in pres-
ence of 60%/40% MGDG/DOPG liposomes, the IM30-Venus fluorescence was measured in presence of 60%/40%
MGDG/DOPG liposomes. In due consideration of the single measurements, which differ from each other concerning
the trend, the data points were not fitted. Error bars represent the standard deviation (n=4).
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5.8.3 IM30-CFP and IM30-Venus fluorescence in presence of Mg?*
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Fig. 5.18: IM30-CFP fluorescence in presence of Mg?* (ex420/em475)
In order to examine the necessity of correction factors for the IM30-CFP/Venus fluorescence (ex420/em475) in pres-
ence of Mg?*, the IM30-CFP fluorescence was measured in presence of Mg?*. In due consideration of the single

measurements, which differ from each other concerning the trend, the data points were not fitted. Error bars represent
the standard deviation (n=3).
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Fig. 5.19: IM30-Venus fluorescence in presence of Mg?* (ex420/em528)

In order to examine the necessity of correction factors for the IM30-CFP/Venus fluorescence (ex420/em528) in pres-
ence of Mg?*, the IM30-Venus fluorescence was measured in presence of Mg2. In due consideration of the single
measurements, which differ from each other concerning the trend, the data points were not fitted. Error bars represent
the standard deviation (n=3).
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Fig. 5.20: IM30-Venus fluorescence in presence of Mg?* (ex510/em528)

In order to examine the necessity of correction factors for the IM30-CFP/Venus fluorescence (ex510/em528) in pres-
ence of Mg?*, the IM30-Venus fluorescence was measured in presence of Mg?*. In due consideration of the single
measurements, which differ from each other concerning the trend, the data points were not fitted. Error bars represent
the standard deviation (n=3).
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5.9 Supplemental ITC data
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Fig. 5.21: Background enthalpy changes of the reverse ITC measurements

Shown are the enthalpy changes of Mg?* (A) and Na* (B) dilution in HEPES buffer and the effect of unspecific ionic
interactions of IM30 with Na* (C). The data were fitted using the following fit functions: Logistic fit, R>=1.000 (A),
parable fit, R?=1.000 (B) and hyperbolic fit, R?=0.979 (C). Error bars represent the standard deviation (n=3). In coop-
eration with Prof. Nadja Hellmann and Benedikt Junglas. The results in this figure are used in (Heidrich et al. 2018).
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5.9.2 ITC raw data
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Fig. 5.22: Raw data of the reverse ITC measurements

Shown are the raw data of the reverse ITC measurement of IM30 in presence of different Mg?* concentrations (A)
and the baseline-corrected data of the reverse ITC measurements of IM30 in presence of different Mg?* and Na*
concentrations (B), respectively. Error bars represent the standard deviation (n=3). In cooperation with Prof. Nadja
Hellmann and Benedikt Junglas. The results in this figure are used in (Heidrich et al. 2018).

5.10 Urea denaturation of IM30 in presence of Mg?*
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Fig. 5.23: Urea denaturation of IM30 in presence of Mg?*

Urea denaturation curves of IM30 were recorded at different MgClz concentrations and fitted with a Boltzmann fit
(A). R?=0.996 (0.0 mM Mg?*), R2=0.994 (2.5 mM Mg?*), R2=0.993 (5.0 mM Mg?*), R2=0.983 (7.5 mM Mg?*),
R?=0.998 (10.0 mM Mg?*), R?=0.996 (12.5 mM Mg?*), R?=0.996 (15.0 mM Mg?*). Furthermore, urea denaturation
curves for IM30 at 0 mM Mg?*, 15 mM Mg?* and 30 mM Na* are plotted separately (B). R?=0.996 (0 mM Mg?*),
R?=0.996 (15 mM Mg?*), R?=0.999 (30 mM Na*). Shown are the mean values, error bars, which were calculated via
Gaussian error distribution of three samples are not shown for a better overview. In cooperation with Benedikt Jun-
glas. Several results in this figure are published in (Heidrich et al. 2018).
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5.11 Binding curves of the DOPG interaction of IM30 mutants

5.11.1 Binding curve of the M30-X/DOPG interaction
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Fig. 5.24: Binding curve of the IM30-X/DOPG interaction

A binding curve for the IM30-X/DOPG interaction is shown. The data were fitted with a binding fit, from which the
dissociation constant Kp could be calculated. R?=0.986, error bars represent the standard deviation (n=3).

5.11.2 Binding curve of the ACT/DOPG interaction
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Fig. 5.25: Binding curve of the ACT/DOPG interaction

A binding curve for the ACT/DOPG interaction is shown. The data were fitted with a binding fit, from which the
dissociation constant Ko could be calculated. R?=0.998, error bars represent the standard deviation (n=3).
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5.11.3 Binding curve of the C4/DOPG interaction
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Fig. 5.26: Binding curve of the C4/DOPG interaction

A binding curve for the C4/DOPG interaction is shown. The data were fitted with a binding fit, from which the disso-
ciation constant Kp could be calculated. R?=0.987, error bars represent the standard deviation (n=3).
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5.12 Supplemental SPR data

5.12.1 Raw data of the SPR kinetic experiments
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Fig. 5.27: Raw data of the SPR kinetic experiments

The raw data from the duplicate measurements of IM30 and IM30/Mg?* addition, respectively, to the negatively
charged sensor chip surface is shown. Similar trends can be observed for each curve pair.

5.12.2 SPR control measurements
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Fig. 5.28: SPR control measurements
As a control for the SPR measurements, IM30 was added to an empty Au surface and incubated for ~2 h. Scan meas-

urements were conducted prior and after the addition and compared. No significant difference is observable. Thus,
IM30 does not seem to bind to the Au surface.
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5.12.3 IM30 dissociation from the 16-MHDA layer
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Fig. 5.29: IM30 dissociation from the 16-MHDA layers

After binding of IM30/Mg?* to the 16-MHDA surface, the protein cannot be completely washed off upon subsequent
flushing with HEPES buffer.

5.13 Mathematical appendix
5.13.1 Fit functions

5.13.1.1 Binding fit
y=Fpin+ A—i Variables: Fin, AF, Kp
1+-2

X

5.13.1.2 Boltzmann fit

y = Alzl;o + A, Variables: Az, Az, Xo, dx

1+e dx

5.13.1.3 ExpDecl fit

y = A etr + Yo Variables: Ag, ti, Yo

1
korr =1
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5.13.1.4 ExpDec?2 fit

X X

y=A; et + A, etz +y, Variables: Ay, A;, 11, to, Yo
y(x=0)=4;+4,+y,

5.13.1.5 Linear fit
y=m-x+b Variables: m, b

5.13.1.6 Logistic fit

y= 1111(14)217 +A, Variables: A1, Az, Xo, p
X0

5.13.1.7 Hyperbolic fit
= X
- P2+x

Variables: Py, P,

5.13.1.8 Parable fit
y=A+B-x+C-x? Variables: A, B, C

5.13.1.9 Scatter fit
1

a
1—
x4

y = log +b Variables: a, b

5.13.2 Derivation of the binding fit
Here shown for protein (P)-lipid area (L) interaction.

P+ L2 PL

_ PL _ (Po=PL)(Lo=PL)

Kp = where P, L and PL are the equilibrium concentrations and Py and Lo
PL PL

are the initial concentrations of P and L, respectively.
PO >>L0$PO_PL:PO

__ Py(Lo—PL)

= Kp PL

<:>PLKD=POL0_POPL

<:>PL(KD+P0)=POLO

Py-L R PL
& pL =229 with ¢ & —
Kp+Py Lo
Py'L P Fo—F
= q = oLo  _ 0 ger fo

T Lo(Kp+Py)  Kp+Py  Fo—Foo

Po

(=1 FO - F = (FO - FOO) Kp+P,
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— Py
S F=F, +AFKD+P0
AF
S F = FO +m
Po Po

AF
SF=Fj+—n
D1
Po

5.13.3 Gaussian error distribution for fp
Ao = \/((yN—_in) Ay)z + ((y—lyu - (yiA—’;Z)Z) AyN)z + (((yzlj;)z) AyD)Z

5.13.4 Estimation of the lipid binding areas for IM30/DOPG interaction
Table 5.1: Estimated binding areas of DOPG and IM30

Component Exposed area A Reference

DOPG 0.66 nm? (Dahlberg 2007)

IM30 monomer 17.60 nm? Calculated with PyMOL, simulation
based on (Saur et al. 2017)

IM30 ring (symmetry of 15, 60 804.25 nm? Calculated, based on a cylindric

MONOMErs) model and (Saur et al. 2017)

Number of DOPG molecules forming a binding area for IM30 monomer binding:

AM30 monomer __ 17.60 nm? ~ 27

Npore (monomer) = ADoPG ~ 066nm?2

Number of DOPG molecules forming a binding area for IM30 ring binding:

AlM30ring __ 804.25 nm?

~ 1219

N : =
DOPG (ring) ApoPG 0.66 nmZ

Thus, for a monomer as part of the ring:

_ Nporg (ring) _ 1219 20

NDOPG (monomer inring) 60 60

5.13.5 Estimation of the lipid molecules inside the inner IM30 ring diameter
Table 5.2: IM30 inner ring and lipid headgroup areas

Component Area A Reference

IM30 inner ring 80 nm? Calculated, based on 10 nm diameter for the IM30 inner
ring (Fuhrmann et al. 2009a)

MGDG 0.82 nm? (Bottier et al. 2007)

DGDG 0.64 nm? (Bottier et al. 2007)

Based on the Synechocystis TM lipid mass composition, the relative amount of MGDG and
DGDG would be 75%/25% (Wada & Murata 1989).



184 Appendix

Number of MGDG molecules inside the inner IM30 ring:
AMGDG inner ring = A1M30 inner ring 0.75 = 80 nm? - 0.75 = 60 nm?

AMGDG,inner ring __ 60 nm? ~ 73
AMGDG 0.82 nm?2

Nyepe =
Number of DGDG molecules inside the inner IM30 ring:
ADGDG,inner ring = A1M30 inner ring ° 0.25 = 80 nm?- 0.25 = 20 nm?

ADGDG,inner ring __ 20 nm? ~ 31
ApGDG 0.64 nm?2

Npepe =
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16-MHDA
2YT
A

A

A

A227C

abs.

ANS

APS
Arabidopsis
ATP
Atto633-PE
Au

a.u.

BAEE
BSA

C

C4

Cc7

Ca2+

CD

CDJ2

CF

CFP

CIP
Coomassie
Corr.

Cr

C. rheinhardtii
ACT
CURT1

D

D1

Ax

Da

16-Mercaptohexadecanoic acid
Yeast extract and tryptone
Acceptor

Adenine

Alanine

Absorption

Area

Angstrém, 10 m

IM30 A227C

absolute
8-Anilino-1-naphthalenesulfonic acid
Ammonium persulfate
Arabidopsis thaliana

Adenosine triphosphate
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine labeled with Atto633
Gold

Acrbitrary unit
N,-Benzoyl-L-arginine ethylester
Bovine serum albumin

Cysteine

Cytosine

Degree Celsius

Carboxy-

Speed of light

Concentration

IM30 C4

IM30 C7

Calcium ion

Circular dichroism

Chloroplast Dnal-like protein
Correction factor

Cyan fluorescent protein
Alkaline phosphatase, calf intestinal
Coomassie Brilliant Blue G-250
Corrected

Chromium

Chlamydomonas rheinhardtii
IM30 ACT

Curvature thylakoid 1 protein
Aspartic acid or aspartate
Denatured

Denatured state

Donor

Inflection points of the denaturation curves
Diameter

Cuvette pathlength

Difference of two variables x
Error of a variable x

Dalton
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List of abbreviations

ddH:0
DGDG
DMPG
DMSO
DNA
dNTP
DOPC
DOPG
DOPS

Erat

Em

€p

Es
ECL
E. coli
EM
em

ex

f

fo
FRET
FTIR
Fw

G

9
GP

Gloeobacter
H

H

h

HCI

He
HEPES
HF
H.0
HRP
HSAB
Hsp

Ia

Io
Ispr
It

Ix

IE
IM30

Double-distilled water
Digalactosyldiacylglycerol
Dimiristoylphosphatidylglycerol
Dimethyl sulfoxide
Deoxyribonucleic acid
Deoxynucleotidetriphosphate
Dioleoylphosphatidylcholine
Dioleoylphosphatidylglycerol
Dioleoylphosphatidylserine
Glutamic acid or glutamate
FRET efficiency

Ratiometric FRET efficiency
Dielectric constant

Extiction coefficient

Dielectric constant of the metal
Dielectric constant of the prism
Dielectric constant of the surrounding media
Electrochemiluminescence
Escherichia coli

Electron microscopy

Emission

Excitation

Fluorescence

Fluorophore

Phenylalanine

Dilution factor

Ratio of denaturated protein
Forster resonance energy tranfer
Fourier transform infrared spectroscopy
forward

Glycine

Guanine

Gram

Generalized polarization
Gloeobacter violaceus

Helix

Histidine

Enthalpy

Gr.: hora, hour

Hydrochloric acid

Helium
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
High fidelity

Water

Horseradish peroxidase

Hard and soft acids and bases
Heat shock protein

Isoleucine

Intensity

Acceptor intensity

Donor intensity

SPR reflection intensity
Intensity at time t

Intensity at a wavelength of x nm
Inner envelope

Inner membrane associated protein of 30 kDa
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IM30-CFP IM30 labeled with CFP
IM30-CFP/Venus Mixture of IM30-CFP and IM30-Venus (co-purified)
IM30-Venus IM30 labeled with VVenus
IM30-X Crosslinked IM30
img Imaginary
IPTG Isopropyl-$-D-thiogalactopyranoside
J Spectral overlap
K Lysine
K Equilibrium constant
Ka Association constant
Ko Dissociation constant
k Velocity rate constant
Wave vector
Ko Wave vector of the incoming electric field
Kot Dissociation rate constant
Kon Association rate constant
Ksp Wave vector of the surface plasmon
L Leucine
Lipid area
| Liter
A Wavelength
Aem Emission wavelength
Aex Excitation wavelength
Aobs Observed wavelength
LB Luria-Bertani
LHCII Light-harvesting complex Il
LILBID-MS Laser induced liquid bead ion desorption mass spectrometry
LissRhod-PE 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissaminerhodamine B
sulfonyl)
M Marker
Methionine
Molarity
M Molar mass
m Meter
m Slope
Mg?* Magnesium ion
MgCl, Magnesium chloride
MGDG Monogalactosyldiacylglycerol
min Minute
MPGC Max Planck Graduate Center
MRNA Messenger RNA
MS Mass spectrometry
MWCO Molecular weight cut off in kDa
N Asparagine
Native
Native state
N Primer length
Molar ratio
Number
n Molar amount
Number of measurements
Na* Sodium ion
NaCl Sodium chloride

NaH;PO4*H,0 Monosodium phosphate monohydrate
Na;HPO,*2H,O  Disodium phosphate dihydrate
NaPh Sodium phosphate
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NaS204 Sodium dithionite
NBD-PE 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl)
Ne Neon
Ni-NTA Nickel nitrilotriacetic acid
oD Optical density
ODy Optical density at a wavelength of x nm
OE Outer envelope
oM Outer membrane
P Proline
Protein
P Heat rate
p parallel
p.c. Personal communication
PCR Polymerase chain reaction
PDB Protein data bank
PDM PratA-defined membrane
PG Phosphatidylglycerol
pH Lat.: potentia Hydrogenii
PLB Prolamellar bodies
PM Cytoplasmic membrane
PMMA Polymethylmethacrylate
PratA Processing associated TPR protein
PS I Photosystem |
PS I Photosystem II
PspA Phage shock protein A
Psp system Phage shock proteins system
PVDF Polyvinvlidene fluoride
Q Glutamine
Q.. Quantity sufficient
2] Incident angle
Specific ellipticity
O Incident angle of surface plasmon resonance
Ospr Incident angle of total internal reflection
[6]; Molar ellipticity at a wavelength of x nm
R? Coefficient of determination
R Arginine
Ideal gas constant
Rel. Relative
Rev Reverse
rpm Rounds per minute
RT Room temperature
RuBisCO Ribulose-1,5-bisphosphate carboxylase/oxygenase
S Serine
S Second
o Standard deviation
SDS Sodium dodecyl sulfate
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SEC Size exclusion chromatography
SFG Sum frequency generation
SLS Static light scattering
SNARE Soluble N-ethylmaleimide-sensitive-factor attachment receptor
SPR Surface plasmon resonance
SPT Singe particle tracking
SQDG Sulfoquinovosyldiacylglycerol

STPK Serine/threonine protein kinases
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Synechococcus
Synechocystis
T

T
Tm

t

At

o

teq

twm

Tat

TBS
TBS-T
TEM
TEMED
TIC and TOC
TLL
™

Tris
Tvp38
T-zones
U

viv

\Y

V

Vo
Vadded
Vippl
vol%
w
WT
wiv
w/w

8= <X

Synechococcus elongatus sp. PCC 7942
Synechocystis sp. strain PCC 6803
Threonine

Thymine

Temperature

Melting temperature

Time

Time between points

Death time

Equilibration time

Total measuring time

Twin arginine transport

Tris-buffered saline

Tris-buffered saline with Tween20
Transmission electron microscopy
N,N,N’, N -Tetramethylethylenediamine
Translocons at the inner and outer envelopes of chloroplasts
Lipase from Thermomyces lanuginosus
Thylakoid membrane
Tris(hydroxymethyl)aminomethane
Tlg2-compartment vesicle protein of 38 kDa
Translation zones

Enzyme unit

VVolume/volume

Valine

Volt

Volume

Start volume

Added volume

Vesicle-inducing protein in plastids 1
Volume percentage

Tryptophan

IM30 wildtype

Weight/volume

Weight/weight

Random amino acid

Tyrosine

Molar ellipticity at 222 nm

Frequency
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