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Summary

I. Summary

The inner membrane-associated protein of 30 kDa (IM30) is critically involved in the biogenesis and
dynamics of thylakoid membranes (TMs). However, its exact physiological function is unclear so far.
IM30 appears to be involvedin both the stabilization as well as the continuous reorganization of the
TM network. Membrane remodeling could involve the membrane-fusogenic activity of IM30 which
is observed when Mg>" is present. Since membrane fusion requires at least partial destabilization of
the lipid bilayer, the two main functions of IM30 appear to be contradictory. Consequently, it is
essential to clearly regulate these two functions in vivo. Since regulation of the IM30 activity is
essentially not understood thus far, my research has focused on the impact of various factors on the
in vitro structure and membrane interactions of IM30 of the cyanobacterium Synechocystis sp. PCC

6803.

My observations indicate that binding of nucleotides to IM30 and their hydrolysis do not affect
oligomerization of the IM30 monomers. The results further suggest that the IM30 NTPase activity
has no decisive impact on membrane interactionsof IM30. Consequently, the relevance of nucleotide
hydrolysis by IM30 remains to be shown. In contrast, mildly acidic pH (~ 5) had considerable effects
on the IM30 structure, accompanied by an enhanced membrane binding propensity and membrane
fusion. Since low pH likely occurs at defective TM regions where protonsleak out of the TM lumen,
IM30 is suggested to sense and seal proton leaks of damaged TM regions. Further observations
indicate that IM30 rings disassemble on a membrane in absence of Mg**, and that smaller IM30
oligomers have an increased membrane binding affinity. In contrast, increased binding of IM30 to
both native and model membranes was observed in the presence of Mg>*, accompanied by IM30-
induced membrane defects. Thus, Mg”>* might be a switch regulating the dual function of IM30.
Another regulatory mechanism could be the phosphorylation of specific amino acids, since
phosphomimetic mutations were shown to resultin a decreased membrane fusion activity of IM30.
Similar consequences were observed when the conserved Trp71 was mutated. Furthermore, a
relevance of the TM-specific lipid MGDG for the IM30-mediated membrane fusion was revealed,
since MGDG-containing membranes are considerably more resistant at high Mg>*-concentrations

against induced membrane fusion.

In summary, the results of this thesis provide insights into the potential in vivo regulation of IM30

and suggest a structural basis of the dual IM30 function.
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Zusammenfassung

II. Zusammenfassung

Das inner membran-associated protein of 30 kDa (IM30) ist entscheidend an der Biogenese und
Dynamik von Thylakoidmembranen (TM) beteiligt. Die genaue physiologische Funktion dieses
Proteins ist jedoch bisher ungeklart. IM30 scheint sowohl an der Stabilisierung als auch an der
kontinuierlichen Reorganisation des TM-Netzwerks beteiligt zu sein. Die Membranreorganisation
wird dabei vermutlich durch die in Gegenwart von Mg>* beobachtete fusogene Aktivitit von IM30
vermittelt. Da die Membranfusion zumindest eine partielle Destabilisierung der Membran erfordert,
scheinen die beiden Hauptfunktionen von IM30 widerspriichlich zu sein. Folglich ist eine klare
Regulierung dieser beiden Funktionen in vivo essentiell. Da die Regulation der IM30-Aktivitatbisher
weitgehend unbekannt ist, wurde im Rahmen dieser Arbeit der Einfluss verschiedener Faktoren auf
die in vitro Struktur und Membraninteraktionen von IM30 aus dem Cyanobakterium Synechocystis

sp. PCC 6803 untersucht.

Die Ergebnisse dieser Arbeit zeigten, dass die Nukleotidbindung und -hydrolyse durch IM30 die
Oligomerisierung der IM30-Monomere zu Ringstrukturen nicht beeinflusst. Die Ergebnisse zeigen
weiterhin, dass die NTPase-Aktivitat keinen entscheidenden Einfluss auf die Membraninteraktionen
von IM30 hat. Folglich ist Relevanz der Nukleotidbindung bisher unklar. Im Gegensatz dazu hatte
ein leicht saurer pH-Wert (~ 5) bemerkenswerte Auswirkungen auf die IM30-Struktur und
resultierte in erh6hter Membranbindung und Fusion. Da ein niedriger pH-Wert vermutlich in der
Ndhe von TM-Defekten auftritt, kénnte IM30 in vivo Protonenleckagen aus beschadigten TM-
Regionen erkennen und versiegeln. Weitere Ergebnisse dieser Arbeit zeigen, dass der IM30-Ring in
Abwesenheit von Mg** auf der Membran dissoziiert und dass kleinere IM30-Oligomere eine erhhte
Membranbindungsaffinitit aufweisen. Im Gegensatz dazu induziert IM30 in Gegenwart von Mg**
Membrandefekte, wobei eine erhohte Bindung von IM30 sowohl an native als auch an
Modellmembranen festgestellt wurde. Somit kénnte Mg>* ein molekularer Schalter sein, der die
Doppelfunktion von IM30 reguliert. Aullerdem konnte die IM30 Funktion auch durch
Phosphorylierung reguliert sein, da gezeigt wurde, dass phospomimetische Mutationen zu einer
verringerten Membranfusionsaktivitit von IM30 fithren. Ahnliches wurde nach Mutation des
konservierten Tryptophans 71 beobachtet. Dariiber hinaus wurde in dieser Arbeit eine Relevanzdes
TM-spezifischen Lipids MGDG fiir die IM30-vermittelte Membranfusion gezeigt, da MGDG-haltige

Membranen bei induzierter Membranfusion wesentlich stabiler sind.

Zusammenfassend geben die Ergebnisse dieser Dissertation einen ersten Einblickin die potentielle
in vivo-Regulation von IM30 und definieren erstmals eine strukturelle Grundlage der dualen IM30

Funktion.
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Introduction

1. Introduction

1.1. (Bacterial) Membrane Remodeling

Lipid bilayers are crucial for the survival of all living organisms as they act as physical barriers.In
the case of simple unicellular organisms, they separate the outside from the inside of a cell.
Furthermore, the formation of internal membrane systems is the basis for compartmentalization
and specialization of eukaryotic cells (Bohuszewicz et al., 2016). The separation of different
environments e.g. allows to build up a proton gradient, which is the driving force for ATP synthesis
in the thylakoid membranes (TMs) of chloroplasts and cyanobacteria or the inner mitochondrial

membrane of eukaryotes (Junge and Nelson, 2015).

Lipid bilayers havetobe sufficiently rigid to maintain the membraneintegrity, yet they still haveto
be flexible enough to enable continuous remodeling of the membrane (Bohuszewicz et al., 2016).
This allows the membrane to shape to exert different biological functions. The dynamic
rearrangement of the membrane is vital for all organisms, since essential steps in the development
of any cell involve reorganization of the cell membranes. E.g., extensive membrane remodeling is
required for cell division, endo-/exocytosis or intracellular trafficking in eukaryotes (Vega-Cabrera
and Pardo-Lopez, 2017). Although bacteria clearly exhibit lower membrane complexity as eukaryotic
cells, membrane reorganization has been observed for example during cytokinesis (Lutkenhaus et
al., 2012), outer-membrane vesicle formation (Zhouet al., 1998) or spore morphogenesis (McKenney
et al., 2012). Recently it has been shown that the thus far solely in eukaryotes identified endosomal
sorting complex required for transport (ESCRT) protein family also has prokaryotic superfamily

members (Gupta et al., 2021; Junglas et al., 2021; Liu et al., 2021).

Membrane remodeling is often triggered by integral or peripheral membrane proteins, which tune
thebilayer curvature by either actively inducing membrane curvature or passive remodeling e.g. via
protein crowding (Bohuszewicz et al., 2016). Typical examples in eukaryotes are SNARE proteins,
dynamins and BAR-domain containing proteins (Praefcke and McMahon, 2004; Jahn and Scheller,
2006; Mim and Unger, 2012). In bacteria, dynamin-like proteins or the protein complex consisting
of FtsZ, FtsA and ZipA are well-studied membrane remodeling machineries (Bramkamp, 2012;
Lutkenhaus et al., 2012). In cyanobacteria and chloroplasts, the peripheral membrane protein IM30

clearlyisinvolvedin TM remodeling (Henniget al., 2015) as described later on.
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1.2. IM30: an essential protein in oxygenic photosyntheticorganisms

1.2.1. Cyanobacteria

Cyanobacteriaare oxygenic, photoautotrophic prokaryotes. Together with plants and algae, they are
responsible for the production of all oxygen that is consumed by aerobic organisms, and thus they
stabilize the oxygen content in the atmosphere (Knoll, 2008). Cyanobacterial species are versatile
andresilient microorganisms that are present in various habitats, such as marine or freshwater, but

alsoin extreme environments, such as volcanic ash (Gaysina et al., 2019).

The ancestors of today's cyanobacteria have emerged around 3.5 billion years ago and are therefore
among the oldest autotrophic organisms. Therelease of oxygen by cyanobacteria had a tremendous
impact on the atmosphere, since theincreasing population of cyanobacteria led to an enrichment of
oxygen in the previously reducing atmosphere (Knoll, 2008). This enabled the development of
organisms with an aerobic metabolism, which is significantly more effective than an anaerobic
metabolism (Jiang et al., 2012). Chloroplasts presumably evolved via endocytosis of an ancient

cyanobacterium by a eukaryotic host cell (Gray, 1999).

Because of the common evolutionary origin of cyanobacteria and chloroplasts, cyanobacteria are
often used as model organisms to study photosynthesis, since the cultivation of cyanobacteria often
is far more easier than the cultivation of plants (Vermass et al., 1988). Furthermore, the use of
cyanobacteria for light-driven biotechnology or sustainable agriculture is promising for the
development of ecological production systems (Pathaketal., 2018; Hitchcock et al., 2020). Still, the
use of cyanobacteria is limited, since the photosynthetic efficiency is insufficient for large-scale
productions so far (Luan et al., 2020). Further potential applications of cyanobacteria are their use
asnutritional supplements (Khan et al., 2005), food-colorants (Galetovicet al.,2020) or biofertilizers

(Song et al., 2005).

In this work, the protein IM30 of the cyanobacterium Synechocystis sp. PCC 6803 (hereafter:
Synechocystis) was examined. Synechocystis is a cyanobacterial model to study the principles of
photosynthesis, plus it was the first phototrophic organism with a completely sequenced genome

(Kanekoet al., 1996; Ikeuchi and Tabata, 2001).
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1.2.2. The Thylakoid Membrane

1.2.2.1. Photosynthesis

TMs form an extra internal membrane system in cyanobacteria and chloroplasts. The TM system
harbors the protein complexes of the photosyntheticlightreaction,as shown in Fig. 1.2.1 (Lea-Smith

et al., 2016).

During the photosynthetic light reaction, sunlight is converted into chemical energy via producing
the reduction equivalent nicotinamide adenine dinucleotide phosphate (NADPH) and by the
phosphorylation of adenosine diphosphate (ADP) to adenosine triphosphate (ATP). In the following
reactions, glucose is synthesized via the reduction of CO; in the Calvin-Benson cycle. In
cyanobacteria, the light energy collected by phycobilisomes is passed on to photosystem II (PS II).
Upon charge separation in the PS II reaction center, which is coupled with oxygen release, electrons
are transferred to plastoquinone and subsequently to the cytochrome bsf-complex, plastocyanin or
cytochrome cs, photosystemI (PS I) and to ferredoxin. Finally, the electrons are transferred from
ferredoxin to NADP". During this electron transport, a proton gradient (ApH) is built up across the
TM, which is used by the ATP synthase to catalyze phosphorylation of ADP and formation of ATP
(Lea-Smith et al., 2016).

Cytoplasm

hv H*

Lumen

Figure1.2.1: Schematicrepresentation of the photosynthetic light reaction in cyanobacteria.

The thylakoid membrane harbors the protein complexes of the photosyntheticlight reaction. The light energy
is collected by the phycobilisomes (PBS) and transferred to photosystem II (PS II), in which electrons are
generated by water splitting. The electrons are transferred via plastoquinone (PQ), the cytochrome bef complex
(Cyt bef), plastocyanin (PC) and photosystem I (PS I) to ferredoxin (FD). The ferredoxin NADP* reductase
(FNR) finally generates NADPH. During electron transport withinthe electron transfer chain, a proton gradient
(H")is builtup across the thylakoid membrane, which is used for the synthesis of ATP by the ATP synthase.
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In addition, the cyanobacterial TM contains components of the respiratory chain, resulting in
photosynthetic and respiratory electron transfer reactions simultaneously in one compartment
(Peschek, 1999). Consequently, the electrons of the plastoquinone pool can originate from

photosynthesis (PSII) or cellular respiration (Mullineaux, 2014).

1.2.2.2. Structure

The TMs form an internal membrane system in cyanobacteria and chloroplasts, which encloses the
thylakoid lumen. In pea chloroplasts, about 40 % of the total mass can be referred to lipids, while
about 60 % are mainly attributed to the photosynthetic complexes and further pigments (Chapman
et al., 1983).

The structure of the TM network differs in chloroplasts and cyanobacteria. While the TMs of
chloroplasts are organized as thylakoid stacks (grana thylakoids) with high amounts of PS II and
connecting unstacked stroma thylakoids with high amounts of PS I and ATP synthase, the structure
of cyanobacterial TMs is organized less complex. Yet, a spatial order of the photosystems has been
observed in Synechocystis and Synechococcus elongatus sp. PCC 7952 (Mullineaux, 1999; Lea-Smith
et al., 2016; Liu, 2016; Huokko et al., 2021). The architecture of the TM network varies between
different cyanobacterial species. As an example, the Synechocystis structure is shown in Fig. 1.2.2.
While the TMs of Synechocystis are mainly parallel and finally converge close to the cytoplasmic
membrane, TMs from Synechococcus strains do not form these highly curved membrane regions
(Rast et al., 2015). Gloeobacter violaceus is a special cyanobacterium, as it does not even have an
internal TM network. In this organism, the photosynthetic complexes areinserted in the cytoplasmic
membrane (Rippka et al., 1974). Still, it is discussed that photosynthetically active microdomains
exist within the plasma membrane, which might be a starting point for the evolutionary TM
development (Rexroth et al., 2011). Despite the quite remarkable difference in the TM organization

and architecture, the function of the TM network is conserved in all species.
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\ Thylakoid Membrane

Figure 1.2.2: Schematic representation of a Synechocystis cell.

QOuter Membrane

DNA

The Synechocystis cell is surrounded by the outer membrane and the inner cytoplasmic membrane (orange).
The bacterium contains the thylakoid membranes as an internal membrane system (green), which encloses
the thylakoid lumen. The DNA islocated within the cytoplasm.

1.2.2.3. TM lipid composition

Thelipid composition of the TM is unique compared to other biological membranes. The TMs contain
alarge amount of the galactolipids monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol
(DGDG) and sulfoquinovosyldiacylglycerol (SQDG). Furthermore, it contains the negatively charged
phospholipid phosphatidylglycerol (PG). In Synechocystis, the neutral charged lipids MGDG and
DGDG represent 54% and 18% of all membrane lipids, respectively. Furthermore, the negatively
charged lipids SQDG and PG make up 15% and 13%, respectively (Wada and Murata, 1989). An

overview of the Synechoystis TM lipids is shown in Fig. 1.2.3.

A constant negative charge of the TM seems to be highly relevantfor its function, since a lower SQDG
content is always compensated by increased PG production and vice versa (Benning et al., 1993; Sato
et al., 1995; Essigmann et al., 1998; Aoki et al., 2004). Interestingly, the most abundant lipid of the
TM is the non-bilayer forming lipid MGDG. The typically highly unsaturated fatty acid chains result
in a relatively broad volume of the fatty acid chains compared to the lipid headgroup and
consequently a conically shapedlipid. In absence of further lipids or proteins, MGDG preferentially
forms inverse hexagonal lipid structures (HII phase) (Simidjiev et al., 2000). In contrast, thelipids
PG, SQDG and DGDG havea cylindrical shape and thus form classical lipid bilayers. In chloroplasts,
MGDG has been found in higher concentrations in highly curved membrane regions of the TM

(Gounariset al., 1983).
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Figure 1.2.3: Lipid composition of the Synechocystis TM.

The TM of Synechocystis consists of 54% MGDG, 18%DGDG, 15% SQDG and 13% PG, respectively (Wada and
Murata’, 1989). MGDG, DGDG and SQDG are galactolipids. In contrast, PG is a phospholipid. SQDG and PG
have negatively charged headgroups.

1.2.2.4. Biogenesis and dynamics of the TM

Despite the importance ofthe TM system, the biogenesis of the TMs remains elusive. In chloroplasts,
thylakoid formation is initiated when undifferentiated proplastids are exposed to light (Rast et al.,
2015). In cyanobacteria, the TMs likely develop as parallel stacks close to the cytoplasmic membrane

(Barthel etal., 2013).

The biogenesis of the thylakoids requires a coordinated assembly of the individual membrane
constituents. Thus far, it is not clear whether the TMs are completely assembled de novo, or whether
lipids, proteins or pigments are transported from the cytoplasmic membrane (CM) of cyanobacteria
or the inner envelope (IE) of chloroplasts to a preexisting TM structure. The transport might be
enabled by either a vesicle transport system or by direct connections of the TM with the IE or the
CM, respectively (Nickelsen et al., 2011). In cyanobacteria, a direct connection is controversially
discussed, since fluorescence-based studies rather hint at a vesicular transportsystem (Schneider et
al., 2007; Nickelsen et al., 2011; Rast et al., 2015). In chloroplasts, vesicles have been observed close
to the IE and in the stroma (Kenneth Hoober et al., 1991; Westphal et al., 2001b; Lindquist et al.,
2016). Despite the unclear mechanism of TM biogenesis, membranes remodeling is definitely
necessary for TM biogenesis, sincethe TM biogenesis is a major structural (re)organization oflipid

bilayers.
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In general, the TM structure appears to be highly dynamic and extensive membrane remodeling is
observed, as the TM structure constantly adapts e.g. to changing light conditions (Kirchhoff, 2014).
Besides other proteins, the inner membrane-associated proteinof30 kDa (IM30) (Li et al. 1994) has
been suggested to play a major role in the TM biogenesis/dynamics by catalyzing TM remodeling

(Henniget al., 2015).

1.2.3. The inner-membrane associated protein of 30 kDa

1.2.3.1. Origin of IM30

The IM30 protein was first discovered in chloroplasts of Pisum sativum (Li et al., 1994). Due to its
location at both thethylakoid membrane and the chloroplast inner membrane, and due to its size of
around 30 kDa, it was referred to as the inner membrane-associated protein of 30 kDa (IM30).
Because of the apparent deficiency in vesicle formation of an IM30-depleted Arabidopsis thaliana
(Arabidopsis) strain, the protein is also knownas vesicle inducing proteins in plastids 1 (Vippl) (Kroll
et al., 2001). Still, this proposed function has never been proven by any additional data. In general,
IM30 has been found to be essential for the formationand dynamicsof TMs (summarized in Heidrich

et al., 2017).

Early studies revealed that the im30 gene is conserved in almost all plants and cyanobacteria (Li et
al., 1994; Kroll et al., 2001; Westphal et al., 2001a; Fuhrmann et al., 2009b; Zhang et al., 2012).
According to phylogenetic studies, IM30 probably evolved via duplication of the gene coding for the
phage shock protein A (PspA) (Vothknecht et al., 2012). While both PspA and IM30 are encoded in
cyanobacteria, in chloroplasts exclusively IM30 is encoded (Kroll et al., 2001; Westphal et al., 2001a;
Vothknechtetal., 2012).

PspA is part of the phage shock proteins system (Psp system), which is a bacterial stress response
system (Brissette et al., 1990; Brissette et al., 1991). This system helps to maintain the integrity of
internal membranes, e.g. upon heat or osmotic stress, phage infections or organic solvents, which
cause a dissipation of the proton motive force (Weiner et al., 1991; Kobayashi et al., 2007). The Psp-
system containsseven proteins (PspA-G), from which PspAis the key effector protein (Darwin, 2005;
Jolyetal., 2010). PspAbinds to the inner membranes of bacteria, and can this way e.g. prevent proton
leakage of damaged membranes (Kobayashi et al., 2007). A further homologous protein of the
IM30/PspA family is LiaH, which is e.g. found in Bacillus species (Wolf et al., 2010; Thurotteet al.,
2017).
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Very recently, it was shown that IM30 and PspA are members of the evolutionaryconserved ESCRT-
family (Gupta et al., 2021; Junglas et al., 2021; Liu et al., 2021). The endosomal sorting complex
required for transport (ESCRT) was thus far only described being involved in diverse eukaryotic
membrane remodeling processes, such as cytokinesis or multivesicular body biogenesis (Schmidt
and Teis, 2012). During the process of membrane remodeling by the ESCRT machinery, the
remodeled membrane is bent away from the cytosol. The ESCRT machinery consists of five distinct
ESCRT complexes (ESCRT-0, -1, -II, -IIl and Vps4), from which the ESCRT-III complex seems to be
most important, as it is part of all ESCRT-mediated remodeling processes (Schmidt and Teis, 2012).
The ESCRT-III complex consists of the four core subunits Vps20/CHMP6, Snf7/CHMP4(A-C),
Vps24/CHMP3 and Vps2/CHMP2(A, B), and furthermore of the 3 accessory proteins Did2/CHMP1(A,
B), Vps60/CHMP5 and Istl. The core subunits of ESCRT-III have a conserved oligomeric structure,
which is similar to the IM30/PspA structure (Gupta et al., 2021; Junglas et al., 2021; Liu et al., 2021).

1.2.3.2. The structure of IM30

Proteins of the PspA/IM30 family have a high sequence and structural similarity. Until recently,
solely the crystal structure of a PspA fragment (amino acid 1-144) was available (Osadnik et al., 2015)
as well as low-resolution negative stain electron microscopy (EM) structures (Brissetteet al., 1990;
Hankamer et al., 2004; Bultema et al.,2010; Otterset al., 2013; Saur et al.,2017). Thus, most analyses
were based on structural predictions. The in vitro formation of large homo-oligomeric ring or rod
complexes (> 1.5 MDa) was shown to be a characteristic feature of the protein family (Aseeva et al.,
2004; Hankamer et al., 2004; Liu et al., 2005; Liu et al., 2007; Fuhrmann et al., 2009a; Wolf et al.,
2010; Gao et al., 2015; Heidrich et al., 2016; Saur et al., 2017). Very recent single-particle cryo-EM
analyses of purified IM30 and PspA now resulted in high-resolution structures of IM30 (3.8 A) and
PspA (3.6 A) (Gupta et al., 2021; Junglaset al., 2021; Liu et al., 2021). Sincetheresults of this thesis
have been generated before the high-resolution structure was available, also the IM30 structure

model derived from earlier EM analysis (Saur et al., 2017) isintroduced here.

IM30 from Synechocystis consists of 267 amino acids. The N-terminal part of the protein
(~220 amino acids) is annotated as the PspA-domain, as it appears to be part of PspA as well as of
IM30 proteins. Based on secondary structure predictions, the PspA domain was suggested to consist
of 6 helices connected by shortlinker regions (Fuhrmann et al., 2009a; Gao et al., 2015). The recent
analyses nowreveal that the formerly termed helices 5 and 6 actually form only one continuous helix
(Fig. 1.2.4 A). To maintain consistency in the nomenclature, this helix is called helix 5/6 in the

following. The major structural difference from PspA and IM30 is the additional C-terminal helix of
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IM30. Notethat this helix was not resolved in the cryo-EM structure of IM30, most likely due to the
intrinsically disordered nature of the extended linker and the high flexibility of this helix (see results,

chapter 4.4). Most likely, helix 7 faces outwards thering structure.

The previous model and therecent cryo-EM structure of the IM30 monomer is shown in Fig. 1.2.4 B.
The exact monomeric structure depends on the layer, since the formed ring is not completely
symmetrical (Fig. 1.2.5). Nevertheless, all structures contain a large coiled-coil structure formed by
helices 2 and 3, as observed before in the crystal structure of the PspA fragment (Osadnik et al,
2015). In contrast to theearlier structural model, the residual helices 4-6 do notinteract within the
monomer, and also thehelixes 1 and 2 likely do not interact within the monomer. The difference in
the monomer structure within the layers is mainly caused by a helix-to-coil transition at theend of
helix 4. The monomer structure also differs to some extent based on thering size. Here, the angle of
theflexible region between helix 3 and 4 was mainly responsible for the formation of increased ring

diameters (Figure 1.2.5).
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Figure1.2.4: Structure of an IM30 monomer.

A: The localization of the helices within the IM30 sequence is displayed based on the available IM3 0 structure
(C16-symmetry, layer 6, PDB 703Y). B: The IM30 monomer structures based on negative stain studies and
predictions (Saur et al., 2017) and based on cryo-EM studies (Guptaet al., 2021) (C16-symmetry, layer 6) are
shown. Note that helix 7 is not resolved in the cryo-EM structure.
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Figure1.2.5: The IM30 monomer structure slightly differsin the individual ring layers.

The IM30 monomer structure differs depending on the ring layer. (C16 -symmetry, PDB: 703Y)

IM30 forms rings with different rotational symmetries (at least 7-22fold) and a pronounced spike
structure. The diameters were determined as 24-40 nm with a constant height of ~ 20 nm
(Fuhrmann et al., 2009a; Saur et al., 2017; Gupta et al., 2021). Interestingly, also rod-like structures
with similar diameters and rotational symmetries havebeen observed in the past (Liu et al., 2005;
Liu et al.,2007; Fuhrmann et al., 2009a; Saur et al., 2017; Theis et al., 2019). In case of PspA, these
rod-like structures even appear to dominate. While the rods were initially thought to consist of
stacked rings, the now available high-resolution structure of PspA shows that rods have a helical

structure (Junglas et al., 2021).

The orientation of the IM30 monomers within the ring was initially believed to be vertical, parallel
to the ring axis (Saur et al., 2017). The new structures now show that the monomers are actually
arranged horizontally in the ring (Gupta et al., 2021). The monomers form an interwoven layer
structure, which further oligomerizes to a ring structure. Each ring consists of 6 (C14-C16) or 7
individual layers (C17-C18). The structure of the top (1) and the bottomlayer (6 or 7) differ to some
extent, leading to smaller diameters at both ends of thering. Fromthe now available high-resolution
structures of IM30 rings, the ring with C16-symmetry had the best resolution (3.8 A). Note that even
at this resolution, the generation of the model required molecular dynamics (MD) simulations, and
thus theorientation of theamino acid side chains does not necessarilyreflect the “real” structure. In

Fig.1.2.6, the structure of an IM30 ring with C16 symmetry is shown in detail.
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Figure1.2.6:IM30 ring structure.

The oligomericring structure of IM30 based on cryo-EM studies (Guptaet al., 2021) (C16-symmetry, layer 6,
PDB 703Y) is shown as top view (left) and side view (right). Note that helix 7 is not resolved in the Cryo-EM
structure.

Oligomerization of the monomers into individual layers finally forming a C16-ring is shown in Fig.
1.2.7. While helix 1 faces the inside of the ring, the turn of the coiled-coil structure and helices 4-7
protrude out of the ring. In the assembled ring structure (Fig. 1.2.6) it is evident that the monomers
clearly interact not only within the individual layers, but also with adjacent monomers from the
upper andlower layers. Indeed, oneIM30 monomer was shown to potentially interact with upto 16

monomers from three different layers (Gupta et al., 2021).
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Figure1.2.7:IM30 oligomerization into aring layer.

IM30 monomers assemble into one layer of the ring structure (C16-symmetry, layer 6, PDB: 703Y).
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1.2.3.3. The function of IM30

The exact physiological function of IM30 still is unclear. In the last years, many functions of IM30
have been proposed and controversially discussed (Li et al., 1994; Kroll et al., 2001; Benninget al.,
2006; Benning, 2008; Fuhrmannet al., 2009b; Lo and Theg, 2012; Nordhues et al., 2012; Vothknecht
et al., 2012; Zhanget al., 2012; Zhanget al., 2014; Henniget al., 2015; McDonald et al., 2015; Zhang
and Sakamoto, 2015; McDonald et al., 2017; Thurotte et al., 2017). Yet, it has become increasingly
clear that IM30 is a membrane-active protein linked to TM biogenesis, dynamics and/or remodeling
(reviewed in Heidrich et al., 2017). It is likely that IM30 has at least two major functions, i.e. a PspA-
related membrane protecting activity as well as a TM-specific membrane remodeling function
(reviewed in Siebenaller et al., 2019). Further suggested functions include lipid transport (Liet al.,
1994; Benning et al., 2006), protein membraneinsertion (Gohreet al., 2006; Walter et al., 2015), the
formation of cytoskeleton-like elements (Anderson et al., 1973; Van De Meene et al., 2006) or GTP
hydrolysis (Ohnishi et al., 2018). Yet, the relevance of these functions for TM biogenesis/dynamics

remains completely unknown thus far.

The in vivo function of IM30 has been mainly studied using IM30 depleted or deleted cyanobacteria,
algae, or plants. The studies were primarily performed in the cyanobacterium Synechocystis, the
green alga Chlamydomonas reinhardtii or the higher plant Arabidopsis thaliana. Yet, the results of
these studies were not entirely conclusive. The consequence of an IM30 depletion in Arabidopsis was
a strongly disturbed TM structure and an overall low amount of TMs (Kroll et al., 2001; Aseeva et
al., 2004; Vothknecht et al., 2012). In line with this, depletion of IM30 in the cyanobacteria
Synechocystis and Synechococcus did also result in reduced TM networks (Westphal et al., 2001a;
Fuhrmann et al., 2009b; Vothknecht et al., 2012; Zhang et al., 2014). In Chlamydomonas, IM30 is
present as two paralogs. When only one paralog was depleted, the TM structure of Chlamydomonas
was not affected, albeit the photosynthetic activity was reduced (Nordhues et al., 2012). In
Chlamydomonas and in cyanobacteria, the reduction of IM30 did also lead to a reduced
photosynthetic activity caused by an impaired PS II in Chlamydomonas and impaired PS I in
cyanobacteria (Fuhrmann et al., 2009b; Nordhues et al., 2012; Vothknecht et al., 2012). Noteworthy,
Gloeobacter violaceus, which does not contain TMs, does not express IM30 (Rippka et al., 1974),

emphasizing theimportant role of IM30 in TM biogenesis.

A main function of IM30 is the remodeling of the TM via membrane fusion (Henniget al., 2015). This
way, components of the TM could be either transported by a vesicle-traffic system, or by the
formation of TM contacts with the IE or CM. Consequently, it might be essential to adapt the size

and structure of the TM system during TM development and in response to changing light conditions
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(Chuartzmanetal., 2008; Nagy et al., 2011; Liberton et al., 2013b). Invitro, IM30 has been shown to
specifically bind to membranes containing negatively charged lipids in a curvature-dependent
manner, which changes the order and polarity in the headgroup region (Hennig et al., 2015;
McDonaldet al., 2015; Heidrich et al., 2016). The membrane fusion activity was shown to be strictly
dependent on Mg?*, which was suggested to be a regulator of the IM30 function, since the interaction
of IM30 with Mg2+ induces a rearrangement of the IM30 structure (Heidrich et al., 2018). Clearly,
further control of the potential fusion activity is necessary in vivo. Yet, further regulators are

unknown thus far.

Controversial to the proposed membrane-fusion activity, IM30 has also been suggested being
involvedin membrane protection, whichappears to bea conserved function of all IM30/PspA family
members. Indeed, IM30 can replace PspA in E. coli (DeLisa et al., 2004). PspA is known to maintain
the cytoplasmic membraneintegrity and proton motive force (PMF) in many Gram-negative bacteria
(Kleerebezem et al., 1996; Kobayashiet al., 2007; Joly et al., 2010). PspA is assumed to stabilize
membranes against proton leakage via forming membrane-protecting assemblies (Mehta et al,
2015). In cyanobacteria and chloroplasts, GFP-labeled IM30 also forms large assemblies located at
highly curved TM regions (Bryan et al., 2014; Zhang et al., 2016; Gutu et al., 2018). The protection
and maintenance of the TM system are necessary to prevent energy dissipation and to maintain a
proton gradient across the TM, a membrane system highly vulnerable to membrane damage
(Kirchhoff, 2014). Nevertheless, the mechanism for this membrane protecting activity by PspA/IM30

remains largely unknown.

1.2.3.4. Regulation of the IM30 activity

The regulation of the IM30 protein in vivo appears to be highly relevant, since the proposed dual

function of IM30 requires strict separation of membrane fusion vs. membrane protection.

The first regulation level of any protein is its availability within the cell, which depends on the
expression of the gene and potentially the production of an antisense-RNA. For instance, an im30
antisense-RNA of was shown to be produced in high concentrations in the initial phase of
resuscitation of chlorotic Synechocystis cells (Klotz et al., 2016). It was discussed that during this
initial phase, IM30 production is suppressed to prevent too early biogenesis of TMs (Klotz et al.,
2016). Furthermore, increased levels of IM30 have been observed locally at highly curved
membranes under high-light stress, but not low-light conditions in Synechocystis and Arabidopsis

(Bryan et al., 2014; Gutu et al., 2018). Noteworthy, the IM30 clusters observed on the membranes
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likely do not consist of IM30 rings, but rather smaller oligomers (Junglas and Schneider, 2018). Such
smaller oligomers have a higher membrane binding affinity (Heidrich et al., 2016). Consequently,
theformation of the IM30 assemblies on a membrane is discussed to be relevant for the membrane-
protective function under stress conditions. Still, also a regulation of the protective functionis clearly
vital, as the membrane rigidity increases upon IM30 binding (Heidrich et al., 2016), which is
counterproductive for a functional TM system (Murata, 1989). A potential regulation ofthe IM30 's
membrane-protective function is the interaction of IM30 with chaperones (Siebenaller et al., 2019).
The interaction with e.g. the heat shock protein 70 (Hsp70) in Chlamydomonas or the heat shock
protein 90C (HSP 90C) in Arabidopsis hadlargeimpact on the assembly as well as the disassembly
of the IM30 supercomplexes (Liu et al., 2007; Gaoet al., 2015). Also in Synechocystis, the interaction
of IM30 with the HSP 70/40 homologous chaperones DnaK2 and 3 was observed (Bryan et al., 2014).
The chaperones were suggested to prevent IM30-mediated membrane fusion via triggering ring
disassembly, but also to remove membrane-bound IM30, e.g. after dissociation of rings on a
membrane surface (Siebenaller et al., 2019). Still, the exact physiological impact of the interaction
with chaperones is still unclear. Furthermore, the activity of IM30 is regulated via Mg>*-binding,
which triggers a rearrangement of the IM30 structure (Heidrich et al., 2018). This is supposed to be
crucial for IM30 mediating membrane fusion Interestingly, the availability of Mg>* in cyanobacteria
and chloroplasts differs depending on the light conditions. Upon light exposure, Mg*" is released
from the thylakoid lumen to counterbalance a light-induced proton gradient (Pohland and Schneider,
2019). E.g. in the chloroplast stroma, the Mg** concentration increases by 1- 5 mM in thelight (Shaul,
2002). Since thylakoid membranes develop upon illumination, the IM30-induced membrane fusion
likely is relevant for TM biogenesis. Another putative regulator of the IM30 function is the
phosphorylation of specific amino acid side chains. During resuscitation from chlorosis, defined
amino acid side chains were found to be phosphorylated during the initial phase (Spatet al., 2018).

Yet, the effect of phosphorylation on the IM30 structure and function is currently enigmatic.
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Objectives of this thesis

2.

Objectives of this thesis

The inner membrane-associated protein of 30 kDa (IM30/Vippl) is vital in almost all oxygenic

photosynthetic organisms. However, its exact physiological function, as well as the regulation of the

IM30°s activity, is still unknown. Membrane interaction of IM30 is discussed to be crucial for

stabilization, as well as in the continuous rearrangement of the TM network, which is indispensable

for the photosynthetic energy production. Understanding the still enigmatic physiological function

of IM30 will further enlarge our knowledge about these special organisms that are unequivocally

vital for life on earth.

In my project, membraneinteractionsof IM30 from the cyanobacterium Synechocystis was analyzed

in vitro with special focus on the regulation of the IM30 activity. In particular, the following topics

were studied:

1.

The influence of nucleotides on the structure and membrane interaction of IM30

Recently, IM30 of Arabidopsis thaliana chloroplasts was reported to have a GTPase activity in
vitro, and this function was suggested to influence the membrane interaction of IM30 (Ohnishi
et al., 2018). Since IM30 does not exhibit features of classical GTPases, multiple assays were
performed to analyze the GTP hydrolyzing activity of IM30 of Synechocystis. Additionally, the
potential impact of GTP binding/hydrolysis on IM30 membrane binding and the IM30
membrane fusion activity was investigated. Also the relevance of nucleotide binding for the

oligomeric structure of IM30 was studied e.g. by electron microscopy and LC-MS studies.
The influence of acidic pH on the structure and membrane interaction of IM30

TMs are prone to oxidative damage, e.g. under high-light conditions, which bears the risk of
proton leaks (Foyer, 2018; Junglas and Schneider, 2018). Thus, the consequence of acidic pH
on the structure and function of IM30 was analyzed in vitro. In this context, the membrane

binding affinity and the membrane-fusion activity were investigated at acidic conditions.
The structure of IM30 on membranes

SinceIM30 is a membrane-active protein (Hennig et al., 2015; McDonald et al., 2015; Heidrich
et al., 2016; McDonald et al., 2017), the membrane-bound structure of IM30 is of special
interest. As support for detailed atomic force microscopy studies (AFM) on solid-supported
lipid bilayers, the structure of IM30 was analyzed by tryptic digestion in absence and presence
of PG liposomes. As small oligomers seem to represent a potential intermediate structure in

the membranebinding process, the structure of a dimeric IM30 mutant was analyzed by small-
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angle X-ray scattering (SAXS). To analyze the membrane binding characteristics of this

mutant, its binding to model membranes was kinetically analyzed.
The influence of Mg*>* on membrane interaction of IM30

While IM30 has been shown to trigger membrane fusion in presence of Mg>* (Hennig et al,,
2015), it remains unclear so far what impact the interaction of Mg2+with IM30 and/or the
membrane actually has on IM30 membrane binding. Therefore, in addition to AFM analysis
on the membrane-bound structure of IM30, the influence of Mg** on membrane binding was
studied via sucrose density gradient centrifugation and fluorescence microscopy using giant

unilamellar vesicles (GUVs).
The influence of W71 on the structure and membrane interactions of IM30

Defined amino acids are conserved in homologous proteins from various species due to a
crucial impact on the structure and/or function of the protein. In a sequence alignment of the
IM30 coiled-coil region (helices 23), Trp71 has been identified to be highly conserved in IM30
proteins. IM30 variants carrying the mutations W71A, R74A and R93A, respectively, were
analyzed and theimpact of the mutations on the structure and membrane interactions of IM30

was studied.
The influence of the TM lipids on membrane interaction of IM30

The TM of cyanobacteria and chloroplasts has a unique lipid composition and architecture
(Wada and Murata’, 1989). In vitro, theinteraction of IM30 with membranes has been shown
to depend on thelipid composition of the model membrane (Hennig et al., 2015). Furthermore,
membrane curvature appears to affect IM30 membrane binding (McDonald et al., 2015).
Consequently, IM30-membrane interactions were analyzed using model membranes with

different lipid compositions and curvatures.
The influence of phosphorylation on the structure and membrane interaction of IM30

The IM30 protein was shown to be phosphorylated during resuscitation of chlorotic
cyanobacteria (Spat et al., 2015; Spédt et al., 2018). To investigate the potential impact of
phosphorylation on the IM30 structure and function, IM30 variants with phosphomimetic

mutations were analyzed in vitro.
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3. Materials and Methods

3.1. Materials

3.1.1. Chemicals, Buffers and Solutions

Chemicals were purchased from Merck (Darmstadt, GER), Roth (Karlsruhe, GER), Sigma-Aldrich

(Munich, GER) AppliChem (Darmstadt), Fisher Scientific (Hampton, NH, USA) and VWR (Darmstadt,

GER). Lipids were bought from Avanti Polar Lipids (Alabaster, ALA, USA). Enzymes were purchased

from New England Bio Labs (Frankfurt, GER).

All buffer and solutions were prepared with deionized water and filtered, if necessary. The

composition of thebuffers and solutionsislistedin Table 3.1.1.

Table 3.1.1: Composition of buffersand solutions.

Notation Composition
Protein expression
Ampicillin 10 % Ampicillin (w/v)
50 % Ethanol (v/v)
SDS-PAGE
Stacking gel buffer 1.5 M TRIS, pH6.8
0.4 % SDS (w/Vv)
Separation gel buffer 0 .5MTRIS, pH8.8
0.4 % SDS (w/Vv)
10x SDS running buffer ~ 0.25M TRIS, pH 8.3
1.92 M Glycine
19% SDS (w/v)
5x SDS sample buffer 0.25M TRIS,pH6.8
10 % SDS (w/v)
0.2 % Bromphenol blue
50 % Glycerol (v/v)
0.5MDTT
Coomassie staining 0.125 % Coomassie Brilliant Blue G-250 (w/v)
solution 40 9% Ethanol (v/v)
2 9% Phosphoricacid (v/v)
Coomassie destaining 30 9% Ethanol (v/v)
solution 2 % Phosphoricacid (v/v)
Immunoblot detection
TBST buffer 0.25M TRIS,pH7.8

0.125M NacCl
0.05 % Tween 20 (v/V)
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Transfer buffer

Blocking buffer
Protein purification

Lysisbuffer

Washing buffer

Flution buffer

Protein storage

HEPES buffer

0.25M TRIS, pH7.6
0.192 M Glycerol
30 % Methanol (v/v)

5 % Milk powderin TBST

50 mM Sodium phosphate, pH 7.6

300 mM NaCl

20 mM imidazole

0.1 % sigma-protease inhibitor (P8849) (v/v)

50 mM Sodium phosphate, pH 7.6
300 mM NacCl
20-100 mM imidazole

50 mM Sodium phosphate, pH7.6
300mM NaCl
500 mM imidazole

20mM HEPES, pH 7.6

3.1.2. Bacteria

The used bacteria strains arelisted in Table 3.1.2. The bacteria were cultivated in LB-Medium (Table

3.1.3).

Table 3.1.2: Bacterial strains.

Bacteria strain

Genotype Origin

E. coli BL21(DE3)

E. coli XL1-blue

F-ompThsdS(rB-mB-)galdcm A(DE3) Novagen (Darmstadt, GER)

recAl endAl gyrA96thi-1 hsdR17 supE44 relAl = Novagen (Darmstadt, GER)
lac

Table 3.1.3: Media.

Notation Composition
LB medium 1 9% Tryptone (w/v)
5 9 Yeast extract (w/v)
19% NaCl(w/v)
LB agar 1.5 % Agar (w/v) in LB medium

29



Materials and Methods

3.1.3. Oligonucleotides

The oligonucleotides were obtained from Eurofins genomics (Ebersberg, GER).

Table 3.1.4: Oligonucleotides used for site-directed mutagenesis.

Mutation Sequence

IM30 W71A Forward: CCAGGAAGCCAAGAAAGCGGAAGACCGGAGC
Reverse: GCTCCGGTCTTCCGCTTTCTTGGCTTCCTGG

IM30 R74A Forward: GAAATGGGAAGACGCGGCAAAATTAGCCCTCACC
Reverse: GGTGAGGGCTAATTTTGCCGCGTCTTCCCATTTC

IM30 R93A Forward: GGGAA GCCCTGGCCGCCAAAAAAAGTCTGACAG
Reverse: CTGTCAGACTTTTTTTGGCGGCCAGGGCTTCCC

IM30 S96A Forward: CTGGCCCGCAAAAAAGCTCTGACAGATACGGCG
Reverse: CGCCGTATCTGTCAGAGCTTTTTTGCGGGCCAG

IM30 S96D Forward: CCTGGCCCGCAAAAAAGATCTGACAGATACGGCG
Reverse: CGCCGTATCTGTCAGATCTTTTTTGCGGGCCAGG

IM30 T155A Forward: GAACTGCAGCAAGCCCTCGGGGGC
Reverse: GCCCCCGAGGGCTTGCTGCAGTTC

IM30 T155D Forward: GCTGAACTGCAGCAAGACCTCGGGGGCTTAGGT

Reverse: ACCTAAGCCCCCGAGGTCTTGCTGCAGTTCAGC

3.1.4. Plasmids

Table 3.1.5: Plasmids.

Plasmid Origin
PRSETIM30wt AG Schneider
PRSETIM30H23 AG Schneider
PRSETIM30W71A AG Schneider
PRSETIM30R74A Siebenaller, 2016
PRSETIM30R93A Siebenaller, 2016
PRSETIM30H23 W71A thiswork
pRSETIM30 H23 R74A thiswork
PRSETIM30H23 R93A thiswork
PRSETIM30S96A thiswork
PRSETIM30S96D thiswork
PRSETIM30 T155A thiswork
pPRSETIM30 T155D thiswork
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3.1.5. Kits

Table 3.1.6: Kits.

Kit Notation Manufacturer
Immunostaining ECL Prime Western Blotting Detection GE Healthcare (Munich, GER)
Reagent
Plasmid preparation Presto Mini Plasmid Kit Geneaid Biotech (Taipei, TW)
NucleoSpin Plasmid Kit Macherey Nagel (Diiren, GER)
SEC marker Molecular Weight Marker Kit Sigma Aldrich (Munich, GER)
3.1.6. Instruments

Table 3.1.7: Instruments.

Instrument Notation Manufacturer

Atomicforce Multimode 8, Nanoscope V controller Bruker (Billerica, MA, USA)
microscope Nanowizard IV JPK, Bruker (Billerica, MA, USA)
Cell Homogenizer SpeedMillPLUS AnalytikJena (Jena, GER)

Centrifuges

CD spectrometer

Chemoluminescene
detection system

Dynamiclight scattering
system

Electron microscope

Electrophoresis
chamber

Electrophoresis power
supply
Extruder

FPLC

Fluorescence
microscope

Fluorescence
spectrometer

Gel documentation

Gel scanner

Allegra X-15R
Avanti J-26XP
Centrifuge 5424

J-815 with MTPC-490-515

Stella

Zetasizer Nano S-Size

FEI Tecnai 12

FEI Talos L120C

Mini-Protean 3 Cell

PowerPacBasic

Mini-Extruder

AKTA basic

AxioObserver.Z1

FluoroMax-4

Quantum-ST4 1100/ 26MX

ViewPix 700
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Beckmann Coulter (Krefeld, GER)
Beckmann Coulter (Krefeld, GER)
Eppendorf (Hamburg, GER)

Jasco (Pfungstadt, GER)

Raytest (Straubenhardt, GER)
Malvern Instruments (Malvern, GB)
FEI Thermo Scientific (Darmstadt,
GER)

Bio-Rad (Munich, GER)

Bio-Rad (Munich, GER)

Avanti Polar Lipids (Alabaster, AL,
USA)

GE Healthcare (Munich, GER)

Carl Zeiss Microscopy (Jena, GER)

Horiba Scientific (Kyoto, JPN)

PeqLab (Erlangen, GER)
Biostep (Burkhardtsdorf, GER)
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Gradient system
Heating block
Horizontal shaker
Incubator
Overhead shaker

pH-Meter

Photometer

Plasma Cleaner
Plate Reader
QCM system

Rotors

Sonifier

Thermocycler

Western Blot system

Gradient master station
Thermomixer comfort
Duomax 1030
Multitron HT
CMV-ROM

pH211 Microprocessor

NovaspecPlus

Nanodrop 2000C
Lambda 35

Yocto

FLUOstar Omega
qCell T Series

JA 2550

JLA-8.1

Branson Sonifier 250

Thermocycler Primus 25

Trans-Blot Turbo Transfer System

BioComp (Fredericton, CA)
Eppendorf (Hamburg, GER)
Heidolph (Schwabach, GER)
Infors (Bottmingen, CH)
Frobel (Lindau, GER)

HANNA Instruments (Véhringen,
GER)

Amersham Biosciences (Little
Chalfont, UK)
Thermo Scientific (Darmstadt, GER)

Perkin Elmer (Rodgau, GER)
Diener electronics (Ebhausen, GER)
BMG Labtech (Ortenberg, GER)

3T Analytik (Tuttlingen, GER)
Beckmann Coluter (Krefeld, GER)
Beckmann Coluter (Krefeld, GER)

Heinemann Labortechnik,
(Duderstadt, GER)

PeqLab (Erlangen, GER)
Bio-Rad (Munich, GER)

3.1.7. Software

Table 3.1.8: Software.

Application Software

AFM analysis Gwyddion 2.56

Chemical structures PyMOL2.3.4
ChemDraw

Data analysis Microsoft Excel (Office 365)
Origin 2019b

Figure editing Adobe Illustrator 2020
Adobe Photoshop 2020
Image] 1.47

Literature management Mendeley1.19.8

Sequence analysis Clustal X2

Text editing Microsoft Word (Office 365)
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3.2. Methods

This section describes the general methodology of the performed experiments. Deviations from that

are mentionedin therespective chapters.

3.2.1. Molecular Biological Methods

3.2.1.1. Site-specific mutagenesis

IM30 variantswere generated by site-directed mutagenesis of the IM30 expression plasmid (Liu and
Naismith, 2008). The mutations W71A, R74A, R93A, S96A, S96D, T155A and T155D were introduced
into the plasmids pRSET IM30 wt (Fuhrmann et al., 2009a) or pRSET IM30 H23 (Thurotte and

Schneider, 2019), respectively.

Therefore, a polymerase chainreaction (PCR) was performed using the primers listed in Table 3.1.4.
The PCR compounds and the temperature programof the PCR are listedin Table 3.2.1and 3.2.2. The
DNA was incubated with Dpnl for 1 h at 37 °C to digest the parental DNA. Thereaction mixture was
transformed into E. coli XLI blue cells as described below. After inoculation of 3 mL LB-medium
(100 pg/mL amp) with a single colony, the bacteria were incubated for 16 h at 37 °C and 200 rpm
(Multitron, Infors, Bottminger, CH). The bacteria wereharvestedat 16 000 g for 1 min at 4 °C. After

plasmid preparation, the DNA mutagenesis was verified by sequencing of the plasmids.

Table 3.2.1: PCRreaction used for site-directed mutagenesis.

Application Concentration Volume
HO (sterile) 27 pL
Phusion GC-buffer 5x 10 pL
MgClL 50 mM 1puL
DMSO 3L
Plasmid 100 ng/pL 1uL
Primer (forward) 100 pmol/ uL 1L
Primer (reverse) 100 pmol/ pL 1puL
dNTPs 2mM 5 uL
Phusion Polymerase 25U 1uL
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Table 3.2.2: PCR program used for site-directed mutagenesis of pRSET IM30.

Temperature Time
Initial Denaturation 98°C 30s
Denaturation 98°C 20s
Hybridization 55°C 30s 17 x
Elongation 72 °C 3min
Final Elongation 72°C 10 min

3.2.1.2. Plasmid preparation

The plasmids were prepared using the Presto Mini Plasmid Kit (Geneaid, New Taipei City, TW) or
NucleoSpin Plasmid Kit (Macherey Nagel, Diiren, GER) following the manufacturer’s instructions.

The concentration of the DNA was determined by the absorption at 260 nm.

3.2.2. Microbiological Methods

3.2.2.1. Transformation competentbacteria

E. coli BL21 (DE3) cells were made transformation competent following the method described by

Chung-Miller, using ice-cold TSB-medium (Chunget al., 1989).

Therefore, 3 ml of LB medium were inoculated with a colony of the corresponding E. coli strainand
incubated for 16 h at 37 °C and 200 rpm (Multitron, Infors, Bottminger, CH). A culture of 50 mL LB
medium was inoculated with this preculture and was incubated up to an OD600 of approx. 0.8 at
37 ° C. and 200 rpm (Multitron, Infors, Bottminger, CH). The cell suspension was then centrifuged
at4 °C at 4600 rpm for 10 min (Allegra X-15R). Thecell pellet was resuspended in 5 mL ice-cold TSB

medium. Aliquots of 150 pL were frozen in liquid nitrogen and stored at -80 ° C.

3.2.2.2. Plasmid transformation

The uptake of plasmid DNA by bacteria is known as plasmid transformation. The plasmid
transformation is used for the expression of proteins or the replication of plasmids in bacteria

(Richter, 2003).

For the plasmid transformation, 150 pL. competent bacteria were gently mixed with 2 pL of the
respective plasmid solution (~100 nmol/puL) and were treated with a heat shock at 42 °C for 1 min

at 900 rpm (Thermomixer comfort, Eppendorf, Hamburg, GER). After addition of 500 pL LB-
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medium, thebacteria wereincubatedat 37 °C for 1 h at 900 rpm (Thermomixer comfort, Eppendorf,

Hamburg, GER) and plated on LB agar plates.

3.2.2.3. Heterologous expression of IM30 proteins

Bacteria of the E. coli BL21(DE3) strain were used for the heterologous expression of IM30. The
bacteria were grown on a LB-agar plate (100 pg/mLampicillin) for 16 h. For the protein expression,
precultures of 50 ml LB-medium (100 pg/mL ampicillin) were inoculated by a single colony and
incubated at 37 °C and 200 rpm (Multitron, Infors, Bottminger, CH) for 16 h. Afterwards, 2 L of LB-
medium (100 pg/mLampicillin) were inoculated by addition of the pre-cultures. The optical density
at 600 nm (ODsoo) was used to determine the E. coli cell density. The protein expression was inducted
via addition of 0.5 mM isopropyl-3-D-thiogalactopyranoside (IPTG) at ODsoo of 0.6-0.8 to activate
the lac promoter, which controlsthe gene coding for the T7-polymerase (which transcribes the im30
gene). After 4 h, the bacteria were harvested by centrifugation at 2500 rpm for 10 min (Beckmann
Avanti J-26 XP, rotor JLA 8.100). The bacteria were flash-frozen in liquid nitrogen and stored at

- 20 °C until use.

3.2.3. Biochemical Methods

3.2.3.1. Purification of IM30 via IMAC

The His-tagged IM30 protein was purified via immobilized metal affinity chromatography (IMAC)
using nickel-nitrilotriacetic acid (Ni-NTA)-agarose. After protein expression, the bacteria from 4 L
expression culture were resuspended in 200 mL lysis buffer. The bacteria were sonicated on ice with
a branson sonifier 250 at a duty cycle of 50% and an output control of 6. Cell debris was removed
by centrifugation at 10000 rpm (Beckman Avanti J-26 XP, rotor JA 25.50) for 10 min at 4 °C. The
supernatant was incubated with 8 mL Ni-NTA-agarose (Macherey-Nagel, Diiren, GER) for 2 h with
gentle agitation on a rotational shaker. Afterwards, the beads were transformed to 4 disposable
columns (5 mL polypropylene columns, Thermo Fisher Scientific, Rockford, IL, USA) and were
washed with each 200 mL of washing containing 20 mM, 50 mM or 100 mM imidazole, respectively.
The protein was eluted with 5x 1 mL elution buffer. Subsequently, the buffer was changedto20 mM
HEPES (pH 7.6) by dialysis or gelfiltration (Sephadex G25).
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3.2.3.2. Dialysis

Dialysis is used to remove low molecular weight components from solutions through a
semipermeable membrane. The membrane is characterized by the Molecular Weight Cut-Off
(MWCO), which refers to thesize of a molecule thatis retained by the membraneto ~ 90% (Doonan,
1996). In this work, a cellulose membrane (MWCO of 14-18 kDa) was used to exchange the buffer
after purification of IM30. Therefore, the protein solutions were dialyzed twice for 1 hour and once

overnightagainst 1.5L.20 mM HEPES (pH 7.6) each.

3.2.3.3. Size Exclusion Chromatography

Size Exclusion Chromatography (SEC), also known as gel filtration, is a technique to separate
molecules of different sizes (Richter, 2003). In this work, SEC was used to analyze the oligomeric
state of IM30. The size of IM30 oligomers was analyzed using an AKTA basic system (GE Healthcare,
Munich, GER) with a Superosel210/300 GL column (GE Healthcare, Munich, GER) equilibrated with
20 mM HEPES (pH 7.6) at 8 °C. Protein elution was followed via monitoring the absorbance at
280 nm. The column was calibrated using standards of known size (blue dextran >2000 kDa, ferritin
(440 kDa), f-amylase (200 kDa), aldolase (158 kDa), conalbumin (75 kDa), ovalbumin (44 kDa),

carbonic anhydrase (29 kDa) and cytochrome c oxidase (16.4 kDa).

3.2.3.4. Bradford Assay

The protein concentration of IM30 was determined with a Bradford assay (Bradford, 1976). The
assay is based on a shift of the absorption maximum of the Coomassie brilliant blue G-250 dye upon

binding to cationic and non-polar side chains of amino acid.

50 puLof the protein solution wereincubated with 50 pLformic acid for 10 min at room temperature
(RT). After addition of 900 pL Bradford-reagent (Bio-Rad, Munich, GER), the mixture was further
incubated for 20 minutes at RT. Afterwards, the absorption of the Coomassie-dye at 595 nm was
determined. The protein concentration was calculated by linear regression from a BSA standard

curve.
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3.2.3.5. Sucrose density gradient centrifugation

Sucrose density (SD) gradient centrifugation is a method to separate particles of a solution or

suspension according to their density (Richter, 2003).

To analyze the binding of IM30 to DOPG liposomes at different Mg** concentrations, sucrose density
gradient (SD) centrifugations were performed. All SD gradients were produced and fractionated
using the Gradient Master Station (BioComp, Fredericton, CA). 160 pg DOPG liposomes (0.1 % NBD-
DOPE) were incubated with 12 pg IM30 for 60 min at RT in 120 pL 20 mM HEPES, pH 7.6. The
samples were loaded onto linear sucrose density gradients (5-50%) in 20 mM HEPES buffer (pH 7.6)
containing0, 2.5, 5, 7.5 or 10 mM MgCl, and centrifuged at 40000 rpm for 6 h at 25 °C followed by
immediate fractionation. The individual fractions were analyzed by SDS-PAGE with subsequent
immunoblot analysis to determine the protein distribution. The immunoblots were analyzed
quantitatively by using the densitometric analysis of the programImage] (Rueden et al., 2017). The
liposome distribution was analyzed via fluorescence spectroscopy detecting the lipid-coupled NBD

fluorophore.

Binding of IM30 to Synechocystis membranes was analyzed at varying Mg>" concentrations via SD
centrifugation of Synechocystis cell lysates. Cells were grown under standard conditions (Fuhrmann
et al., 2009b; Hennig et al., 2015). The cells were harvested in the midlog growth phase by
centrifugation (5000 g, 10 min, 4 °C). The cells were resuspended in buffer (20 mM HEPES, pH 7.6,
150 mM NaCl, 5 mM MgClz, 5 mM CaClz) and disrupted in a homogenizer (SpeedMill PLUS, Analytik
Jena, Jena, GER) using 0.5 mm glass beads. Cell debris and glass beads were removed by
centrifugation (5000 g, 5min, 4 °C). The cell lysateof1 L culture (OD7o ~ 2) was split into multiple
fractions. To detect thelocalization of endogenous IM30, the fractions of thelysate were mixed with
Mg**-containing HEPES buffer to achieve final concentrations of up to 20 mM Mg>". As a control,
HEPES buffer containing 20 mM EDTA was added to remove endogenous Mg>*. The membrane
fractions of the samples were isolated by ultracentrifugation (40000 rpm, 30 min, 4 °C). The
supernatant was discarded, and the pellets were resuspended with buffer containing the respective
amounts of Mg”* and incubated for 30 min. Finally, the pellets were resuspended to a final
concentration of 1 mg/mL chlorophyll and 68 % sucrose. The chlorophyll concentration was
determined as described in (Porra et al., 1989) using methanol as a solvent. Membrane fractions
containing 200 pg chlorophyll wereloaded at the bottom of a linear 34 - 68 % sucrose gradient. Cell
fractions were separated by centrifugation at 40000 rpm for 6 h at 4 °C, and the gradients were
immediately fractioned afterward. The TM fraction was identified by measuring the chlorophyll

concentration of all gradient fractions. The TM fractions were analyzed by SDS-PAGE and
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immunoblotting using an anti-IM30 antiserum (Fuhrmann et al., 2009a). To compare the amounts
of detected protein, the blots were subjected to densitometric analysis using Image]J (Rueden et al.,

2017).

3.2.3.6. SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is a method to separate
proteins according to their molecular weight (Richter, 2003). In this work, the SDS-PAGE was used
to analyzethe purity of the IM30 protein solutions. The composition of the used discontinuous gels

is listedin Table 3.2.3.

Table 3.2.3: Composition of two separation and stacking gels

SeparationGel (12 %) Stacking Gel (6 %)
Water 4.5mL 3mL
Acrylamide (40%) 3.0mL 0.75 mL
Specific Buffer 2.5 mL 1.25 mL
APS (10%) 50 pL 25puL
TEMED 20 uL 10 uL

8 pL of the sample were mixed with 2 pL of 5x SDS sample buffer and heated for 5 min at 95 ° C.
The electrophoresis was performed for 45 min at 200 V in 1x SDS running buffer. To fix and stain
theproteins, the gel was incubated on a horizontal shaker for 60 min in coomassie staining solution

and afterwards for at least 60 min in coomassie destaining solution.

3.2.3.7. Western Blot

Western Blot is a method to identify proteins after transfer from an SDS-PAGE gel to a nitrocellulose
membrane. The identification is based on the immunodetection by specific antibodies (Richter,

2003).

An SDS-PAGE was performed as described in 3.2.3.6. After this, the proteins were transferred to a
nitrocellulose membrane by applying an electric field perpendicular to the gel usingthe Trans-Blot
Turbo Transfer System (Bio-Rad, Munich, GER) for 30 min at 25 V. After incubation of the membrane
with blocking buffer for 1 h, the membrane was washed with TBST-buffer for 5 min. The membrane

was incubated with the primary antibody for 1h. After washing of the membrane (five times with
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TBST-buffer for 5 min), the membrane was incubated with the secondary antibody for atleast 1 h.
After washing of the membrane, the blot was stained with ECL Prime Western Blotting Detection
Reagent (GE Healthcare, Munich, GER) according to the manufacturer’s instructions. The

luminescence was detected using the detection system Stella (Raytest, Straubenhardt, GER).

The IM30 protein was specifically detected using an anti-IM30 antiserum as a primary antibody
(dilution 1:1000 in TBST) (Fuhrmann et al., 2009a) and a horseradish peroxidase (HRP)-coupled
anti-rabbit antibody (dilution 1:160000 in TBST, IgG HRP, Sigma Aldrich).

3.2.3.8. Liposome preparation

Liposomes were used as in vitro model membranes to study the interaction of IM30 with the TM.
Depending on the application, the liposomes contained various TM lipids and lipid-coupled

fluorophores as listed in Table 3.2.4.

Table 3.2.4: Lipids.

Notation

PG 1,2-Dipalmytoyl-sn-glycero-3-phosphoglycerol

PC 1,2-Dipalmytoyl-sn-glycero-3-phosphocholin

PE 1,2-Dipalmytoyl-sn-glycero-3-phosphoethanolamine

MGDG Monogalactosyldiacylglycerol

DGDG Digalactosyldiacylglycerol

SQDG Sulfoquinovosyldiacylglycerol

LissRhod-PE 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl)

NBD-PE 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-

benzoxadiazol-4-yl)

Preparationof small unilamellar vesicles

Small unilamellar vesicles (SUVs) were used for SD gradient centrifugations, quartz crystal
microbalance and fluorescence spectroscopy. First, the respective lipids were dissolved in
chloroform. The organic solvent was evaporated under a gentle stream of nitrogen gas followed by
overnight vacuumdesiccationto remove any traces of solvent. Unilamellarliposomes were prepared

by rehydration of the dried lipid film with the corresponding buffer and five cycles of freeze-thawing.
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For theliposome fusion assay, theliposomes wereinstead extruded 15 times through a 100-nm filter,

using an extruder from Avanti Polar Lipids, Inc. (Alabaster, AL, USA).
Preparationofgiant unilamellar vesicles (GUVs)

Giant unilamellar vesicles (GUVs) were used to analyze binding of IM30 to membranes in presence
and absence of Mg>*. The GUVs were generated by gel-assisted swelling of a lipid film on a dried
PVA-film (polyvinylalcohol, MW 145000 Da; Merck Millipore, Darmstadt, GER). 30 pl of a 1 % PVA-
solution was heated to about 90 °C on a glass coverslip for 30 min. After cooling to RT, 3 pL of a
3 mM lipid solution (20 % DOPG, 80 % DOPC + 1:1000 Atto-633-DOPE, dissolved in chloroform)
were spread on the PVA film and dried under a gentle stream of nitrogen. GUVs were formed by the
addition of 200 pL of the corresponding swelling buffer. To analyze binding of IM30 to the GUVs,
20 mM HEPES buffer (pH 7.6) + 5 mM MgCl, were used as swelling buffers. After 45 min, the GUVs
were transferred to a new observation well, and 1 uM IM30-CFP was added carefully. GUVs were
observed with a 20x objective using a Zeiss Axio Observer Z.1 fluorescence microscope with the
Colibri 7 illumination module. The GUVs containing the Atto-633 fluorophore and the IM30-CFP
proteins were detected using appropriate filters. The Zeiss ZEN software was used for image

processing.

3.2.4. Biophysical Methods

3.24.1. Quartz Crystal Microbalance

Quartz Crystal Microbalance (QCM) is a technique to analyze binding of material to a coated quartz
crystal by monitoring the change of frequency and damping of the quartz crystal resonator

(Johannsmann et al., 2021).

For QCM measurements, only degassed buffers were used. QCM chips were cleaned with
30 mM EDTA, 2% SDS followed by 1 M NaOH. Then, the chipwas rinsed with water and dried with
nitrogen. Prior to the measurement, the chip was treated with an ozone plasma cleaner for 20 s to
remove any organic contaminations. 50 UL of a liposome suspension (1 mM lipid, 80 % DOPC,
20 % DOPG (w/w)) was mixed with 450 pL. 20 mM HEPES + 5 mM CaClz. A SiOz-coated QCM chip
(3T Analytik, Tuttlingen, GER) was calibrated with the QCM device (3T Analytik, Tuttlingen, GER).
To produce an SLB on the SiO: surface, the chip was washed with HEPES buffer. Next, 150 pLof the
liposome suspension was pumped on the chip (60 pL/min). After completion of the liposome
spreading (i.e. when the frequency shift reached a constant level of about 90 Hz and negligible

damping), the chip was washed again with HEPES buffer or HEPES buffer + 10 mM Mg**
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(150+300 uL; 60 uL/min). To start the measurement, 150 uL.IM30 wt (4.5 uM in HEPES buffer or in
HEPES buffer + 10 mM Mg>*) was pumped on the SLB (60 uL/min) and binding of the protein was

monitored over ~3500s.

3.2.4.2. Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a non-optical imaging technique. The sample is scanned by an
AFM tip attached to a cantilever in a raster pattern. By monitoring the deflection of the cantilever, a
three-dimensional topographic image of the sample surface is generated (Pleshakova et al., 2018).

In this work, AFM was used to visualize binding of IM30 to mica or to a solid supported bilayer (SSB).

All buffers and solutions were freshly prepared and filter sterilized (0.2 pum filter) before use. To
visualize IM30-binding to lipid bilayers, freshly cleaved muscovite mica (12 mm diameter; Ted Pella
Inc. grade V1) was mounted on a teflon disc (16 mm) and washed with 2x50 pL of adsorption buffer
(20 mM HEPES pH 7.6,20 mM Mg“) to remove soluble ions from the mica surface. Afterward, the
buffer was incubated for 5 min at RT on the mica disc. Thereafter, 50 pL liposome suspension
(5 mg/mL DOPG) was added to the adsorption buffer. The mixture was incubated for 20 to 30 min
at RT. Care was taken to let the substrate surface never run dry. The mica surface was washed
carefully with 1 mL imaging buffer (20 mM HEPES w/o 10 mM Mg?"). A drop of 100 uL of imaging
buffer was left on the mica. Then the sample was mounted under the AFM head. AFM measurements
were carried out using a Nanowizard IV (JPK) in the QI mode (Quantitativeimaging). An uncoated
AC240TS probe (OMCL-AC240TS: L=240 um, W=40 pm, k=2 N/m; f=70kHz, Olympus) with a7 nm
tipwas used for scanning. The formation of a lipid bilayer was checked by force curve measurements
and indicated by the typical break-through shape of the force curve (Loi et al., 2002). A total
concentration of ~1.5 uM IM30 was achieved by adding small volumes (30 - 50 pL) directly on the
lipid-coated mica surface mounted in the AFM. The sample was incubated at RT until thedrift in the
deflection signal decreased. Scanning was started with a minimal setpoint. Images were scanned

with 256x256 or 512x512 px.

The resulting images were analyzed with GWYDDION version 2.56 (Nec¢as and Klapetek, 2012). The
measured height-signal images were leveled by removing a polynomial background, and scan rows
were aligned using the median height. The images were cropped to the area of interest, where
necessary and the offset was removed. Particle dimensions were analyzed by marking them by a

threshold, excluded membrane defects, particles spanning only one pixel, and subsequently the
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particle parameters were exported via the analysis tool provided by GWYDDION. Statistical analysis

was performed with the Mann-Whitney Rank Sum Test employing SigmaPlot (Systat Software Inc.).

To visualize IM30-binding to mica surfaces, 50 pL adsorption buffer (10 mM TRIS, 150 mM K,
25 mM MgCly, pH 7.6) was incubated on freshly cleaved muscovite mica (12 mm diameter; Ted Pella
Inc. grade V1) for 5 min at RT. The mica substrate was washed two times with 50 pL of adsorption
buffer. Then, 5 pL protein was added to a final concentrationof ~0.5 pM. The protein was incubated
on the substratefor 10 min at RT. Thereafter, the substrate was washed with ~1 mL imaging buffer
(10 mM TRIS, 150 mM KClI, pH 7.6). The samples were imaged with a Multimode 8 AFM (Bruker)
using uncoated silicon cantilevers. Measurements were carried out in PeakForce tapping mode in
imaging buffer at ~25 °C. The force setpoint was set as low as possible, typically <300 pN. Images
were scanned with 512 x 512 px and 2 ms pixel time. The resulting images were analyzed with
GWYDDION. The measured height-images wereleveled by removing a polynomial background, and
scan rows were aligned by fitting a second-degree polynomial and aligning the offsets of the

substrate surface. Theimages were cropped to thearea of interest.

3.2.4.3. Electron Microscopy

Electron microscopy (EM) can visualize biological structures at atomic resolution. The illumination
source is a beam of accelerated electrons (Richter, 2003). In this work, the oligomeric structure of

the IM30 protein was analyzed by a transmission electron microscope (TEM).

The samples were prepared by Dr. Wolfgang Gebauer. 5 uL of a sample (0.2 mg/mL protein solution)
were pipetted ontoa glow-discharged continuous carbon grid (30 s at 25 mA in an Emitech K100X
glow discharge system (Quorum Technologies, Lewes, GB)). After one minute, the samples were
washed with 3 x 20 pL HxO, blotted on the edge of the grid with a filter paper, contrasted for 45 s
with 5 pl of 2 % uranyl acetate staining solution, and then blotted dry on the edge of the grid with
filter paper. The pictures were taken with an FEI Tecnai 12 electron microscope (acceleration voltage:
120 kV, CS = 6.3 mm; nominal magnification: 71,540 x; nominal underfocus: 0.5-1.5 pm) on a TVIPS
TemCam-F416 4 K CCD camera.

In a different cooperation, thenegatively stained samples were prepared by Benedikt Junglas. 3 pL
sample (0.2 mg/mL protein solution) was applied to a glow-discharged (PELCO easiGlow Glow
Discharger, Ted Pella Inc, Redding, CA, USA) continuous carbon grid (CF-300 Cu, Electron
Microscopy Sciences). The sample was incubated on the grid for 1 min. Then the grid was side-

blotted on filter paper, washed with 3 uL water, stainedwith 3 puL 2 % uranyl acetate for 30 s and-
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air dried. The grids were imaged with an FEI Talos L120C electron microscope (acceleration voltage:

120 kV) equipped with a CETA camera at a pixel size of 4.06 A/pix at an underfocus of 1 to 2.5 pm.

3.2.4.4. Dynamic Light Scattering

Dynamic Light Scattering (DLS) is a method to analyze the size distribution profile of a particde
solution/suspension (Falke and Betzel, 2019). At this technique, a laser beam is passed through a
sample and the light scattering is monitored. Due to the brownian motion, the distance and
orientation of the particles change over time. The natural diffusion leads to a fluctuation in the
intensity of the light scattering, which occurs faster with small particles than with large particles.
Mathematical methods such as autocorrelation or fourier transformation are used to calculate the
diffusion coefficient from the particle velocity. Afterwards, the radius of the particles is calculated

using the Stoke-Einstein relationship (1) (Falkeand Betzel, 2019).

D=kp T-6m-n-r @

Here, D refers to the diffusion coefficient, kg to the Boltzmann constant, T to the temperature, 1 to

the viscosity of thesolution andr to the particleradius.

In this work, DLS was used to analyze the size of different IM30 variants. The mean particle diameter
of IM30 was determined in 20 mM HEPES buffer, pH 7.6. 100 pL samples, containing 0.1 mg/ml
protein were incubated for 30 min at RT and measured at 25 °C at a scattering angle of 173°
(Zetasizer ZS, Malvern, UK). Three individual samples were each measured three times for 10 s and

analyzed using the manufacturer’s software.

3.24.5. Circular dichroism spectroscopy

Circular dichroism (CD) is the differential absorption of circularly polarized light by optically active
molecules. By measuring the absorption difference at different wavelengths, a CD spectrum is
obtained that provides information about the stereochemistryof the chiral substances such as amino

acids (Richter, 2003)

In the case of proteins, the individual spectra of theamino acids overlapto an overall spectrum. The
secondary structure of proteins can be analyzed by CD spectroscopy, sincethe secondary structure

elements such as a-helices or B-sheets are characterized by typical CD spectra (Kelly et al., 2005).
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The molar CD value At is defined as (2).

AA (D)
A V=~ @

AA refers to the difference of absorption, 1 to the optical path length and ¢ to the sample

concentration.

The CD value is often described as ellipticity ©.

0 (A) =3298.2-As () 3)
In this work, CD was used to determine the secondary structure of IM30. CD spectra were recorded
with a JASCO- 815 CD spectrometer (JASCO Corporation, Tokyo, JPN) using 0.1 mg/mL IM30 in
10 mM HEPES buffer (pH 7.6). The spectra were recorded from 200 nm to 250 nm at 20 °C witha
scan rate of 100 nm/min, 1 nm steps and 1 s data integration time using quartz crystal suprasil
cuvettes (1 mm; Hellma Analytics, Jena, GER). For each sample, three spectra were averaged and

smoothed by the JASCO software package (Savitzky-Golayfilter), if necessary.

Thermal stability of IM30 (0.1 mg/mL) was determined via CD spectroscopy (JASCO-815 CD
spectrometer with an MPTC-490S temperature-controlled cell holder) with an overall heating rate
of 0.27 °C/min (Heidrich et al., 2018). The thermal transition was determined via monitoring the
ellipticity at 222 nm (6). To analyze protein folding, the melting curve was fitted with an adapted
Boltzmann-Fit thatallows alinear slopein thefirst plateau region of the curve (4).

Qmeas(T): ( T'mN+9N) - GD

+6p 4)

T
1+edl

Here, On and Op refer to the molar ellipticity of the native or denatured stateat 222 nm. my refers to

the slope of the initial plateau. T refers to the transition point of the denaturation curve.

3.2.4.6. Laurdan fluorescence spectroscopy

Fluorescenceis the emission oflight after the excitation of chromophoric molecule. Due to relaxation

processes, theemitted light is red-shifted compared to the excitation light (Richter, 2003).

Here, the dipolar relaxation/stokes shift of Laurdan (6-dodecanoyl-N, N-dimethyl-2-naphthylamine)
was used to analyzebinding of IM30 to membranes. Laurdan is a fluorescent dye that incorporates
intolipid bilayers. Its fluorescence is sensitive to changes of the polarity of the environment and is

therefore used to report changes of the membrane fluidity. Since polar solvent molecules as H>0
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decrease the excited stateof Laurdan by antiparallel alignment of their dipole moment, the emitted

lightis red-shifted in environments with high polarity (Parasassiet al., 1990).

In order to quantify the spectral changes, the Generalized Polarization (GP) value defined by

Parasassiwas calculated for each spectrum.

Ly -1
cp - Ja0 " Laso
Lyq0 + Ligo

(5)
Here, I140 and 490 are the fluorescence emission intensities at 440 and 490 nm, respectively.

Laurdan (Sigma, Taufkirchen, GER) was added to the dissolved lipids in a molar ratio of 1:500.
Unilamellar liposomes were prepared as described in 3.2.3.8. Toanalyze the binding of IM30 to the
liposomes, 0 - 6 uM IM30 and 0.1 mM liposomes in 20 mM HEPES were mixed and incubated for
30 min in the dark at 25 °C. The fluorescence emission spectra were recorded using a Fluoromax-4
spectrometer (Horiba Scientific, Kyoto, JPN) from 400 to 550 nm with excitation at 350 nmat 25 °C.
Quartz crystal suprasil cuvettes (3 mm; Hellma Analytics, Jena, GER) were used and the excitation

and emission slit width was set to 4 nm.

The membrane binding affinity of IM30 was calculated by thebinding fit (6) (Heidrich et al., 2016).

AGP
GP = GPmin+1+—_K'I (6)

CIM30

3.2.4.7. ANS fluorescence spectroscopy

The surface polarity of IM30 was analyzed using the fluorescent dye 8 -anilinonaphthalene-1-sulfonic
acid (ANS). ANS can bind to both hydrophobic and hydrophilic areas of proteins. The fluorescence
intensity increases strongly in a non-polar environment compared to polar solvents. Additionally,
the emission maximum of 500 nmis blue-shifted (LaPorteet al., 1980). Here, ANS spectroscopy was

used to analyze the surface hydrophobicity of IM30 in absence and presence of Mg*".

For the measurements, 1 pM IM30 was mixed with 7.5 pM ANS (Sigma-Aldrich, Munich, GER) in
20 mM HEPES buffer (pH 7.6). The samples were incubated in the dark for at 15 min at RT. After
addition of 7.5 mM Mg>*, the samples were further incubated for 30 min at RT in the dark. The
measurements were performed using a Fluoromax-4 spectrometer (Horiba Scientific, Kyoto, JPN)
and quartz crystal suprasil cuvettes (3 mm; Hellma Analytics, Jena, GER). The excitation wavelength
was 370 nm (slit widths 4 nm), the emission wavelength ranged from 400 to 650 nm (slit widths
4 nm). Fluorescence intensities of three independent measurements were averaged and the spectra

of ANSin the respective buffer in absence of the protein were subtracted.
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3.2.4.8. Tryptophan fluorescence spectroscopy

Tryptophan, phenylalanine and tyrosine are fluorescent amino acids. The fluorescence of a protein
is mainly attributed to tryptophan, since it has the highest quantum yield. The fluorescence of
tryptophan is sensitive to the polarity of the environment. When e.g. exposed to a hydrophobic
environment, the tryptophan spectrum is blue-shifted and the fluorescence intensity is increased

(Hellmann and Schneider, 2019).

To analyze the change of the tryptophan spectrum, the spectral center of mass <A> was analyzed,

which includes changes of the emission maximum, but also the spectral shape (Royer et al., 1993).

NI
Py

Here, A refers to thewavelength and I refers to thefluorescence intensity.

()

<A> =

For the measurements, 1.6 pM IM30 in 200 uL. HEPES (20 mM, pH 7.6) were incubated for 30 min
at 25 °C. Tryptophan fluorescence spectra were recorded at 25 °C from 300 to 450 nm (slit width 5
nm) upon excitation at 280 nm (slit width 5 nm) using quartz crystal suprasil cuvettes (3 mm;
Hellma Analytics, Jena, GER). The measurements were performed using a Fluoromax-4 spectrometer

(Horiba Scientific, Kyoto, JPN).

3.2.4.9. Membrane fusion assay

Membrane fusion of MGDG/DOPG liposomes was measured using a Forster resonance energy
transfer (FRET)-based assay (Henniget al., 2015). To do so, unlabeled liposomes were mixed in 10-
fold excess with labeled liposomes containingthelipid-coupled FRET dyes NBD and Liss-Rhod. Upon
fusion of labeled with unlabeled liposomes, the dyes redistribute over the membrane by lateral
diffusion. The consequently decreasing FRET is measured as increasing donor emission intensity. As
a positive control, liposomes containing only a 10" of the fluorescently labeled lipids were used to

simulate complete membrane fusion.

IM30 was preincubated with Mg** for ~ 5 min. After addition of the MGDG/DOPG (40/60 %)
liposomes, the measurement was immediately started. Thefinal concentrations were2.5 uM IM30,
7.5mM Mg®* and 0.1 mM lipid. All components were dissolved in 20 mM HEPES (pH 7.6). The
measurements were performed for 1000 s at 25 °C using a Fluoromax-4 spectrometer (Horiba

Scientific, Kyoto, JPN). The slit widths were set to 5 nm for excitation at 460 and emission at 535
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nm. The raw fluorescence data was converted to a fusion rate by equation 2 using theintensities of

the negative control (Ip), the positive control (In) and the measured sample (I) at each time point ¢.

Ii-I o (8)

NBD fluorescence (t)=
t, M'It, 0

The initial fusion rate was determined by the slope of the fusion curve over thefirst 50s.
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4, Results and Discussion

4.1. GTP hydrolysisby Synechocystis IM30 does not decisively affectits
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4.1.2. Summary

The physiological function of IM30 in cyanobacteria and chloroplasts is under debate since more
than 15 years. While the significance of IM30 for TM biogenesis and/or maintenance is generally
acknowledged, diverse specific functions have been suggested, including lipid transport, protein
complex formation or membrane remodeling (Zhang and Sakamoto, 2013; Heidrich et al., 2017;

Siebenaller et al., 2019).

IM30 shares certain features with other membrane-active proteins such as dynamin-like proteins
(Jilly et al., 2018), since it is likely involved in membrane fusion and protection/stabilization and
oligomerizes into higher-ordered structures (Fuhrmannet al., 2009b; Henniget al., 2015; Zhang and
Sakamoto, 2015; Saur et al., 2017). As membrane remodeling is often associated with nucleotide
hydrolysis (McNewet al., 2013), it was not unreasonable to suspect a nucleotide hydrolyzing activity
for IM30. Indeed, in 2018, a GTPase activity of IM30 of Arabidopsis thaliana was revealed in vitro,
albeit IM30 shows no further classical GTPase features, such as a G-domain, suggesting that IM30
belongs to a new class of membrane-remodeling GTPases (Ohnishi et al., 2018). Still, all membrane-
related functions of IM30 have been observed before in absence of nucleotides, giving rise to the

question if and how GTP binding/hydrolysis actually affects the activity of IM30.

In the project part “GTP hydrolysis by Synechocystis IM30 does not decisively affect its membrane
remodeling activity” it hasbeen investigated whether the observed GTPase activityis conserved also
in IM30 of Synechocystis. It has been shown that also Synechocystis IM30 hydrolyzes GTP followed
by the release of phosphate. Yet, Mg** appears not to be essential for GTP hydrolysis. Furthermore,
theIM30 GTPase activity hasno decisive influence on membrane interaction of IM30. Consequently,

the GTP hydrolyzing activity appears not to be essential for IM30 “s membrane remodeling function.

4.1.2.1. IM30has GTP hydrolyzing activity in presence and absence of Mg>*

The potential GTPaseactivity of the cyanobacterial IM30 was analyzed using different assays based

on either thedetection of inorganic phosphate (P;) or GTP, respectively.

The malachite green assay, whichwas also used for the analysis of Arabidopsis IM30 (Ohnishi et al.,
2018), and a fluorescence-based, continuous phosphate release assay (Brune et al., 1994) are both
based on the detection of P;, which is released upon GTP hydrolysis. In presence of 2.5 mM Mg**,
Synechocystis IM30 showed a rather low GTPase activity. Using the Hill-equation, the kca of

2.16 + 0.33 min™ was determined in the malachite green assay, which is e.g. similar to the kca of
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dynamin in absence of membranes (kca:2.60 + 0.98 min ") (Song et al., 2004). But in contrast to
dynamin, the GTPase activity of IM30 did not increasein presence of lipid membranes. Furthermore,
a Ky of0.65 +0.14mM and a Hill coefficient of 1.29 + 0.14 mM were determined. In contrast to other
GTPases, such as dynamins (Kp ~0.5-5 uM), or GTPases from the ras superfamily (subnanomolar
Kp), the affinity of IM30 for GTP is rather weak (Shan et al., 2009). The GTPase activity of IM30
could be modulated by the addition of the non-hydrolyzable GTP analog GMP-PCP. In presence of GMP-
PCP, the analysis revealed strong cooperativity (Hill coefficient n = 5.19 + 3.64), potentially involving more
than4 binding sites. Still, the data do not allow to distinguish between allosteric and competitive inhibition.
Since theanalysis of the malachite green assay is based on an average of the experimental time and
does not account e.g. for substratelimitation or inhibition, a continuous phosphate release assay was
used to determine the kinetics of P; release. The analysis revealed a ke of approximately
0.0179 + 0.02 min ", taking into account the necessary experimental conditions of 0.1 puM IM30 and

10 uM GTP, which resultsin the very low saturation level of IM30 of about 0.5 %.

The results were further supported by a luciferase-coupled GTPase assay, which directly depends on
the GTP concentration. Theresults showthat the before measured P; releaseindeed originates from
GTP hydrolysis and not from a release of P; that was initially bound to IM30. Noteworthy, usingan
established enzyme-coupled GTPase assay, including Pyruvate Kinase (PK) and Lactic
Dehydrogenase (LDH) (Ingerman and Nunnari, 2005), no GTP hydrolyzing activity of IM30 was
detected. This might be caused by an inhibition of any reaction step of the assay by IM30 or by a very

slow keff rate. Nevertheless, IM30 clearly showed GTP-hydrolyzing activity in all other assays.

Surprisingly, the GTPase activity of IM30 was not Mg*>*-dependent, which is rather uncommon for
classical GTPases. In case of other Mg**-independent GTPases, such as FtsZ or the Rho family, the
presence of Mg”* does at least strongly increase the GTPase activity (De Boer et al., 1992; Zhang et
al., 2000), which was not observed for IM30-mediated GTP hydrolysis. Still, increased cooperativity
was observed in presence of Mg>*, which may be explained by the alteration of the oligomeric

structure of IM30 induced by Mg**-binding (Heidrich et al., 2018).

4.1.2.2.  GTP hydrolysis depends on the oligomeric state of IM30

Thefirst a-helix of IM30 was claimed to be essential for the GTPase activity of IM30, since itsdeletion
in Arabidopsis IM30 resulted in the loss of the GTP hydrolyzing activity (Ohnishi et al., 2018).
Noteworthy, this deletion also results in disassembly of the IM30 ring/rod-like structurein case of

Arabidopsis IM30 (Otters et al., 2013; Ohnishi et al., 2018), but not in case of IM30 from
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Synechocystis or Chlamydomonas (Gao et al., 2015; Thurotte and Schneider, 2019). When the
truncated IM30 variant lacking helix 1 (IM30 H27) was analyzed using the malachite green assay,
GTPase activity was still observed. This implies that not specifically helix 1 is crucial for the GTPase
activity, but likely the oligomeric structure. This assumption was supported by analysis of the IM30
mutant IM30*, which was shown to only form smaller oligomers instead of ring/rod structures
(Heidrich et al., 2016) and was not able to hydrolyze GTP. A species-dependent difference of this
aspect seems unlikely, as a conserved function of the IM30 helices can be assumed. IM30 does not
contain any currently known GTP binding sites, such as a G-domain or P-loop motif, respectively.
While other proteins, such as Tubulin or FtsZ, also miss a P-loop motif, they still have a highly
conserved nucleotide binding site (Nogales et al., 1998; Wittinghofer and Vetter, 2011), which cannot
be found within the IM30 sequence. The observations from this publication suggested that the
putative GTP binding sites arelocalized between adjacent IM30 monomers/smaller oligomersin the
intact ring structure. This idea is now supported by the recently published IM30 structure, where an
ADP-molecule was found stably bound between the layers 1 and 2 of the ring (Gupta et al., 2021).
The GTP binding site of IM30 is novel, and the furthermore missing typical Mg**-dependency of

canonical GTPases suggests that IM30 may found a new class of GTPases (Ohnishiet al., 2018).

4.1.23.  GTP binding and/or hydrolysis do not critically affect IM30-mediated membrane

remodeling

After showing that also Synechocystis IM30 has a GTPase activity, theimpact of GTP hydrolysis on
the activity of IM30 was studied. The physiological function of IM30 is not clear yet, but in in vitro
experiments it has clearly been shown that IM30 binds to negatively charged membranes, which can
result in membrane fusion at specific conditions (Henniget al., 2015; McDonald et al., 2015; Heidrich
et al., 2016). Since membrane remodeling is often accompanied by nucleotide hydrolysis (McNew et

al., 2013), theinfluence of GTP hydrolysison the membraneinteractions of IM30 was analyzed next.

In absence of Mg”*, IM30 binds to negatively charged membranes, which can be monitored via
Laurdan fluorescence spectroscopy (Hennig et al., 2015; Heidrich et al., 2016). The fluorescence
emission of the membrane-integrating dye Laurdan is sensitive to the polarity of the environment
and thereforereflects e.g. changes in the lipid order (Parasassietal., 1998), which are discussed to
be induced by IM30 (Heidrich et al., 2016). The Laurdan fluorophore was incorporated into
liposomes (PG, 100 %) and incubated with the nucleotides GTP or GDP and/or IM30. The experiment

showed already minor changes even in absence of IM30, indicating some interaction of the
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nucleotides with the liposomes. Nevertheless, the observed changes in presence of IM30 were
considerably larger, allowing to analyze theimpact of the nucleotides on IM30 membrane binding.
Here, no significant changes were observed, showing that GTP binding/hydrolysis does not affect

IM30 membrane binding, at least in absence of Mg>*.

Mg2+ directly interacts with both PG membranes (Mondal Roy and Sarkar, 2011) and IM30 (Heidrich
et al., 2018). In presence of Mg“, IM30 mediates membrane fusion of TM model membranes
(PG/MGDG, 40 %/60 %). Consequently, the influence of GTP binding/hydrolysis on IM30
membrane binding cannot be analyzed completely independent from side-effects caused by
membrane fusion. The impact of GTP binding and/or hydrolysis on the IM30 membrane fusion
activity was analyzed using a FRET-based liposome fusion assay (Henniget al., 2015). Here, no major
changes of the initial fusion rate were observed, albeit the kinetics were marginally altered. While
thefusion rates slightly increased in presence of GTP, therate decreased to some extent in presence

of GDP.

Noteworthy, the analysis of the fusion assay results was challenging, since the fusion process
involves multiple equilibria between IM30, Mg**, liposomes and nucleotides, which are constantly
changing during the membrane fusion process. The concentration of Mg>* was experimentally
adjusted, as GTP and GDP both bind Mg**, yet to different extents (Rudack et al., 2012), and
consequently lowered the effective free Mg”* concentration. The analysis might thus be biased by
this experimental approach and must be taken with caution, since the Mg** concentration is crucial
in the membrane fusion process (Hennig et al., 2015). Additionally, a direct impact of the nucleotides
on thelipid bilayer structure was not considered in the analysis. While direct binding of nucleotides
to DOPC membranes has already been observed, the nucleotide-membrane interaction could also be
mediated by Mg”* bridging the negatively charged PG headgroups and the phosphate groups of the
nucleotides, as e.g. discussed in case of DNA-membrane interactions (Liang et al., 2005; Antipina
and Gurtovenko, 2016). Taking all these considerations into account, the observed small differences
of the membrane fusion kinetics rather hint for a minor influence of GTP binding and/or hydrolysis

on IM30-mediated membrane fusion.

The results suggest that GTP binding/hydrolysis by IM30 likely is no key regulator of IM30 ‘s
membrane binding and membrane fusion activity, sinceit neither abolishes nor exclusively triggers
membraneinteractions. Thisis perfectly in line with various previous results, since nucleotides were
never present in any study analyzing membraneinteraction of IM30 (Otters et al., 2013; Hennig et
al., 2015; McDonald et al., 2015; Heidrich et al., 2016; Hennig et al., 2017; McDonald et al., 2017,

Heidrich et al., 2018). Based on the observed small effects on the fusion kinetics, a modulating effect
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of the fusion process cannot be excluded, but may also be caused by the discussed experimental

complications.

Taken together, Synechocystis IM30 clearly showed GTPase activity invitro. Yet, IM30 differs from
typical GTPases, since it misses a known nucleotide binding site and is independent of Mg>*. The
results of this study show no impact of GTP binding and hydrolysis on membrane interaction of

IM30, atleast in vitro, and the physiological relevance of this function remains to be shown.
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4.2. Binding and/or hydrolysis of purine-based nucleotides is not
required for IM30 ring formation
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Siebenaller C., Schlésser, L., Junglas B., Schmidt-Dengler M., Jacob D., HellmannN., Sachse C., Helm

M. and Schneider D. (2021) Binding and/or hydrolysis of purine-based nucleotides is not required for
IM30 ring formation, FEBS Letters, 595(14), 1876-1885.
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The study has been originally published in FEBS Letters (Appendix VIIL.3) (Siebenaller et al., 2021).
The author contributions according to the CRediT taxonomy (Allen et al., 2014) are listed in Table
4.2.1.

Table 4.2.1: Author contributions of Binding and/or hydrolysis of purine-based nucleotides is not
required for IM30 ring formation

Study conception Complete study CSi, NH, MH, CSa, DS
Writing Complete study CSi, DJ, BJ, DS
Supervision, Project Protein characterization NH, DS
administration, Funding Nucleotide analysis MH

acquisition, Resources Electron Microscopy CSa
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Fig.S1 CSi, SM, DJ CSi

Fig.S2 LS CSi, LS
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4.2.2. Summary

GTP hydrolyzing activity has been suggested as a function of IM30 as shown in chapter 4.1. (Ohnishi
et al., 2018; Junglas et al., 2020c). Noteworthy, the IM30 protein does not contain any canonical
domains or motifs involved in GTP-binding, and GTP-binding/hydrolysis does not seem to regulate

IM30 membrane interactions decisively (Junglas et al., 2020c, chapter 4.1).

The formation of homo-oligomeric ring/rod structures with masses >1 MDa is a characteristic
feature of PspA/IM30 family members (reviewed in Siebenaller et al., 2019). While the height of
IM30 rings is constant, diameters of 22-35 nm are observed caused by varying rotational symmetries
(Saur et al., 2017; Gupta et al., 2021; Junglaset al., 2021; Liu et al., 2021). The high-resolution cryo-
EM analyses show that the mainly a-helical monomers are arranged horizontally and form
interwoven ring layers. Between thefirst and the second layer of the IM30 ring, a stably bound ADP
molecule was detected. Based on this, it has been suggested thatthe formation of IM30 rings budding

off from membrane surfaces requires ATP-binding and/or hydrolysis (Gupta et al., 2021).

To address this suggestion, the study analyzed whether GTP-binding/hydrolysis affects the
formation of IM30 rings. The results show that Synechocystis IM30 rings self-assemble in absence
of any nucleotides, suggesting that nucleotide binding and/or hydrolysisis not required for ring
formation. Furthermore, the study demonstrates that IM30 is actually an NTPase that hydrolyzes
the purine-based nucleotides ATP and GTP with similar rates, but not the pyrimidine-based CTP and
UTP.

4.2.2.1. IM30 hydrolyzes purine-based, but not pyrimidine-based nucleotides

The specificity of the NTP-hydrolyzing activity of purified IM30 was analyzed in vitro using a well-
established malachite green-based assay. While the purine-based nucleotides GTP and ATP were
hydrolyzed to a similar extent, the pyrimidine-based nucleotides CTP and UTP were only slightly
hydrolyzed (Fig. 1). This shows that IM30 is actually not a GTPase, but an NTPase, which specifically
hydrolyzes purine-based nucleotides. The results are perfectly in line with the recently observed ADP
bound to IM30 rings and the originally observed GTPase activity (Junglas et al., 2020c (chapter 4.1);
Gupta et al., 2021; McCullough and Sundquist, 2020). While thus far solely the interaction of the
nucleotide’s phosphate groups with IM30 side chains was discussed to be involved in nucleotide
binding, the results here imply that also interactions of the nucleotide bases are crucial
Consequently, the nucleotide binding pocket appears to be specific for thelarger purine-heterocycle
of NTPs.
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Still, the NTPase activity of IM30 is unusual. A substrate promiscuity has also been observed for
other ATP/GTPases, such as the predicted GTP-binding protein HflX or YchF, but is rather
uncommon (Dutta et al., 2009; Cheunget al., 2016). It is discussed that during evolution, the GTPase
activity has switched to an ATPaseactivity in some cases (Leipe et al., 2002; Leipe et al., 2004). Still,
in contrast to IM30, these proteins contain canonical nucleotide binding motifs in their sequence.
The GTP-binding affinity and GTPase activity of IM30 is relatively lowwhen compared to other GTP-
hydrolyzing enzymes (Junglas et al., 2020c, chapter 4.1). The low activity could be explained by a
very slow kogratefor ADP and GDP from the IM30 binding pocket. This seems in linewith the in the
IM30 cryo-EM structureidentified stably bound ADP (Gupta et al., 2021), and explains why no free
GDP could be detected in the enzyme-coupled GTPase assay describedin chapter 4.1. (Junglaset al.,
2020c¢).

4.2.2.2. IM30 nucleotide binding is not required for IM30 ring formation

The structural analysis of IM30, in which the ADP molecule was detected, was performed with a
protein that was incubated with ATP-containing solutions during the protein purification (Gupta et
al., 2021). In this study, it was first analyzed by LC-MS whether IM30 purified without an ATP-
including washing step contains any nucleotides, which could originate from the E. coli cells used
for protein expression. Here, no nucleotides were observed (Fig. 2 A, B). Next, it was analyzed by
EM whether the nucleotide-free IM30 still forms ring/rod structures (Fig. 2 C). Since this was the
case, it was concluded that nucleotide binding is not essential for the stabilization of the ring

structure.

As the IM30 ring formation might already take place in E. coli during protein expression, these
observations do not completely exclude that nucleotide binding could be a crucial step triggering
ring formation. Still, IM30 likely forms a monomer or lower-ordered oligomer during the
purification (Saur et al., 2017), and the monomers/oligomers are partially unfolded when not
organized as a ring (Junglas et al., 2020b). Furthermore, the N-terminally fused chitin-binding
domain, which was used in Gupta et al. for protein purification, likely prevents ring formation prior

to removal of the fusion domain (Gupta et al., 2021).

Nevertheless, the structure of IM30, which was completely denatured during the first purification
steps was next further analyzed using CD-spectroscopy (Fig. 3 A). Noteworthy, dueto denaturation
any potential nucleotide binding sites are likely not properly formed. The complete absence of

nucleotides in the purified protein sample was confirmed via LC/MS analysis (Fig. S1). Since the
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overall secondary structure of IM30 purified under denaturing conditions did not differ after
refolding from IM30 purified under native conditions (Fig. 3 A), the protein seems to correctly refold.
Since smaller IM30 oligomers are partially unfolded (Junglas et al., 2020b), this is a first hint for
ring formation. This was supported by SEC, where only high molecular weight oligomers were
detected (Fig. 3 B). Using EM, it was finally shown that nucleotide-free IM30 still forms the

prototypical ring and rod structures (Fig. 3 C).

Consequently, IM30 unambiguously self-assembles into ring structures without nucleotide binding

and/or hydrolysis.

The ADP observed in the cryo-EM structure likely originates from the ATP-including washing step
applied during protein purification (Gupta et al.,2021). The ADP molecule was only detected between
thefirst and the secondlayer of the ring, where the monomers have a somewhat distorted structure
due tothebasket-likering structure (Gupta et al., 2021). This suggeststhat nucleotide binding might
cause a distortion of the IM30 structure, and/or ATP/GTP bind only to slightly distorted IM30
structures. In fact, PspA rods, which were purified under denaturing conditions, looked even more
regular than PspA purified under native conditions (Junglas et al., 2021). Since minor structural
changes of IM30 cannot be excluded, it was next analyzed whether in vitro refolded IM30 still has
nucleotide hydrolyzing activity. Here, no measurable ATP or GTP hydrolysis was observed (Fig. S2),
which might be caused by minor changes of the IM30 structure close to the putative ADP binding
site. As the NTPase-inactive proteins are neither overall misfolded (Fig. 3 A), nor have impaired
oligomerization/ring formation (Fig. 3 B, C), the relevance of nucleotide binding for the IM30

structureappears to be low.

In vivo, nucleotide hydrolysis can only berelevant when an IM30 ring has already formed, since the
nucleotide binding siteinvolves three adjacent IM30 monomers within the ring structure (Gupta et
al., 2021). In line with this, oligomerization-impaired mutants were shown to not hydrolyze GTP at
allin chapter 4.1 (Junglas et al., 2020c). Since IM30 rings dissociate on the membrane (Junglas et al.,
2020b), theidea that ring formation is initiated on the membrane by ATP/GTP appears to be rather
unlikely. Moreover, the thermal stability of IM30 “s secondary structure was shown to be decreased
in presence of GTP (chapter 4.1, Junglas et al., 2020c), which does not support the idea of ring

stabilization by nucleotide binding.

Since this study showed that nucleotide binding/hydrolysis is not relevant for IM30 ring formation,
andthe previous results suggest that it is not relevant for membrane remodeling in vitro (Junglas et
al., 2020c, chapter4.1.), theresults suggest that nucleotide hydrolysis by IM30 does not significantly

affect the in vivo function of IM30.
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4.3.2. Summary

IM30 is essential for the development and/or maintenance of TMs in oxygenic photosynthetic
organisms, involving plants, cyanobacteria and algae (Vothknecht etal., 2012). It is localizedin the
cyanobacterial cytoplasm or the chloroplast stroma, respectively, as well as at the TMs and the CM
or chloroplast inner envelope, respectively (Li et al., 1994; Fuhrmann et al., 2009a). IM30 is
discussed to have at least a dual function, i.e. membrane protection/stabilization and membrane

remodeling (Heidrich et al., 2017; Siebenaller et al., 2019).

The membrane-remodeling activity appears to be specific for photosynthetic organisms. Membrane
remodeling includes membrane fusion events, and IM30 indeed induces the fusion of TM model
membranes in vitro upon activation by Mg**-binding (Hennig et al., 2015; Heidrich et al., 2018;
Thurotte and Schneider, 2019). Consequently, IM30 could be involved in the continuous
rearrangement of the TM system in vivo, e.g. in order to adapt to changing light conditions, which
regulate the cytoplasmic/stromal Mg>*-concentration (Chuartzman et al., 2008; Nagy et al., 2011;
Nestler et al., 2012; Liberton et al., 2013a; Pohland and Schneider, 2019). The membrane
protective/stabilizing function is conserved in the IM30/PspA protein family (Thurotteet al., 2017).
PspA is known to stabilize membranes of Gram-negative bacteria to maintain the proton motive
force (PMF) (Kleerebezem et al., 1996; Kobayashiet al., 2007; Joly et al., 2010). In cyanobacteria and
chloroplast, maintaining the electrochemical gradient across the TM is of special importance, since
the ApH is used for ATP production (Belkin et al., 1987). The TM is prone to oxidative damage,
especially in curvature-stressed TM regions (Foyer, 2018; Junglas and Schneider, 2018). In recent in
vivo studies, IM30 was found to localize preferentially at highly curved TM regions under high light-
stress, likely forming protective IM30 assemblies (Thurotte et al., 2017; Gutu et al., 2018; Junglas
and Schneider, 2018). As theseregions bear therisk of protonsleakingout of the acidified TM lumen,
IM30 is potentially exposed to a lower pH at these regions. While all previous studies were performed
at a pH of ~7.6, essentially nothing is known about the IM30 structure and function at acidic

conditions.

In this study it is demonstrated that theIM30 structurediffers at a mildly acidic pH of ~ 5 from the
structure observed at pH 7.6, and that membrane binding and membrane fusion are enhanced at

pH 5.5. Consequently, IM30 is suggested to sense and seal proton leaks at defective TM regions.
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4.3.2.1. TheIM30 structure is modulated at acidic pH

The structure of the IM30 protein was analyzed using CD-spectroscopy, ANS- and Trp-fluorescence
at pH values ranging from 7.6 to 2.2. The experiments showed an at least biphasic structural

rearrangements of the protein “s secondary and tertiary structurein this pH range.

While the secondary structureinitially changed with decreasing pH to an unconventional structure
at ~ pH 5.5, an apparently regular a-helical structure was regained after further lowering the pH.
The observed unusual CD spectrum at ~pH 5.5 had an only minor contribution of the 208 nm
minimum, and the typical minima at 208 nm and 222 nm were additionally shifted to higher
wavelengths. This spectrum may be attributed to atypical secondary structural elements, such as f3-
turns or distorted forms of a-helical spectra. While absorption flattening due to light scattering could
cause such a distortion (Duysens, 1956; Urry and Ji, 1968), no increased scattering was observed
when the pH was decreased. A different explanation is the formation of at least partially
unconventional beta-sheet structures as shown for some lectins (McCubbin et al., 1971). Similar
shifts of beta-sheet minima have also been reported for selected peptides upon pH alterationor TFE
treatment (Bafiares-Hidalgo et al., 2014). Finally, it is not clear which structure was acquired at this
pH. Since the changes of the CD-spectrum are most pronounced at pH 5.5 and regain a regular
spectrum at pH 4.0, further protonation of particular amino acid side chains seems to destabilize the

atypical structure forming at ~pH 5.5.

Besides the secondary structure, also the tertiary structure of IM30 changed upon acidification, as
measured by ANS-fluorescence. This dye binds to hydrophobic areas of the protein surface, which
resultsin a blue shift of the spectrum accompanied by a fluorescence intensity increase (LaPorte et
al., 1980). While the hydrophobicity of IM30 ‘s surface first increased between pH 7.6 and ~pH 4.5,
a small decrease was observed below pH 4, clearly showing a change in the tertiary structure of
IM30. This was supported by Trp-Fluorescence measurements using the sole Trp residue (Trp71),
which is located in the center of the coiled-coil forming helices 2 and 3 (Saur et al., 2017).
Interestingly, the environment of Trp71 did also change upon acidification. While the fluorescence
intensity was almost unaltered, the spectral shape changed in a biphasic manner with a minimum
at ~pH 6 anda maximum at ~pH 4. This indicates a structural alteration of the coiled-coil region of
IM30, suggesting a slightly more hydrophobic environmentat mildly acidic pH. Yet, the rather minor

changes exclude major structural alterations, such as protein denaturation.

Taken together, the overall structure of IM30 was shown to be highly pH-dependent with an atypical

structureata ~pH 5.5.
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Interestingly, the structural changes observed at pH 5.5 were similar to structural changes observed
in presence of Mg** (Heidrich et al., 2018). Mg**-binding to IM30 also causes secondary structure
rearrangements and increased surface hydrophobicity, albeit the effects were not as pronounced as
reported here. More specifically, the amplitude of the 208 nm peak of the IM30 CD-spectrum was
also decreased to some extent in presence of Mg** at pH 7.6, but no shift of the typical minima was
observed. At pH 5.5, Mg**-binding did induce a slight increase of the 208 nm peak, resulting in a
similar CD spectrum for IM30 at pH 5.5.and7.6in presence of Mg>*. Still, IM30 appears to interact

with Mg?* alsoat pH 5.5., followed by a structural rearrangement.

4.3.2.2. Membrane interaction of IM30 is influenced by a low pH

Since IM30 may be locally exposed to a low pH closeto the TMs, membrane interaction of IM30 was
next analyzed via fluorescence spectroscopy. As the structural rearrangement appears most
pronounced at pH 5.5, the binding propensity and membrane fusion activity were analyzed at pH 5.5

and compared topH 7.6.

Laurdan fluorescence was monitored using TM-mimicking liposomes (PG/MGDG, 40/60 %). The
Laurdan dye is sensitiveto changes of the membrane fluidity, which causes changes of the emission
spectrum that can be characterized by the GP-value. IM30 membrane binding was discussed to
induce ordering of the lipid head group region, observed by an increase of the GP value (Henniget
al., 2015; Heidrich et al., 2016). In the now performed experiments, the membrane binding affinity
was calculated from binding curves determined at pH 5.5 and 7.6, respectively. At pH 5.5, a higher
membrane binding affinity (K« = 1.8 + 0.4) was observed in comparison to pH 7.6

(Ka = 9.8 + 5.8 uM).

Results from QCM-experiments further support this interpretation. With this technique, binding to
a solid supported lipid bilayer (SLB) is measured by monitoring the change of the resonance
frequency and damping of the quartz crystal. If the absorbed mass is rigid, the change of the
resonance frequency is proportional to the absorbed mass (Sauerbrey, 1959; Reviakineet al., 2011).
Binding of IM30 to an SLB (PG/PC, 20 %/80 %) was observed over 3500s. At pH 5.5, the shift of the
resonance frequency and damping were substantially larger, indicating increased binding of IM30
at pH 5.5. As the frequency and damping changed by about the same factor, a major change of the
viscoelasticity is unlikely, which finally allows a quantitative analysis. This result was somewhat
unexpected, since usually electrostatic interactions are discussed for IM30 membrane binding

(Hennig et al., 2015; Heidrich et al., 2016). These new results now hint at least for a partial
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contribution of hydrophobicinteractions. Atlow pH, the increased proton concentration potentially
leadstoprotonation of the PGlipid, which resultsin a reduction ofthesurfacecharge. The beforehand
observed increased exposure of hydrophobic patches at low pH seems to promote hydrophobic

interactions with the membrane, which appearsto outweigh the weakened electrostatic interactions.

IM30-induced membrane fusion depends on IM30 activation via Mg**-binding (Hennig et al., 2015;
Heidrich et al., 2018). As the structural changes of IM30 observed upon lowering the pH resemble
changes caused by Mg®* binding (Heidrich et al., 2018), it was next investigated to what extent an
acidic pH influences the IM30 fusion activity. Actually, when decreasing the pH from 7.6 to 5.5, IM30-
mediated membrane fusion was strongly enhanced in contrast to control measurements (Mg>*-
induced membrane fusion). The increased fusion activity at pH 5.5 might be partially caused by the
observed increased membrane binding affinity. In addition, IM30-induced membrane fusion was
triggered even in the absence of Mg”* at pH 5.5. Nevertheless, the addition of Mg** did further
increase the membrane fusion activity, showing that Mg** is not mandatory, but supports membrane
fusion at this condition. This appears to be in line with the observed similar secondary structure at
pH 5.5 and, in presence of Mg>*, at pH 7.6. The results from the fusion assay indicate that the similar
structure observed at the two conditions likely represents the fusion-competent structure of IM30.
Both, protons and Mg>*, probably interact with negatively charged amino acid side-chains, which
likely causes the structural rearrangements. However, since the IM30 structure seems to be
considerably more affected at pH 5.5 thanin presence of Mg>" at pH 7.6, protonation appears to be

more effective than Mg>* binding.

4.3.2.3. Physiological implications of a pH-responsive IM30 structure and function

All proteins of the PspA/IM30 family seem to be involved in membrane stabilization, albeit the
underlying mechanism is currently rather enigmatic (Thurotte et al., 2017). While the complete
phage shock protein (psp) stress response system ofe.g. E. coli or Yersinia enterocolitica contains the
membrane-defect sensing proteins PspB and PspC as well as the effector protein PspA (Darwin,
2005), other bacteria appear to require only a PspA homolog for both recognizing and stabilizing
membrane defects (Vrancken et al., 2008). Also in case of IM30, no PspB or PspC homologs have
been identified in cyanobacteria or chloroplasts thus far, giving rise to the assumption that IM30

may be able to both sense and stabilize/repair defects.

The TM system of cyanobacteria is an entirely separated compartment (Schneider et al., 2007). The
pH of the thylakoid lumen is distinctly lower than the pH of the cyanobacterial cytoplasm, since
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electron transfer reactions drive proton translocations across the TM during photosynthesis (Belkin
et al., 1987). The ApH across the TM is essential for energy production. In the thylakoid lumen at
darklight conditions, the pHis about 4.5-5.5, whereas the pH of the cytoplasmis about 7-8 (Falkner
et al., 1976; Masamoto and Nishimura, 1977; Padan and Schuldiner, 1978; Gibson, 1981; Kallas and
Dahlquist, 1981; Belkin et al., 1987).In thelight, the pH of the lumen is further increased by ~0.5 pH
units (Scherer et al., 1984; Nitschmann and Peschek, 1985). The destabilization of the TM integrity
is endangered e.g. under conditions of curvature- or light-induced oxidative stress. The IM30 protein
appears to stabilizes the TMs in chloroplasts and cyanobacteria (Vothknecht et al., 2012; Zhang and
Sakamoto, 2013; Zhang and Sakamoto, 2015). As the IM30 protein is usually located either at TMs
or the CM, or in the cytoplasm, it is usually exposed to a pH of 7-9 (Bryan et al., 2014; Gutuet al,,
2018). Under stress conditions, the TM may lose its integrity, which can cause spatio-temporal
formation of damaged membrane regions where protons leak out of the thylakoid lumen. In this

case, IM30 located near the proton leak experiences a lowered pH.

Since the IM30 structureis pH-responsive with a maximum effect at pH 4-5, IM30 is hypothesized
to “sense” and “repair” such membrane defects triggered by the structural rearrangement. The
molecular mechanism is unclear so far, yet most likely, protonation of ionizable amino acid side
chains affects both electrostaticinteractions as well as the net surface charge (Pace et al., 2009). As
a consequence of these alterations, the membrane binding affinity and fusion capacity of IM30 was
distinctly enhanced. In line with this, IM30 assemblies have been observed in vivo at highly curved
membrane regions (Gutu et al., 2018). These were discussed to have a protective function (Thurotte
et al., 2017; Junglas and Schneider, 2018). As membrane fusion includes partial membrane
destabilization, the observed enhanced membrane fusion competence of IM30 at low pH is at first
glance contradictory to a protective function. Finally, the study suggests that IM30 actively promotes
membrane sealing at the TM defects by membrane fusion of an intact membrane patch to the
defective area. At destabilized membrane regions, the energy cost for membrane remodeling is
already lowered, which allows to expect an increased membrane fusion activity of IM30. A similar
physiological rolehas been discussed for the bacterial membrane fusion protein DynAin B. subtilis

(Sawant et al., 2016; Guo and Bramkamp, 2019) or for several eukaryotic proteins (Zhen et al., 2021).
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4.4.2. Summary

IM30 clearly is a membrane-active protein that binds to negatively charged membranes both in vivo
and in vitro (Fuhrmann et al., 2009a; Hennig et al., 2015; McDonald et al., 2015; Heidrich et al.,
2016).

A characteristic feature of PspA/IM30 family members is their intrinsic propensity to form homo-
oligomeric ring- or rod-like structures with masses >1 MDa (Aseeva et al., 2004; Hankamer et al.,
2004; Liu et al., 2007; Fuhrmann et al., 2009a; Wolf et al., 2010; Male et al., 2014; Gao et al., 2015;
Saur et al., 2017). Recently, the cryo-EM structure of soluble IM30 has been published (Gupta et al.,
2021). Yet, in contrast to the analysis of IM30 in solution, the structure of membrane-bound IM30 is
currently much less investigated. In vitro experiments show that the ring structure, as well as
smaller oligomers, bind to membranes, whereby the smaller oligomerseven bind with higher affinity
(Heidrich et al., 2016). Therefore, it has been hypothesized that IM30 rings disassemble upon
membrane binding by a thermodynamically driven process (Junglas and Schneider, 2018).
Nevertheless, the mechanism of this potential super-complex disassembly is entirely unknown so
far. In vivo experiments using GFP-tagged IM30 suggest the formation of IM30 assemblies at TM
margins of chloroplasts and cyanobacteria (Zhangetal., 2012; Bryan et al., 2014; Gutu et al., 2018).
These assemblies are discussed to have a membrane-stabilizing function, as membrane-protective
effects have been observed in Arabidopsis thaliana chloroplasts (Zhang et al., 2012; Zhang and
Sakamoto, 2013; Zhang and Sakamoto, 2015; Zhanget al., 2016).

In the publication “IM30 IDPs form a membrane-protective carpet upon super-complex disassembly”
it isnow shown for the first time that IM30 rings disassemble upon membrane binding, resulting in
formation of a membrane-protective carpet. Ring disassembly involves unfolding the C-terminal

domain, resulting in intrinsically disordered IM30 regions.

4.4.2.1. IM30 membrane binding is followed by dissociation of the oligomeric ring

structure

When analyzing the IM30 fragments upon tryptic digestion in absence and presence of negatively
charged liposomes (PG, 100 %), a different fragmentation pattern has been observed. This was a
first hint for a rearrangement of the IM30 structure upon membrane binding. The potential
structural change was further analyzed via following FRET between CFP- and Venus-labeled IM30,

which allows to draw conclusionsabout the relative distance of the IM30 monomers during and after
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membrane binding. A decrease of the FRET signal was observed when IM30 was incubated with
liposomes (PG, 100 %), indicating an increasing distance of the IM30 monomers. This suggests at
least partial disassembly of the ring structure on the membrane. Consequently, IM30 membrane

binding seems to be associated with a structural rearrangement of the protein.

To analyzethe structure of membrane-bound IM30 in greater detail, membraneinteraction of IM30
was visualized via AFM. On a mica surface, ring structures with dimensions similar to those found
for IM30 in negative staining TEM studies have been observed. In contrast, several hundred nm’
large carpet-like structures were observed when IM30 bound to a supported lipid bilayer (SLB) (PG,
100 9%). These carpets were also detected on an SLB with a physiological surface charge of the TM
(PG/PC, 40 %/60 %). The height of the carpet structures (average: ~0.9 nm) did clearly not match
thering height of 13-15 nm (Saur et al., 2017) or 20 nm (Guptaet al., 2021), and thus carpets did not
form via simple lateral association of multiple IM30 rings. Instead, a major reorganization of the
oligomeric structure was required. A non-ring-forming mutant (IM30*) did also form carpet-like
structures on the membrane similar to the IM30 wt. This implies that the ring formation is not a

prerequisite for carpet development.

The here observed protein carpets on the membrane likely correspond to the in vivo observed
assemblies of IM30 on the TM margins (Zhanget al., 2012; Bryan et al., 2014; Gutu et al., 2018). 1t
is therefore likely that IM30 ring disassembly upon membrane binding is a physiologically relevant

mechanism.

4.4.2.2. IM30membrane binding involves unfolding of C-terminal domains

The assemblies of IM30 on the TM areinvolvedin stress responsein cyanobacteriaand chloroplasts
(Zhanget al., 2012; Bryan et al., 2014; Gutu et al., 2018). A fluorescence-based proton leakage assay
was used to analyze if the here observed IM30 assemblies on the membrane indeed protect the
membrane integrity, as suggested (Junglas and Schneider, 2018). Liposomes (PG, 100 %) with a
proton gradient across the membrane were incubated with isopropanol, resulting in membrane
destabilization. Consequently, an increased proton flux into the liposomes was observed. In the
presence of IM30, the influx was strongly decreased, indicating decreased membrane permeability.
An even stronger effect was observed in presence of the dimeric mutant IM30*. As faster membrane
binding kinetics were observed for this mutant, binding of IM30 rings likely is slower than binding

of smaller oligomers. This mightoriginate in the increased number of individual particleswhen IM30
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is organized as a small oligomer instead of a ring at identical monomer concentration. Upon ring

disassembly, similar membrane binding may also be achieved for the IM30 wt.

Similarly, an increased membranebinding affinity has also been observed for the isolated coiled-coil
fragment IM30 H23 recently (Thurotteand Schneider, 2019). As the coiled-coil structureis usually
buried in the ring structure (Gupta et al., 2021; Liu et al., 2021), efficient membrane binding via
exposure of the coiled-coil may only be accomplished after ring disassembly. Thus, ring disassembly
likely is a crucial step in carpet formation. The faster membrane binding and larger membrane-
protective effect of IM30* can therefore probably be explained by the missing necessity of the di meric
IM30* to disassemble in the initial step. Noteworthy, interactions of the C-terminal region of IM30
seem crucially involved in the membrane-protective activity, as the isolated IM30 H23 destabilizes

membranes (Thurotte and Schneider, 2019).

4.4.2.3. Intrinsic disorder is the structural basis for the membrane-protective function of
IM30
Thedimeric structure of IM30* could be an intermediate structure in the process of IM30 membrane
binding and ring disassembly. Consequently, the structure of IM30* was of potential interest and
was therefore determined using small-angle X-ray scattering coupled to size exclusion
chromatography (SEC-SAXS). Theresults suggestan elongated shape of IM30* dimers and a partially
flexible structure with considerable amounts of unstructured regions. The extent of these
unstructured regions was confirmed by circular dichroism (CD) spectroscopy. In contrast to the IM30
wt (~80% a-helix) (Fuhrmannet al.,2009a; Otters et al.,2013; Gao et al., 2015), an a-helical content
of only ~40% was determined for IM30*. Limited proteolysis and hydrogen-deuterium exchange
(HDX) coupled to LC-MS measurements of IM30* were performed to identify the potential
unstructured regions of IM30. In thelimited proteolysis analysis, a stable IM30 fragment (~17 kDa)
was found, which consisted of parts of helix 1 to about half of helix 4. This indicates that helix 1 and
helix 4-7 arehighly protease accessible and likely flexible parts of the IM30* structure. The HDX/LC-
MS analysis showed only little H/D exchange for the expected coiled-coil structure of helix 23,
whereas considerable amounts of H/D exchange were detected for the residual helices. A comparison
with the IM30 wt showed vastly more H/D exchangein theregion ofhelix 1, 4and 5/6. This indicates
thatin the mutant the N-terminal domain as well as in large parts of the C-terminal domain (helix
4-7) areunstructured when compared to the wt protein, whereby helix 7 appears to be unstructured
to some extent in the IM30 wt as well. The disordered nature of the isolated C-terminal domain

(IM30 H4-7) was confirmed by CD and 1D-1H-NMR spectroscopy.
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Based on the SAXS-data and the PspA X-ray structure of the stable coiled-coil region, a model for the
IM30 structure that includes the flexibility of the IM30* C-terminus was generated. In a
fragmentation-based modeling approach, starting froma recent structure model (Saur et al., 2017),
several potential dimeric model structures were obtained, likely representing different
conformations of the IM30* dimer. To analyze the dimeric interface of IM30*, SEC coupled with
multi-angle laser light scattering (SEC-MALS) was performed with the isolated IM30 fragments H23
and H47. IM30 H23 was determined to be monomeric, whereas the IM30 H47 fragment was dimeric.
Thus, the dimer interface of IM30* is most likely located in the C-terminal region. This is further
supported by SDS-PAGE analysis of IM30*and IM30 wt after Cys-crosslinking in the C-terminal
region (A227C). The SDS-PAGE analysis showed covalently linked dimers for both proteins,

suggesting close contact of the C-termini of two neighboring monomers.

The results of the structural analysis of IM30* and IM30 H47 allow to draw conclusions about the
IM30 wt structure. While the IM30 H23 fragment requires no further helices to form a stable coiled-
coil structure (Osadnik et al., 2015; Thurotte and Schneider, 2019), the isolated C-terminal region
H47 is not able to form a-helices. In contrast, the combination of H23 and H47 in the full-length
IM30 wt, where individual IM30 monomers interact in the ring structure, is largely a-helical.
Consequently, oligomerization of IM30 monomers seems to induce the folding of beforehand
disordered IM30 domains. In the dimeric IM30*, the C-terminal domain is also unstructuredin the
full-length protein, most likely due to missing interactions with neighboring monomers caused by
the mutation of conserved amino acids (FERM cluster) in helix 4. Consequently, when organized as

a monomer/smaller oligomer, the IM30 wt is most likely also unstructured in the C-terminal region.

4.4.24. Conclusion

IM30 super-complex formation seems to be a new example for self-assembling IDPs (intrinsically
disordered proteins), which form higher-ordered oligomers accompanied by the folding of
disordered regions. The disordered character of certain domains and the consequently large
interactionsurface thereby enable interactions with various binding partners (Muiznieks et al., 2010;
Rauscher and Pomes, 2017; Uversky, 2017). Interactions of disordered C-termini are probably
important for both IM30 oligomerization and super-complex formation as well as carpet formation

after membrane binding.

Carpet-formation on membranes has also been observed e.g. for proteinsinvolvedin Alzheimer’s or

Parkinson’s disease, although the protein carpet leads to membrane-destabilization in these cases
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(Uversky and Eliezer, 2009; Fabiani and Antollini, 2019). This contradicts the membrane-stabilizing
function of the IM30 assemblies on the membrane, which, however, is perfectly in line with the
observed in vivo formation of IM30 assemblies at stressed TM regions (Zhanget al., 2012; Bryan et
al., 2014; Gutu et al., 2018) and the membrane-protective activity of IM30 on Arabidopsis thaliana
chloroplasts (Zhang et al., 2012; Zhang and Sakamoto, 2013; Zhang and Sakamoto, 2015; Zhang et
al., 2016). Scaffold-like, membrane-protective structures have also been discussed for the related
PspA-protein (Kobayashi et al., 2007; Standar et al., 2008). The functional complementation of E.
coli pspA null mutant by im30 expression (DeLisa et al., 2004) is a further hint for a conserved

membrane-stabilizing activity of both proteins.

The study IM30 IDPs form a membrane-protective carpet upon super-complex disassembly suggests
for the first time a so far unknown structural basis for the physiological function of IM30

(summarized in Fig. 4.4.1).

Figure 4.4.1: Model for IM30 membrane binding followed by ring disassembly.

Binding of IM30 to negatively charged membranes involves (at least) 2 steps: In the initial binding step, the
predominantly ring-like IM30 wt binds to the membrane, likely accompanied by minor structural changes and
ring destabilization. In a second step, the IM30 ring structure disassembles and rearranges to a flat,
membrane-protective carpet structure. The disassembly of the ring is likely coupled to unfolding of the IM30
C-terminal domain.
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4.5.1. Introduction

Whilea membrane protecting activity of IM30 has been observed in the previous chapter in absence
of Mg**, IM30 triggers membrane fusion when Mg**is present (Hennig et al., 2015). Notably, in
chloroplasts and cyanobacteria, Mg>* flux across the thylakoid membraneis used to counterbalance
the light-induced formation of a proton gradient across the TM (recently reviewed in (Pohland and
Schneider, 2019)). In the light, the Mg2+ concentration in the chloroplast stroma increases from
below 1 to 2-3 mM (Lin and Nobel, 1971; Portis and Heldt, 1976; Portis, 1981; Ishijima et al., 2003).
Once Mg”* has entered the chloroplast stroma or cyanobacterial cytoplasm, respectively, out of the
thylakoid lumen, it allosterically regulates the activity of several enzymes and proteins (Ashton,
1998; Hazraet al., 2015). In fact, Mg2+ directly binds also to IM30 in solution with a Kp in therange
of 1 mM (Heidrich et al., 2018). Mg“—binding to IM30 induces several structural rearrangements,
resulting in increased surface hydrophobicity and increased proteaseresistance of the protein s C-
terminal domain (Heidrich et al., 2018). Thus, IM30-triggered membrane remodeling is potentially
controlled via Mg**-binding to IM30. However, while the organization of membrane-protecting IM30
species on the membrane surface has been elucidated in chapter 4.4 (Junglas et al., 2020b), critical
steps of the membrane fusion/remodeling process are still unclear. How does Mg**-binding to IM30
affect the interaction of the protein with membranes and the membrane structure and how does it

induce membrane fusion?

The study here shows that IM30 binds more strongly to native as well as to model membranes when
Mg*" is present. Importantly, membrane adsorption onto solid-supported bilayers substantially
differs in the presence of Mg>* from membrane adsorption in the absence of Mg>*, as shown here via
AFM: Upon binding of Mg**-loaded IM30 (short: IM30/Mg*") to membrane surfaces, the emergence
of membrane defects in close proximity to the IM30 binding region was observed. Membrane
destabilization by IM30/Mg*" and the formation of membrane defects now explain the recently
observed Mg>*-dependent membrane fusogenic activity of IM30. Thus, IM30 has two (seemingly
opposing) functions, and Mg**-binding to IM30 switches the protein function from “membrane

protection” to a “membrane fusion” activity.
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4.5.2. Results
4.5.2.1. IM30 membrane binding is followed by dissociation of the oligomeric ring structure

Binding of Mg* to IM30 alters the structure of IM30 and triggers membrane fusion (Henniget al.,
2015; Heidrich et al., 2018). Due to the exposure of an increased hydrophobic surface upon Mg?**-
binding (Heidrich et al., 2018), the structural changes induced by Mg>*-binding potentially enhance
its membrane binding affinity. To test this assumption, it was firstanalyzed whether binding of IM30
to native TMs depends on the cytosolic Mg?* concentrations. To address this, the amount of
membrane-bound IM30 was determined in the presence of different Mg®* concentrations using
cellular extracts of the cyanobacterium Synechocystis via SD gradient centrifugation and subsequent
immuno-detection of membrane-attached IM30 (Fig. 4.5.1 A). When increasing concentrations of
Mg”* were added to the Synechocystis cell lysate, an increasing amount of native IM30 was found to
colocalize with membranes in the sucrose gradient, strongly indicating increased membrane binding
(Fig. 4.5.1 A). In contrast, the amount of IM30 colocalizing with the TM in a control, where
endogenous Mg>* was removed via EDTA, was below the detection limit of theimmunoblots. Thus,

Mg**-binding to IM30 clearly enhances its ability to interact with cyanobacterial membranes.

To test whether IM30 binds directly to membranes rather than to exposed proteins or protein
domains that were copurified with the Synechocystis membrane, negatively charged model
membranes were analyzed next (100 % PG liposomes). Therefore, SD gradient centrifugation and
subsequent immunological detection of the protein were performed at increasing Mg”*
concentrations (0-10 mM) (Fig. 4.5.1 B). As shown before (Hennig et al., 2015), colocalization of a
small IM30 fraction with liposomes in the absence of Mg>* was observed, indicating low-affinity
binding of IM30 to liposomes in absence of Mg>*. Based on Western blot analyses (Fig. 4.5.1 B), only
~159% of IM30 colocalized with theliposomes (fraction 1to 3, 4.5.1 C,D), whereas the majority of the
protein was found in the pellet fraction, as the high molecular mass IM30 assemblies sedimented
during centrifugation. However, increasing the Mg>* concentration to up to 10 mM largely increased

the liposome-bound fraction, finally resulting in ~80% bound IM30 at 10 mM Mg** (Fig. 4.5.1B).
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Figure 4.5.1: The membrane binding propensity of IM30 is increased in the presence of Mg**.

A: The amount of IM30 bound to TMsin the presence of increasing Mg** concentrations was estimated via SD
gradient centrifugation of Synechocystis cell lysate and subsequent immunoblotting of the TM fraction.
Endogenous IM30 was not detected to colocalize with TMs when 20 mM EDTA was present to remove any
endogenous Mg**. At concentrations of 5 mM Mg** or higher, increasing amounts of IM30 were detected. B:
Interaction of IM30 with 100% PG liposomes in presence of 0 to 10 mM Mg** was examined via SD gradient
centrifugation. Localization of IM30 in the density gradient was monitored via immunoblotting, and liposomes
were localized using the incorporated fluorescent lipid dye NBD-PE. The amount of liposome-bound IM30 was
quantified via densitometric analysis of the immunoblot bands (bar chart). An increasing amount of IM30
colocalizes with liposomes with increasing concentrations of Mg?*. Error bars represent SD, n=3. C:
Localization of IM30 in the SD gradient was monitored via immunoblotting of the individual gradient fractions.
The amount of IM30 was quantified via densitometric analysis. N=3, error bars represent SD. D: The
localization of the liposomes within the gradient was analyzed via the incorporated fluorescent lipid dye NBD-
PE. N=3, error barsrepresent SD.

Next, binding of IM30 to lipid membranes was directly visualized using PG/PC (20/80) giant
unilamellar vesicles (GUVs) in the absence and presence of Mg>" via fluorescence microscopy
(Fig. 4.5.2). IM30 C-terminally fused to CFP (IM30-CFP) was recombinantly produced and purified,
and the GUVs were labeled by doping the membranes with Atto633-PE. In absence of Mg**, binding
of the protein to the GUVs was not detectable (Fig. 4.5.2). However, upon addition of 5 mM Mg*',
binding of IM30-CFP to the GUVs was clearly visible, and the CFP-fluorescence was evenly

distributed over the GUV area (Fig. 4.5.2). Note that the GUVs were highly unstable at higher
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concentrations of negatively charged lipids and/or >5 mM Mg*" concentrations. Thus, the
experiment was limited to lower ratios of PG in the GUVs andlower Mg** concentrations compared
to the centrifugation assay. Nevertheless, the amount of IM30 bound to negatively charged GUVs
was also clearly increased in the presence of Mg>*. Thus, Mg”*-binding to IM30 clearly boosts its

ability tobind to nativeas well as to model membranes.

+IM30-CFP + IM30-CFP
+5 mM Mg?*

Figure4.5.2: Increasing amounts of IM30 bind to
GUVsin presence of Mg,

CFP .
h .

merge

Adsorption of IM30-CFP to PG/PC (20/80) GUVs in
absences vs presence of Mg** was visualized using
fluorescence microscopy. GUVswere detected by the
fluorescence signal of the incorporated lipid dyeAtto-
633-PE. IM30-CFP was visualized via monitoring the
CFP fluorescence. The amount of adsorbed IM30 was
increased at 5mM Mg** when compared to Mg?*-free
buffer, as indicated by the increased CFP
fluorescence intensity localized on the GUV surface.

4.5.2.2. IM30 membrane binding is followed by dissociation of the oligomeric ring structure

To further analyze the impact of Mg** on IM30 membrane binding, QCM was performed to follow
thebinding of IM30 to a solid supported lipid bilayer (SLB) (20% PG / 80% PC), as above described
in the absence of Mg2+ (Siebenaller et al., 2020, chapter 4.3). In QCM experiments, the resonance
frequency of a quartz crystal and its damping behavior is determined. The resonance frequency
changes when additional material binds to the crystal. Hence, binding of any material, e.g. IM30, to
the SLB (whichis attached tothequartzcrystal) leads to a frequency shift towards lower resonance
frequencies. If the adsorbed material is rigid and sufficiently thin (significantly smaller than the
penetration depth of the oscillation, which is = 250 nm for the present case), the total mass bound
to the crystal can be determined using the Sauerbrey equation (Sauerbrey, 1959; Reviakine et al.,
2011). However, ifa viscoelasticor very thick layer is formed on the crystal, the oscillation is damped,
leading to a decreased frequency shift, and the mass determined based on the Sauerbrey equation
then underestimates the mass actuallyadsorbed. The Sauerbrey equation is assumed to be applicable
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only if the damping signal in Hz is much smaller than the frequency shift. If this is not the case, a
quantitative determination of the amount of bound protein is not possible anymore. Yet, it still is
possible to employ the damping/frequency ratio as a qualitative indicator for changes in the

viscoelastic properties of theadsorbed layer (Du and Johannsmann, 2004).

As canbe seen in Figure4.5.3 A, binding of IM30 to the SLB caused a shift of theresonance frequency,
associated with increased damping of the resonance oscillationin the absence of Mg>*. The frequency
shift reached a constant level at about -80Hz after ~2500s, as already shown previously (Siebenaller
et al., 2020, chapter 4.3). In stark contrast, in presence of Mg*" the frequency signal change was only
~25 9% of the signal change observed in the absence of Mg?* (Fig. 4.5.3 A). The reduced frequency
shift in presence of Mg>* could be caused by a lower amount of mass attached to the membrane
surfaceand/or an increasein viscoelasticity, leading to a stronger impact of the missing mass effect.
According to the results of the SD centrifugation experiments described above, the actual amount of
protein attached to the SLB is expected to be higher in presence of Mg**, rendering an increased
viscoelasticity more likely. This hypothesis is supported by the larger magnitude of the
damping/frequency shift ratio (Fig. 4.5.3 C). Of note, this ratio was constant in time, in contrast to
the experiments performed in absence of Mg**. In the latter case, the contribution of viscoelastic
properties to the oscillation actually appears to get smaller with progress of the binding process, as
indicated by the different slopes when the damping is plotted vs the frequency shift (Fig. 4.5.3 B,C).
The observation that IM30 initially binds as a ring to the membrane, which then converts into flat
carpet structures representing a more rigid layer with lower damping (chapter 4.4, Junglas et al,,
2020b), nicely explainsthe here observed decrease in viscoelasticity: Binding of ring-shaped proteins
to a surface is expected to show viscoelastic behavior because the layer formed is not homogenous
(Reviakineet al., 2011). Dissociation of therings decreases not only the height of the layer, but also
leads to a more homogenous layer, decreasing the damping signal. On the other, the actual mass
bound to the surface decreases upon ring dissociation, duetorelease of the water trapped inside the
rings and potentially between the rings (Reviakine et al., 2011). This process decreases both the
damping and the frequency shift, but not the ratio of both (Du and Johannsmann, 2004). Thus, the
data indicate that the membrane-bound ring is less prone to disassemble in presence of Mg>", in
accordancewith the observation that Mg>* binding to IM30 stabilizes the ring in solution (Heidrich

et al., 2018).

In summary, the QCM measurements clearly indicate a different mode of interaction of IM30 with

membrane surfaces in absence vs presence of Mg>".
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Figure 4.5.3: The viscoelastic properties of membrane-bound IM30 differ in presence and absence of
Mg?*.

A: The frequency shift (negative values) and damping (in terms of the resonance peak’s full width at half
maximum; positivevalues) of QCM measurements of IM30 binding to an SLB (80% PC/20% PG) in the absence
(dark grey) and presence (red line) of 10 mM Mg** are shown. IM30 binding to the SLB in the presence of Mg*
caused a smaller frequency shift than in the absence of Mg**. The damping signals reached about the same
levels. N=3, error bars represent SD. For a better overview, only every 30" data point is shown. B: A plot of
the frequency shift vs the damping of IM30 binding toan SLBreveals a shiftin viscoelastic properties during
protein binding in the absence of Mg?** (dark grey) and a single phase in the presence of Mg** (red). The
regimes were determined by the slopes of linear fits: Step 1 in the absence of Mg®*: m=-0.1844+0.0002;
(R?=0.99959); Step 2 in the absence of Mg**: m=-0.031+0.002; (R*=0.8976); Step 1 in the presence of Mg?*:
m=-0.28742+0.0008; (R*=0.98384). N=3, error bars represent SD. C: A comparison of the damping/ frequency
shiftratio (slope in B) in the absence (dark grey, step 1 and step 2) and presence of Mg** (red) is shown. Error
bars represent errors from the linear fit of the slopes in B.

4.5.2.3. Mg*" triggers IM30-induced formation of bilayer defects

To better understand how IM30 affects the membrane structure when Mg>" is present, and vice
versa, membrane adhesion of IM30 was next analyzed on a nanometer-scale using AFM on SLBs. All
AFM measurements were performed using 100% PG SLB on mica. Due to technical limitations, the
first image after injection of IM30 could only be scanned after at least 10 minutes. Therefore,

processes happening in the first 10 minutes after injection were not observed.

After membrane adhesion of IM30, particles of variable heightsand diameters were observed on the
bilayer in theabsenceas well as in the presence of Mg**, but the dimensions of the particles differed
(Fig. 4.5.4 B,C). Therefore, a statistical analysis of the particle size was performed, only taking into
account particles that werelarger than one pixel and extracted the particle properties with the AFM
analysis software GWYDDION (Fig. 4.5.4 D). Neither the diameter nor the height is normally

distributed, therefore the analysis is based on medians and quantiles. In absence of Mg**, IM30
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particles havea median diameter of 34 nm and a median height of 0.6 nm (Fig. 4.5.4 D). 67 % of the
particles have diameters between ~20 nm and 40 nm. These values are in line with diameters of
IM30 rings determined via TEM (~20 - 35 nm (Saur et al., 2017; Gupta et al., 2021)) as well as IM30
rings bound directly to the mica surface and visualized via AFM (outer diameter ~30 - 60 nm
(Fig. 4.5.4A, (Junglaset al.,2020b)). Yet, the height of the particles does not match previous findings:
TEM analyses reveal a height of about 20 nm for the rings (Gupta et al., 2021), and recent AFM
studies in liquid environments report a height of 15-25 nm for IM30 rings attached to mica surfaces
(Junglas et al., 2020b). Thelow height of the particles, together with the slightly increased diameter,
potentially indicates the beginning or partial disassembly of IM30 ring structures on the membrane
surface. In fact, the stability of IM30 rings appear to depend on the buffer conditions, and while rings
are essentially stablein e.g. TRIS/HCl buffer, where they, however, lose their activity (Junglas et al.,
2020b), rings (partially) disassemble upon binding to mica surfaces in HEPES/NaOH buffer, as
previously observed (Junglas et al., 2020b) and confirmed here (Fig. 4.5.4 A). The results of the QCM
measurements also indicated ring disassembly (Fig. 4.5.3 B,C), in line with the finding that in the
absence of Mg*, IM30 rings disassemble upon membrane binding and rearrange into large and flat

membrane protecting carpets upon prolonged interaction with PG bilayers (Junglaset al., 2020b).
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Figure 4.5.4: Dimensions of membrane-bound IM30 particles as determined from AFM topography
images.

A: IM30 on micain the absence of Mg**. B: IM30 ona PG SLBin the absence of Mg**.C: IM30on a PGSLB in
presence of Mg**. Heights are indicated in the AFM images using a false-color ruler in A, B, C. D: Correlation
between height and diameter of IM30 punctae on the PG SLB in the absence (black n=614), and the presence
of 10 mM Mg?* (red, n=156) determined using GWYDDION particle analysis. The normalized histograms at the
sides show the distribution of the particle dimensions. The dashed lines indicate the median particle
dimensions: medianparticle diameter was 34.1 nm and 49.5 nmin absence and presence of Mg**, respectively.
The median particle height was 0.6 nm and 2.4 nm, respectively. The number of particles in the absence of
Mg?* is higher since these layers were more stable, and a larger surface area per measurement could be
scanned. Noteworthy, only punctae that did not show signs of defect formation (compare Fig. 4.5.5) were taken
intoaccount for the statistical analysis. E: The median, the 25% and the 75% quantiles are indicated by boxes,
the 10% and 90% quantiles by whiskers; symbols represent outliers. Since the data are not normally
distributed, the Mann-Whitney Rank Sum Test was applied. For both parameters, diameter and height, the
difference in the median values between the two groups is greater than would be expected by chance, with a
significance level of P = <0.001. The statistical calculations were performed with SigmaPlot (Systat Software
GmbH).
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In stark contrast, when membrane binding of IM30 was analyzed via AFM in presence of 10 mM
Mg®*, the median particle diameter was 49 nm and the distribution of diameters was very broad

(Fig. 4.5.4D).

A statistical analysis based on a rank test indicates that the difference in the median values is larger
than would be expected if occurring by chance (Fig. 4.5.4 E). Asimilarresult was found for the height
distribution: the median height of the particles in presence of Mg** (2.4 nm) was significantly larger
than the height in absence of Mg”* based on a rank test (Fig. 4.5.4 E). Still, the determined height is
smaller than the height of intact rings (Saur et al., 2017), indicating ring rearrangement and/or
disassembly on the membrane surface also in presence of Mg>*, albeit to a lower extent than in
absence. In fact, in presence of Mg>* IM30 rings are stabilized and increased ring-stacking and
formation of double rings were observed in solution (Heidrich et al., 2018). Theincreased height of
membrane-attached IM30 in presence of Mg>" likely originates from stabilization of IM30
supercomplexes and membrane attachment of higher-ordered IM30 structures, explaining the

higher viscoelasticity observed in the QCM measurements (Fig. 4.5.3 B,C).

In contrasttothesituationin absence of Mg2 " (Junglas et al., 2020b, chapter 4.4), the formation of
carpet structures on the membrane surface was not observed here when Mg** was present. Instead,
in presence of Mg”", individual punctae started to flatten out over time and seem to initiate formation
of a lipid bilayer defect (Fig. 4.5.5B,C). These defects grew in size and depth and ranged from 10 -
36 nm diameter pores to larger defects spanning several hundred nm of the SLB. Some punctae
started to form pores shortly after their appearance on the bilayer (~20-30 min), whereas other
punctae converted into pores only after prolonged incubation times (1 - 2 h) and others remained
stable over the whole experiment (5 - 6 h). Noteworthy, in absence of IM30 no membrane defects

were observed (Fig. 4.5.5A).

80



Mg**-binding to the SynIM30 protein results in membrane destabilization and pore formation

A

500 nm

Height [nm]
o
Height [nm]
o
Height [nm]
o
Height [nm]
o

-2 -2 -2 -2

0 50 100 0 50 100 0 50 100 0 50 100
Width [nm] Width [nm] Width [nm] Width [nm]

Figure 4.5.5:IM30 induces bilayer defectsin the presence of Mg>*.

A: AFM topography image of a PG SLB in presence of Mg** and absence of IM30: No bilayer defects were
observed. B: AFM topography image of IM30 on a PG SLB in the presence of Mg** are shown together with
false-color rulers indicating the height. Profile lines indicate the position of the cropped images shownin C. C:
A series of details are shown with their corresponding height profiles, illustrating representative steps of IM30-
mediated formation of bilayer defects.

4.5.3. Discussion

In chapter 4.4., it has been shown that IM30 forms carpet structures on negatively charged
membrane surfaces that can stabilize membranes (Junglas et al., 2020b). This observation is in
perfect agreement with a membrane protecting activity suggested before for IM30 and PspA family
members, as well as with the formation of large membrane covering structures under (membrane)
stress conditions observed in vivo (Gutu et al., 2018; Junglas and Schneider, 2018). Yet, IM30 has
also been shown to mediate membrane fusion, at least in vitro, which involves membrane
destabilization. However, as shownrecently, Mg*" is required for IM30 acting as a membrane fusion

protein (Henniget al., 2015; Heidrich et al., 2018).
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Binding of IM30 to negatively charged membranes has been observed using small PG liposomes,
PC/PG GUVs, and PG SLBs in the absence of Mg*>* (Fig. 4.5.1-4). Membrane interaction of IM30 clearly
isenhanced atincreased Mg** concentrations, bothin case of artificial, PG-containing membranes as
well as isolated cyanobacterial membranes (Fig. 4.5.1and 2). Mg** directly binds to IM30 (Heidrich
et al., 2018), resulting in a rearrangement of the IM30 structure, involving exposure of extended
hydrophobic surface regions on IM30 rings, which is expected to promote membrane binding
(Heidrich et al., 2018). Further effects of Mg2+ binding to the negatively charged membrane surface,
e. g. formation of a “bridge” between the negatively charged lipid head groups and negatively
charged residues at the protein surface, cannot be excluded. However, a mere increase in affinity
would not be ableto switch the function of IM30 from a membrane-stabilizing to a membrane fusion
protein. Indeed, the present study shows that the structures of membrane-bound IM30 in presence
vs absence of Mg** clearly differ: In the presence of Mg** the small-diameter punctae initially forming
have an increased height when compared to punctae formed in the absence of Mg>* (Fig. 4.5.4).
Furthermore, the viscoelastic contribution as determined from the damping/frequency shift ratio in
the QCM experiments is higher in presence of Mg”* (Fig. 4.5.3 C). As described above, binding of
individual rings is supposed to show more pronounced viscoelastic properties than a flattened-out
carpet structure forming on the membrane surface. Thus, the observed increase in the
damping/frequency shift ratiolikely is related to the overall increased stability and compactness of
IM30 rings observed in solution upon addition of Mg>* (Heidrich et al., 2018). The mere observation
that differences in the viscoelastic properties exist in presence vs absence of Mg”* strongly indicates
a difference in the IM30 structure, albeit the exact nature of these differences cannot be exactly
deduced solely based on the changes in viscoelastic properties. However, via AFM, large structural
changes were observed in presence of Mg>*, after sufficiently long incubation times: While IM30
forms large membrane-stabilizing carpet structures on a PG membrane surface in the absence of
Mg** (Junglas et al., 2020b), it induces localized bilayer defects in the presence of Mg**. These defects
start as small holes within individual IM30 puncta and expand to larger defect structures
(Fig. 4.5.5 B,C). It is fair to assume that the processes observed in the AFM measurements took also
placeduring the time course of the QCM measurements. This explains why addition of Mg** not only
decreases the contribution of viscoelasticity but also the absolute value of the frequency shift,
possibly not only due to loss of trapped water but also due to the local loss of lipid material.

At present, the results here can only suggest the sequence of events leading to formation of large
membrane defects (Fig. 4.5.6.). However, the AFM micrographs are in agreement with the
assumption that IM30/Mg>" initially binds to and stabilizes spontaneously occurring small and

transient bilayer defects. Sequential local accumulation of more IM30 protomers potentially
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promotes growth of the bilayer defects and might finally result in a bilayer-spanning toroidal or
barrel-stave pore (Fig. 4.5.6). Similar mechanisms for pore formation were suggested for membrane
destabilization via antimicrobial peptides (AMPs) (Wimley, 2010) and were in fact monitored using
AFM (Hammond et al., 2020). The irregularities in size and shape of the pores support a toroidal
pore model, where peptides or proteins pull lipid head groups inwards toline an inner pore wall and
thus theresulting pores arelined with both peptides andlipids (Gilbert et al., 2013; Pfeil et al., 2018).
Noteworthy, also formation of bilayer defects via a detergent-likelipid solubilization mechanism is
discussed for many AMPs (Bechinger and Lohner, 2006; Wimley, 2010; Patel et al., 2014), and it is

not yet clear which is the prevailing mechanism.

However, it is also possible that membrane-bound IM30 actively induces, rather than recognizes,
bilayer defects by the charge and surface tension imbalance that goes along with asymmetric bilayer
binding. Such an impact of asymmetric bilayer binding has been described for membrane remodeling
intrinsically disordered proteins, which can effectively induce membrane curvature by steric/lateral
pressure due to their larger steric volume compared to compact folded proteins (Fakhree et al,
2019). Indeed, IM30 appears to unfold its C-terminal part upon disassembly of the ring (chapter 4.4).
Thus, it is well possible that IM30 locally bends membranes due to its asymmetric membrane
binding: the soluble, intrinsically disordered IM30 domains are localized exclusively on the surface
of one bilayer leaflet, and accumulation of larger protein domains at only one membrane face could
result in increased steric repulsion on the membrane, inducing curvature and finally resulting in

local membrane rupture.

Figure 4.5.6: IM30 generates bilayer defects in the presence of Mg?*.

Upon membrane binding, IM30 rings likely disassemble to a flat unordered assembly of small oligomers and
a membrane pore starts to form that is likely stabilized by small IM30 oligomers at the bilayer edges. The
models were created using BLENDER and CHIMERAX.
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Conclusion

Mg”* binding to IM30 results in an increased membrane binding propensity of IM30 as well asin an
altered structure of membrane-bound IM30. While IM30 forms a membrane-protecting surface
carpet in theabsence of Mg>*, the observations nowreveal that IM30 induces bilayer defects in the
presence of Mg®". The bilayer defects observed on SLBs likely trigger liposome fusion in solution.
Consequently, IM30 has two (opposing) functions that are spatiotemporally controlled via Mg>"*-
binding. In photosynthetic organisms, at low Mg>* concentration in the cytosol/lumen, IM30 might
mainly fulfill its membrane-chaperoning function. When the Mg”* concentration increases (e.g. at
increasing light intensity) IM30 becomes membrane fusion-competent and eventually triggers
membrane remodeling. Thus, Mg**-binding switches the IM30 function from membrane protection
to membrane destabilization. As the Mg?" concentration within the chloroplast stroma and
cyanobacterial cytoplasm, as well as the structure of TMs changes in response to alternating light
conditions (Pohland and Schneider, 2019), IM30 potentially is a Mg**-controlled key component

involvedin theregulation of TM dynamics.
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4.6. Trp71iscrucial for IM30 s membrane fusion activity

Parts of theresults have been generated in a previous master thesis as listedin Table4.6.1 under the

supervision of Jennifer Heidrich (Siebenaller, 2016).

Table 4.6.1: Results of Trp71 is crucial for IM30 ‘s membrane fusion activity.

Figure numbers Methodology, Investigation, Data visualization
Formal analysis

Fig.4.6.1-3,4.6.7-9 this thesis this thesis

Fig.4.6.4-6 CS (Siebenaller, 2016) this thesis

4.6.1. Introduction

Until recently, only limited information on the tertiary structure of IM30 was available. A PspA
fragment (amino acids 1-144) has been crystallized in 2015 (Osadnik et al., 2015), and cryo-EM
structures of IM30 are only available since 2021 (Gupta et al., 2021; Junglas et al., 2021; Liu et al,,
2021). Thehigh-resolution structures now confirm, that the IM30 helices 2 and 3 form a large coiled-
coil structure as suggested earlier (Saur et al., 2017), and that this region is an essential part of the
IM30 layer-like structure. Still, theresolution of the cryo-EM structure does not allow to completely
analyze intramolecular interactions of amino acids within the ring. Thus, a useful tool to identify
structural and functional important amino acids still is to mutate highly conserved amino acids and

monitor changes in the structure and activity of IM30.

This study demonstrates that the IM30 residue Trp71 is highly conserved in members of the
PspA/IM30-family and is crucial for the IM30 structure and function. Two Arg residues were
identified as potential interaction partners, which likely contribute to the stabilization of the coiled -
coil region of IM30 via cation-n-interactions. The relevance of the amino acids Trp71, Arg74 and
Arg93 for the IM30 structure, Mg**- and membrane interactions was analyzed in vitro. The results
show that the mutations W71A, R74A and R93A impair the IM30 stability as well as IM30
oligomerization. Finally, it was shown that Trp71 is crucial for the membrane fusion activity of IM30

invitro.
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4.6.2. Results

4.6.2.1.  Trp71is highly conserved in IM30/PspA

In this study, highly conserved amino acids with potential relevance for the structureand function
of IM30 were identified via sequence alignment of the PspA/IM30 family members. The coiled-coil
hairpin region of helix 2 and 3 is so far the best-studied structure of IM30/PspA (Osadnik et al., 2015;
Thurotteand Schneider, 2019) and forms the core of the ring structure (Gupta et al., 2021;Junglas
et al., 2021; Liuet al., 2021). Noteworthy, also proteins of the related ESCRT III-family have a similar

coiled-coil structure (Liu et al., 2021). Thus, the focus of my analysis was set on this protein region.

A Helix 2 F——— Helix 3

SynIM30 NQDTQEAKKWEDRAKLALTNGEENLAREALARKKSLTDTA

B

SynIM30] NQDTQEAKKWEDRAKLALTNGEENLAREALARKKSLTDTA

AralM30 KAAQQSSDDWYKRAQLALAKGDEDLAREALKRRKSFADNA

CiM30 KQAQTTADDWLRRAELAVQKGEDDLAKEALKRRKTYQEQA
SynPspA| DAQQLIAQRWYEKAQAALDRGNEQLAREALGQRQSYQSHT

ECOPSpA EQASAREVEWQEKAELALLKEREDLARAALIEKQKLTDLTI

Figure 4.6.1: Sequence analysis of the PspA/IM30 helix 23 region.

A: Sequence alignment of cyanobacterial PspA/IM30 family members was performed using the PFAM database
(protein family PF04012, cyanobacteria: 322 sequences, 132 species) (El-Gebali, Sara et al, 2019). The
secondary structure prediction is shown above the sequence logo representation. A high conservation was
revealed for Trp71 (Synechocystis IM30 counting). The sequence logo representation was prepared using
WebLogo3 (Crooks et al., 2004). A score of 4.32 bits reflects full conservation, a score of 0 no conservation of
the amino acid at this position. Color code: red = aromatic residue, blue = positively charged, green =
negatively charged. B: Trp71 is conserved in various IM30/PspA sequences from cyanobacteria, plants and
algea (SynIM30: Synechocystis sp. PCC 6803 (Uniprot Q55707), AraIM30: Arabidopsis thaliana (Uniprot
080796), CriM30: Chlamydomonas rheinhardtii (Uniprot Q66YDO0), SynPspA: Synechocystis sp. PCC 6803
(Uniprot P74717), EcoPspA: Escherichia coli K-12 (Uniprot POAFMS6).
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The sequence analysis of the cyanobacterial PspA/IM30 family revealed a highly conserved Trp
located at theend of helix 2 (Synechocystis IM30: Trp71) (Fig. 4.6.1 A) (El-Gebali et al., 2019). While
Trp71 is the only highly conserved amino acid in the region ranging from amino acid 62 to 74, an
overall strong sequence conservation was observed from amino acid 75 to 95. As expected, Trp71 can
also be found in IM30 from plants (AraIM30), algae (CrIM30), and even in PspA of Synechocystis or
E. coli (SynPspA, EcoPspA) (Fig. 4.6.1 B). As the structure and function of IM30 and PspA are assumed
to be conserved to some extent in the whole protein family, the conservation of Trp71 in various

species is a strong indication for the functional and/or structural relevance of this amino acid.

4.6.2.2. Arg74 and Arg93 are potential interaction partners of Trp71

To analyze potentially interacting amino acids of the highly conserved Trp71, the IM30 structure
derived from recent cryo-EM studies was used (Gupta et al., 2021). Since IM30 forms rings with
variablerotational symmetries, the monomer structures differ to some extent depending on thering
symmetry. As the structure of the IM30 ring with C16-symmetryis best resolved so far, this structure

was used to analyze Trp71in the following (PDB 703Y).

The IM30 monomers are mainly a-helical and have an elongated shape. As predicted before, helices
2 and 3 form a coiled-coil structure, which differs only minorly depending on the IM30 layer.
According to the now available structure, Trp71 (helix 2) is located between helix 2 and 3, but the
indol-ring of the Trp is actually not located at the direct interface (Fig. 4.6.2 A). The Arg residues
Arg74 on helix 2 and Arg93 on the opposing helix 3 were identified in close distance (<5 A) to the
Trp side chain as potential interaction partners in all layers. Hence, the amino groups of the Arg
residues could form a cation-n-interaction with the aromatic indol-ring of the Trp (Gallivan and
Dougherty, 1999). Noteworthy, the resolution of the structure required molecular dynamics to model
theorientation oftheamino acid residues. Consequently, the orientation might be different to some

extent.
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Figure4.6.2: Arg74 and Arg93 are potential interaction partners of Trp71.

A: The figure shows the IM30 monomer of layer 1 from an IM30 ring with C16-symmetry (PDB 703Y). Trp7l,
Arg74 and Arg93 are located in between helices 2 and 3, but not at the direct interface. Trp71 and Arg74 or
Arg93 arein close distance (Trp71-Arg93: 4.71 A, Trp71- Arg74: 3.85 A) and can potentially interact via cation-
n-interaction. C: The Trp fluorescence emission intensity isreduced in the shortened IM30variants IM30 H23
R74A and IM30 H23 R93A. Thisindicates a change in the Trp micro-environment.

The IM30 intrinsic Trp fluorescence was monitored to experimentally confirmthe proximity of the
Argresidues tothe Trpin IM30. As changes of the intrinsic Trp fluorescence typically reflect changes
in the Trp microenvironment (Hellmannand Schneider, 2019), the replacement of interactingamino
acids most likely leads to an altered Trp fluorescence. Note that Trp71 is the only Trpin IM30, which
allows to directly draw conclusions on its defined microenvironment. To analyze the Trp
environment, IM30 variants containing only the coiled-coil forming helix 2 and 3 (IM30 H23) with
mutations of Arg74 or Arg93 to the small, uncharged amino acid Ala were heterologously expressed
in E. coliand purified. (Thurotte and Schneider, 2019). Since the IM30 IM30 H23 variant was shown
to form only monomers or dimers instead of larger ring structures (Thurotte and Schneider, 2019),
the influence of a potentially altered oligomerization caused by the R74A/R93A mutation was
minimized. Indeed, a drastically changed Trp fluorescence of IM30 H23 R74A and IM30 H23 R93A
was observed when compared to IM30 H23 (Fig. 4.6.2 B). The Trp fluorescence intensity was
strongly decreased in case of both IM30 variants, which is typically ascribed to an increased solvent

exposure of the Trp (Hellmann and Schneider, 2019).

These results indicate that Arg74 and Arg93 likely interact with Trp71 in the isolated coiled-coil
structure. Still, since the IM30 variant IM30 H23 also forms dimers, it cannot be completely excluded
that a potentially missingdimerization causesthe observed change of the Trp environment. Although

Arg74 and Arg93 are not as specifically conserved as Trp71, nevertheless high conservation of
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positively charged amino acids around region 73-74 and 93-95 was observed in the sequence

alignment of the cyanobacterial IM30/PspA family (Fig. 4.6.1 A, B).

4.6.2.3. Trp71,Arg74, and Arg93 stabilize the IM30 H23 coiled-coil structure
To analyze a potential impact ofa Trp71 interaction with Arg 74 or 93 on the stability of the helix 23
hairpin, the structure of the short-length IM30 variants with the mutations W71A, R74A or R93A

was analyzed via CD-spectroscopy.

At 20 °C, the spectra of all IM30 H23 proteins exhibited the minima at 208 nm and 222 nm
characteristic for an a-helix, while the shape of the spectra was altered to some extent (Fig. 4.6.3 A).
The thermodynamic stability of the secondary structure was investigated next via monitoring the
secondary structure from 15 to 95 °C. Unfolding of IM30 was monitored using the a-helical peak at
222 nm. For IM30 H23 W71A and R74A, a drastic decrease of the thermal stability was observed in
comparison to the not mutated IM30 H23 protein (Fig. 4.6.3 B,C). While all denaturation curves
show the typical sigmoidal shape (Fig. 4.6.3 C), a shift to lower temperatures was observed for the
IM30 H23 mutants. The transition point Tr, of the IM30 H23 denaturation curve was calculated to
be 52.3 + 0.5 °C. In contrast, the T of the W71A and R93A mutants did strongly decrease to
44.1 £ 0.4°Cor 47.3 + 0.2 °C, respectively (Fig. 4.6.3 C). In contrast, the R74A mutant showed no
altered Tr (53.6 £ 0.6 °C).

Thus, (atleast) the amino acids Trp71 and Arg93 seem to contributeto the intramolecular stability

of theisolated coiled-coil of helices 2 and 3.
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Figure 4.6.3: Trp71, Arg74, and Arg93 stabilize the IM30 secondary structure of isolated IM30 coiled-
coil structure.

A: The structure of IM30 H23, H23 W71A, R74A and R93A was analyzed via CD-spectroscopy. For all proteins,
a spectrum typical for a-helices was observed. B: Thermal denaturation of IM30 H23 wt, W71A, R74A and
R93A was monitored by CD-spectroscopy following the signalat 222 nmatincreasing T”s. The raw signal was
converted to the fraction of unfolded protein. N=3, error bars represent SD. C: Fitting the data with an adapted
Boltzmann-fit yielded the following Tm’s: 52.3 + 0.5 °C (IM30 H23), 44.1 + 0.4 °C (IM30 H23 W71A),
53.6 £ 0.6 °C (IM30 H23 R74A) and 47.3 + 0.2 °C (IM30 H23 R93A). Error bars represent errors from the
fitting of the data.

4.6.2.4. Trp71,Arg74, and Arg93 stabilize the IM30 secondary structure

We next analyzed the influence of Trp71, Arg74 and Arg93 on the structureand function of the full-
length IM30. As IM30 forms oligomeric ring structures, analyzes of the full-length protein might

differ from the analysis oftheisolated coiled-coil structure.

IM30 is a largely a-helical protein (Fuhrmann et al., 2009a; Gupta et al., 2021; Liu et al., 2021).
Consequently, at 20 °Cthe CD-spectra of all here analyzed IM30 variantsindicated a mainly a-helical
structure with small differences of the shape (Fig. 4.6.4 A). This suggests that all full-length proteins

are correctly folded.

We next analyzed the thermodynamic stability of the full-length proteins using a temperature
gradient from 15 to 95 °C. For all mutants, a strong decrease of the thermal stability was observed
in comparison to the wt protein (Fig. 4.6.4 B,C). The transition point Tr, of the IM30 wt denaturation
curve was calculated to be 59.8 + 0.2 °C. In contrast, the T, of the W71A and R93A mutants did
decrease to 51.4 + 0.3 °C or 53.5 + 0.2 °C, respectively (Fig. 4.6.4 C). The mutant R74A showed a

moderately reduced Tm of 56.4 + 0.2 °C.
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Thus, theamino acids W71A, R74A and R93A seem to contribute to the stabilization of th e full-length

IM30.
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Figure 4.6.4: Trp71, Arg74, and Arg93 stabilize the full-length IM30 protein.

A: The structure of IM30 wt, W71A, R74A and R93A was analyzed via CD-spectroscopy. For all proteins, a
spectrum typical for a-helices was observed. B: Thermal denaturation of IM30 wt, W71A, R74A and R93A was
monitored by CD-spectroscopy at 222 nm. The raw signal was converted to the fraction of unfolded protein.
N=3, error barsrepresent SD. C: Fitting the data with an adapted Boltzmann-fityielded Ty, “sof: 59.8 + 0.2 °C
(IM30wt),51.4 + 0.3 °C (W71A),56.4 + 0.2 °C (R74A) and 53.5 £ 0.2 °C (R93A). Error bars represent errors
from the fitting of the data.

4.6.2.5. IM30mutants display an impaired oligomerization tendency

Oligomerization into large, ring-like structures is a characteristic feature of all members of the
PspA/IM30-family (Thurotteetal., 2017). The oligomerizationstatelikely has an impact on the IM30

function (recently reviewed in Siebenaller et al., 2019).

We analyzed the oligomeric structure of the full-length IM30 wt protein as well as of the W71A, R74A
and R93A mutants using negative-stain EM (Fig. 4.6.5 A). Micrographs of IM30 wt show
predominantly the typical ring structures with diameters of about 30 nm and small rod-like
structures. Considerably less ring structures were observed for the IM30 W71A, R74A and R93A
mutants. Instead, lots of smaller particles were detected with a size of about 10 nm. Those particles
may consist of smaller oligomers, possibly unable to oligomerize further into ring structures. In case

of IM30 R74A and R93A, even high amounts of large malformed aggregates were observed. This
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further hints for an impaired oligomerization of the IM30 mutants, showing the high relevance of

the Trp71, Arg74 and Arg93 for oligomerization of IM30.

As the TEM micrographs only represent a small fraction of the whole sample, the mean particle size
was next analyzed via dynamic light scattering (DLS) (Fig. 4.6.5 B). The mean diameter of the
IM30 wt particles was determined as 38 + 7 nm, which is in good agreement with thering-diameter
of about 30 nm determined by EM, taking into consideration that the determined diameter
corresponds toa hypothetical spherewith the same diffusion coefficient. The mean diameter of the
W71A and R74A mutants was strongly reduced to 15 + 2 nm and 20 + 12 nm, respectively. The mean
diameter of the R93A mutant was only minor reduced to 30 + 10 nm. Note that this does not
necessarily correspond to correctly formed ring structures, but eventually also to malformed

aggregates.

These results, combined with the observations from the EM imply that the W71A, R74A and R93A

mutations strongly affect the oligomerization of IM30.

A B

number mean [nm]

Figure 4.6.5: The oligomerization of IM30 W71A, R74A and R93A is impaired.

A: The structure of IM30 wt, W71A, R74A and R93A was analyzed via negative stain electron microscopy. While
all mutants show some IM30-typical ring structures, also smaller aggregates were observed. The scale bar
represents 200 nm. The experiments were performed incooperation with Dr. Wolfgang Gebauer. B: The mean
particle diameter was determined by dynamiclight scattering (DLS). The particle size analyzed by the number
mean of the mutants IM30 W71A, R74A and R93A was reduced in comparison to the IM30 wt. N=9, error bars
represent SD.
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4.6.2.6. TheW?71A, R74A and R93A mutations do not affect Mg”*-induced structural

rearrangement of IM30 oligomers

The membrane fusion activity of IM30 depends on Mg”* (Hennig et al., 2015). Mg>* is not only
necessary for the membrane fusion process in general, but also binds to IM30 followed by a
structural rearrangement of the protein structure (Heidrich et al., 2018). As this seems to be a
prerequisite for membrane fusion, it was next analyzed whether a mutationof Trp71, Arg74 or Arg93

interferes with the IM30-Mg?* interaction.

The interaction of IM30 with Mg** leads to an increase of hydrophobic surfaces, which can be
monitored via following ANS fluorescence as shown previously (Heidrich et al., 2018). In absence of
Mg”* a decreased ANS fluorescence was observed in case of the W71A, R74A and R93A mutants
compared to the IM30 wt protein (Fig. 4.6.6). This indicates that the mutants might have less
exposed hydrophobic surfaces, dueto changes in their oligomeric assembly state, as indicated by the
negative-staining electron micrographs (Figure 4.6.5). Nevertheless, after addition of Mg**, all
mutants showed thetypical increase in the ANS fluorescence, as observed with the IM30 wt protein

(Fig. 4.6.6 B), showing that all proteins do interact with Mg** accompanied by an increase of exposed

1

IM30wt IM30 W71A IM30 R74A IM30 R93A
7.5 MgCl, -

hydrophobic surfaces.
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Figure 4.6.6: The interaction of IM30 wt, W71A, R74A and R93A with Mg** leads to an increased
exposure of hydrophobic surfaces.

The exposure of hydrophobic surfaces was analyzed via monitoring ANS fluorescence. The addition of Mg
leads to an increased exposure of hydrophobic surfaces of IM30 wt, W71A, R74A and R93A. This indicates
binding of Mg** to all here analyzed IM30 variants. N=3, error bars represent SD.
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4.6.2.7. 'W71A,R74A and R93A mutation affect IM30 membrane binding

IM30 binds to membranes containing negatively charged lipids (Hennig et al., 2015). In order to
evaluatethe membrane fusion activity of theIM30 W71A, R74A and R93A mutants, their membrane
binding affinities were studied and compared to the IM30 wt next. As shown before, IM30 binding
to liposomes can be determined via following the Laurdan fluorescence. The AGP calculated from
the Laurdan fluorescence spectra typically reflect changes of thelipid order as e.g. occurs when IM30

is binding to membranes (Heidrich et al., 2016).

We used Laurdan-labeled liposomes (40:60 PG/MGDG) as TM-mimicking model membranes
(Hennig et al., 2015). The results show increasing GP-values with increasing concentrations of the
IM30 wt and mutants which clearly indicates membrane binding. Via fitting (Heidrich et al., 2016) a
Kp of 4.5 + 1.1 uMwas determined for theIM30 wt protein. In case of the W71A and R74A mutants,
a lowered membrane binding affinity was observed with a Kp of about 10.6 + 1.6 uM (W71A) and
10.0 £ 1.6 pM (R74A). Binding of the IM30 R93A mutant to the membrane seems to be rather weak,
and no Kp can be calculated at the used experimental conditions. Despite the impaired membrane
binding affinities of the W71A, R74A and R93A mutants, all mutants are still able to bind to TM model

membranes.
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Figure 4.6.7: The membranebinding affinity of IM30 W71A and R74A is 2fold lower than the IM30 wt.

A, B: Steady-state membrane binding of IM30 was measured via monitoring changes in the Laurdan
fluorescence using IM30 wt (black), W71A (red), R74A (green), all shown in (A) and R93A (blue) shown in (B).
The Laurdan AGP values at constant 0.1 mM lipid (40% PG/60% MGDG) and 0-6 pM IM30 were increased
for the mutant proteins compared to the wt. (Heidrich etal., 2016). N=3, error bars represent SD. C: IM30 wt
bindsto the model membraneswith aKp = 4.5 + 1.1. For IM30W?71A a Kp = 10.6 + 1.6, and for IM30R74A a
Kp of 10.0 + 1.6 was calculated. For the interaction of IM30 R93A with the PG/MGDG membrane (B), no Kp
could be calculated under the used experimental conditions. N=3, error bars represent SD.
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4.6.2.8. Trp71 is crucial for the membrane fusion activity of IM30

IM30 triggers membrane fusion in presence of Mgz*, at least in vitro (Hennig et al., 2015).
Consequently, the membrane fusion activity of the W71A, R74A and R93A mutants was analyzed
next. As shown before, the mutants seem to fulfill the basic requirements needed for membrane
fusion: membrane binding and Mg" interaction. Thus, fusion was next analyzed by a FRET-based

liposome fusion assay (Hennigetal., 2015).

Actually, no membrane fusion activity was observed for the IM30 W71A mutant (Fig. 4.6.8). The
initial fusion rate was calculated as 0.018 + 0.003 % s™. In contrast, the rate of the IM30 wt was
calculatedas 0.133 + 0.027 % s™'. The IM30 R74A and R93A mutants showed very low fusion rates
of 0.028 + 0.014 % s or 0.025 + 0.017 % s, respectively. While IM30 wt-induced membrane fusion

reached about 1009% after 1000 s, the mutants triggered membrane fusion to less than 20%.

In summary, it could be shown that the highly conserved residue Trp71 is crucial for the IM30 protein
structure, which is significantly affecting the membrane fusion activity of IM30. The results further
indicatethat the potentially interacting amino acids Arg74 and Arg93 seem to be important for the

IM30 structure and fusion function.
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Figure 4.6.8: Trp71, Arg74 and Trp93 are crucial for membrane fusion.

A:2.5uMIM30,7.5 mM Mg** and 0.1 mM PG/MGDG (40:60) liposomes were mixed and analyzed by a FRET-
based membrane fusion assay. In contrast to the IM30 wt, the IM30 mutants W71A, R74A and R93A show only
little membrane fusion activity. N=3, error bars represent SD. B: The initial fusion rates were calculated as the
slope of the fusion curves in the first 50 s. N=3, error barsrepresent SD.
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4.6.3. Discussion

4.6.3.1. Trp71is highly conserved in PspA/IM30

Our analysis shows that Trp71 is a highly conserved within members of the cyanobacterial
IM30/PspA family (Fig. 4.6.1). While Trp71 was not identified as a highly conserved and structural
important amino acid in a previous report (Osadnik et al., 2015), Trp71 is also present in IM30 of
Arabidopsis thaliana or Chlamydomonas rheinhardtii or even in PspA of Synechocystis or E. coli
(Fig. 4.6.1. B). With focus on helix 2 and 3, Trp71 can be considered as a highly conserved amino
acid, especially taking into account the overall low conservation of the amino acids 62-74 in
cyanobacterial IM30 (Fig. 4.6.1. A), but also within the entire IM30/PspA family (Osadnik et al.,
2015).

Interestingly, based on the recently published IM30 structure (Gupta et al., 2021), the position of the
indol ring of Trp71isin between thehelices 2 and 3 (Fig. 4.6.2), possibly enabling an intramolecular
stabilization of the coiled-coil region viainteractions with other residues. A previous report assumed
Trp71 to be buried within the IM30 structure and not exposed to the surface, which is a clear hint
for intramolecularinteractions (Heidrichet al., 2018). Although Trp71 is actually not located directly
at the interface between helices 2 and 3, the results here suggest an important role of this residue
for the structure of IM30.

Because of its very pronounced position and the high conservationof Trp71, the putativerole of this
amino acid for the structure and function of IM30 was analyzed using the full-length IM30 protein

as well as the isolated IM30 coiled-coil forming helices 2 and 3.

4.6.3.2. Trp71is important for the structure of IM30

The secondary structure of IM30 W71Ais mainly a-helical (Fig. 4.6.4 A), as reported for the IM30 wt

protein (e.g. Heidrich et al., 2018) indicating correctfolding of the mutant.

Yet, the thermodynamic stability of the W71A mutant was strongly decreased compared to the wt,
again for the H23 fragment as well as the full-length IM30 (Fig. 4.6.3 C,D; Fig. 4.6.4 C,D). A possible
explanation is that the stability of the secondary structure is decreased upon mutation because of
the weakened interaction between the coiled-coil forming helices 2 and 3. Yet, the missing
contribution of only 1 or 2 cation-n-interactions may not cause the observed drastic difference in the
Tm of about 10 °C (Fig. 4.6.4 D). A different explanation could be the observed impaired

oligomerization of the W71A mutant (Fig. 4.6.5). It seems reasonable that ring formation increases
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the thermodynamic stability of IM30 because of additional interactions establishing between the
monomers, as discussed recently (Thurotte and Schneider, 2019). Yet, also in case of the short-length
mutants a decreased thermodynamic stability was observed for the H23 W71A protein, which likely
only forms monomers or dimers (Thurotte and Schneider, 2019). These results clearly show the
importance of Trp71 for the structural stability of the coiled-coil forming helix 23, but also of the
oligomeric structure of the protein. Consequently, a correctly folded H23 hairpin seems to be

essential for the correct ring formation and a stabilized monomer structure.

An impaired oligomerization of IM30 W71A has been observed via electron microscopy and in DLS
analysis (Fig.4.6.5). While IM30 wt showed the typical ring structures (Saur et al., 2017),IM30 W71A
showed fewer ring structures and additionally small particles. These particles could resemble small
oligomeric structures. Hypothetically, these smaller oligomers could be the result of an impaired
ring assembly. The decreased hydrophobic surface of the mutant, as seen in the ANS fluorescence

analysis (Fig. 4.6.6), is a further hint for a different oligomeric state.

4.6.3.3. Trp71is crucial for the IM30 membrane fusion function

IM30 is able to fuse TM model membranes in presence of Mg>* (Hennig et al., 2015). The interaction
of IM30 with Mg** and with TM mimicking membranes is a prerequisitefor this function. While no
major difference in the IM30-Mg2+ interactionwas observed for theIM30 W71A mutant (Fig. 4.6.7),
a lowered membrane binding affinity was determined for the W71A mutant. Although it has been
observed that the formation of higher oligomersin general reduces the membrane binding affinity
(Heidrich et al., 2016), the results here show that the lower oligomeric structures of Trp71 do not
have an increased membrane binding propensity. This might be due to malformed small
oligomers/aggregates that bury the membrane interacting regions within the complex.
Nevertheless, IM30 W71A was still able to bind to the membrane with an about 2fold lower affinity

(Fig. 4.6.7).

As shownin Fig. 4.6.9, the hairpin is facing the outside of the ring. Thisis not in line with previous
models, which assumed this region to be at the bottom of the ring (Saur et al., 2017). If IM30 is
binding to the membrane first as a ring, as suggested by earlier studies, this region is at first not
directly exposed to the membrane, questioning the importance of this region for membrane binding.
Yet, since IM30 de-oligomerizes on the membrane (Junglas et al., 2020b, chapter 4.4), this region
might still interactdirectly withthe membrane, which could explain the reduced membrane binding

affinity of the W71A, R74A and R93A mutants.
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Despite the general ability of the IM30 W71A mutant to interact with Mg?** and the membrane, the
IM30 mutant was not at all able to trigger membrane fusion of the TM model membranes in presence
of Mg** (Fig. 4.6.8). The results suggest that the missing fusion activity of IM30 W71A is based on
the impaired oligomeric structure. This further supports the assumption that an intact IM30 ring
structure is absolutely necessary for IM30-mediated membrane fusion as discussed recently
(Siebenaller et al., 2019). IM30 W71A does neither form a sufficient amount of correctly folded ring
structures (Fig. 4.6.5) nor expose the fusogenic H23 region that triggers membrane fusion without

the context of IM30 rings (Thurotte and Schneider, 2019).

4.6.3.4. Arg74 and Arg93 likely interact with Trp71

Via inspection of a modeled IM30 structure (Fig. 4.6.2), Arg74 and Arg93 were identified as amino
acids potentially interacting with Trp71. Both are in distance of less than 5 A to Trp71, which is
usually assumed to be close enough for cation-n-interactions. Still, since the orientation of the amino
acid side chains was modeled via molecular dynamic simulations, this might not represent the exact
structure. Experimentally, a change ofthe Trp71 microenvironment was demonstrated when the wt
helical hairpinH 23 as well as the H23 mutants R74A and R93A were analyzed (Fig. 4.6.2 C,D), which

is a clear hint for the close distance of the Arg residues to the Trp.

As Arg74 is located on helix 2 together with Trp71, interaction between these two amino acid side-
chains can probably only stabilize the position of Trp71. In contrast, Arg93islocated on helix 3 and
interaction with Trp71 could actually mediate a connection between helix 2 and 3.

We further analyzed the full-length and the H23 IM30 variants R74A and R93A to evaluate whether
an absence of the Trp71 indole side-chain alone or missing potential interactions are responsible for
theimpaired structure and function ofa W71A mutant. Whereas the observed effects on the structure
and function were, in general, more pronounced for the W71A mutant, also the R74A and R93A
mutants showed impaired thermal stability (Fig. 4.6.3; Fig. 4.6.4), decreased oligomerization
tendency (Fig. 4.6.5) and decreased membrane binding and fusion (Fig. 4.6.7; Fig. 4.6.8). In case of
R93A, themembrane binding affinity was even lower compared to IM30 W71A. This might be due to
a high amount of malformed aggregates that were observed in EM images and probably the cause
for the relatively large diameter detected via DLS (Fig. 4.6.5). Based on the results, it can be
hypothesized that interactions of Trp71 are important for the structure and function of IM30, and
that Arg74 and Arg93 might contribute by stabilizing the orientation of Trp71 between helix 2 and
3.
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4.6.3.5. Trp71might interact with Phe191 or Glu194

Since the impacts of the W71A, R74A and R93A mutations on the IM30 structure might not
exclusively be explained by missing cation-n-interactions in the coiled-coil structure of a monomer,
I additionally tried to identify further putative interactors within the IM30 oligomer (C16-ring

symmetry) (Fig. 4.6.9).

The region encompassing Trp71-Arg93islocated at the outside of the ring within the spike structure
(Fig. 4.6.9 A). In the cross-section of the ring, the relevance of this region for the ring structure is
obvious, sincethe helical hairpin is in close contact with helix 5/6 of the upper layer (L+1). Analysis
of this region revealed that amino acids residues around 190-196 are possible interactions. This
region is located close to the linker between helix4 and5/6, which is differently structured to some

extent in thevarious layers of an IM30 ring (Fig. 4.6.9 B).

The distance between the hairpin and the region encompassingthe residues 190-196 of the monomer
from layer L+1, and also the orientation of the residues is different depending on the layer, as can
be seen by comparison of the interaction site between layer 1 and 2, layer 3 and 4 and layer 5 and 6
(Fig. 4.6.9D). Between layer 1 and 2, the distance between Phel91 and Arg74 and Phel91 and Trp71
is about 5 A and the distance between Glul94 and Arg93 is about 6 A, possibly enabling n-n-stacking,
cation-m-interactions or electrostatic interactions (Fig. 4.6.9 C). At the interface of layer 3 and 4, the
amino acid side chains seemtobeoriented in a different direction. Between layer 5 and 6 the distance
between Phel91 and the Trp71 is increased to about 8 A, and Glul94 is even not close to the
interaction site anymore due to a helix-to coil transition of this region. Consequently, the here
identified (putative) interactions might be morerelevant inthe upper region of the ring. Noteworthy,
this interaction siteis not only present in the IM30 ring with 16-fold rotational symmetry, but also

in thering structures of other rotational symmetries, which arenot shown here.

These interactions might explain the strong effects on the stability of the secondary structure of the
IM30 mutants at increasing temperatures, since Trp71 not only interacts within the monomer, but
between thedifferent layers. Analysis of IM30 variants with mutations of Phe191 and Glu194 haveto
be performed in the future to confirm or discard the proposed interaction with Trp71. As the
secondary structure of IM30 is less a-helical when not organized as a ring (Junglas et al., 2020b,
chapter 4.4.), the weakened interaction between the IM30 layers could result in the observed

decreased coiled-coil stability.
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Figure 4.6.9: The helix 23 coiled-coil interacts with helix 5/6 fromlayerL+1.

A: Top view and a cross-section of an IM30 ring with C16-symmetry (PDB 703Y). The aminoacids 71-93 in the
coiled-coil region are highlighted in red. B: Stacking of IM30 monomers in the individual layers is shown.
Trp71, Arg74 and Arg93 are highlighted in red, Phel91 and Glu194 are highlighted in orange. The structures

differ mainly in helix 4 and 5/6. C: Interaction between layer 1 and 2 may be mediated by the coiled-coil of

layer 2 (red) and the helix 5/6 of layer 1 (orange). D: Detail view of putative interactions within layers 1/2.,
3/4 and 5/6 indicate potential interacting amino acids (Trp71 green, Arg74 red, Arg93 orange, Phel91 yellow,
Glu194 pink).
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4.6.3.6. Conclusion

We propose that the IM30 residues Trp71, Arg74 and Arg93 contribute via cation-n-interactions to
stabilization of the helix 23 coiled-coil. Furthermore, these amino acids are potentially also important
for interaction of individual IM30 layers withinthering structure. Trp71is highlyrelevant for correct
oligomerization of IM30 and consequently for its membrane fusion activity. Because of the high

conservation, Trp71 likely is also crucial in IM30 proteins of other organisms.
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4.7. IM30-mediated membrane fusion depends on the membrane lipid

composition
4.7.1. Introduction

The TM is essential for photosynthesis in (almost) all cyanobacteria and chloroplasts. The lipid
composition of the TM is unique, since it contains large amounts of glycolipids with galactose as a
sugar moiety (galactolipids). In Synechocystis, the membrane consists of 54 %
monogalactosyldiacylglycerol (MGDG), 18 9% digalactosyldiacylglycerol (DGDG), 15 %
sulfoquinovosyldiacylglycerol (SQDG) and 13 % of the only phospholipid phosphatidylglycerol (PG),
respectively (Wada and Murata’, 1989). While MGDG and DGDG have a neutral charge, the
headgroups of SQDG and PG are negatively charged. DGDG, SQDG and PG are known to form
lamellar lipid phases. MGDG, on the other hand, forms lipid bilayers only in the presence of other
lipids or membrane proteins (Shipley et al., 1973; Simidjiev et al., 2000). For this reason, MGDG is
discussed to be highly relevant for the stabilization of membrane regions with concave membrane
curvature and furthermore for the formation of stacked TMs (Murphy, 1982; Seiwert et al., 2018; Yu
et al., 2020). Consequently, MGDG is of general importance for the special TM architecture, which
adopts various shapes including highly curved membrane regions as well as flat membranes

(Liberton et al., 2006).

The principles guiding TM biogenesis are not completely understood yet, but clearly include a
regulated transport of lipids, proteins, pigments and cofactors. Direct contacts between the TM and
the cytoplasmic membrane as well as vesicular processes are controversially discussed to be involved
in material transfer (reviewed in Heidrich et al.,2017; Lindquist and Aronsson, 2018). However, both
processes likely include the fusion of membranes or vesicles. This could be mediated by IM30, since
IM30 has been shown to fuse TM-mimicking membranes in presence of Mg>* (Hennig et al., 2015).
While previous studies focused on the influence of nucleotides (Junglas et al., 2020c, chapter 4.1),
pH (Siebenaller et al., 2020, chapter 4.3), Mg2+ (Hennig et al., 2015) or individual IM30 helices
(Thurotte and Schneider, 2019) on the membrane fusion process, this study focusses on the

membrane properties crucial for IM30-triggered membrane fusion.

This study analyzes the membrane fusion activity of IM30 using membranes with different lipid
compositions and curvatures. It is demonstrated that MGDG is necessary for IM30-mediated
membrane fusion due to its non-bilayer-forming character as well as its galacto-headgroup.
Furthermore, the study shows that high membrane curvature supports IM30 -mediated membrane

fusion.
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4.7.2. Results

4.7.2.1. MGDG is necessary for efficient IM30-mediated membrane fusion

Interaction of IM30 with the TM is essential for its proposed in vivo functions (reviewed in Zhang
and Sakamoto, 2015; Siebenaller et al., 2019). In vitro, the IM30 protein of Synechocystis induces
fusion of TM-mimicking membranes containing 40 % ofthe negatively charged phospholipid PG and
60 % of the neutral galactolipid MGDG in presence of Mg®* (Hennig et al., 2015; Thurotte and
Schneider, 2019; Siebenaller et al., 2020).

SinceIM30 is known to bind preferentially to negatively charged lipids, such as PG, and not to MGDG
(Hennig et al., 2015; McDonald et al., 2015), I first aimed to investigate whether IM30 triggers the
fusion of negatively-charged membranes if MGDG is not present. Therefore, an established FRET-
based liposome-fusion assay was used. The membrane fusion curves over 500 s (Fig. 4.7.1 A,B) and
the initial fusion rates (Fig. 4.7.1 C) were compared upon addition of Mg**, IM30 or a combination

of Mg** and IM30.

As divalent cations like Mg”* are known to induce fusion of negatively charged membranes at
sufficiently high concentrations (reviewed in Mondal Roy and Sarkar, 2011), IM30-independent
fusion of the membranes was analyzed at Mg>* concentrations of 7.5 mM and 15 mM. At a
concentration of 7.5 mM, the TM-mimicking liposomes (MGDG/PG) did not fuse at all
(Fig. 4.7.1 A,C), consistent with previous reports (e.g. Hennig et al., 2015). In contrast, liposomes
containing 100 % PG did fuse to some extent with a rateof ~ 0.15 % s™. By adding 15 mM Mg**, the
TM model liposomes did fuse with an initial fusion rateof 1.38 + 0.34 % s™, whilethe PG liposomes
did fuse with a lower rate of 0.91 + 0.16 % s™. While the TM model membranes reached ~100 %
after 500 s, the PG liposomes fused to about 80 % after 500 s (Fig. 4.7.1 A,B). Thus, 100 % PG
membranes have a higher fusion propensity at low Mg”*-concentrations than the TM model
membrane. To next analyze IM30-induced membrane fusion, 7.5 mM Mg>" and 2.5 uM IM30 were
added. While the TM mimicking membranes fused with arateof 0.58 + 0.0.05 % s™, theinitial fusion
rate of the PG liposomes (0.18 + 0.09% s™) was substantially lower. Taking into consideration the
relatively high intrinsic fusion rate of PG in presence of solely 7.5 mM Mg>*, IM30 does seem to only
slightly increase the fusion of PG liposomes, ifat all, reaching only 40 % fusion after 500 s (Fig. 4.7.1
B).

Since it cannot be excluded that thelow fusion rateis caused simply by less binding of IM30 to the
membranes, the binding affinity of IM30 was calculated for PG liposomes in contrast to PG/MGDG

liposomes using the fluorescent dye Laurdan as a probe, as described previously (Heidrich et al,
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2016). From the binding curves (Fig. 4.7.1 D), the affinity of IM30 to MGDG/PG was calculated as
Kp= 5.0 + 0.7 uM, whereas the affinity to PG was determined as Kp= 1.4 + 0.2 pM. Consequently,
the low IM30-induced fusion of PG liposomes cannot be simply explained by a lowered binding
affinity of IM30 to the PG liposomes. While increased IM30-triggered membrane fusion is clearly
related to increased membrane binding at TM model membranes (Hennig et al., 2015), these
experiments now show that the membrane lipid composition has not only additional, but a decisive

impact on the membrane fusion process.

Since the TM mimicking membranes contain only 40 % of negatively charged lipids, the fusion assay
was next performed with liposomes containing only 40 % of the negatively charged PG and
additionally 60 % of the net-neutral phospholipid PC instead of MGDG. At these experimental
conditions, no membrane fusion was observed upon addition of 7.5 mM Mg** and/or 2.5 uM IM30
(Fig. 4.7.1 C). At 15mM Mg>*, alow fusion rateof 0.09 + 0.05 % s was detected, showing that IM30
does not trigger fusion of the PG/PC liposomes. Similar effects were observed when PG was
exchanged by the other negatively charged TM lipid SQDG (Fig. 4.7.1 C). These observations indicate
that not only PG, but also the TM lipid MGDG is required for efficient IM30-mediated membrane

fusion.
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Figure4.7.1: PG and MGDG are both essentialfor efficient IM30-mediated membrane fusion.

A: Membrane fusion of 100 % PG liposomes was measured using a FRET-based liposome fusion assay. Fusion
was monitored over 500 s in presence of 2.5 uM IM30 (black), 7.5 mM Mg** (red), 15 mM Mg** (green) or
2.5 uM IM30 + 7.5 mM Mg** (blue). The addition of IM30 did only slightly increase the fusion induced by
7.5mM Mg>". The curves represent the average of 3 independent measurements. B: Membrane fusion of
PG/MGDG (40/60) liposomes was measured using a FRET-based liposome fusion assay. The fusion was
monitored over 500 s in presence of 2.5 pM IM30 (black), 7.5 mM Mg** (red), 15 mM Mg** (green) or
2.5 uM IM30 + 7.5 mM Mg** (blue). Addition of IM30/Mg** did strongly increase membrane fusion. The curves
represent the average of 3 independent measurements. C: Membrane fusion was measured using pure PG,
PG/MGDG (40/60), PG/PC(40/60) and SQDG/MGDG (40/60) liposomes, respectively. The initial fusion rates
upon addition of 2.5 pM IM30 (black), 7.5 mM Mg** (red), 15 mM Mg** (green) or 2.5 uM IM30 + 7.5 mM Mg*
(blue), respectively, were calculated as the slope from 0-25 s of the measured fusion curves. N=3, error bars
represent SD. D: Membrane binding of IM30 to pure PG (black) and MGDG/ PG (red) membranes, respectively,
was measured under steady-stare conditions. The Laurdan AGP at 0.1 mM lipid + 0-6.5 pM IM30 increases
when IM30 binds toliposomes. The data were fitted using a binding fit (Heidrich et al., 2016). N=3, error bars
represent SD.
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4.7.2.2. Thenon-bilayer forming character and the lipid headgroup of MGDG are crucial for

IM30-mediated membrane fusion

MGDG forms inverse hexagonal structures rather than (prototypical) lamellar bilayers, and, thus,
was classified as a non-bilayer forming lipid (Shipley et al., 1973). These lipids are often discussed
to be important for membrane remodeling processes (i.e. membrane fusion), which is in line with
the above presented results. Furthermore, MGDG is a galactolipid, which is present in TMs in high
amounts. Thus, the question arose, if also the galacto-headgroup of MGDG is relevant for the IM30-
induced membrane fusion. Consequently, membrane fusion was analyzed using a different non -
bilayer-forming lipid, PE (which is in contrast to MGDG a phospholipid), in combination with PG
(40 % PG, 60 % PE).

First, Mg** was added in concentrations of 2-15 mM to analyze potential fusion of the pure liposomes
in absence of IM30. The PG/PE liposomes had a high intrinsic fusion propensity, and fusion was
induced already at 3 mM of Mg>". The initial fusion rates could not be calculated, sincethe starting
point was not detectable at the used experimental conditions. In contrast, the TM model membranes
did not fuse even at 7.5 mM Mg>" (Fig. 4.7.1). Nevertheless, to analyze the IM30-mediated membrane
fusion, 2.5 uM IM30 was added to the maximal tolerable Mg2+ concentration (2 mM), where
liposomes did not significantly fuse (Fig. 4.7.2B). Addition of IM30 increased the initial fusion rate
only slightly from ~ 0.01to 0.02s™, reaching ~ 20 % liposome fusion after 500 s (Fig. 4.7.2 B). For
better comparison, the fusion curves of the TM mimicking membranes at the maximal tolerable Mg**
concentration (7.5 mM) areshown in Fig. 4.7.2 B, clearly demonstrating that IM30 triggersfusion of
PE/PG membranes to a much lesser extent than fusion of MGDG/PG liposomes at the respective
maximum tolerable Mg>* concentration. Note that the difference in the Mg** concentration clearly

alsohasimpacton the Mg2+—interaction with IM30 (Heidrich et al., 2018).

At least at low Mg>*concentrations, the PE/PG liposomes are not fused by the combined addition of
IM30 and Mg>*, demonstrating that the non-bilayer forming characteristics of MGDG and PE alone
arenot interchangeablein IM30-mediated membrane fusion. This indicates that otherfeatures, such

as thelipid headgroup, might be important for this process.

The low stability of the PG/PE liposomes in presence of Mg>* was somewhat surprising, since it was
assumed that only the amount of the negatively charged lipid PG would be relevant for the
interaction with the divalent cation. To analyze whether the galacto-headgroup is relevant for the
low membrane stability at high Mg** concentrations, a special lipid composition of constant 40 %

non-bilayer forming lipid PE, constant 20 % of negatively charged PG and 40 % of thelipids PC and
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DGDG in variable ratios was used. PC and DGDG are both neutral and bilayer-forming lipids, but
havedifferent lipid headgroups.
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Figure 4.7.2: The galacto-headgroups of MGDG and DGDG lipids stabilizes negatively charged
membranes at high Mg?* concentrations.

A: Membrane fusion of PG/PE (40/60) liposomes was measured (in absence of IM30) using a FRET-based
liposome fusion assay. Fusion was monitored over 500 s in presence of 2-15 mM Mg?*. The curves represent
the average of 3 independent measurements. B: Membrane fusion of PE/PG (60/40) and MGDG/ PG (60/40)
liposomes was monitored over 500 s in presence of the respective maximum tolerable Mg** concentration.
After addition of IM30/Mg?*, only fusion of the MGDG/ PG liposomes was observed. The curves represent the
average of 3 independent measurements. C: Membrane fusion of PG/PE (20/40 %) with DGDG (40 %) (black),
PC/DGDG (20/20 %) (red) or PC (40 %) (green) liposomes, respectively, was monitored using a FRET-based
liposome fusion assay. The initial fusion rates were calculated as the slope from 0-25 s of the measured fusion
curves. The curves represent the average of 3 independent measurements. N=3, error bars represent SD.
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While DGDG is a galactolipid, PCis a phospholipid. When analyzing theseliposomes with the fusion
assay in presence of 7.5 mM Mg”" and absence of IM30, the liposomes containing 40% PC fused with
arateof 0.62 + 0.02%s" (Fig. 4.7.2C). Alower rateof 0.53 + 0.08 % s was detected for liposomes
containing20% PCand 20% DGDG, while almost no fusion was observed with liposomes containing
40% DGDG (0.003 % s™) (Fig. 4.7.2 C). This shows that the higher amounts of galacto-headgroups
introduced by DGDG indeed decrease the fusogenic properties at high Mg** concentrations, likely
similar to MGDG headgroups. The special importance of MGDG for IM30 -mediated membrane fusion
is therefore potentially caused not only by its non-bilayer forming character but also by the galacto-

headgroup.

4.7.23. IM30-triggered liposome fusion dependson membrane curvature

The TM does not only havea unique lipid composition, but also a special architecture with partially
highly curved membrane regions (see introduction, Fig. 1.2.2). Interestingly, IM30 appears to
especially accumulate at these regions in living Synechocystis cells (Gutu et al., 2018), and a higher
membrane binding affinity was suggested at highly curved membranes (McDonald et al., 2015).
Hence, the membrane fusion activity of IM30/Mg>* was next analyzed using TM mimicking
liposomes with diameters ranging from 50 to 800 nm. While the liposomes having 50 or 80 nm
diameter fused toabout 80 % after 500 s, the liposomes with 100 or 200 nm diameter reached only
~60 % fusion. Liposomes having 400 or 800 nm even only fused to less than 40 % (Fig. 4.7.3 A).
Also, the initial fusion rates decrease from smaller to larger liposomes, demonstrating that IM30

triggers faster fusion of highly curved liposomes.

To analyze whether this dependence on theliposome diameters might be caused by a general higher
fusion propensity of small MGDG/PG liposomes, fusion was induced by the addition of solely 14 mM
Mg**. In this case, no decreasing trend was observed with increasing liposome diameter, showing

that theobserved trendis indeed IM30-specific.

Since thelipid concentration, yet not theliposome number was held constant during the performed
fusion assay, it was next analyzed whether thelowered number of potentially colliding liposomes at
high diameters had an impact on the observations. Therefore, the fusion assay was repeated with
liposomes having a 50 nm diameter at constant IM30/Mg?>* concentration, but lowered lipid
concentrations, which correspond to the number of liposomes at 100 and 200 nm. Also in this case,
no decreasing trend was observed (Fig. 4.7.3 D), showing that the number of liposomes has no

decisive impact on the IM30-mediated membrane fusion.
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Figure 4.7.3: The membrane fusion activity of IM30is curvature-dependent.

A: IM30/Mg**-induced fusion of PG/PE (40/60) liposomes was measured using a FRET-based liposome fusion
assay using liposomes with diameters ranging from 50 to 800 nm. Increased membrane fusion was observed
with decreasingliposome size. The curves represent the average of 3 independent measurements. B: The initial
fusion rates were calculated as the slope from 0-25 s of the measured fusion curves. N=3, error bars represent
SD. C: Mg**-induced membrane fusion of PG/PE (40/60) liposomes was measured in absence of IM30 using a
FRET-based liposome fusion assay and liposomes with diameters from 50 - 800 nm. No trend was observed
with decreasing liposome size. N=3, error bars represent SD. D: IM30/Mg?*-induced membrane fusion PG/PE
(40/60) using 100 uM, 25 pM or 6.25 uM lipid. No decreasing trend was observed with lower lipid
concentration. N=3, error bars represent SD. E: Steady-state membrane binding of IM30 was measured via
monitoring changes in the Laurdan fluorescence emission using liposomes having 50, 200 or 400 nm diameter.

The Laurdan AGP does not differ, indicating similar binding of IM30 to differently curved membranes. N=3,
error bars represent SD.
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To analyze whether IM30 binding to liposomes of different sizes is altered at the experimental
conditions (2.5 pM IM30 and 0.1 mM lipid), steady-state Laurdan fluorescence spectra were
measured additionally. The AGP, which reflects the change of the spectrum, was notdecreasing when
using liposomes having 50, 200 or 400 nm diameter, respectively. This indicates that theamount of
protein bound to the liposomes is, at least in absence of Mg**, not criticallyaffected by the curvature
of theliposomes. This suggests thatthereason for theincreased membrane fusion observed at highly
curved membranes is caused by the membrane fusion process itselfand not simply by more protein

binding to the surface.

4.7.3. Discussion

4.7.3.1. The TM lipids MGDG and PG support IM30-mediated membrane fusion
The distinct lipid compositionofthe TM is necessary for efficient IM30-mediated membrane fusion

The membrane fusion activity of IM30 has been shown multiple times in in vitro assays using
liposomes consisting of 60 % MGDG and 40 % PG (Henniget al., 2015; Heidrich et al., 2016; Hennig
et al., 2017; Thurotte and Schneider, 2019; Junglas et al., 2020c; Siebenaller et al., 2020).

Even though the exact mechanism of IM30-induced membrane fusion is still unclear, membrane
fusion is generally characterized by the basic steps: (1) close membrane contact, (2) outer leaflet
mixing and (3) inner leaflet mixing. Between the second and the third step, a hemifused membrane
might be an intermediate structure (Marsden et al., 2011; Mondal Roy and Sarkar, 2011). A
requirement for step 1 is to overcome the strong repulsive forces caused by electrostatic, steric
and/or hydration forces between two membranes, which finally results in membrane fusion caused
by the van der Waal’s attractive interaction of the lipid acyl chains (Cevc, 1987). Membranes
containing negatively charged lipids, such as PG or phosphatidylserine (PS), show strong
electrostatic repulsion, which results in a natural distance between biological membranes and
inhibits spontaneous membrane fusion, but can be lowered by adjusting the dielectric constant of
the surrounding medium (i.e. by higher salt concentrations) (Marsden et al., 2011). In the second
and third step, a temporary disorder of the lipid bilayer results in complete fusion of the vesicles,
and parts of the membrane undergo a transition from the lamellar membrane structure to an
inverted hexagonal structure. This transition is strongly supported by conically shapedlipids, such
as MGDG or PE (Kinnunen, 1996). It seems therefore reasonable to assume that the lipid MGDG
strongly support the second and third step of IM30-mediated membrane fusion (Fig. 4.7.1 A-C). It

hasbeen speculated that IM30 binding causes a local accumulation of MGDG in the inside of thering,
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resulting in bilayer destabilization (Heidrichet al., 2017). Consistent with thisidea, cryo-EM analysis
of Synechocystis revealed structures close to the thylakoid membrane, which likely resemble IM30

and encapsulatethe membrane (Gupta et al., 2021).

Divalent cations, such as Ca** and Mg**, are known to induce fusion of negatively charged
membranes (Mondal Roy and Sarkar, 2011). It is assumed that in case of cation-induced membrane
fusion, the major energy needed for fusion is derived from screening of electric charges on the
membrane, increased surface tension and removal of structural water from the membrane surface.
While the charge screening causes close contact of the membranes, the increased surface tension is
likely causing membrane defects necessary for destabilization of the bilayer. In the context of Ca**-
induced fusion in presence of other fusogens, the divalent cation is believed to simply fasten the
fusion process by streaming inside the liposomes (Ahkong et al., 1975). In case of IM30-induced
fusion, Mg>" clearly not only supports the membrane fusion process via interactions with the lipids,
but also causes a major structural rearrangement of the protein (Heidrich et al., 2018) and increased
membrane binding, which resultsin bilayer destabilization (chapter 4.5). Thisis discussed to activate

the membrane fusion activity of IM30.

A negatively chargedlipid (e.g. PG) is necessary for binding of IM30 to the membrane (Hennig et al.,
2015; McDonald et al., 2015). Although membrane binding of IM30 clearly is a prerequisite for
membrane fusion, and increased binding to TM mimicking membranes enhances membrane fusion
(Hennigetal., 2015), theresults here show thatliposomes containing only PG are not fused properly
by IM30/Mg>* (Fig. 4.7.1A) despite the increased membrane binding affinity of IM30 (Fig. 4.7.1B).
The observed low IM30-induced fusion of pure PG membranes can not simply be explained by the
larger electrostatic repulsion of the PG liposomes compared to the PG/MGDG liposomes, which
might hinder the collision and also close association of the liposomes. Since liposomes containing
the same amount of negative charges as the prototypical TM mimicks (40 % PG and 60 % of the
neutral lipid PC) did also not fuse upon addition of IM30/Mg?>* (Fig. 4.7.1), MGDG clearly is important

for IM30-induced membrane fusion.

While IM30 is known to also bind to membranes containing the other negatively charged TM lipid
SQDG (Hennig et al., 2015), no fusion was observed when SQDG/MGDG liposomes were analyzed
(Fig. 4.7.1). Areason for this could be the steric repulsion of the membranes, since both lipids contain
the large galacto-headgroup instead of the smaller PG headgroup. While 100 % PG liposomes fused
in presence of 15 mM Mg**, PG/PC and SQDG/MGDG liposomes did not fuse at all. In case of PG/PC
liposomes this might be caused by the lower negative surface charge and consequently less Mg**-

affected surface tension.
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Sincea characteristicofthe TMis the high amount of galactolipids, the importance of the galactolipid
headgroup for IM30-mediated membrane fusion was investigated by exchanging MGDG with PE,
another non-bilayer forming lipid. Interestingly, the PG/PE membrane fused already at much lower
Mg*" concentrations compared to PG/MGDG liposomes. To assess the effect of IM30 on the fusion
process, the fusion was analyzed at the maximal tolerable Mg** concentration, i.e. 2 mM for PG/PE
membranes. At these conditions, only very little membrane fusion was observed (Fig. 4.7.2).
Noteworthy, at ~ 2 mM Mg**, also the TM model membrane is not fusing in presence of IM30
(Hennig et al., 2015). This appears to be reasonable, since 2 mM Mg*" is not sufficient to induce
structural changes in the IM30 protein, which are assumed to be necessary for its fusogenicity
(Heidrich et al., 2018). A potential enhancement of the membrane fusion by IM30 at high Mg**
concentrations in presence of PE/PG membranes can unfortunately not be investigated, since the
initial phase of the fusion cannot be analyzed with the used experimental setup. Still, the performed
experiment highlights the importance of the galacto-headgroup, and not only the non-bilayer-

forming character of MGDG specifically for membrane fusion induced by IM30.

The addition of the galactolipid DGDG to PE/PG liposomes did reduce the spontaneous membrane
fusion (Fig. 4.7.3), similar to MGDG. This suggests thatthe galacto-headgroups shield the negatively
charged PG headgroups from interacting with Mg** and thereby prevent Mg**-mediated membrane
fusion, in turn allowing sufficiently high concentrations of Mg** to activate IM30 for fusion. Since
MGDG and DGDG are discussed to be important for the stacking of TM via formation of hydrogen
bonds between the polar headgroups (Demé et al., 2014), this actually counterbalances the
electrostatic repulsion by the negatively charged lipids. Although the resulting close membrane
contact actually favors membrane fusion, it has also been observed before that MGDG or DGDG-
containing liposomes do not fuse/aggregate in presence of negatively charged lipids (Webb and
Green, 1990). This might be relevant in vivo, since the Mg>* concentrations of the cyanobacterial
cytoplasmor the chloroplaststroma, respectively, increase at highlight conditions (Portis and Heldt,

1976; Pohland and Schneider, 2019), and the TM needs to stay intact also at these conditions.

Not only the lipid composition of the TM is unique but also its diverse 3-dimensional architecture.
The TM containslargeregions of flat membranes, as well as highly curved membrane regions, e.g.
at converging zones close to the cytoplasmic membrane in Synechocystis (Liberton et al., 2006).
Interestingly, IM30 has been shown to localize at these highly curved regions in high concentrations
in Synechocystis (Gutu et al., 2018). In agreement with this, IM30 has been shown to bind to
membranes in a curvature-dependent manner in vitro (McDonald et al., 2015). As suggested in
chapter 4.3., IM30 might be necessary at these regions to prevent proton leakage from the TM

(Siebenaller et al., 2020).
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IM30-mediated membrane fusion has so far been studied using liposomes having a diameter of 100
nm (Hennig et al., 2015; Heidrich et al., 2016; Thurotte and Schneider, 2019; Junglas et al., 2020c;
Siebenaller et al., 2020). The results of this study now show strongly decreased membrane fusion
rates when increasing theliposome diameter from 50 nm to 800 nm (Fig. 4.7.3). Nevertheless, IM30
mediated fusion of all liposome sizes to some extent, showing that membrane curvature has no
decisive, but a supporting impact on membrane fusion. The IM30-mediated fusion is likely supported
by membrane defects, which are caused by increased binding of IM30 to the membrane in presence
of Mg®* (chapter 4.5). Membrane defects caused by high membrane curvature (Nir et al., 1982) might

explain the faster fusion of small liposomes.

The results of this study furthermore show that increased fusion of highly curved liposomes is not a
general trend for MGDG/PG liposomes, at least not for Mg”*-triggered membrane fusion
(Fig. 4.7.3 B), yet appears to be IM30 specific. This is somewhat surprising, since smaller liposomes
are generally known to have a high fusion propensity (Nir et al., 1982). Nevertheless, therelevance
of e.g. curvature-induced membrane defects depends on the exact membrane fusion mechanism,
which likely differs when membrane fusion is induced by Mg?* alone or Mg**/IM30. Unfortunately,
since the mechanism of IM30-mediated membrane fusion remains unclear so far, exactly suitable
control experiments are impossible yet. In contrast to the literature (McDonald et al., 2015), no
increased membrane binding of IM30 was observed when liposomes with different diameters were
analyzed (Fig. 4.7.4 D). Note that binding was analyzed in absence of Mg>*, since Mg>* interferes
with the Laurdan measurements (Heidrich et al., 2018). Since the affinity to bind to MGDG/PG
liposomes in absence of Mg”* was quite low (Fig. 4.7.1 D), the differences in membrane binding might
not be detectable at the performed experiment. Furthermore, it is possible that the probe Laurdan is
not suitable to measure binding to highly curved membranes, since the polarity of the lipid
headgroup region might differ depending on the membrane curvature. Analyzing binding via
sucrose-density gradients including Mg®", as described in chapter 4.5, may be helpful to finally

analyzetheeffect of membrane curvature on IM30 membrane binding and membrane fusion.

Theresults of this study suggest that IM30 mediates membrane fusion in vivo preferentially at highly
curved membraneregions, which generally contain high amountsof MGDG (Murphy, 1982; Sprague
and Staehelin, 1984; Giroud and Siegenthaler, 1988; Seiwert et al., 2018). For example, elevated
levels of MGDG at TMs result in highly curved regions in DGDG-defective chloroplasts (Dérmann et
al., 1995). In highly curved TM regions, conically shaped lipids, such as MGDG, are suggested to
stabilize the inner membrane leaflet because of their intrinsic negative curvature (Murphy, 1982).
Theintrinsic negative curvature furthermore supports a potential hemifused intermediate structure,

which further suggests that theseregions are prone to membrane fusion processes.
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4.7.3.2. Conclusion

In summary, the analyses shows that PG as well as MGDG support IM30-mediated membrane fusion.
PG seems to be important due to its interaction with Mg?* which induces close contact of adjacent
membranes, and additionally due to mediating interaction with IM30, which destabilizes the
membrane. In contrast to PG, the larger headgroup of thenegatively charged TM lipid SQDG seems
to sterically hinder membrane fusion. In contrast to the negatively charged lipids, MGDG does not
directly interact with IM30, yet is highly relevant for IM30-mediated membrane fusion because of
its non-bilayer forming character and its galacto-headgroup, which stabilize the membrane against
spontaneous fusion at high Mg?* concentrations. Furthermore, the results of this study suggest that
IM30-mediated membrane fusion preferentially occurs at highly curved membrane regions, where
thehighly abundant MGDG supports the membrane fusion process. Thislocal restriction of possible
fusion sites seems physiologically relevant, since membrane fusion has to be highly controlled on

several levels to prevent unintended membrane damage.
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4.8. Protein (De)phosphorylation regulates IM30-mediated membrane
fusion

4.8.1. Introduction

The phosphorylation of proteins by specific kinases, which alters the protein activity, is a common
response of bacteria to changing environmental conditions and to ensure survival (Stock et al., 1989;
Dworkin, 2015). In Synechocystis, the phosphorylation of proteins hasbeen observede.g. in response
to hyper- and hypoosmotic salt shock (Hagemann et al., 1993), bicarbonate uptake (Bloyeet al., 1992)

or nitrogen starvation (Spat et al., 2015; Spatet al., 2018).

In an extensive phosphoproteomic study, the site-specific phosphorylation of various proteins have
been shown to be highly dynamic after nitrogen starvation of Synechocystis cells, suggesting that
phosphorylation is crucial during the redevelopment of cellular functions (Spat et al., 2015). Upon
nitrogen starvation, the acclimation process is characterized by a degradation of photosynthetic
pigments (chlorosis), accompanied by the down-tuning of metabolic activities and degradation of
cellular proteins (Krasikovet al., 2012). The cyanobacteria finallyreach a resting state, in which they
can survivefor prolonged periods (Gorl et al., 1998). Upon addition of nitrateto chlorotic cultures,
the TMs redevelop in a 2-phase process. While the first phase completely depends on respiration,

the cells gradually regain full photosynthetic activity in the second phase (Neumann et al., 2021).

Interestingly, IM30 was found to be phosphorylated during the first phase of resuscitation from
chlorosis at eight different sites (Spat et al., 2018). Two potential phosphorylation sites werelocated
on helix 3: Ser96 or Thr98, and Thr106. Six further phosphorylation sites werelocated at the end of
helix 4 and beginning of helix 5/6: Thr155, Thr161, Ser162, Ser163, Thr165 and Ser166. The
phosphorylation of IM30 was maintained for 24 h after addition of nitrogen, and ended with the
reemergence of the first TMs, accompanied by increased IM30 concentrations (Spat et al., 2015; Klotz

et al., 2016; Spat et al., 2018).

To analyzeeffects of the phosphorylation on theIM30 structureand membrane interactions, Ser96
or Thr155 were mutated to the phosphomimetic amino acid Asp. Furthermore, mutations of these
amino acids to Ala were analyzed to differentiate the phosphomimetic effect from unspecific effects.
After heterologous expression in E. coli, the IM30 structure, Mg>*- and membrane interactions were
analyzedin vitro. The study demonstrates that IM30 variants with phosphomimetic mutations have
low membrane-fusogenic activity. Consequently, phosphorylation of IM30 might trigger IM30

activation invivo.
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4.8.2. Results

4.8.2.1. Purification of IM30 with mutations Ser96 and Thr155

The IM30 protein of Synechocystis is phosphorylated in vivo upon resuscitation from chlorosis at
eight different sites, which cluster in two different sequence regions. In each region, only onesite is
occupied at the same time (Spét et al., 2018). From these potential phosphorylation sites, Serine 96

(Ser96) and Threonine 155 (Thr155) were analyzed in this study.

Ser96 or Thr155 were exchanged to the phosphomimetic Asp or theneutral Ala as a control via site-
directed mutagenesis of the expression plasmid. After heterologous expression in E.coli and
purification by Ni-NTA affinity chromatography, the purity of the proteins was confirmed by SDS-
PAGE (Fig. 4.8.1).
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Figure 4.8.1: IM30 variants canbe heterologously expressed and purified.

The 6x His-tagged proteins IM30 wt, S96A, S96D, T155A and T155D were heterologously expressed and purified
via Ni-NTA chromatography. The SDS-PAGE analysis shows that the proteins were obtained in high purity.
Marker (right): Pierce Unstained protein MW Marker (unit: kDa) (Thermo Fisher)

4.8.2.2. IM30 Ser96 and Thrl155 are likely important for IM30 oligomerization

For analysis of potential intramolecular interaction sites close the IM30 phosphorylation sites, the
structure of an IM30 ring with C16-symmetry was used, as it is best resolved IM30 ring structure

thus far (Gupta et al., 2021).

Ser96 is located in the coiled-coil region of IM30 on helix 3 (Fig. 4.8.2). In this region, the monomer
structures differ only minor depending on the ring layer (Gupta et al., 2021). In contrast, Thr155is
located in the flexible linker between helix 3 and 4, which structure is different to some extent in

each layer.
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Figure 4.8.2: Localization of the IM30 phosphorylationsites Thr155and Ser96

The position of Thr155 (red) and Ser96 (green) in the IM30 structure (C16 symmetry, PDB703Y) is shown in
the asymmetrical assembly of the monomers. While Ser96 islocated in the stable coiled-coil region on helix 3,
Thri155 is located close to the flexible linker between helix 3 and 4.

In the ring structure, Ser96 and Thr155 are in close contact (~5-15 A) to adjacent monomers from
the same layer, but also to monomers from adjacent layers. Thissuggests that Ser96 and Thr155 may
be important for the oligomerization of IM30. While Ser96 is in close distance to amino acids 120-
130 from helix 3 of the neighboring left monomer (M-1), the distance between Ser96 to monomers
from the layer above and below is > 15 A. Within the individual IM30 layers, Thr155 from monomer
M is in close contact to theamino acids 180-190 (helix 4) from theleft monomer M-1, and further in

closedistanceto amino acids 30-40 of helix 2 from the right monomer M+1 (Fig. 4.8.3).

Figure 4.8.3: Interaction of IM30 monomers within layer 2.

The IM30 monomer structure is taken from layer 2 of a C16-ring (PDB: 703Y). Left: The putative interaction
between Ser96 (highlighted red) from monomer M and helix 3 from monomer M-1is highlighted (black circle).
Right: The putative interaction between Thr155 (highlighted red) from monomer M, helix 4 from monomer
M-1 and helix 2 from monomer M +1is highlighted (black circle).
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Furthermore, Thr155 fromthe monomer of layer L potentially interacts with helix 1 (amino acids 1-
10) from the upper layer (L+1) and helix 2 (amino acids 38 -48) from the lower layer (L-1)
(Fig. 4.8.4).

P b
' 4 A

Figure 4.8.4: Interaction of IM30 Thr155 with monomers from adjacent layers.

The IM30 monomer structure is taken from layer 2-4 of a C16-ring (PDB: 703Y). The putative interaction
between Thr155 (highlighted red) from layer L, helix 1 from layer L+1 and helix 2 from layer L-1 is highlighted.

4.8.2.3. IM30 variants with phosphomimetic mutation have an intact oligomeric ring

structure

Oligomerization of IM30 intolarge, ring structures seems to be highly important for the function of

the IM30 protein (recently reviewed in Siebenaller et al., 2019).

Since the IM30 structure suggests that phosphorylation of Ser96 and Thr155 is important for
oligomerization, the structure of the IM30 variants S96A, S96D, T155A and T155D was first analyzed
via negative-stain EMand AFM (Fig. 4.8.5).

In the EM-analysis (Fig. 4.8.5 A), the typical ring-like structures were observed for all proteins. The
diameter of the rings was determined to be ~ 30 nm. Note that the quality of theimages from IM30
S96A was not as high as the quality of the other images. But still, similar structures could be
observed. This suggests that all mutants are able to form correctly folded oligomers, despite the

introduced mutations.

Since IM30 wt rings have been observed also on mica surfaces via AFM (Junglas et al., 2020b,
chapter 4.4), the EM observations were further confirmed using this technique (Fig. 4.8.2 B). Again,
ring structures were observed for all mutant proteins. The diameter of the rings was varying, ranging
from 30 - 50 nm. Similar dimensions have been observed before for the IM30 wt rings (Junglas et
al., 2020b). Note that the ring structures observed with AFM were distorted, especially in case of

IM30 S96A, which is caused by a drift during the measurement. Therefore, the ring structures
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obtained by EM seem more reliable. Still, the height of the rings can only be analyzed using AFM,
and was determined to be 10-15 nm, which is consistent with previous reports (Saur et al., 2017,

Junglaset al., 2020b).

These results from EM and AFM studies imply that the phosphomimetic mutations, as well as the

control mutations, do not affect oligomerization of IM30 into ring structures.

Figure 4.8.5:IM30 variants formIM30-typical ring structures.

A: The structure of IM30 S96A (upper left), S96D (upper right), T155A (bottom left) and T155D (bottom right)
was analyzed using negative-stain EM. All mutants show IM30-typical ring structures. The scale bar represents
50 nm. The experiments were performed in cooperation with Dr. B. Junglas. B: The structure of IM30 S96A
(upper left), S96D (upper right), T155A (bottom left) and T155D (bottom right) was analyzed using AFM.
Typical ring structures were observed. The false-color ruler displays the height of the bound substances (unit:
nm). The experiments were performed in cooperation with N. Quarta.

4.8.2.4. The oligomeric structure of IM30 is not affected by phosphomimetic mutations

Although EM and AFM analysis clearly showed the formation of the prototypical oligomeric ring
structures, potentially formed smaller oligomers, such as e.g. dimers or tetramers, might not be
detected by these techniques. Consequently, the oligomeric state of the IM30 mutants was
additionally analyzed by size exclusion chromatography (SEC) (Fig. 4.8.6). Since IM30 forms large
complexes of > 2 MDa, IM30 is usually eluted in the void volume of all common columns. Still,
smaller oligomers with a size < 300 kDa can be detected, as has e.g. been shown for IM30 tetramers
(Junglaset al., 2020c, chapter 4.1). The SEC analysis showed that all IM30 mutants elutein the void
volume as the IM30 wt, with no further peak at higher volumes. This shows that no smaller
oligomers are formed by the IM30 variants. Consequently, the phosphomimetic mutations do not
affect the oligomeric structure of IM30.

119



Protein (De)phosphorylation regulates IM30-mediated membrane fusion

1.2 1
] —— IM30 wt
- 104 —— IM30 S96A
3 1 —— IM30 596D
e 084 | —— IM30 T155A
c 1 | IM30 T155D
8 064
N i
5 044
5 ]
? 024
Ee]
2 ]
0.0+ R
02—
8 10 12 14 16 18

Volume [ml]

Figure 4.8.6: IM30 mutants do not formlower-ordered oligomeric complexes.

The oligomeric state of IM30 wt (black), S96A (red), S96D (green), T155A (blue) and T155D (cyan) was
determined by SEC (Superose 12 10/300 GL column). The elution volume of IM30 wt and mutants was 8.0 mL,
which corresponds to the void volume of the column.

4.8.2.5. IM30 variants with phosphomimetic mutation have a reduced thermal stability

We next analyzed the secondary structure of the IM30 variants with phosphomimeticmutation using
CD-spectroscopy. IM30 is a largely a-helical protein (Gupta et al., 2021). At 20 °C, the CD-spectra of
all IM30 proteins were characterized by the typical minima at 222 nm and 208 nm (Fig.3.8.7 A). The
CD analysis suggests that all proteins are correctly folded, whereby small structural differences may

be possiblein caseof all mutant proteins.
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Figure 4.8.7: The thermodynamic stability of IM30 mutants is reduced

A: The secondary structure of IM30 wt (black), S96A (red), S96D (green), T155A (blue) and T155D (cyan) was
analyzed with CD-spectroscopy. For all proteins, an spectrum typical for a-helices was observed. B: Thermal
denaturation of IM30 wt, S96A, S96D, T155A and T155D was monitored by CD-spectroscopy at 222 nm. The
raw signal was converted to the fraction of unfolded protein. N=3, error bars represent SD. C: Fitting the
curves shown in (C) with an adapted Boltzmann-fit yielded the following Tr, “s: 60.8 + 0.9 °C (IM30wt),59.7
+ 1.0°C (896A), 56.1 + 0.4 °C (S96D), 57.2 + 1.1 °C (T155A) and 56.6 + 1.0 °C (T155D). Error bars represent
errors from the fitting of the data.

We next analyzed the stability of the secondary structure using a temperature gradient from 15 to
95 °C. The transition point Tr, of the denaturation curve was calculated to be 60.8 + 0.9 °C for the
IM30 wt protein. In contrast, the T of the mutants S96D with 56.1 + 0.4 °C and T155D with 56.6 +
1.0 °Cwereremarkably lower. While the Tr, of the mutant S96A (control) was decreased only minorly

t059.7 + 1.1 °C, the T of the second control IM30 T155A was comparableto T155D (57.2 + 1.1 °C).
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The results indicatethat the phosphomimetic mutations reduce the thermal stability of IM30. Still,
in case of Thr155, the destabilization is likely caused by a general importance of Thr155 for the IM30

structure.

4.8.2.6. IM30-membrane bindingis not crucially influenced by phosphomimetic mutations

The interaction of IM30 with negatively charged membranes seems to be essential for the in vivo
function, including membrane protection and membrane remodeling via membrane fusion (Bryan

et al., 2014; Henniget al., 2015; Gutu et al., 2018).

To analyze the effect of phosphorylation on the membrane fusion function, membrane binding in
absence of Mg>" was analyzed first. Therefore, binding to neutral liposomes (100 % PC) and to
negatively charged liposomes (100 % PG) was investigated using Laurdan fluorescence
measurements (Hennig et al., 2015). The GP calculated from the Laurdan spectra reflects changes of
the lipid order, as can e.g. be observed when IM30 is binding to negatively charged membrane

surfaces (Heidrich et al., 2016).

When analyzing binding to PC liposomes, only minor changes of the calculated AGP were observed
after addition of the IM30 variants (Fig. 4.8.8 A). This indicates a very low affinity for binding to PC
liposomes, consistent with previous reports (Hennig et al., 2015; McDonald et al., 2015). No

differences between IM30 wt and the mutants were detectable.
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Figure 4.8.8:IM30 wt and mutantsbind to negatively charged membranes.

Membrane binding of IM30 was measured using Laurdan fluorescence signals for IM30 wt (black), S96A (red),
S96D (green), T155A (blue) and T155D (cyan). A: The Laurdan AGP was determined using 0.1 mM lipid
(100 9% PC) and 2.5 uM IM30. N=3, error bars represent SD. B: The Laurdan AGP was determined using
0.1 mM lipid (100 % PG) and 2.5 uM IM30. N=3, error barsrepresent SD.
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In contrast, the observed AGP upon addition of IM30 wt and variants to PG liposomes was
remarkably larger (Fig. 4.8.8 B). While the AGP was comparable when adding IM30 wt and the
controls IM30 S96A and T155A, the variants with phosphomimetic mutation caused a significantly
larger increase of the GP-value, indicating increased binding of these proteins at the used
experimental conditions. Still, the binding affinity for the PG membrane cannot be analyzed in detail,
sincethe experiment was only performed at a constant protein concentration. Nevertheless, all IM30

variants clearly bind to PG liposomes, as expected.

4.8.2.7. Phosphomimetic mutations do not affect Mg**-induced structural

rearrangement of IM30

The IM30-triggered membrane fusion depends on Mg”* (Hennig et al., 2015). While Mg>* clearly
supports membrane fusion in general, it also directly binds to IM30. This is associated with a
structural rearrangement of the protein, which includes increased exposure of hydrophobic surfaces

(Heidrich et al., 2018). This structural changeis discussed to activate IM30 for membrane fusion.

Consequently, it was next analyzed whether the IM30 variants with phosphomimetic mutation still
interact with Mg®*. The increase in hydrophobic surfaces was determined via following the ANS
fluorescence, as shown previously (Heidrich et al., 2018). ANS binding to hydrophobic surfaces of a
protein is typically associated with a blue shift of the spectrum and an increased fluorescence

intensity.

The shift of the ANS spectrum was analyzed by comparing the spectral center of mass, which is a
characteristic for the spectral shape (Fig. 4.8.9 A). The spectral center of mass did differ for each
IM30 variant, suggestingthat all proteins have a different surface hydrophobicity. Still, after addition
of Mg?*, a blue shift of the AN'S spectrum was observed for all proteins. Furthermore, when analyzing

the ANS fluorescence intensity (Fig. 4.8.9 B), the typical increase was observed for IM30 variants.

This indicates that the phosphomimetic mutations have no influence on Mg** binding in general,

while differences in the affinity of the Mg**-IM30 interaction cannot be excluded.
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Figure 4.8.9: The interaction of IM30 wt and mutants with Mg?* leads to an increased exposure of
hydrophobic surfaces.

The exposure of hydrophobic surfaces upon addition of Mg>* was analyzed via following ANS fluorescence.
IM30: black, IM30 + Mg?*: gray. A: The spectral center of mass is decreased upon addition of Mg?*. B: The
addition of Mg** leads to an increased ANS fluorescence intensity. N=3, error bars represent SD.

4.8.2.8. IM30 variants with phosphomimetic mutation have decreased membrane
fusion activity

After showing that IM30 variants with phosphomimetic mutation interact with Mg** and bind to

negatively charged membranes, it was next analyzed whether the mutations influence IM30-

mediated membrane fusion (Fig. 4.8.10).

In fact, strongly reduced membrane fusion was observed for both phosphomimetic IM30 variants.
In contrast, the fusion induced by the control mutants S96A and T155A was only slightly modulated.
While theinitial fusion rate of IM30 wt was calculatedtobe 1.13 + 0.39 % s™, theinitial fusion rates
of IM30 S96D and IM30 T155D were 0.10 + 0.05% s™ and 0.16 + 0.09 % s™, respectively. While the
initial fusion rate of IM30 T155A was even higher compared to the IM30 wt (1.70 £ 0.24 % s™1), the
rate observed when adding IM30 S96A was comparable to thewt protein (0.94 + 0.56 % s™). While
the IM30 wt and the control mutants fused theliposomes to > 80 % after 500 s, theliposomes fused

by phosphomimetic mutants were fused to < 50 %.

The results show that the mutations of Ser96 or Thr155 clearly affect the membrane fusion activity
of IM30 in vitro. Theseresults indicate that IM30 phosphorylation might regulate the IM30 function

invivo.
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Figure 4.8.10: IM30 variants with phosphomimetic mutation have a decreased membrane fusion
activity.

Membrane fusion was monitored by a FRET-based assay containing 2.5 uM IM30, 7.5 mM Mg** and 0.1 mM
PG/MGDG (40:60) liposomes. Fusion induced by IM30wt (black), S96A (red), S96D (green), T155A (blue) and
T155D (cyan) was analyzed over 500s. A: The phosphomimetic mutations S96D and T155D showed decreased
fusogenicactivity. The curves represent the average of 3 independent measurements. B: The initial fusion rate
was calculated as the slope of the fusion curve in the first 25s. N=3, error bars represent SD.

4.8.3. Discussion

3.6.1.1. IM30 variants with phosphomimetic mutation form destabilized ring structures

The oligomeric ring structure is discussed to be important for the in vivo function of IM30

(Siebenaller et al., 2019).

In the ring structure, the phosphorylation sites Ser96 and Thrl55 interact with neighboring
monomers within a ring layer, but also with adjacent monomers from the upper or lower layer
(Fig. 4.8.3-4). Ser96 likely interacts with helix 3, and Thr155 potentially interacts with helix 1, 2 and
4 from 4 different neighboring monomers. While this suggests an important role of these amino
acids for oligomerization of the monomer, the IM30 mutants did still form the typical ring structures
based on AFM and EM studies (Fig. 4.8.5). Furthermore, SEC experiments suggest that additionally
to the high molecular weight structures, no further smaller oligomers were formed (Fig. 4.8.6). In
agreement to that, the CD spectroscopic analyses indicated that the IM30 mutants were in general

correctly folded, (Fig. 4.8.7 A,B).
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Noteworthy, the thermal stability of the secondary structure of IM30 S96D and IM30 T155D was
reduced in comparison to the IM30 wt protein (Fig. 4.8.7 B,C). While the effect seems to be specific
for the phosphomimetic mutation of Ser96, a comparable low stability was observed for the two
mutants IM30 T155A and T155D. Decreased thermal stability has only been observed for IM30
mutants with impaired oligomerization, such as IM30* or IM30 W71A so far (chapter 4.6). Yet, the
results from this study imply that the phosphomimetic mutations destabilize the IM30 structure,
which is, however, still able to oligomerize correctly into ring-like structures. It might be possible
that thering-like structure of the mutants can dissociate faster, as is suggested to happen when IM30

binds to membranes (Junglas et al., 2020b, chapter 4.4).

A reason for the structure destabilization could be a repulsion of the IM30 monomers within the
ring. The repulsion is likely caused by the introduction of a negative charge by the phosphomimetic
mutation, which repels other negatively charged amino acids, such as aspartic acid and glutamic
acid. In the vicinity of Ser96 (Fig. 4.8.3), E126 might be responsible for the repulsion. In the vicinity
of Thr155 in thering structure (Fig. 4.8.3-4), Asp5, Glu30, Asp38, Asp39 and Glul87 could be relevant
for the repulsion. Still, since destabilization of the ring structure by mutating Thr155 seems not
phosphorylation specific, missing interactions of the Thr residue e.g. with Arg residues Arg6, Arg9
and Arg44 might be even more relevant. As the exact orientation of theamino acid side chains cannot
be determined due to the quality of the IM30 structure, and the structures differ to some extent
depending on the ring size and layer, the interacting amino acids need to be confirmed

experimentally in the future.

3.6.1.2. Phosphomimetic mutations decrease the membrane fusion activity of IM30

IM30 has been shown to fuse thylakoid mimicking membranes in presence of Mg**, at least in vitro
(Hennig et al., 2015). While the mutants IM30 S96D and T155D interact with Mg>* (Fig. 4.8.8) and
with negatively charged membranes (Fig. 4.8.9), the membrane fusion activity was strongly reduced
(Fig. 4.8.10). In contrast, the controls IM30 S96A and T155A did trigger membrane fusion similar to
the IM30 wt.

Both phosphomimetic mutations S96D and T155D had the same effect on membrane fusion, albeit
the mutated residues are located at different positions within the ring structure (Fig. 4.8.10).
Consequently, the reason for decreased fusion seems to be not site-specific, but rather caused by a

similar effect on the IM30 structure or interactions.
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The exact mechanism of the membrane fusion by IM30 is not known so far. It is assumed, that Mg**
binding to the IM30 ring results in a structural rearrangement (Heidrichet al., 2018), which induces
increased binding of IM30 rings to the membrane, accompanied by bilayer defects. Thus, Mg>* seems
to switch the function of IM30 from membrane-stabilizing to membrane remodeling (chapter 4.5).
While membrane protection is likely associated with ringdisassemblyand the formation of a carpet-
like structure on the membrane (Junglas et al., 2020b, chapter 4.4), membrane fusion is typically
associated with thering-like structure (Siebenaller et al., 2019). Since the phosphomimetic mutants
still form rings, but with decreased stability, these rings might dissociate faster on the membrane,
suggesting a potential role of phosphorylation in membrane stabilization. In contrast, the rings
might not be stable enough to efficiently trigger membrane fusion, although they apparently still
form rings (Fig. 4.8.5). Noteworthy, also other IM30 variants were not able to fuse membranes,

although they (atleast partially) formring structures (chapter 4.7).

The interaction of the IM30 mutants with Mg>* was investigated via analyzing changes in the ANS
fluorescence (Fig. 4.8.8). These experiments clearly suggest an interaction of the IM30 variants with
Mg”*. But the affinity cannot be calculated quantitatively from the performed experiments. A future
analysis on the affinity will clearly help to evaluate the low fusogenic activity. Inter estingly, Thr155
islocated closeto a putative ADP binding site in IM30, in which also a Mg**-ion is coordinated (Gupta
et al., 2021). Hence, the phosphorylation of Thr155 could sterically impair the coordination of the
ADP/Mg** molecule. Nevertheless, as shown in chapter 4.1, nucleotide binding is clearly not
necessary for membrane fusion (Junglas et al., 2020c), and the position of additional Mg** binding

sitesin IM30 is unclear so far.

A different explanation for the decreased fusion function could be decreased membrane binding.
Phosphorylation of IM30 might impair binding to negatively charged lipids because of the charge
repulsion of the PG lipid and the phosphorylated protein. Still, the membrane-interacting amino
acids are not known in detail yet, and binding to membranes most likely includes multiple
electrostatic interactions, as well as hydrophobic interactions. Since the membrane binding
experiments were performed only at a single protein concentration, the membranebinding affinity
cannot be determined quantitatively. Yet, if the IM30 wt and mutants interact the same way with
the membrane, the increased change of the GP rather hints for increased membrane binding of the
phosphomutant proteins (Fig. 4.8.9). Still, membrane binding experiments were performed in
absence of Mg”*, which has been shown to drastically increase membrane binding of IM30 wt

(chapter 4.5).
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In summary, the experiments suggest that IM30 phosphorylation might inhibit membrane fusion in
vivo. SinceIM30 is phosphorylated in vivo at both sites at the same time, the double mutation S96D
and T155D could give further insight to the possible inactivation of IM30. Noteworthy, the analysis
of the remaining six phosphorylation sites is also necessary in the future to fully understand the

effect of phosphorylation on the IM30 structure and function.

3.6.1.3. Physiological implications

The function of IM30 is linked to TM biogenesis/maintenance, as the emergence of TMs is
evolutionarily coupled to the development of the IM30 protein (Vothknechtetal., 2012). IM30 seems
to be essential for the development of a TM system, as it is conserved in almost all oxygenic
photosynthetic organisms (Westphal et al., 2001a; Vothknecht et al., 2012). IM30 seems to have at

least a dual function: membrane protection and membrane remodeling.

While the membrane-protective function seems to be conserved in the PspA/IM30 family, the
membrane remodeling activity has typically been ascribed to IM30. Nevertheless, also the bacterial
ancestor PspA has recently been suggested to trigger membrane remodeling in absence of Mg**
(Junglas et al., 2021). Clearly, IM30 has acquired additional functions in cyanobacteria and
chloroplasts, since PspA cannot replace IM30 (Westphal et al., 2001; Aseeva et al., 2004; Bultema et
al., 2010; Vothknecht et al., 2012). When shifting cyanobacterial cells from dark into light growth
conditions, the expression of IM30 was suggested to be important (Gutu et al., 2018). During these
conditions, the TMs need to be dynamically adapt tothe changing light intensity (Chuartzman et al.,
2008; Nagyetal., 2011; Libertonet al.,2013b).IM30 was suggested to be important for this extensive
membrane remodeling, since IM30 can trigger fusion of TM model membranes (Hennig et al., 2015).
Noteworthy, the suggested functions contradict each other on the first view, since membrane fusion
usually involves membrane destabilization. Mg** release e.g. at high-light conditions might
potentially controlthe respective activities (Junglas and Schneider, 2018). Still, further control is not
known so far. The results of this study suggest that also IM30 phosphorylation might be a regulator
of the IM30 function, since the IM30 variantswith phosphomimetic mutation have strongly impaired
fusogenic activities.

Since phosphorylation of IM30 has been observed in vivo during the first phase of resuscitation of
chlorotic Synechocuystis cells, but not during the second phase (Spat et al., 2015; Spat et al., 2018),
the question arose why an altered fusogenic activity would be beneficial at these physiological

conditions.
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Interestingly, the first phase of resuscitation (~16-24h) completely depends on glycogen
consumption and oxygen-dependent respiration. In the second phase of resuscitation (24-48 h), the
TMs are reconstructed de novo, and the cells regain photosynthetic activity gradually until they
finally reach a photoautotrophic metabolism. In the first phase, the basic components of the
metabolic machinery, such as ribosomal proteins, are synthesized (Spat et al., 2018). While the IM30
phosphorylation pattern in the first phase is rather complex with eight different sites on two
different protein regions, the phosphorylation of all sites decreases with the emergence of the first
TMs after 24 h, and is further accompanied by an accumulation of newly synthesized IM30. It has
been suggested, that IM30 phosphorylation inactivates the protein (Spat et al., 2015; Spit et al,
2018). Thisidea is strongly supported by thehere reported data, which show decreased membrane
fusion activity of phosphomimetic mutants. Still, the data do not allow to conclude that IM30’s
membrane-protective function is also reduced. In contrast, since membrane binding was still
observed, IM30 might not be inactivated, but still fulfill the protective function. The potential
destabilization of the IM30 ring structure could be a hint for the formation of carpet-like structures
on the membrane. In the second phase, IM30 might indeed initiate the TM biogenesis by its
membrane remodeling function.

Consequently, besides the already known trigger Mg>*,IM30 (de)phosphorylation could be a further
regulator of the IM30 function. Since other physiological conditions, such as changing light
conditions, also have a huge impact on the TM dynamics, analysis of the phosphorylation status of
IM30 during different physiological conditions could help to further unravel the regulation of the

dual IM30 function.

3.6.14. Conclusion

In summary, this study shows that the phosphomimetic mutations S96D and T155D do not affect
IM30 ring formation in general, but destabilize the IM30 ring structure. While interaction of IM30
with the membrane in presence of Mg®" was not affected, the fusogenic activity of the
phosphomimetic mutants was strongly reduced. The results suggest that IM30 phosphorylation
inactivates the membrane remodeling activity of IM30, which is e.g. necessary in the 1°* phase of

resuscitation from chlorosis.
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5. Conclusion

The inner membrane-associated proteinof 30 kDa (IM30) is crucially involved in the biogenesis and
dynamics of TMs, and consequently vital for all oxygenic photosynthetic organisms. Understanding
the function, structure and regulation of this protein will help to understand the development of
photosynthetic organisms, which enabled the evolution of aerobic life on earth. The observations
presented in this thesis now help to better understand several aspects of the IM30 regulation and

the mechanism of IM30-mediated membrane fusion.

The described observations give novel insights into the structural basis of the dual IM30 function.
The oligomeric ring structure of IM30 was shown to dissociate when binding to a membrane in
absence of Mg*" (chapter 4.4). It was demonstrated that it forms carpet-like structures on the
membrane, which consist of smaller oligomers. These smaller oligomers were shown to efficiently
stabilize the membrane. Consequently, the membrane-protective function is most likely related to
the carpet structures of IM30, and not to the ring structure. In contrast, the IM30 rings did not
dissociate in presence of Mg”*(chapter 4.5). The interaction with Mg®* results in increased
membrane binding of IM30, coupled with pore formation. Destabilization of the membraneis clearly
relevant for the fusogenic activity of IM30. Thus, Mg*" binding seems to regulate the dual IM30
function. Moreover, my research shows that, albeit IM30 ring formation appears to be essential for
membrane fusion, ring-forming IM30 variants do not necessarily fuse membranes (chapter 4.6,

4.7).

Furthermore, the presented results help to better evaluate the cryptic GTPase activity of IM30.
Although experimental proof was missing, it was suggested in the literature that nucleotide
binding/hydrolysis plays an important role for IM30 oligomerization and function. The results
presented here now show that neither the ring structure (chapter 4.2) nor the membrane
interactions (chapter 4.1) are decisively affected. Furthermore, the results show that IM30 is
actually an NTPase with specificity for purine-based nucleotides. Yet, the physiological relevance of

the nucleotideinteractions remains to be shown.

Importantly, the presented results indicate when and where IM30-mediated membrane fusion might
be relevant invivo. First of all, IM30 was found to have an increased membrane binding affinity and
fusion activity at mildly acidic pH (chapter 4.3). This suggests that e.g. at high-light stress, IM30-
mediated membrane fusion might be relevant to seal TM leaks, where protons areleaking out of the
lumen. Furthermore, highly curved TM regions could be prone to IM30-mediated membrane

remodeling processes, since highly curved liposomes fuse significantly faster in presence of IM30
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(chapter 4.7). In accordance with this observation, the TM lipid MGDG, which is highly abundant in
curved membrane regions, was found to be especially important for the membrane fusion process
(chapter 4.7). The observations presented in this thesis further underline the idea that membrane
fusion is relevant during TM development (chapter 4.8). Development of TMs is e.g. necessary
during resuscitation of chlorotic cyanobacteria, but only after an initial phase of about 24 h. Here,
IM30 was found to be phosphorylated, and the here presented results suggest that IM30 has a
distinctly lower membrane fusion activity under these conditions. Consequently, phosphorylation
might be an important trigger regulating the IM30 activity. Future analysis of the in vivo
phosphorylation of IM30 under various environmental conditions can potentially largely increase

our knowledge about the IM30 activity.

In summary, the results presented in this thesis contribute to better understand membrane
remodeling processes in cyanobacteria and chloroplasts. SinceIM30 has recently been shown to be
part of the conserved ESCRT III-family, the research on IM30 may even help to better understand

ESCRT III-dependent membrane remodeling processes in eukaryotic cells.
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ABSTRACT

The inner membrane-associated protein of 30 kDa (IM30), also known as the vesicle-inducing
protein in plastids 1 (Vippl), is essential for photo-autotrophic growth of cyanobacteria, algae and
higher plants. While its exact function still remains largely elusive, it is commonly accepted that
IM30 is crucially involved in thylakoid membrane biogenesis, stabilization and/or maintenance. A
characteristic feature of IM30 is its intrinsic propensity to form large homo-oligomeric protein
complexes. 15 years ago, it has been reported that these supercomplexes have a ring-shaped
structure. However, the in vivo significance of these ring structures is not finally resolved yet and
the formation of more complex assemblies has been reported. We here present and discuss research
on IM30 conducted within the past 25 years with a special emphasis on the question of why we

potentially need IM30 supercomplexes in vivo.

IM301S INVOLVED IN TM PROTECTION AND REMODELING

The thylakoid membranes (TMs) of chloroplasts and cyanobacteria harbor the complexes of the
photosynthetic electron transfer chain. The emergence of TMs in cyanobacteria is evolutionary
coupled to the development of the inner membrane-associated protein of 30 kDa (IM30)/vesicle-
inducing protein in plastids 1 (Vippl)-protein (Vothknecht et al., 2012), and while Vippl/IM30 is
clearly linked to the biogenesis/maintenance of TMs, its exact physiological function still is unclear.
As this protein appears to be essential for proper development of a functional TM system and
therefore the whole photosynthetic apparatus, clarifying the involvement of Vippl/IM30 in TM
biogenesis/maintenance is vital to understand and eventually reconstruct the photosynthetic

machinery, which is the major energy source for life on earth.
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The inner membrane-associated protein of 30 kDa (IM30) was first described in 1994 as a protein
with a dual localization at the inner envelope (IE) and at TMs in Pisum sativum chloroplasts (Li et
al., 1994). In 2001, homologs of this protein have been identified and characterized in Arabidopsis
thaliana and the cyanobacterium Synechocystis sp. PCC 6803 (from now on: Synechocystis) (Kroll
et al., 2001; Westphal et al., 2001). Due to an apparent deficiency in vesicle formation at low
temperatures of Arabidopsis Vippl depletion mutants, IM30 was renamed to vesicle inducing
proteins in plastids 1 (Vippl) (Kroll et al., 2001). In recent years, IM30/Vippl has been found to be
essential for TM formation and IM30/Vippl was suggested to be involved in many processes linked
to TM maintenance and/or biogenesis (summarized in Heidrich et al., 2017). As the proposed
involvement in vesicle formation was not supported by any additional data, we here name the

protein as originally proposed, i.e. IM30.

IM30 proteins are conserved amongst almost all photosynthetic organisms (Westphal et al., 2001,
Vothknecht et al., 2012), and phylogenetic analyses have revealed that IM30 proteins potentially
evolved via gene duplication from the bacterial phage shock protein A (PspA) during evolution
(Westphal et al., 2001). Although sequence identity (~30%) and similarity (~50%) are not too high
between PspA and IM30 proteins (Bultema et al., 2010), both proteins appear to share a highly
conserved (predicted) secondary structure with an N-terminal core structure of about 220 amino
acids consisting of six a-helices (the so-called PspA-like domain, Figure 1A). A major structural
difference between PspA and IM30 is an extra C-terminal a-helix in IM30 proteins that is connected
to the PspA domain via an extended linker region (Westphal et al., 2001; Otters et al., 2013). This
extra domain of 20-30 aa possibly discriminated PspA from IM30 proteins and potentially causes
the specialized functions of IM30 during TM biogenesis/maintenance, which cannotbe accomplished
by PspA (Westphal et al., 2001; Aseeva et al., 2004; Bultema et al., 2010; Vothknecht et al., 2012). In
contrast,IM30 can functionallyreplace PspAin E. coli pspA null mutants (DeLisa et al., 2004; Zhang
et al., 2012), suggesting a conserved function of the PspA domain and a more specific function of the
C-terminal IM30 domain in TM biogenesis/maintenance gained during evolution. Nevertheless, due
to their similarities, PspA and IM30 together formthe PspA/IM30 protein family, together with LiaH,

a phage shock protein homolog (Wolf et al., 2010).

An outstanding feature of all members of the PspA/IM30 protein family is their ability to organize
intolargering-shaped homo-oligomeric (super)complexes (as further discussed below), which have
first been described 15 years ago for both, PspA and IM30 (Aseeva et al., 2004; Hankamer et al.,
2004) and were later on alsoidentified for LiaH (Wolf et al., 2010). Interestingly, the occurrence of

these IM30 supercomplexes appears to depend on the presence of chaperones/chaperonins, which

161



Functional implications of multiple oligomeric states

are likely involvedin assembly and disassembly of the IM30 supercomplexes (at least ex vivo) (Liu

et al.,2005; Liu et al.,2007; Gaoet al., 2015).

The exact physiological function of IM30 monomers and/or oligomers is still not finally resolved yet.
In recent years, potential in vivo functions of IM30 have mainly been studied using IM30 depleted or
deleted cyanobacteria, algae, or plants. In fact, most studies were performed in the cyanobacterium
Synechocystis sp. PCC 6803, the green alga Chlamydomonas reinhardtii or the higher plant

Arabidopsis thaliana (Table1).
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FIGURE 1 The structure of IM30.

(A) IM30isa predominantly a-helical protein with seven helices. Helix 1-6 form the PspA-like domain. IM30
can be discriminated from PspA by a C-terminal extension, which includes an additional helix. (B) IM30 forms
ring-like homo-oligomers with diameters ranging from 24 to 40 nm and a height of 14 nm (EMDB:3740). (C)
IM30 forms rod-like structures with typical diametersof 28-38 nm [adapted from (Theiset al., 2019); open-

access license http:// creativecommons.org/licenses/by/4.0/].
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TABLE1: The IM30 supercomplex structures in different species.

Organism Ultrastructure in vitro Diameter Ultrastructure invivo  Size
Synechocystis sp. Mostly rings, (rods) [1,2] 25-33 nm [2] At membranes: 100-300 GFP molecules
PCC 6803 dynamic and static estimated: 100 + 25 nm [8]
punctae [8,9]
In the cytoplasm:
diffuse particles [8,9]
Arabidopsis Mostly rings, (rods) [3,4] 40 nm [3] At membranes: static <0.2-1.5 pm [4]
thaliana clusters [4,10] In the
stroma: mobile IM30
particles [4,10]
Chlamydomonas Mostly rods, rings [5,6] 28-37nm [5] n.a n.a.
reinhardtii
Triticum urartu Mostly rings, (rods) [7] ~30 nm [7] n.a. n.a.

[1] (Fuhrmann et al., 2009a), [2] (Saur et al., 2017), [3] (Aseeva et al., 2004), [4] (Zhang et al., 2016), [5] (Liu et al.,
2007), [6] (Theis et al., 2019), [7] (Gao et al., 2017) [8] (Bryan et al., 2014), [9] (Gutu et al., 2018), [10] (Zhang et al.,
2012). n.a. = data not available.

Yet, results obtained after protein depletion were not entirely conclusive. While depleting IM30 in
the cyanobacteria Synechococcus sp. PCC 7002 or Synechocystis sp. PCC 6803 (Westphal et al., 2001;
Fuhrmann et al., 2009b; Zhang et al., 2014) as well as in Arabidopsis chloroplasts (Aseeva et al.,
2007; Vothknecht et al., 2012) resulted in reduced TM networks and a disturbed TM morphology,
depleting the protein in Chlamydomonas did not affect the TM structure (Nordhues et al., 2012).
However, Chlamydomonas contains two IM30 paralogs (named Vippl and Vipp2), and in Nordhues
et al. solely expression of one paralog was reduced. Yet, depletion of this paralog resulted already in
an altered photosynthetic activity in Chlamydomonas, as has also been observed in cyanobacteria,
but not in Arabidopsis, with photosystemII being affected in Chlamydomonas and photosystemIin
cyanobacteria (Aseeva et al., 2007; Fuhrmann et al., 2009a; Nordhues et al., 2012; Vothknecht et al.,
2012). Noteworthy, in contrast to most other studies, Gao et al. describe that depletion of IM30 in
Synechocystis did lead to a generally reduced photosynthetic activity but not to TM reduction (Gao
and Xu, 2009). While these results could indicate different roles of IM30 in different species, even
results obtained in the same strain arenot conclusive (Gao and Xu, 2009; Fuhrmann et al., 2009b).
We believe that the major activity of IM30 remained conserved throughout evolution and that
differences were observed due to other species-specific features, e.g., in some photosynthetic
organisms certain lipids are essential whereas these can be replaced by other lipids in other species.

This has e.g. been well studied in case of sulfoquinovosyldiacylglycerol (SQDG), which can be
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replaced by phosphatidylglycerol (PG) to some extent in Synechococcus, but not in Synechocystis or
Arabidopsis (Aoki et al., 2004; Kobayashi et al., 2015). As IM30 likely interacts with defined lipids
and as lipids are crucial building blocks of TMs as well as part of photosystems, the observed
differences could be explained by this. Yet, also other species-specific factors are described to be
exclusively involved in TM and/or photosystem biogenesis in chloroplasts or cyanobacteria
(Anbudurai et al., 1994; Guskov et al., 2009; Umena et al., 2011; Heinzet al., 2016). Yet, within the
last 25 years, besides many others (Kroll et al., 2001; Benning et al., 2006; Gohre et al., 2006;
Fuhrmann et al., 2009b; Nordhues et al., 2012; Riitgers and Schroda, 2013; Zhang et al., 2014; Walter
et al., 2015) (reviewed in more detail in (Heidrich et al., 2017)), two major physiological functions of

IM30 have been suggested, which we briefly introduce here:
(i) Membrane protection:

PspA, the major effector of the bacterial phage shock system, is known to have a membrane
stabilizing/protecting function, and binding of PspA to membrane surfaces helps to maintain the
proton motive force (PMF) (Kleerebezem et al., 1996; Kobayashi et al., 2007; Joly et al., 2010). Due
to the high similarity of PspA and IM30, it appears reasonable to speculate that IM30 also hasa
membrane-stabilizing/-protecting function (Vothknechtet al., 2012; Zhang et al., 2012; Zhang and
Sakamoto, 2013; Zhang and Sakamoto, 2015). Indeed, both, PspA and IM30, bind to negatively
chargedlipid membranesin a curvature dependent manner in vitro (Kobayashietal., 2007; Hennig
et al., 2015; McDonald et al., 2015; Heidrich et al., 2016) and IM30 potentially increases the lipid
order upon membrane binding (Hennig et al., 2015; Heidrich et al., 2016). While this suggests that
the protein preferentially binds to ordered membrane regions (i.e. gel-phase membranes), further
experimental proof is missing. Besides these in vitro observations, it has been observed that
heterologous expression of IM30 from Synechocystis and Arabidopsis can complement deficiencies
in a bacterial ApspA mutant (DeLisa et al., 2004; Zhang et al., 2012) and that IM30 overexpression
can increasethe heat stresstolerancein Arabidopsis (Zhang et al., 2016). As small IM30 oligomers
bind with higher affinity to negatively charged membranes than thelarge oligomeric ring structures
(Heidrich et al., 2016), it has been hypothesized that IM30 and PspA rings disassemble on
membranes and function as membrane chaperones by forming a membrane protective structure

upon membrane binding (Thurotteet al., 2017; Junglas and Schneider, 2018).
(ii) Membrane remodeling:
While IM30 appears to shareits membrane-stabilizing/- protecting activity with PspA, IM30 clearly

must have acquired additional functions in cyanobacteria and chloroplasts, as PspA is not able to

replace IM30 (Westphal et al., 2001; Aseeva et al., 2004; Bultema et al., 2010; Vothknecht et al,,
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2012). Expression of IM30 appears to be of special importance when cyanobacterial cells are shifted
from dark to light growth conditions (Gutu et al., 2018), where photosynthetic organisms need to
adapt their photosynthetic apparatus to account for the changing light intensities by dynamic
rearrangement of the TM system (Chuartzman et al., 2008; Nagy et al., 2011; Liberton et al., 2013).
Such TM rearrangementsrequire extensive membrane remodeling, and a likely candidate catalyzing
TM remodeling is IM30. IM30 can induce fusion of liposomal membranes, at least in vitro (Hennig
et al., 2015; Thurotte and Schneider, 2019), a process that appears to be controlled by the cytosolic
Mg2+ concentration,as Mg2+ directlybinds to IM30 and thereby triggersthe fusion process (Hennig
et al., 2015; Heidrichet al., 2018; Thurotte and Schneider, 2019). Thisis of special importance in TM-
containing organisms, as the cytosolic Mg2+ concentration varies in the dark vs. light and depends
on the photosynthetic activity (Pohland and Schneider, 2019). Thus, the IM30 -specific membrane
remodeling activity appears to be (indirectly) controlled by light. Besides light, GTP binding and
hydrolysis were recently suggested to control theIM30 membrane remodeling function (Ohnishi et
al., 2018), although IM30 does not contain a canonical G-domain and GTP is not required per se for
membranebinding and liposome fusion (Hennig et al., 2015). Noteworthy, the suggested membrane-
stabilizing and the membrane-remodeling activity of IM30 on thefirst view contradict each other, at
least in part, as membrane fusion processes typically involve membrane destabilization. However,
both functions might be relevant in vivo, as Mg2+- release or binding to IM30 could control the

respectiveactivities (Junglas and Schneider, 2018).

IM30STRUCTURE: WHAT DO WE (NOT) KNOW SO FAR?

The Monomer Structure

Thus far, the structure of the IM30 monomer is still elusive. The monomer is supposed to have a
highly a-helical structure (~80% a-helix) with six helices separated by short linker regions
(Fuhrmann et al., 2009a; Gao et al., 2015). Additionally, helix 7 is separated from the PspA(-like)
domain by an extended flexible linker (Otters et al., 2013). All these assumptions are based on
secondary structure predictions but are supported by CD-spectroscopy and FTIR measurements
(Fuhrmann et al., 2009a; Gao et al., 2015; Heidrich et al., 2018). Recently, a model of the IM30
monomer has been reported (see Figure 1A) thatis based on the X-ray structure of a PspA fragment
(amino acids 1-144) (Osadnik et al., 2015) and homology modeling (Saur et al., 2017). The X-ray
structure of the PspA fragment revealed that helix 2 and 3 form an extended hairpin coiled-coil
structure (Osadnik et al., 2015), which appears to form the structural core of the PspA domain.
Suggested structural and functional roles of each helix were discussed in more detail recently
(Heidrich et al., 2017). Studying truncated IM30 variants allowed to deduce the involvement of
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individual helices in protein oligomerization (Otters et al., 2013; Gao et al., 2015; Thurotte and
Schneider, 2019). Based on these analyses, helix 2 and 3 form the structural core of IM30 that is
crucial for supercomplex formation, but by itself does exclusively form monomers (Thurotte and

Schneider, 2019).

Adding helix 1 and 4 to the structural core enables the formation of dimers (Thurotte and Schneider,
2019) or intermediate-sized oligomers (800 kDa) (Gao et al., 2015), but not of ring-shaped
supercomplexes. At minimum, helices 2-6 are required for the formation of stable
ring/supercomplex structures (Thurotte and Schneider, 2019). Hence, the helix 2/3 coiled-coil

apparently interacts with helix4and/or 5/6 in the supercomplexes.

Small Oligomers

In solution, isolated IM30 has a strong tendency to spontaneously form homo-oligomeric
supercomplexes, as further discussed below. Yet, a minor fraction of the protein still forms small
oligomers (mostly tetramers and dimers), and also the basic building block of the ring complex
appears to be an IM30 tetramer (Liuet al., 2007; Fuhrmann et al.,2009a; Saur et al., 2017). Although
some low-resolution data of the structure of the supercomplexes areavailable, essentially nothingis
known about the structure of the small oligomers. Thus far, solely a hypothetical model describing
theorganizationof the monomersin the ring structure, including the tetrameric building block, was

suggested (Saur et al., 2017) (Figure 1A).

IM30 Supercomplexes

In 2004, PspA (Hankamer et al., 2004) and IM30 (Aseeva et al., 2004) were reported to form homo-
oligomeric supercomplexes with ring-like structures and molecular masses exeeding 1 MDa. In the
following 15 years, one main aspect of the research on IM30 was to analyze the structure and

implications of these large supercomplexes.

In various experiments, involving size exclusion chromatography (SEC), BN -PAGE, and sucrose
gradient centrifugation, members of the PspA/IM30 family were found to mainly organizeinto high
molecular mass complexes in solution, besides a small fraction of dimers/tetramers (Aseeva et al.,
2004; Liu etal., 2005; Liuet al., 2007; Fuhrmann et al., 2009a; Gao et al., 2015; Heidrichet al., 2016;
Saur et al., 2017). This has been observed for IM30 in cellular extracts of cyanobacteria and
chloroplasts of green algae or vascular plants, but also for heterologously expressed and purified
proteins (Aseeva et al., 2004; Liu et al., 2005; Liu et al., 2007; Fuhrmann et al., 2009a; Gao et al,

2015; Heidrich et al., 2016; Gao et al., 2017; Saur et al., 2017). As no other proteins appear to be
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necessary for IM30 oligomerization, the complexes identified in cellular extracts likely represent

homo-oligomeric assemblies.

The size of the EcoPspA complex was determined via SEC to be ~1 MDa, indicating that the complex
contains 36-37 subunits (Hankamer et al., 2004). For isolated IM30, the molecular mass was
determined to be >1 MDa for Arabidopsis IM30 (AraIM30) (Aseeva et al., 2004; Otterset al., 2013),
for Chlamydomonas IM30 (CrIM30) (Liu et al., 2007; Gao et al., 2015) as well as for two IM30
paralogs encodedin Tricumurartu (Gaoet al., 2017). The size of Synechocystis IM30 (SynIM30) was
estimated via SEC to be about 1600-2000 kDa (or even higher) (Fuhrmann et al., 2009a). For the
homologous LiaH protein of B. subtillis, a molecular mass of at least 1.25 MDa was determined via
SEC (Wolf et al., 2010). As these high molecular mass supercomplexes elute in the void volume or
close to the void volume in most SEC experiments and as a compact globular shape is assumed in
SEC analyzes, which deviates from the partially hollow ring structure of IM30/PspA rings, the
determined masses haveto be taken with caution. In fact, from a recent 3D-reconstruction of IM30-
rings, a molecular mass of about 1.5-2.5 MDa could be roughly estimated by using the volume/shape
of the complex (Saur et al., 2017). However, the low resolution of this 3D-reconstruction makes it
difficult to set the correct contour level for an exact determination of the volume and thus theexact

mass.

Ring-shaped supercomplexes have been observed multiple times via negative stain electron
microscopy for purified PspA (Hankamer et al., 2004), LiaH (Wolf et al., 2010) and IM30 from
different organisms, involving Arabidopsis, Chlamydomonas and Synechocystis (Aseeva et al., 2004;
Liuet al., 2007; Fuhrmann et al., 2009a; Gao et al., 2015). Thus far, the prevailing thesis is that PspA
rings solely occur with 9-fold rotational symmetry (from E. coli), indicating a 4x9 (= 36 monomers)
structure, which is in agreement with the molecular mass estimated via SEC. These EcoPspA rings
have a diameter of about 20 nm and a height of 8-11 nm (Hankamer et al., 2004). However, EcoPspA
rings with different diameters have also been observed, although they have not been further
characterized (Male et al., 2014). The symmetry and number of monomers of the LiaH rings were
identical with the PspA rings described by Hankamer et al. (2004); yet a ring diameter of 25 nm has

been determined (Wolf et al., 2010).

In contrast to the supposedly homogeneous PspA and LiaH supercomplex structures, the IM30 ring
dimensions are clearly highly variable. The first electron micrographs of heterologously expressed
AralM30 revealed ring-shaped particles with a diameter of about 40 nm and a height ofabout 14 nm
(Figure 1B) (Aseeva et al., 2004). Subsequent more detailed analysis of CrIM30 and SynIM30

revealed a heterogeneous size distribution with rings having diameters of at least 28-37 nm
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(CrIM30) (Liu et al., 2007) and 25-33 nm (SynIM30), respectively, resulting in a calculated number
of monomers per ring ranging from 48-72 (Fuhrmann et al., 2009a; Saur et al., 2017). While the
ring diameter clearly is variable, a constant height of 13-15 nm was observed for all SynIM30 ring
structures (Saur et al., 2017). Most electron micrographs of IM30 exhibit a pronounced spike
architecture, giving rise to a very well defined rotational symmetry (atleast 7 up to 22fold) (Saur et
al., 2017). Interestingly, the 3D-reconstructionsof the SynIM30 rings suggest that theringsare polar
and havetwo distinct sides (ring top and bottom side) (Figure 1B), with the monomers likely being
ordered unidirectional in theringstructure (Saur et al., 2017), possiblyenabling theringsto interact
with two different interaction partners. This perfectly supports theidea of IM30 rings beeing able to
bind/fuse two different membrane surfaces, e.g. different TM sheets or the cyanobacterial

cytoplasmic membrane (CM) with the TM (Saur et al., 2017).

Rod-Like Structures

Besides isolated rings, in electron micrographs of purified IM30 and PspA also double rings and
elongated rod-like structures were identified (Figure 1C), the latter appear to form via stacking of
multiple IM30/PspA rings (Liu et al., 2007; Fuhrmann et al., 2009a; Male et al., 2014; Gao et al,,
2015; Saur et al., 2017; Thurotte and Schneider, 2019).

While the formation of rod-like structures is a common feature of IM30/PspA family members, the
preference for rings vs. rod-like structures appears to depend on the species (see table1). SynIM30,
the most intensely studied member of the IM30/PspA family in terms of protein structure, does only
occasionally form rod-like structures (Fuhrmann et al., 2009a; Saur et al., 2017). Yet, formation of
double ring structures is induced by Mg2+-binding to IM30, which alters the surface properties of
individual IM30 rings (Heidrich et al., 2018). Additionally, increased formation of rod-like structures
has been observed upon removal of the C-terminal helix 7 from SynIM30 (Henniget al., 2017). This
observation suggests that PspA (and/or the PspA core of IM30 proteins) might be more proneto the
formation of rod-like structures as they do not contain the (IM30-specific) C-terminal extension.
PspA rings were initiallyobserved and analyzed in the presence of chaotropic salts (Hankamer et al,
2004), which might hinder rod formation or disassemble PspA rods. In fact, extensive formation of
rod-like structures has recently been reported for EcoPspA (Male et al., 2014). Furthermore,
truncation of the SynIM30 helix 1 also resulted in an increased formation of rod-like structures
(Thurotteand Schneider, 2019), suggesting thathelix 1 and helix 7 negatively control rod -formation
in SynIM30. Indeed, the removal of helix 1 and helix 7 in combination resulted in the exclusive

formation of rod-like structuresin the case of SynIM30 (Thurotte and Schneider, 2019). This might
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be due to the removal of steric barriers inhibiting rod-formation of the wt protein. Interestingly,
helix 7 is known to protrude out of the ring core structure (Otters et al., 2013; Heidrich et al., 2018)
and thereby may hinder ring-ring contactsat oneside of the ring. However, both helix 1 and 7 seem
to have an intrinsic propensity to be unstructured (Osadniket al., 2015; Zhanget al., 2016; Hennig
et al., 2017; McDonald et al., 2017). Thus, they occupy a large conformational space, which might

explain why they can createa steric hindrance for ring/supercomplex formation.

Notably, while AraIM30, as well as the two IM30 paralogs of Triticum urartu, also appear to havea
rather weak tendency to form rod-like structures (to the best of our knowledge, as the experimental
evidence on these structures is limited (Otters et al., 2013; Zhang et al., 2016; Gao et al., 2017)),
CrIM30 has a pronounced tendency to form rods (Liu et al., 2005; Liu et al., 2007; Theis et al., 2019)
(tablel).

Also, deletion of helix 1 has different effects on the ultrastructure of IM30 from different species:
While deletion of helix 1 in SynIM30 clearly induced rod formation, deleting helix 1 from EcoPspA
(Jovanovic et al., 2014) as well as from AraIM30 (Otters et al., 2013; Ohnishi et al., 2018) did even
abolish formation of large oligomers (including rings and rods), and thus here helix 1 appears to be
essential for the formation of large oligomers as well as rings or rods. In contrast, removal of helix
1 from CrIM30 did not abolish formation oflarge oligomers, albeit the oligomers appear not to have
the prototypical ring structures anymore (Gao et al., 2015). Thus, the exact role of helix 1 for
supercomplex formation appears to be species-dependent and has to be analyzed in more detail.

Nevertheless, helix 1 and 7 are crucially involved in (de)stabilization of IM30 supercomplexes.

However, whilealso the physiological relevance of the rod-like structures is not at all clear yet, it has
been hypothesized that they might be part of cytoskeleton-like elements with microtubule-like
structures (Liu et al., 2007; Riitgers and Schroda, 2013). Recently, it has been shown that CrIM30
rods can engulf phosphatidylinositol phosphate-containing membranes (Theis et al., 2019), and thus,

the rod-like structures could well be part of the membrane remodeling machinery of IM30.

THE STRUCTURE OF IM30 CHANGES DYNAMICALLY IN VIVO

The in vivo structure of IM30 is still enigmatic. It has been shown via fluorescence microscopy that
GFP-tagged IM30 forms large clusters close to the TMs in chloroplasts and cyanobacterial cells, seen
as punctae (Bryan et al., 2014). These punctae are called “functional Vippl particles” (FVPs) in
chloroplasts (Zhanget al.,2016) (see Table 1). Additionally, GFP-tagged IM30 has also been identified
atthe CM andin the cytoplasmof Synechocystis (Bryan et al., 2014). Importantly, thelocalization of

IM30 in Synechocystis changes when cells are transferred from low-light (LL, 8 pE m-2 s-1 intensity)
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to high-light (HL, (600 pE m-2 s-1 intensity) conditions. At LL, the majority of IM30 clusters were
found at the cyanobacterial CM, whereas under HL conditions the total number of IM30 puncta
strongly increased and the IM30 puncta preferentially form at the TM (Bryan et al., 2014). This
dynamic relocalization of IM30 in Synechocystis has been investigated more extensively by Gutu et
al. At standardlight conditions (100 pE m-2s-1 intensity), SynIM30 was identified in two fractions:
(i) a diffuse uniformly distributed fraction and (ii) short-lived puncta closely associated with highly
curved TM regions. Yet, at HL conditions, IM30 puncta stably format and associate with TMs (Gutu
et al., 2018), and potential implications of this relocalization were discussed in more detail recently
(Junglas and Schneider, 2018). A similar mobility of FVPs has also been observed in chloroplasts
when protoplasts from Arabidopsis were treated with hypotonic stress (Zhang et al., 2016). As all
members of the IM30/PspA family appear to be localized in discrete punctae associated with
(probably stressed) cellular membranes (Engl et al., 2009; Yamaguchi et al., 2013; Dominguez-
Escobar et al., 2014) the transient formation of clusters at defined membrane regions might be linked

to the primordial PspA-function, i.e. membrane protection/maintenance.

However, the question arises, how IM30 is structured in these clusters? Unfortunately, the resolution
of conventional fluorescence microscopy is limited to roughly 200 nm. Thus, single IM30 rings with
typical diameters of 30 to 40 nm will be hardly detectable. Nevertheless, it has been suggested that
theso-called FVPs in chloroplastsrepresent IM30 rings or clusters of IM30 rings (Zhang et al., 2016).
In fact, the observed clusters have estimated maximal diameters of <0.2-1.5 pm (Zhang et al., 2016)
and are thus too large for single IM30 rings and may consist of assemblies of multiple IM30 rings
(Table 1). Notably, the IM30 puncta observed in Synechocystis are much smaller than the FVPs (100
+ 25nm) and contain about 100-300IM30 molecules (Bryan et al., 2014) (Table 1). Thus, they would
consist of at least two to five rings, assuming an average monomer content of therings of about 60.
Takinginto account the roughly estimated shape of these puncta, it is rather unlikely that they are
formed by rod-like structures, but by multiple IM30 rings sitting next to each other (Junglas and
Schneider, 2018). However, it is hard to imagine how membrane attached IM30 rings can stabilize
lipid bilayers. Yet, as small IM30 oligomers and/or monomers have a higher membrane binding
affinity than rings (Heidrich et al., 2016), it is reasonable to assume that IM30 rings disa ssemble
upon membrane binding. Monomers or small oligomers may then form a protein network on
membrane surfaces, similar to the clathrin-like structure that has been described for EcoPspA
(Standaretal., 2008; Thurotteet al., 2017; Junglas and Schneider, 2018). The assumption that IM30
does not remain ring-structured upon membrane bindingis further supported by the recent notion
that IM30 rings were not found by template matching in tomograms of Synechocystis cellsat or close

to the highly curved TM ends (Rast et al., 2019), i.e. at the regions where the clusters have been
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identified via fluorescence microscopy. Furthermore, while not being genuine proof, up to the
present day IM30 rings have, to the best of our knowledge, never been observed in any study of
isolated TMs via electron microscopy or atomic force microscopy, despitethe largering dimensions
(Olive et al., 1981; Kirchhoffet al., 2004; Kirchhoffet al., 2008b; Engel et al., 2015; Kowalewska et
al., 2016; Casellaet al., 2017; MacGregor-Chatwin et al., 2019; Wietrzynski et al., 2019). Hence, we
conclude that the observed clusters most likely are not formed from IM30 rings sitting on membrane
surfaces. However, the diffuse particles observed by Gutu et al. potentially represent single IM30
rings in solution (Gutu et al., 2018). Unfortunately, for the diffuse particles, no dimensions were

given, possibly because the diffuse particles were too small and too mobile.

DYNAMIC (DIS)ASSEMBLY OF IM30 IS MEDIATED BY CHAPERONES

As observedin the before mentioned invivo studies, the oligomeric state of IM30 appears to be highly
dynamic. This dynamic behavior likely involves the activity of chaperones, which have been
identified to interact with IM30 proteins (Figure 2). In Chlamydomonas rheinhardtii, IM30 was
shown to associate with HSP70 chaperones and the co-chaperones CDJ2 and CGE1 in ATP-depleted
cell extracts (Liu et al., 2005; Liu et al., 2007). These interactions were thereafter confirmed in
solubilized membrane fractions (Heide et al., 2009). Additionally, HSP90 was identified as a
supplementary interaction partner of the IM30/HSP70 complex in Chlamydomonas (Heide et al.,
2009) and in Arabidopsis chloroplasts (Feng et al., 2014). In Synechocystis, the two HSP70
chaperones DnaK2 and DnaK3 (Rupprecht et al., 2007; Rupprecht et al., 2008; Rupprecht et al,
2010), as well as the HSP60 chaperonin GroLl, were shown to interact withIM30 (Bryan et al., 2014).

Interaction of IM30 with different chaperones significantly impacts the oligomeric state of IM30
(Figure 2). Although IM30 was found in the IM30/CD]J2 complex in a high - and low-molecular-weight
fraction (> > 670 kDa and <230 kDa) in ATP-depleted Chlamydomonas cell extracts, it was only part
of an intermediate-size molecular-weight fraction (about 670 kDa) in ATP-supplemented cell
extracts (Liuet al., 2007), clearly suggesting an ATP-dependent assembly and/ or disassembly, as
expected when ATP-dependent chaperones are involved. Further analyses showed that also
heterologously expressed IM30 can be assembled and disassembled by the HSP70-chaperone
machinery in an ATP-dependent manner (Liu et al., 2007). Interestingly, the rod-like structures
formed by CrIM30 were also disassembled into IM30 rings and possibly smaller oligomers by the
HSP70/CDJ2/CGE1 system when ATP was present (Liu et al., 2007). The bacterial HSP70 EcoDnaK
was ableto replace the CrHSP70 protein in presence of CDJ2 and CGE1 (Liu et al., 2007). Interaction
of the EcoDnaK protein with the CrIM30 full-length protein was observed directly upon induction of
heterologous expression of CrIM30 in E. coli cells, suggesting that HSP70s generally recognize and
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stabilize IM30 monomers and assist in the formation of IM30 oligomers and supercomplexes. Likely,
HSP70s shield IM30 domains to prevent unspecific aggregation. In fact, EcoDnaK binds with high
affinity to truncated versions of the CrIM30 proteins that form smaller oligomers but no ring
structureanymore (Gao et al., 2015). In intact Synechocuystis cells, GFP-labeled DnaK2, DnaK3, and
IM30 were observed via fluorescence microscopy to colocalize in specific TM regions under HL-
conditions, but not under LL-conditions (Bryan et al., 2014). Thus, under (HL) stress conditions,
IM30 is potentially recruited to DnaK2 and/or DnaK3-enriched regions close to the membrane that
activate IM30 via catalyzing assembly/disassembly (Bryan et al., 2014). Such relocalization of
proteins under stress conditionshas also been observed for PspA of Yersinia enterocolitica whichcan
be found in the cytoplasm and at the CM under normal conditions, whereas it forms large static

complexes at the CM under stress conditions (Yamaguchi et al., 2013).

In an Arabidopsis mutant lacking AraHSP90.5, the ratio of monomeric IM30 to higher molecular
weight-oligomers of IM30 (>1000 kDa) was shifted to the oligomeric form, indicating that HSP90.5
is alsoinvolved in disassembly of IM30 supercomplexes, possibly together with HSP70 (Feng et al,,
2014).

Taken together, IM30 clearly has an intrinsic propensity to spontaneously form large oligomeric
structures. HSP70 and HSP90 chaperones have been shown to catalyze disassembly, but also the
assembly of IM30 oligomers (Figure 2), at least ex vivo and in vitro. The chaperones may be required
for removal of membrane-bound small IM30 oligomers (Figure 2), as has been described for the
uncoating of clathrin complexes by auxilin and HSP70 (Ungewickell et al., 1995). Membrane-
associated chaperones are potential candidates for this process. After removal from the membrane,
small oligomers may then assemble into oligomers in the cytosol, to finally form the typical ring-
shaped IM30 structures and complete the recycling process (Figure 2). Yet, it remains to be shown

which physiological conditions trigger the interaction of IM30 with the chaperones.
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FIGURE 2 Potential interactions of IM30 with membrane and HSPs.

Potential interactions of IM30 with membrane and HSPs. IM30 interacts with the TM as a ring and/or
monomer. The monomers possibly rearrange on the TM to form a membrane-protecting structure. In presence
of high amounts of Mg2 +, the IM30 ringis able to fuse adjacent membranes, which might involve dissociation
of the ring into membrane-bound small oligomers/monomers. HSPs may detach the monomers from the
membrane and trigger homo-oligomerization and ring formation. The physiological relevance of IM30 rod-
like structuresis unclear so far. However, HSPs have been shown to disassemble IM30rodsin the presence of
ATP in vitro. (Rod structure adapted from (Theis et al, 2019); open-access license
http://creativecommons.org/licenses/by/4.0/).

WHY DO WE NEED A RING?

In several models, a need for the formation of IM30 rings and/ or rod-like structures to fulfill their
physiological function(s) is implicated. However, the existence and relevance of IM30
supercomplexes in vivo still need to be shown, especially because IM30 rings have never been
observedin an in vivo context so far. But, are IM30 rings really indispensable for the proposed IM30

functions?
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The IM30 Ring Structure Enables Efficient Membrane Chaperoning

Formation of IM30/PspA rings is probably not necessary for the proteins” membrane chaperoning
function, as small oligomers bind with higher affinity to membrane surfaces (Heidrich et al., 2016).
This observation has triggered the suggestion that IM30 rings disassemble into smaller oligomers
(or monomers) upon/ during membrane binding. It has been hypothesized that PspA/ IM30 family
proteins act as membrane chaperones by forming a stabilizing network on the membrane surface,
as discussed above (Thurotte et al., 2017; Junglas and Schneider, 2018). Possibly, such structures
have been imaged via GFP-tagged IM30 in living cells as large IM30 assemblies located at the TM
(Zhanget al., 2012; Bryan et al., 2014; Zhang et al., 2016; Gutu et al., 2018;Junglas and Schneider,
2018). Also, the oligomeric PspA structures identified by Standar et al., described as a clathrin-like

scaffold (Standar et al., 2008), potentially represent E. coli membrane patches coated with PspA.

So, what might the ring structure then be good for, especially in the case of PspA and LiaH proteins
that are the main effector proteins of the psp/lia membrane-stress response system, where their
major task is to maintain membranes? Homo-oligomeric protein complexes can provide a highly
ordered structure and high stability due to the compactness and cooperativity of highly packed
monomers. This might protect the monomeric protein against proteolysis and degradation under
harsh conditions, which is especially beneficial for stress-response proteins. Indeed, IM30 rings
(more precisely the ring core) are relatively protease-resistant and resistant against chemical and
thermal denaturation compared to small oligomers (Gao et al., 2015; Heidrich et al., 2018; Thurotte
and Schneider, 2019). Furthermore, the surface of a higher-ordered oligomer is relatively small
compared to the monomer. This could be a mechanismto control the IM30 activity, as amphiphilic
helices, which are proneto interact with membrane surfaces, are exposed solely when the complexes
dissociate. Consequently, the IM30 ring could be a storage form of smaller, activeIM30 oligomers/
monomers to prevent a continuous need for shielding the hydrophobic surfaces by chaperones.
Additionally, preformation of a highly ordered homo-oligomeric supercomplex ensures a high avidity
and an immediate high local concentration of the active small oligomers (or monomers) upon
membrane binding, which is likely necessary for membrane attachment and rapid formation of
protein networks on membrane surfaces involved in membrane repair and/or protection. The
orientation of the monomers in the ring could support e.g. membrane binding if the interacting

amino acid residues are positionedin a favorable orientation to the membrane.

174



Functional implications of multiple oligomeric states

The IM30 Ring Is Crucial for Membrane Fusion

Besides the involvement of the IM30 ring structure in membrane protection, the ring seems to be
mandatory for the membrane fusion activity of IM30. A membrane fusion protein requires strict
control of its activity, as any uncontrolled fusion event is potentially detrimental for the cell because
it could e.g. resultin a loss of electrical and/or chemical gradients. This is especially relevant for the
TM, as any leak by misdirected fusion reduces the proton gradient and the photosyntheticefficiency.
Therefore, control of the IM30 activity via oligomer formation mightbe a potential solution. Another
regulation mechanism is the dependence of the fusion process on Mg2+, which seems to activate

IM30 rings (Heidrich et al., 2018).

The structural features of the IM30 ring structure seem to support the fusion mechanism directly.
An oligomeric ring exposes two distinct sides of the monomers, which are orientated unidirectional,
as suggested for IM30 (Saur et al., 2017). The opposing sides of the ring can consequently interact
e.g. with two membranes, as it would be necessary for a membrane fusion activity. This would also
be possible with a cylindrically shaped protein, but the hole inside the ring might be important for
the formation of a fusion pore(-like structure). A recent model for the IM30-mediated membrane
fusion suggests that fusion is initiated by the ring (Heidrich et al., 2017). As the protein binds
negatively chargedlipids (Hennig et al.,2015),IM30 might recruit such lipids when binding as a ring
to a membrane surface. In the center of thering, the concentration of the non-bilayer forming lipid
MGDG becomes locally high, which might result in disruption of an ordered bilayer structure and
initial fusion of two interacting membranes. Dissociation of the ring could then lead to lipid mixing,
allowing the formation of a stable, now fused membrane (Heidrich et al., 2017). Moreover, a large
protein complex would clearly facilitate the formation of a fusion pore at the TM. As the membrane
is completely crowded with integral and peripheral membrane proteins (Kirchhoff et al., 2008a;
Casellaet al., 2017; MacGregor-Chatwin et al., 2019; Wietrzynski et al., 2019), it is hard to imagine
that binding of a small protein could provide enough space needed for membrane-membrane
contacts and subsequent membrane fusion. Instead, binding of a large ring complex that finally
dissociates could generate a fusion platformon the membrane. We, therefore, suggest that the IM30

ring structureis mandatory for the membrane fusion function.

Taken together, the formation of IM30 rings might prevent uncontrolled membrane binding and
simultaneously prealigns IM30 monomers for efficient membrane binding. Furthermore, IM30 rings
are directly involved in membrane fusion, where Mg2+ binding is an additional activation step that

renders the rings fusion competent.
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WHERE AND WHEN TO FIND IM30 RINGS?

As discussed above, IM30 rings are indispensable for controlled membrane remodeling but are
probably also generally useful to ensure proper activity of IM30, i.e. increase thelocal concentration
of active small oligomers/monomers or shield them from unwanted interactions when not bound to
the membrane. An intriguing question that arises from these assumptions is: When such rings are
so important, why do we not see them in vivo? While IM30 clusters have been observed on TMs in
cyanobacteria and chloroplasts (Zhanget al., 2012; Bryanet al., 2014; Zhanget al., 2016; Gutu et al.,
2018), the supramolecular organization of IM30 within these structures is still enigmatic, and rings
“sitting” on TMs have not been observed yet. The problem probably is not that IM30 rings arehard
to find because of their size and shape. Other proteins of similar or even smaller size have been
identified in cryo-TEM tomograms of Synechocystis recently (Rast et al., 2019). So the question

probably is more: Where and when to find IM30 rings in living cells?

IM30 appears to be a protein with (at least) a dual function, i.e. a membrane remodeling and a
membrane stabilizing/protecting function. These functions have to be separated spatiotemporally,
as they would otherwise cancel out each other. Assuming that both functions have different
requirements on the protein structure (as discussed above), IM30 rings are very short-living and can
probably only be found on a membrane under certain specific conditions. However, both processes,
membrane chaperoning and remodeling, potentially involve binding of IM30 rings to the membrane
and ring dissociation, resulting in small membrane-bound oligomers or even monomers (Figure 2).
Thus, chances to find IM30 rings on membrane surfaces are probably low. Only at the initial phase
of a fusion event, i.e. when two adjacent membranes meet each other, rings may be found to connect
these (Figure 2). This may only be observed at TM convergence zones under conditions where
membrane remodeling is needed, e.g. when cells are shifted from the dark to light. Under HL/stress
conditions, IM30 monomers and/or small oligomers will be found on the TM (Thurotteet al., 2017;
Gutuet al., 2018;Junglas and Schneider, 2018) (Figure 2), so chances to find rings arealso low. Yet,
as discussed above, the oligomeric state of IM30 depends on the activity of molecular chaperones,
which likely control assembly and disassembly of IM30 oligomers (Figure 2). Indeed, IM30
supercomplexes havebeen detected in cellular extracts of Chlamydomonas rheinhardtii chloroplasts
when ATP was depleted (Liu et al., 2007). Thus, IM30 rings might only exist in detectable amounts
under conditions of low ATP, e.g. as periodically observed at the (diurnal) dark to light transitionin
cyanobacteria and chloroplasts (Konnoet al., 2012; Saha et al., 2016; Voon et al., 2018). During dark
to light transition, where IM30 is necessary for unimpaired growth (Gutu et al., 2018), IM30 rings
might be needed for TM remodeling. However, the oligomeric state of IM30 is probably also

controlled by altered expression of chaperones, as observed e.g. for DnaK2 under HL, heat,
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hyperosmotic and salt stress in Synechococcus elongatus PCC 7942 and Synechocystis sp. PCC 6803
(Satoet al., 2007; Rupprecht et al., 2008). Under normal growth conditions (no increased chaperone
expression), IM30 rings could display an inactive cytosolic storage form. These possibly represent
thediffuse particles observed by Gutu et al. (2018). Thus, the cellular ATPlevels will likely have only

minor effects on theoligomeric state of IM30 when chaperones are not induced.

In summary, we believe that IM30 rings can barely be found on membranes in living cells as they
likely represent a short-lived IM30 structure. Assemblyand disassembly of the supercomplexes likely

are highly controlled and meet cellular demands.
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ABSTRACT

The function of IM30 (also known as Vippl) is linked to protection and/or remodeling of the
thylakoid membrane system in chloroplasts and cyanobacteria. Recently, it has been revealed that
the Arabidopsis IM30 protein exhibits GTP hydrolyzing activity in vitro, which was unexpected, as
IM30 does not show any classical GTPase features. In the present study, we addressed the question,
whether an apparent GTPase activity is conserved in IM30 proteins and can also be observed for
IM30 ofthe cyanobacterium Synechocystis sp. PCC 6803. We show that Synechocystis IM30 is indeed
able to bind and hydrolyze GTP followed by the release of Pi. Yet, the apparent GTPase activity of
Synechocystis IM30 does not depend on Mg>*, which, together with the lack of classical GTPase
features, renders IM30 an atypical GTPase. To elucidate theimpact of this cryptic GTPase activity on
the membrane remodeling activity of IM30, we tested whether GTP hydrolysis influences IM30
membrane binding and/or IM30-mediated membrane fusion. We show that membrane remodeling
by Synechocystis IM30 is slightly affected by nucleotides. Yet, despite IM30 clearly catalyzing GTP

hydrolysis, this does not seem to be vital for its membrane remodeling function.

INTRODUCTION

IM30, the inner membrane-associated protein of 30 kDa (also known as Vippl (vesicle-inducing
protein in plastids 1)), is present in cyanobacteria as well as in chloroplasts of higher plants and
algae'. In chloroplasts, the protein has a triplelocalization: It can be found soluble in the stroma as
well as bound to the inner chloroplast envelope membrane and the thylakoid membrane (TM)>2.
Similarly, IM30 is also found in a soluble form as well as bound to the cytoplasmic membrane and
TMs of cyanobacteria®.

IM30 is a predominantly a-helical protein predicted to consist of seven a-helices, which are able to

form coiled-coilstructures®>.Invitro,IM30 monomersassembletoformdiversehigher orderedhomo-
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oligomers with molecular masses exceeding 2 MDa"*”. In vivo, in cyanobacteria andin chloroplasts,
GFP-labeled IM30 forms large dynamic assemblies, which are mainly located at TM regions with high
membrane curvature® .

While diverse functions have been attributed to IM30 in the past'*'%**

, most observations clearly
indicate that the protein is membrane-active and involved in the biogenesis, dynamics and/or
stabilization of internal membranes in chloroplastsand cyanobacteria (recently reviewed in®°). Thus,
the physiological function of IM30 appears to be linked to dynamic membrane remodeling®>™?’, likely
involving membrane fusion/fission events, which have been observed in plant chloroplasts*®*. In
fact, dynamicrearrangementofthe TM systemis crucial for adaptation of photosynthetic processes
to altering environmental conditions, most importantly in response to altering light intensities®>.
While TM dynamics is studied to some extent in chloroplasts, direct observations of TM dynamics in
cyanobacteria arestill limited, although TMs in cyanobacteria are assumed to be as dynamic as in
chloroplasts®?°. Nevertheless, a machinery mediating such membrane remodeling processes hasnot
been unambiguously identified yet, neither in chloroplasts nor in cyanobacteria®®, and IM30 is
currently the only protein in chloroplast and cyanobacteria recognized to have a membrane fusion
activity”. Importantly, light not only triggers rearrangement of the TM system but also
rearrangement and redistribution of intracellular IM30 clusters at internal membranes®*®, which
again indicatesa connection between TM dynamics and IM30 oligomer formation®’.

In several aspects, the membrane activity of IM30 resembles other membrane-active proteins, as

10,15,16,18,23,37,38 andhasa Strong

IM30 is involvedin membrane fusion, protection and/or stabilization
tendency to oligomerize and to form higher ordered structures®*”. Yet, in most thus far described
systems, membrane remodeling, especially membrane fission and fusion, are typically connected to
nucleotide hydrolysis. Thus, it was somewhat intriguing to suspect a nucleotide binding/hydrolysis
function also for IM30, a protein that can mediate membrane fusion?®. Consistent with this idea,
Ohnishi et al. recently suggested that recombinant Arabidopsis IM30 (AraIM30) has an intrinsic
GTPase activity despite lacking classical features of GTPases, implying that IM30 belongs to a new
class of membrane-remodeling GTPases™. Yet, the molecular details of the IM30 membrane activity
have been extensively studied in vitro in recent years, and all membrane-related activities were
already observed in the absence of nucleotides. Thus, the question arises whether GTP binding
and/or hydrolysis have any impact on the structure and/or activity of IM30.

In the present study, we have analyzed the apparent GTPase activity of IM30 of the
cyanobacterium Synechocystis sp. PCC 6803. We have tested the influence of nucleotides on IM30-

triggered membrane fusion and lipid organization in vitro. Our results suggest thatthe Synechocystis

IM30 also hasa low GTP hydrolyzing activity, as observed before with the Arabidopsis homolog, yet
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nucleotides have only minor effects on the in vitro membrane remodeling activity of IM30, and
thereforenucleotidebinding/hydrolysis doesnotappeartocritically affect IM30-triggered membrane

remodeling.

RESULTS

SynIM30 has anapparent GTPase activity

The Arabidopsis IM30 protein (AraIM30) appears to have a GTPase activity under defined in vitro
conditions®®. As thishasnever been described for any IM30 protein before, we first aimed to elucidate
whether this apparent activity is conserved in IM30 proteins. Therefore, we analyzed the interaction

of a cyanobacterial IM30 homolog (SynechocystisIM30; SynIM30) with GTP.

Initially, we tested whether SynIM30 hydrolyzes GTP, using the malachite green-based assay thathas

also been used by Ohnishi et al. to determine the apparent GTPase activity of AraIM30°°.

Indeed, we observed protein-dependent Piproduction, i.e. GTP hydrolysis, in perfect agreement with
thefindings of Ohnishi etal., reaching about 20 pM P;release at a protein concentration of 2 ug/100 pL
(Fig. 1a). To rule out that P; release of the protein originated from contamination with a GTPase, we
analyzed the purity of the protein via SDS-PAGE, whereby no other protein was identified besides
IM30 (Fig. 1g). Although thisdoes not finally exclude any contamination witha highly active GTPase,
the missing GTPase activity of an IM30 mutant (Fig. 3a), purified following the exact same protocol,
isastronghint thatthe observed GTPaseactivity canindeed beexclusivelyascribedtoIM30, asfurther

discussed below.
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Figure 1: IM30 GTPase activity was characterized by multiple assays.

(a) A malachite green-based assay was used to measure the P; release catalyzed by SynIM30 WT (0.5 mM GTP;
2.5 mM Mg**; 30 min at 37 °C). (Error bars represent SD, n = 3). (b) The enzymatic properties of the GTP
hydrolysis caused by SynIM30 were analyzed with a malachite green-based assay in absence and presence of
0.5 mM GMP-PCP (0.1 uM IM30 WT; 2.5 mM Mg?**; 30 min at 37 °C). Fitting the data with a Hill equation
derived model yielded Vmax value of 2.16 + 0.33 mol GTP per mol IM30 per min, K, = 0.65 + 0.14 mM; n =
1.29 £ 0.09 and Vmax = 0.83 + 0.33 min"}; K= 0.88 + 0.16 mM; n = 5.19 + 3.64 in presence of GMP-PCP.
(R*= 0.99835and R* = 0.95888; SD,n = 3). (c) A fluorescence-based continuous test for P; release was used
to determine SynIM30 GTPase activity inreal-time (0.1 uM IM30WT; 10 uM GTP; 2.5 mM Mg**; 37 °C). Fitting
the data with a mono-exponential function yielded vo = 1.79 + 0.02 min'and nn = 2.79 + 0.05 *107* (R* =
0.97898; SD, n = 3). (d) A PK/LDH-coupled assay was used to determine the GTPase activity independent of
the P; release. SynIM30 WT did not show significant activity (SD, n = 3). As a control, a GTPase with known
activity was used (SynDLP; n = 1). (e) A luciferase-coupled GTPase assay was used to measure the amount of
hydrolyzed GTP over 120 min at 37 °C in the presence of increasing SynIM30 concentrations (4 uM GTP).
(Error bars represent SD, n = 3) (f) GTPase activity of IM30 WT was measured by the malachite green-based
assay in absence and presence of 30 uM DOPG (2 pg/200 uL protein, 0.5 mM GTP; 2.5 mM Mg**; 30 min at
37 °C). The GTPase activity is not significantly increased in the presence of the liposomes. (SD, n = 3, two-
sample Student s t-test, significance level p > 0.05). (g) The purity of SynIM30 WT heterologously expressed
inE. coli and purified via Ni**-affinity chromatography was analyzed by SDS-PAGE.
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Subsequently, we used the malachite green-based assay to further characterize the apparent GTPase
activity of IM30. The steady-state activity of IM30 in dependence on the GTP concentration could be
described by a slightly sigmoidal curve (Fig. 1b). Fitting the experimental datawith the Hill-equation
(Eq. 2) resulted in a kcar value of 2.16 + 0.33 mol GTP per mol IM30 per min, a Michaelis-Menten
constantof 0.65+0.14mM and a Hill coefficient of 1.29+ 0.09. Addition of the non-hydrolyzable GTP
analog GMP-PCP, which is expected to act as a competitive inhibitor, strongly increased the

cooperativity, as evidenced by the increased Hill coefficient (n =5.19 + 3.64) (Fig. 1b).

As the malachite green-based assay is not capable of measuring reaction kinetics, wenext applied a
continuous assay for P; release, which is based on a recombinant E. coli phosphate-binding protein
labeled with the fluorophore MDCC®. This assay indeed allowed monitoring the kinetics of the
apparent IM30 GTPaseactivity, measured as the P; release (Fig. 1¢c). Fitting the data with a model for
non-linear, steady-state enzyme kineticsand assuminga first-order process* yielded a kcar (Eqs. 3 and
4) in presence of 10 uM GTP (1.79+0.02 * 10 min™) (Fig. 1c). However, these measurements could be
performed solely at very low GTP concentrations, as the Pisensor hasan extremely high sensitivity for

Pi.

Although specifically established for measuring NTPase activities, the malachite green-based assay is
prone to artifacts, and e.g. protein binding to the malachite complex or acids can induce NTP
hydrolysis, causing false positive results*’. Thus, we aimed to apply an established PK/LDH-coupled
assay that measured GTP hydrolysis by coupling the regeneration of GTP from GDP to a decline in
NADH concentration, which can be monitored by absorbance at 340 nm™**. Surprisingly, when using
thisassaywewere notable to measure a significantamount of GTP hydrolysis (Fig. 1d). Even doubling
the SynIM30 concentration did not produce a detectable signal (data not shown). Based on the P;
release determined with the malachite green assay (20 uM Pi/30 min) we calculated the expected
changein absorption at 340 nm, amountingto AOD =0.124in 30 min. Thisshould be easily detectable
if GDP is released. To ensure that the assay works properly, we also analyzed the GTPase activity of
SynDLP, a canonical P-loop GTPase of the cyanobacterium Synechocystis sp. PCC6803°, as a positive

control (Fig. 1d).

Since we were not able to detect any GTP hydrolysis using the PK/LDH-coupled assay, we wondered
whether the observed apparent GTPase activity might be caused by P; leaking into the reaction
mixture, e.g. by release of P; bound to IM30 rather than by GTP hydrolysis. To test this, we used a
luciferase-coupled GTPase assay, which directly depends on the GTP concentration rather than P;-
release. In this assay, non-hydrolyzed GTP is enzymatically converted to ATPand theresulting ATP

concentration is subsequently measured in the luciferase reaction. Here we observed a steady

189



GTP hydrolysis by Synechocystis IM30 does not decisively affect its membrane remodeling activity

decrease of the GTP concentration in the presence of IM30 in a protein concentration-dependent
manner, as expected for a GTP hydrolyzing activity (Fig. 1e). Thus, we conclude that SynIM30 can

indeed catalyze the hydrolysis of GTP.

The activity of many membrane-active GTPases is modulated when the protein interacts with lipid
membranes, and interaction of e.g. dynamins with membrane surfaces can increase the GTPase

activity by a factor of 40**. As IM30 binds to negatively charged PG liposome surfaces?*****°

, we
next assayed GTP hydrolysis by SynIM30 in absence vs. in presence of DOPG liposomes. While our
measurements were limited to lowlipid concentrations,astheliposomescreatedastrongbackground
signal in the assay, we did not observe a significant increase in GTP hydrolysis in presence of DOPG

liposomes (p =0.066) (Fig. 1f).

In summary, SynIM30 clearly has an apparent GTPase activity in vitro, as observed before with the
AralM30 protein. This activity can be modulated by a classical GTPase inhibitor and does not seem

to be affected by membranes.

IM30 binds and hydrolyzes GTP in the presence and absence of Mg>*

Thus far, apparent GTP hydrolysis was always tested in presence of Mg?*, as the activity of NTPases
typically requires the presence of Mg>*. Notably, the interplay of IM30, Mg** and GTP is of special

2+ 23

interest, as also the membrane fusion activity of IM30 depends on Mg”***, and binding of Mg>" to

IM30 even causes rearrangement of the IM30 structure®’.

To test the Mg”* dependence of the IM30 GTPase activity we determined GTP hydrolysisrates in the

absence of Mg>*. Surprisingly, the Ky value (0.61 + 0.20 mM) determined for GTP hydrolysis was
essentially identical, regardlessof the presence of Mg**. Similarly, the Vimaxvalue (1.65 + 0.55min-1) did

not significantly differ from the value determined in the presence of Mg** (2.16 +0.33 rnin_l) (Fig. 2a).
Thus, Mg”* does obviously nothave a strong impact on GTP hydrolysis by SynIM30. Yet, cooperativity
was strongly increased in absence of Mg?*, reaching a value of 2.00 + 0.27, which nicely supports the
recently described Mg?*-induced change of the IM30 structure and stability*’. In fact, addition of Mg**
e.g.increased thethermal stability of IM30 as indicated by T, values 0f 66.6 +0.2°Cand 68.7 £0.2°C
in absence and presence of 2.5 mM Mg**, respectively (Fig. 2b). However, an increased stability of
SynIM30 was observed when 0.5mM GTP and 2.5mM Mg were present together (T:,67.6+0.2°C)
compared to SynIM30 in presence of solely 2.5mM GTP, where the T, was aslowas 64.6 + 0.2 °C (Fig.

2b). This suggests that GTP binding affects the structure and stability of IM30 to some extent, and Mg**
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and GTP do not operate synergistically but have opposing effects on the SynIM30 stability. Thus, GTP
binding to SynIM30 and SynIM30-mediated GTP hydrolysisappear to beindependent of Mg**, which

is rather uncommon for GTPases.
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Figure 2: GTP binds to IM30 in presence and absence of Mg**.

(a) GTP hydrolysis caused by IM30 WTin absence of Mg** was analyzed using a malachite green-based assay
(0.1 uM IM30 WT; 0 mM Mg**; 30 min at 37 °C). Fitting of the data with a Hill equation derived model
yielded VmaxVmax = 1.66 + 0.55 min™"; Kn= 0.61 + 0.20mM; n= 2.00 £ 0.27 in absence of Mg**. (R*=
0.96951; SD, n = 3).Data in presence of Mg** were taken from Fig. 1b (control). (b) Thermal denaturation of
IM30 WT in the absence and presence of GTP and Mg** was monitored by CD-spectroscopy at 222 nm. The
raw signal was converted to the fraction of denatured protein (fp). Fitting the data with an adapted Boltzmann-
fityielded: T, = 66.6 + 0.2 °C(0 mM GTP; 0 mM Mg**) (R* = 0.99866); Tn= 68.7 + 0.2 °C (0 mM GTP; 2 5mM
Mg*) (R?*= 0.99841); T, = 64.8 + 0.2 °C (0.5 mM GTP; 0 mM Mg**) (R*= 0.99836) and T = 67.5 + 0.2°C
(0.5 mM GTP; 2.5 mM Mg?**) (R? = 0.99784). Error bars represent errors from the fitting of the data.

GTP hydrolysis depends on the oligomeric state of IM30

Based on studies using truncated AraIM30 it hasbeen suggested that helix 1 is crucial for GTP binding
to AraIM30 and for its apparent GTPase activity™. As we assume that the apparent GTPase activityis

conserved in IM30 proteins of different origins, we next tested the GTP hydrolyzing activity of the
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recently described SynIM30 variant H2-7, where helix 1 was deleted*’. Although this mutant showed a
decreased P; release rate compared to the wt protein (Fig. 3a), Pi release was decreased only by about
409% (i.e. toroughly 60% of the wt levels), whereas the GTPase activity of the AraIM30 protein was
completely abolished when helix 1 was deleted*’. However, the AraIM30 protein does not form high

molecular mass oligomers anymore when helix 1 is deleted**’, whereas IM30 of Chlamydomonas

rheinhardtiiS and the here analyzed SynIM30 do*, as recently discussed in*. Yet, a fraction of smaller
oligomers was also identified in SEC analyses of the SynIM30 H27 protein (see Fig. 3b). Thus, the
disturbed formation of high molecular mass oligomers might explain the abolished GTPase activity
of the AraIM30 H2-7 protein*, and the reduced amount of released P; by SynIM30 H2-7 (Fig. 3b). To
further test the hypothesisthatthe decreased oligomeric state, and not deletion ofhelix 1, hascaused
the reduced apparent GTPase activity, we next generated a SynIM30 variant that exclusively forms
small oligomers (mainly tetramers in buffers with low ionic strength) (SynIM30 FERM_EE) and no
high molecular mass oligomers (Fig. 3b). This mutant is based on the SynIM30_FERM variant
described recently”’’, but additionally E83 and E84 in theloop region of helix 2 and 3 were mutated to
overcome the problem of unspecific aggregation upon prolonged exposure to HEPES buffer. In line
with our hypothesis, this variant had no detectable GTPase activity (Fig. 3a). Note that also

SynIM30_FERM does not exhibit detectable GTPase activity (Suppl. Fig. 1).

Thus, we conclude that the IM30 GTPase activity depends on the IM30 oligomeric state, and
formation of high molecular mass oligomers is a prerequisite of GTP hydrolysis. A lack of high
molecular mass oligomers seems to be the major factor for GTP hydrolysis since helix 1 is unchanged
in the tetrameric SynIM30 variant. Together, these results clearly suggest that not helix 1 but the
formation of high molecular mass oligomers is crucial for GTP hydrolysis. In addition, the absent
GTP hydrolyzing activity of the mutant protein confirms that the GTPase activity observed with the

IM30 wt (Fig. 1) was not caused by an (unintended) co-purification of an (unknown) GTPase.

Considering that IM30 forms oligomers, the sigmoidal shape of the GTPase activity in presence of
GMP-PCP (Fig. 1b) and in absence of Mg** (Fig. 2a) might well reflect the interaction of GTP-binding
sites within the protein. Indeed, the data describing the GTPase activity of IM30 can be well depicted
by a cooperative two-state model (Fig. 3c, see Suppl. Fig. 3 for details). Theincreasein cooperativity
in presence of GMP-PCP can be explained by competitive binding, which would shift the distribution
towards the low-affinity state, requiring more GTP to yield measurable activity. Formally, also
binding to an allosteric site could explain the data. Both variants of the two-state model describe the
data similarly well (see Supplemental Data 3). The number of binding sites interacting, giving rise to
the observed cooperativity, is =8 (Suppl. Fig. 3d). Thus, these data correspond well with theidea of
having multiple subunits interacting with each other during GTP binding/hydrolysis, which explains
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thenecessity of IM30 rings/high molecular weight complexes for GTPase activity.
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Figure 3: The oligomeric state of IM30is crucial for GTP hydrolysis.

(a) The malachite green-based assay was used to compare the GTPase activity of IM30 variants with different
oligomeric states (0.5 mM GTP; 2.5 mM Mg**; 30 min at 37 °C). Compared to IM30 WT, H2-7 has a reduced
GTPase activity. The tetramericIM30 FERM_EE has no detectable GTPase activity. (Error bars represent SD,
n = 3). (b) The oligomeric state of IM30 variants was determined by SEC (Superose 12 10/300 GL column).
The elution volumes determined are 7.4 mL for IM30 WT (>300 kDa); 7.7 mL (>300 kDa) and 10.2 mL
(105 kDa) for IM30 H2-7 and 10.3 mL (100 kDa) for IM30 FERM_EE. The asterisk marks the position of the
void volume. T marks the position of an IM30 tetramer. (c) The data of the malachite green assay of IM30 WT
in absence and presence of Mg** and after addition of GMP-PCP were analyzed using a more sophisticated
model (described indetailin the Supplemental Data 3), to disentangle the mechanism of GTP-hydrolysis. Error
bars represent SD, n = 3. Fit: n = 12, allosteric model (see Supplemental Data 3).
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IM30 binding to membrane surfaces is not influenced by GTP

IM30 binds to negatively charged membrane surfaces andis involved in membrane remodeling'®*”.

Thus, we next studied the impact of GTP on binding of SynIM30 to negatively charged membrane

surfaces.

In the presence of Mg”*, SynIM30 exhibits membrane fusion activity, and such membrane fusion
events can disturb other assays, involvingIM30 and liposomes®*. Luckily, GTP binding to SynIM30 and
GTP hydrolysiswere observed also in absence of Mg>* (Fig. 2a,b). Thus, we were able to analyze the
influence of nucleotide binding to SynIM30 on membrane binding independent of the effect on IM30-

mediated membrane fusion.

First, we analyzed whether GTP has an impact on the propensity of SynIM30 to interact with
negatively charged DOPG liposomes. It has previously been shown that binding of SynIM30 to DOPG
membranes can be monitored via steady-state Laurdan fluorescence spectroscopy”>’. As shown in
Fig. 4a,b, the Laurdan fluorescence emission spectrum was already altered upon addition of solely
GTP or GDP, even when SynIM30 was not present, albeitonlyto a minor extent. Thus, the nucleotides
appear to interact with the liposomes, resulting in a minor change of the Laurdan fluorescence
emission. However, when SynIM30 was added to theliposomes, the Laurdan fluorescence spectrum
changed far more significantly, and an altered fluorescence spectrum was observed in absence as
well asin presence of GTP or GDP. All spectra recorded in presence of SynIM30 (Fig. 4a) showed an
increased fluorescence emissionat 440 nm and a decreased emissionat 490 nm, leadingto anincrease
of the GP-value. This indicates a decreased polarity of Laurdan’senvironment, as occurring when the
lipid order increases. The changes in the lipid order, represented by the AGP values, showed no
significant impact of GTP or GDP on the interaction of SynIM30 with DOPG liposomes (Fig. 4c),
indicating that GTP binding and/or hydrolysis by SynIM30 do not affect binding of IM30 to lipid
bilayers, at least not in the absence of Mg**. Unfortunately, it was not possible to analyze SynIM30
binding to DOPG liposomes in the presence of Mg>* due to direct binding of Mg** to DOPG membranes

as well as to to SynIM30*” and side-effects caused by SynIM30-mediated membrane fusion?®.
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Figure 4: The presence of the nucleotides GTP and GDP does not affect the IM30 -mediated change of the
DOPG lipid order.

(a) Laurdan fluorescence emission spectra of 0.1 mM DOPG liposomes were recorded in absence and presence
of 2.5 mM GTP or GDP and 1 uM SynIM30 WT. Solid lines show the spectra in absence of IM30. Dashed lines
show the spectra in the presence of SynIM30 WT. Binding of IM30 leads to a clear shift of the Laurdan
fluorescence maximum. (b) The GP value was calculated for DOPG liposomes in the presence and absence of
GTP and GDP without addition of SynIM30. Addition of the nucleotides leads to a small, but still significant
decrease of the GP-value. SD, n = 6 two-sample Student”st-test, *p < 0.05, **p < 0.01, ***p < 0.005. (c) The
AGP after addition of SynIM30 WT to DOPG liposomes is not significantly changed in the presence of the
nucleotides GTP or GDP, respectively. (SD, n = 6 two-sample Student s t-test).

GTP and GDP do only marginally affect thekinetics of IM30-mediated membrane fusion

SynIM30 has a membrane fusion activitywhen Mg** is present (Hennig etal., 2015). Consequently, we
next analyzed the potential impact of GTP and GDP on IM30-induced liposome fusion in the presence
of Mg?*. Membrane fusion was measured using a FRET-based liposome fusion assay, as described

in detail previously®. Importantly, in presence of the nucleotides, the concentration of MgCl, had to
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be adjusted, as GTP and GDP coordinate Mg** via their phosphate groups48 and thereby lower the
effective concentration of “free” Mg?* which clearly influences the membrane fusion process®. The
concentration ofadditionally “needed” MgCl, was determined experimentally in the presence of GTP
and GDP, as described in the “Experimental Procedures” section. Note that controls containing
exclusively IM30, Mg>", the nucleotides or the respective Mg”*/nucleotide mixture did not show any

membrane fusion activity (data not shown).

In contrast to membrane fusion observed in absence of nucleotides, the fusion assay indicated a
slightly increased fusion ratein presence of GTP, whileslightly less liposome fusion was observed in
presence of GDP (Fig. 5). The initial fusion rate increased from 0.58 + 0.20%/s in the absence of
nucleotides to 0.80 £ 0.22%/s in the presence of GTP. In contrast, addition of GDP lowered the initial
fusion rate to 0.33 + 0.04%/s. However, in all cases the fusion curves appear to level out at

approximately the same amount of total fusion.

Clearly, GTP binding/hydrolysis is not unequivocally required for IM30-mediated membrane fusion,
andthe presence of GTP or GDP does neither abolish nor exclusively trigger membrane fusion. We
conclude thereforethat the GTP hydrolyzing activity of IM30 is not a key regulator of the membrane
fusion process, as it is not switching the IM30 membrane fusion activity from a completely active to
an inactive state, or vice versa. Yet, as we did observe small effects on the fusion kinetics in the
presence of GTP and GDP, we cannot completely rule out the possibility that nucleotide binding
and/or GTP hydrolysis modulate IM30-mediated membrane fusion.
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Figure5: IM30-mediated membrane fusion is modulated to some extent by GTP and GDP.

Liposome fusion was measured in the presence of 1 uM SynIM30 WT, 2.5 mM nucleotide and 6 mM Mg2+.
Because of binding of free Mg2+ by the nucleotides, “extra” needed Mg2+, needed to obtain the same
membrane destabilization, was also added (2.5 mM for GDP, 4.25 mM for GTP). The presence of GTP leads to
a slight increase in the fusion rate, whereas the presence of GDP leads to a slower fusion process. (SD,n = 3).
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DISCUSSION

SynIM30 has a low GTP binding affinity and hydrolyzes GTP with low rates in the absence of Mg>*

Involvement of the IM30 protein in membrane protection and/or membrane dynamics in
chloroplasts and cyanobacteria has been described in the past, and recently, an apparent GTPase
activity of AraIM30 has been observed*?. Yet, this observation was unexpected, as none of the known
IM30 protein sequences does contain predicted domains or amino acid motifs known to be crucial for
nucleotide binding and/or hydrolysis (not shown). Thus, the question arose whether the presumed
GTPase activity isAralM30-specific or more generic. Therefore, in the present study, we analyzed the
GTPase activity of SynIM30. We here show that SynIM30 can bind GTP, resulting in GTP hydrolysis
andreleaseof free Pi. This apparent GTPase activity can be modulated by a classical GTPase inhibitor
(GMP-PCP).

In fact, when analyzed with the malachite green assay, SynIM30 has a (rather low) GTPase activity

-1
with a kear 0£ 2.16+£0.33min , a value comparable to the activity described for some other membrane

remodeling GTPases, such as dynamin in absence of membranes (kca:2.60 +£0.98 min™)*. However, it

is worth mentioning that the kca

determined using the malachite green assay (Fig. 1b) is essentially derived from the activity averaged
over the entire incubation time, and the determined values do thus not account for any bias on the
turnover rates, such as substrate limitation/substrate inhibition, etc. In an attempt to address these
limitations, we applied a continuous phosphate releaseassay (Fig. 1c) thatisin principle capable of
measuring theactual rate of P; release and can therefore be used to determine theinitial, non-biased
turnover rate vo. Unfortunately, when using this assay we were limited to a very small concentration
of the substrate (10 uM GTP), which was significantly lower than the Ky value determined for
SynIM30 with the malachite green assay (Ky 0.65 + 0.14mM). Based on the parameters obtained for
theHill-equation, the saturation level of IM30 at this GTP concentration is about 0.5%. Thus, under
these conditions, the expected kcaris about 0.01 min, which is reasonably well in agreement with the
experimentally observed kca (0.0179 £0.02 min™) (Fig. 1c). However, we were not able to observe
GTP hydrolysis when using a PK/LDH-coupled assay (Fig. 1d) that is well-established in the NTPase
field. Assuming the same activity as observed with the malachite green assay, we would expect to
observea change of OD 0.124/30 min, which should be easily detectable. This can either be explained
by IM30 inhibiting the assayand/or vice versa or by slow kg rates for GDP.

Nevertheless, SynIM30 clearly shows GTP hydrolysis activity, as demonstrated by the luciferase-
coupled GTPase assay, which directly depends on the decrease of the GTP concentration. Again, the

observed rate is in reasonable agreement with the Ky and kcr values obtained from the malachite
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green-based assay, taking the low GTP concentration of 4 uM into account. However, IM30 binds
GTP rather weakly, compared to Kp values of typical GTPase. E.g. GTPases of the ras superfamily,
which are considered high-affinity GTPases, have Kp values in the subnanomolar range*’, whereas
low-affinity GTPases, such as dynaminsor the signal recognition particle (SRP), have Kp values in the
range of 0.5-5 uM™. Thus, typical low-affinity GTPases still bind GTP with at least 100-fold higher
affinities than observed here for SynIM30.

Addition of GMP-PCP, a non-hydrolyzable GTP analog, revealed strong cooperative properties of the
apparent GTPase activity, which was essentially not observed in the absence of GMP-PCP. Within the
frame of an allosteric two-state model, both allosteric and competitive binding could produce such
an increase in cooperativity (see Suppl. Fig. 3). While the data did not allow to identify the exact
nature of GMP-PCP inhibition, the observations demonstrate that binding of GTP is a cooperative
process, probably involving more than four binding sites (see Suppl. Fig. 3d).

WhileSynIM30 exhibitsa GTPaseactivity,which canbemodulatedby a non-hydrolyzableGTPanalog,
this activity clearlyis Mg**-independent (Fig. 2a), which is rather uncommon for canonical GTPases.
Typically, Mg*" is required for GDP and GTP binding and hydrolysis. Yet, absence of Mg>* does neither
affect GTP binding nor GTP hydrolysis by SynIM30 (Fig. 2), and both Ky and vimax were about
identical in presence or absence of Mg** (Fig. 2a). While binding of GTP and an apparent GTPase
activity in absence of Mg** havealready been described for other GTPases, involving FtsZ”' or Rho
family GTP-binding proteins>, in these cases Mg”" addition dramatically increased the hydrolysis
rates. In fact, here Mg>* binding was suggested to regulate the kinetics of GTP binding and
hydrolysis to achieve high catalytic efficiency and specificity. Thus, a fully Mg>*-independent GTP
hydrolyzing activity is rather uncommon. Nevertheless, while viu remained unchanged in presence
of Mg?*, the cooperativity of GTP hydrolysis by the oligomeric IM30 was significantly increased.
Mg®* is known to directly bind to SynIM30 and to alter the structure of SynIM30
oligomers*’_bookmark44, which, vice versa, e.g. results in an increased thermal stability of the
protein (Fig. 2b). Thus, a model, where binding of Mg>* leads to a shift in the conformational
distribution between different structural states, is reasonable and explains the observed changein

cooperativity well, while vmax remains constant.

GTP hydrolysis depends on the oligomeric state

WhileIM30 proteins donot contain any canonical GTPase domain or any motif known to be involved
in NTP binding and/or hydrolysis, Ohnishi et al. have identified helix 1 of AraIM30 to be crucial for
GTP hydrolysis, as deletion of helix 1 resulted in reduced GTP hydrolysis®_bookmark36. However,

deletion of helix 1 also resulted in disassembly of the typical IM30 high molecular mass complexes in
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case of the AraIM30 protein**?, and thus the GTP hydrolyzing activity could well be coupled to the
oligomeric state of IM30 proteins. In fact, we show here that GTP binding/hydrolysis does depend
on the oligomeric state of IM30 but does not crucially involve helix 1. As SynIM30 H2-7 still had
considerably high GTP hydrolyzing activity and as we assume a conserved function of thehelicesin
IM30 proteins of different organisms, we rule out the possibility that any amino acid in helix 1 is
crucial for GTP binding or hydrolysis. However, the AraIM30 oligomer appears to be less stable than
the proteins of Synechocystis or Chlamydomonas reinhardtii, as in the latter cases helix 1-truncated
versions reportedly still form high molecular mass complexes>*>*°. Thus, we assumed that oligomer
formation, ratherthanhelix 1, iscrucial for GTP hydrolysis by IM30 proteins, and we indeed confirmed
this assumption by using a SynIM30 full-length mutant protein that forms tetramers but no high
molecular mass complexes anymore (Fig. 3b). As this mutant did not hydrolyze GTP anymore, a

tetrameric IM30 structure likely is insufficient for GTP hydrolysis and higher oligomeric structures

arerequired, most likely prototypical IM30 rings 7. Astheanalyzed SynIM30 mutant forms tetramers,

7,37

which are considered to be the basic building blocks of IM30 rings™”’, the putative GTP binding sites

are potentially localized within thering in between adjacent tetrameric building blocks.

GTP binding and hydrolysis do not critically affect IM30-mediated membrane remodeling

While we could clearly establish that SynIM30 high molecular mass oligomers do hydrolyze GTP
(alsoin absence of Mg*"), theimportant question arose whether this cryptic GTPase activity has any
impact on the physiological function of the protein. Unfortunately, the exact function of IM30 is still
not finally resolved. Yet, in vitro analyses clearly show that the protein binds to negatively charged
membrane surfaces and is able to mediate membrane fusion'®**?***¢ In fact, in many cases a
membrane remodeling activity of NTPases is nucleotide-dependent and typically requires nucleotide
hydrolysis (reviewed in>®). Nevertheless, membraneinteractionand membrane remodeling by IM30
clearly do not require nucleotide binding and/or hydrolysis, as NTPs were never present in any assay
reported thus far*'®'7?3?434% Ag a stimulating effect of a lipid surface on a protein’s GTPase activity
has been shown for many other proteins, such as dynamin-like proteins*, it was well possible that
GTP binding and/or hydrolysis modulate the membrane interaction and/or the fusion activity of
SynIM30. However, our results suggest that the presence of GTP or GDP does not affect membrane
binding of SynIM30, at least in absence of Mg?* (Fig. 4a,b), and also the GTPase activity of SynIM30 is
notsignificantly enhanced in presence of DOPG liposomes (Fig. 1f). However, aminor effect on GTPase
activity mighthavebeen unnoticeddue tothe ratherlowaffinity ofIM30 to lipidmembranes®’, leaving

a considerable fraction of the protein unaffected upon presence of the membranes.
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Analysis of the fusion events was challenging, as direct binding of Mg>* is necessary for IM30

activation®*"’

as well as for membrane destabilization, when Mg>* is interacting with negatively
charged liposomes®*°. Thus, while the exact same concentration of “free” Mg”* is necessary for
comparing the fusion data, theamount of free Mg>" is clearly altered in the presence of GTP or GDP
due to the nucleotide- Mg** interaction®.We minimized this effect via experimentally adjusting the
concentration of Mg** specifically when GTP or GDP was present (as described in the “Experimental
Procedures” section). Nevertheless, we cannot rule out that the observed differences of the fusion
kinetics (Fig. 5) were biased by our approach to experimentally determine the required Mg**
concentrationsin presence of GTP or GDP to gain similar fusion curves in absence of IM30 (Suppl. Fig.
4). Thus, the results of the membrane fusion assay have to be treated with caution. Yet, the
kinetics of IM30-mediated membrane fusion were somewhat altered in the presence of GDP or GTP.
While GTP enhanced the fusion rate, the membrane fusion rate was somewhat decreased in the
presence of GDP (Fig. 5).

However, any influence of potential direct interaction of the nucleotides with the lipid bilayer, as
possibly observed in the present study (Fig. 4a and b), is not consideredin our analysis. In fact, in
presence of Mg**, GTP or GDP could well interact with the negatively charged DOPG head group, as
Mg”" can “bridge” the phosphate groups of the nucleotides and the PG head group. This has e.g. been
discussed for binding of DNA to anionic and zwitterionic membrane surfaces®*®'. Consequently,
nucleotides binding to the membrane surface might directly affect fusion-related membrane
properties, which eventually alters fusion kinetics. Furthermore, membrane fusion is affected by
multiple, complex equilibria involving IM30, Mg>*, liposomes and the nucleotides that are
furthermore constantly changing during membrane fusion and GTP hydrolysis. The small changes in
thefusion rate observed here are consequently no decisive hint for any influence on the membrane
fusion. Importantly, majorimpactson the IM30 (invitro) fusion activity can be detected via the fusion
assay, as e.g. observed analyzing IM30 mutants’.

We conclude that GTP binding and/or hydrolysis are no key regulators of IM30 membrane binding
or membrane fusion. If at all, GTP binding/hydrolysis only slightly modulates the kinetics of the
membrane fusion process. Hence, membrane remodeling by SynIM30 is vastly nucleotide-

independent, despite the cryptic GTP hydrolyzing activity.

IM30 is an atypical GTPase

Besides apparently hydrolyzing GTP, at least in vitro, SynIM30 does not exhibit features expected

for a canonical GTPase, involving (i) a G-domain and (ii) Mg2+ dependent substratebinding.
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Although the G-domain or the P-loop motif, respectively, arefingerprints of GTPases, a few examples
of G-proteins lacking the P-loop motifare described®®. The most extensively studied members of such
untypical GTPases are Tubulin and FtsZ, which havea highly conserved nucleotide binding site that
clearly differs from typical GTPases®>. While IM30 proteins do not contain any sequences involved
in nucleotide binding to any thus far studied protein, we cannot per se exclude that GTP binds to a
new, currently not described GTP-binding pocket to IM30 proteins. Furthermore, as our results
suggest that GTP hydrolysis requires oligomeric structures larger than tetramers, it is well possible
that amino acids of different IM30 monomers together form the GTPase site, which would not be
easily predictable and could only be visualized in a high-resolution structure of oligomeric IM30.
Unfortunately, neither a high-resolution structure of an oligomer nor of the monomer is available
for IM30 yet. Thus, structural comparisons are limited to homology modeling based on the structure

of the PspA coiled-coil fragment that was solved recently®*. However, no NTP-binding site was

identified in such a model .

Furthermore, as outlined above, typically nucleotide binding and hydrolysis depend on Mg>* andin
cases where nucleotides are hydrolyzed even in the absence of Mg**, the hydrolysis rates increased in
the presence of Mg”". In contrast, here we show that the cooperativity of the apparent IM30 GTPase
activity is increased when Mg*>* is absent, which could well be ascribed to an allosteric action of Mg**
(see Suppl. Fig. 3). Binding of Mg** to IM30 has been demonstrated recently, and Mg>* binding clearly
induces structural rearrangements of oligomeric IM30*’, in line with the allosteric function of Mg*"*.
These structural rearrangementsappear to affect the GTP hydrolysis activity of oligomericSynIM30,
as discussed above. The GTP hydrolyzingactivity of SynIM30 was altered in the presence of GMP-PCP,
a non-hydrolyzable GTP analog, typically used as a competitive inhibitor. This lead to a further
increasein cooperativity, dueto an increased population of a low-affinity state.

Taken together, IM30 exhibits many characteristics that clearly separates it from canonical GTPases,
such as the missing G-domain and Mg**-independent GTP hydrolysis. Thus, IM30 might found a new
class of GTPases>’. Yet, GTP binding and hydrolysis clearly have no major effect on the membrane
remodeling activity of IM30, at least invitro, and it remains to be shown whether GTP hydrolysis by

IM30 proteinsisrelevantinvivo.

EXPERIMENTAL PROCEDURES

Cloning, expressionand purification of IM30
Construction of the plasmid used for expression of N-terminally His-tagged Synechocystis IM30
(pRSET IM30 WT) was described recently’. The plasmid used for expression of helix 1 truncated

SynIM30 is described in*®. The plasmid used for expression of the IM30 FERM_EE mutant was created
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via introducing six mutations (E83A, E84A, F168A, E169A, R170A, M171A) into IM30 WT using the
Quick-Changemethod®>°°.

All proteins were expressed in E.coli BL21 (DE3) at 37 °C for 3-4 h after induction via the addition of
0.5mM Isopropyl-p-D-thiogalactopyranoside (IPTG).

Cells were resuspended in lysis buffer (50 mM HEPES pH 7.6, 300 mM NacCl, 20 mM imidazole), lysed
via sonification (4°C) and cell debris wasremoved by centrifugation (8200g, 10min, 4°C). His-tagged
IM30 was isolated via Ni**-affinity-chromatography (Ni-NTAagarose matrix, 3 wash steps with 20,50
and 100 mM imidazole, elution with 1000 mM imidazole). After isolation of the protein, the buffer was
exchangedto 20 mM HEPES pH 7.6 by gel filtration (Sephadex G25). Where necessary, the protein
solution was concentrated using a Centriprep filter unit (MWCO 10 kDa, regenerated cellulose
membrane, 3000 g, 30 min, 4 °C). The protein concentration was estimated using a Bradford assay
with a BSA standard curve. For storage, the protein solution was mixed 1:1 (v/v)

with glycerol and stored at —20°C. The purification was completed within 8 hours (time from cell lysis

tostorageat —20°C).

Malachite greenassay

SynIM30 (0.1 pM) was mixed with 0.5 mM (if not stated otherwise) of GTP and Mg2+ (2.5mMif not
stated otherwise) in 20 mM HEPES and incubated for 30 min at 37 °C. 200 pL of this sample was
transferred toa 96-well plate and mixed with 50 pL of the malachite green reaction mixture (“Gold
mix”, PiColorLock Gold Phosphate Detection Kit by Innova Biosciences) and incubated for 5min at RT.
Finally, 20 uL of “stabilizer” (PiColorLock Gold Phosphate Detection Kit by Innova Biosciences) was
added. Absorbance at 635 nm was measured with an OMEGA FLUOstar Platereader (BMG Labtech).
Buffer blank (including the respective GTP concentration) absorbance was subtracted, and the
concentration of released phosphate was determined by linear regression froma phosphate standard
curve.

The phosphate release value was used to calculate the average NTPase activity Anrpase [min™] per mol

protein:

AnTpase = T ey

[P;] refers tothe concentration ofreleased phosphateandttotheincubation time ofthe hydrolysis

reaction.
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The Michaelis-Menten constant Ky was determined by using a Hill equation-derived fitting model

and theresulting Vinac was used to determine kear:

_ Vimax * [S]"

ANTPase = K" + ST
(2

Vm ax

kear = T30

[S] denotes for the substrate concentration and nfor the Hill coefficient.

For a more detailed analysis of the dependence of GTPase activity on GTP, Mg>*and GMP-PCP, a two-

state model was fitted to thedata. Thisis described in more detail in the supplement.

Continuous phosphate release assay

SynIM30 was mixed with a phosphate sensor (recombinant E. coli phosphate-binding protein labeled
with the fluorophore MDCC; Sigma Aldrich) *° and Mg®* in a 96-well plate. The mixture was
preincubated at 37 °C and prewarmed GTP was added directly via an automatic titrator prior to the
measurement (OMEGA FLUOstar Platereader (BMG Labtech)). The final concentration in the wells
were 0.1 uMprotein, 2.5 mM Mg** and 10 puM GTP. Fluorescence of the samples was measured at 37

°C with a 420/10 nm excitation filter and a 460/10 nm emission filter over the indicated timescale.

From the change in the fluorescence signal over time (after subtraction of the fluorescence signal
generated by GTP auto-hydrolysis in the buffer), the concentration of released phosphate was
determined vialinear regression using a phosphate standard curve. Theinitial, non-biased turnover
rate v, [min"'] was determined by a monoexponential fit for non-linear, steady-state enzyme
kinetics, assuming a first-order process *':

%* (1-e™9 3)

[P;] is the measured concentration of released phosphate and 77 accounts for a term describing the

[P]() =

bias on v, that causes non-linearity, e.g. reduced velocity due to substrate limitation or product

inhibition *'. v, was used to determine the k4,

Vo

[IM30] 4)

kear =
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PK/LDH-coupled GTPase assay

The reaction buffer containing 5 mM MgCl,, 150 mM NaCl, 7.5 mM KCl, 0.6 mM NADH, 1 mM PEP
(phosphoenolpyruvate), PK(final concentration 12 - 20 units/mL)/LDH(final concentration 18 - 28
units/mL) mix (PyruvateKinase /Lactic Dehydrogenase mix from Sigma-Aldrich) (and 0-5 mM GTP
in 20 mM HEPES pH 7.6 was preincubated at room temperature for 15 min to convert already present
GDP to GTP. SynIM30 WT or SynDLP was mixed with the reaction buffer to a final concentration of
0.5 uM. The GTP to GDP turnover rate was determined indirectly via the decrease of NADH
absorbance at 340 nm ** on a timescale of 1 - 2 h at 37 °C with an OMEGA FLUOstar Platereader
(BMG Labtech). The decline in NADH concentration is proportional to the concentration of GDP
produced. The slope of the measured NADH absorbance was determined via fitting with a linear

function. The GTPase activity Ayrpqse [min~]was calculated as follows:

JAV: EYT _
AnTPase = — At « 171 % ENADH ! (5)

With

AAz4o
A

" being the linear slope of the absorbance at 340 nm, [ the filling height of the well and

ey apy theextinction coefficient of NADH (e = 6220 M cm™). Data were corrected for autohydrolysis

andthe 0 mM GTP value was subtracted fromall values to account for protein caused perturbations.

The maximum GTP turnover rate Vina was determined via equation 2. The GTP turnover rate was

used to determine kcat.

Luciferase-coupled GTPase assay

To analyzethe GTPase activity of IM30 by directly measuring changes in the GTP concentration, we
used a luciferase-coupled GTPase assay (GTPase-Glo Assay Kit by Promega). The assay was
performed according to the instructions of the manufacturer. In short, 4 pM GTP and IM30 (0-6.5
UM IM30) were incubated for 120 min at 37 °C. After thereaction, theremaining GTP was converted
to ATP by addition of GTPase-Glo Reagent (including ADP and a luciferase) and further incubation
for 30 min at 37 °C. After 10 min incubation with the detection reagent at 37 °C, the luminescence
was measured in a 384 wellplate using an OMEGA FLUOstar Platereader (BMG Labtech). GTP
concentrations were calculated from the luminescence intensities using GTP standards that were

treated as the samples.
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Size exclusion chromatography (SEC)

Proteins were analyzed on an AKTA basic system (GE Healthcare) with a Superosel2 10/300 GL
column (GE Healthcare) equilibrated with 20 mM HEPES pH 7.6 at 8 °C. Protein elution was monitored
via absorbance at 280 nm. The column was calibrated against standards of known size (blue dextran
>2000 kDa, B-amylase (200 kDa), alcohol dehydrogenase (150 kDa), albumin (66 kDa), ribonuclease
A (13.7 kDa).

Thermal denaturation

Thermal stability of IM30 (3.2 puM) was determined via CD spectroscopy (JASCO-815 CD
spectrometer with an MPTC-490S temperature-controlled cell holder) in presence and absence of
0.5mM GTP and/or 2.5 mM Mg**. CD spectra were collected from 250 to 200 nm (cell length 0.1 cm,
1 nm data pitch, 5 nm bandwidth, 200 nm/min, 1 s data integration time, averaged over 3
accumulations of the same sample) over a temperature ramp from 15 to 95 °C (2 °C steps, overall
heating rate 0.27 °C/min). Spectra were smoothened with a Savitzky-Golay filter. The ellipticity at
222 nm was used as a measure for the folding state of the protein. To estimate the transition
temperature Tn of the protein, an indicator for the thermal stability, the resulting melting curve was
fitted with an adapted Boltzmann-Fit, which allows linear slopes in the plateauregions of the curve,

assuming a simple two-state unfolding mechanism:
(T *mN + BN)_ (T *mD +0D)

Opmeas (T) = — + (T *mp +6p) (6)
1+ e dr

Opmeas Tefers to the measured ellipticity. T is the temperature, Oy and Op are the ellipticities at the

plateaus of nativeand denatured protein, myand mp are the slopes of therespective plateaus.

Liposome preparation

Thelipids DOPG (1,2-dioleoyl-sn-glycero-3-phosphoglycerol), MGDG (monogalactosyldiacylglycerol)
and the fluorescently labeled lipids NBD-PE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
(7-nitro-2-1,3-benzoxadiazol-4-yl) and LissRhod-PE (Lissamine Rhodamine PE; 1,2-Dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt)) were

purchased from Avanti Polar Lipids, Inc. (Birmingham, AL, USA). For liposome preparation, lipids
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were dissolved in chloroform/methanol (2:1, v/v). The organic solvent was evaporated under a
gentle stream of nitrogen gas followed by overnight vacuum desiccation to remove any traces of
solvent. Unilamellarliposomes were prepared by hydration of the dried lipid film with 20 mM HEPES
buffer (pH 7.6) and five cycles of freeze-thawing. For theliposome fusion assay, theliposomes were
subsequently extruded 15 times through a 100-nm filter, using an extruder from Avanti Polar Lipids,

Inc. (Alabaster, AL, USA).

Laurdan fluorescence measurements

Laurdan (6-dodecanoyl-N,N-dimethyl-2-naphthylamine) is a fluorescent dye that incorporates into
lipid bilayers. Its fluorescence is sensitive to changes in the polarity of the environment and is
therefore used to report changes of the membrane fluidity. In order to quantify the spectral changes,

the Generalized Polarization (GP) value defined by °’ is calculated for each spectrum.

Tpa0—1
GP = 440 — la90 (7)
Ia0+ laoo

Here, I140 and Isoo are the fluorescence emission intensities at 440 and 490 nm, respectively.

Laurdan (Sigma, Taufkirchen, Germany) was added to the dissolved lipid DOPG in a molar ratio of
1:500. Unilamellar liposomes were prepared as described before. To analyze the effect of nucleotides
on the binding of IM30 to DOPG, 1uMIM30 WT, 0.1 mM liposomes and 2.5 mM GTP (or GDP) were
mixed and incubated for 2 h at 25 °C. As the protein was stored in 50% glycerol, the final
concentration of glycerol was 15%. For samples without IM30, the corresponding amount of 50%

glycerol (20 mM HEPES, pH 7.6) was added.

The fluorescence emission spectra wererecorded on a FluoroMax-4 spectrometer (Horiba Scientific,
Kyoto, Japan) from400 to 550 nm with excitation at 350 nmat 25 °C. The slit width was set at 4 nm

for excitation and emission of Laurdan.

Liposome fusion assay

The influence of nucleotides on IM30-triggered liposome fusion was measured using a FRET-based

assay, as described earlier **°®

. Unlabeled liposomes were mixed in 10-fold excess with labeled
liposomes containing two fluorescent dyes that form a FRET-pair. Upon fusion of labeled with

unlabeled liposomes, the FRET dyes redistribute over the membrane and consequently FRET
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decreases, resulting in increasing donor emissionintensity. To simulate complete membrane fusion,

liposomes containing only a 10" of the fluorescently labeled lipids were used as a positive control.

For the fusion assay, 1uMIM30 WT and 0.1 mM liposomes (MGDG/DOPG, 40:60, w/w) were used.
As described for the Laurdan measurements, the final concentration of glycerol was 15% for all

samples. The concentration of MgCl, was 6 mM for samples without nucleotides.

The measurements were performed using a Fluoromax-4 spectrometer (Horiba Scientific, Kyoto,
Japan). The IM30-containing solutions were preincubated with Mg>* for 15 min, whereas the
liposomes were premixed with the nucleotides for about 1 min. After fast mixing of all compounds,
the measurement was started immediately. Upon excitation ofthe FRET-donor NBD-PE at 460 nm,
the donor emission was monitored at 525 nm over 1000 s at 25 °C. The sslit widths for excitation and

emission were set at 5 nm.

The raw fluorescence data was converted to a fusion rate in percentage by equation 9 using the
intensities of the negative control (Inc), positive control (Irc) and the measured sample (I) at every

pointin time t.

It - It,NC

Fusion (t) = 100 % (8)

It,PC - It,NC

The initial fusion rate was determined by thefirst derivative of the fusion curve after 50 s.

Since GTP and GDP bind Mg** via their phosphate groups, higher concentrations of MgCl, had to be
used to obtain the same amount of free Mg>* in samples containing GTP or GDP as in the control. To
determine the additionally needed amount of Mg**, we made use of the fact that Mg>* alone can
induce fusion at a concentration of 10 mM. Increasing amounts of MgCl, were added to the assay
containing 10 mM Mg** in presence of 2.5 mM GTP or GDP, until the observed fusion rates matched
the one obtained in absence of the nucleotides. In the case of GTP, 4.25 mM MgCl, was additionally

needed, in the presence of GDP 2.5 mM MgCl; (Suppl. Fig. 2).
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ABSTRACT

IM30, the inner membrane-associated protein of 30 kDa, is conserved incyanobacteria and
chloroplasts. Although itsexact physiological function isstill mysterious, IM30 is clearly essential for
thylakoid membrane biogenesisand/or dynamics. Recently, a cryptic IM30 GTPase activity has
beenreported, albeit thus far no physiological function has been attributed to this.Yet, it is still
possible that GTP binding/hydrolysis affects formation of theprototypical large homo -oligomeric
IM30 ring and rod structures. Here, weshow that the Synechocystis sp. PCC 6803 IM30 protein in
factis anNTPasethat hydrolyzes GTPand ATP, but not CTP or UTP, with aboutidentical rates. While
IM30 forms large oligomeric ring complexes, nucleo-tide binding and/or hydrolysis are clearly not

required for ring formation.

Keywords: cyanobacteria; IM30; PspA; Synechocystis; thylakoid membrane;Vippl

INTRODUCTION

The inner membrane-associated protein of 30 kDa (IM30), also known as the vesicle-inducing

protein in plastids 1 (Vippl), is a member of the PspA/IM30 protein family. The protein is conserved
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and essential in cyanobacteria and chloroplasts [1-3]. Depletion of IM30 in cyanobacteria leads to
drastically impaired formation of thylakoid membranes (TMs), accompanied by a reduced
photosynthetic activity [1,4-6]. Similar, but not entirely conclusive results have been reported for
chloroplasts of Arabidopsis thaliana and Chlamydomonas rheinhardtii [3,7]. All results indicate a
role of IM30 in TM dynamics, and IM30 appears to be crucially involved in two physiological
processes: (i) membrane protection/repair and (ii) membrane remodeling [8]. The membrane-
protective activity of IM30 does not appear to belimited to TM-containing photosyntheticorganisms,
but is rather conservedin the entire PspA/IM30 family, as e.g. expression of IM30 complements the
deficiencies of an E. coli pspA deletion strain [9,10]. In contrast, TM-specific functions of IM30 can

likely not be accomplished by PspA [1,2,11,12].

A distinct structural feature of all PspA/IM30 family members is their intrinsic propensity to form
large, homo-oligomeric ring/rod structures with masses >1 MDa [8]. In vitro formation of rings and
rods has been observed multiple times via electron microscopy [11,13-19] and atomic force
microscopy (AFM) [20]. While E. coli PspA appears to form rings with a mainly constant diameter
of ~20 nm [13], Synechocystis PspA and IM30 rings/rods were found to have varying diameters and
symmetries [19,21]. Recently, the preliminary structures of homo-oligomeric cyanobacterial IM30
(Synechocystis sp., Nostoc punctiforme sp. PCC 73102) and PspA (Synechocystis sp. PCC6803) have
been made available [21-23]. PspA/IM30 monomers are mainly a-helical when organizedinto high
molecular mass oligomers, with flexible linkers connecting individual a-helical regions [21-24].
IM30 monomers are arranged horizontally to the ring axis, forming an interwoven, layer-like
structurewith 11-18 monomers per layer and 5-7 layers per ring [22-24]. In contrast tothe homo-
oligomer, the structure of membrane-bound IM30 is currently enigmatic. IM30 binds to thylakoid
membranes in vivo [25,26] as well as to negatively charged model membranes in vitro [27-30].
Recently, upon membrane binding, dissociation of IM30 rings into partly unfolded monomers and
subsequent formation of a membrane surface-covering carpet structure has been observed [20].
Thus, monomer adhesion to the membrane surface appears to be thermodynamically favored over
ring formation. As the IM30 membrane-binding propensity is enhanced at acidic conditions, IM30
potentially binds specifically to stressed TM regions via sensing proton leakage followed by ring
dissociation and formation of the membrane-protecting carpet [31]. Yet, IM30 is also ableto trigger
fusion of TM-mimicking liposomes in vitro when Mg2+ is present [27]. In fact, Mg2+-binding leads
to a rearrangement of the oligomeric IM30 structure [29], which potentially switches the IM30

function from membrane protection to membrane remodeling.

Recently, GTP-binding and hydrolysis was observed for the IM30 proteins of Arabidopsis thaliana

and Synechocystis sp. PCC 6803, although IM30 does not contain any canonical domains or motifs
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involved in GTP-binding [32,33]. While GTP-binding and/or hydrolysis do not seem to decisively
regulate membrane interactions or the membrane remodeling activity of IM30 [32], it is still possible
that GTP-binding and/or hydrolysis might affect formation of IM30 rings. Actually, based on the
identification of a stably bound nucleotide in oligomeric IM30, it has been suggested that ATP-
binding and/or hydrolysis is crucial for the formation of IM30 rings budding off from membrane

surfaces [22].

In the present study, we show that SynIM30 rings self-assemblein complete absence of nucleotides,
and thus nucleotide binding or hydrolysis does not trigger ring formation. Yet, SynIM30 rings are
able to hydrolyze ATP and GTP at about similar rates, but not CTP or UTP, and thus, IM30 in fact

specifically binds and hydrolyzes purine-based nucleotides.

EXPERIMENTAL PROCEDURES
Cloning, expression, and purification of IM30

Construction of the plasmid used for expression of His-tagged wt SynIM30 (pRSET IM30 wt) was

described in detail previously [4], and construction of the plasmid used for expression of the IM30

FERM_EE mutant (E83A, E84A, F168A, E169A, R170A, M171A) is described in [32].

IM30 of Synechocystis sp. PCC 6803 (SynIM30 wt and FERM_EE) was heterologously expressed in
E. coli BL21 DE3 and purified as described in detail earlier [16]. In short, after expression, cells were
lysed via sonificationin 50 mM Na-phosphate buffer (300 mM NaCl, 20 mM imidazole, pH 7.6). Cell
debris was removed by centrifugation, and the supernatant was applied to a Ni**-NTA affinity
column. The column was washed with increasing concentrations of imidazole (20/50/100 mM; 50
mM Na-phosphate,300 mM NaCl, pH 7.6) and finally eluted with 500 mM imidazole (Na-phosphate,
300 mM NacCl, pH 7.6). The buffer was exchanged for 20 mM HEPES (pH 7.6) by gel-filtration
(Sephadex G25 or Superose 12). Where necessary, the protein solution was concentrated using an
Amicon Ultra Centrifugal filter unit (MWCO 30 kDa, regenerated cellulose membrane). The protein
concentration was determined via a Bradford assay using BSA as a standard. For denaturation, 6 M
urea was added to the lysis buffer and the cell extract was incubated in 6 M urea for 4 h at 4 °C.
Subsequently, upon loading the sample onto the affinity column, the sample was washed multiple
times with buffer containing 20 mM imidazole plus 6 M urea. For refolding on the column, the
subsequent washing steps (compare above) and the elution were performed using urea-free buffer,

as used in case of purification under native conditions. For analysis of the NTPase activity, the
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purification was performed in HEPES buffer instead of phosphate buffer as described before [32]. In

this case, the protein solutions were storedin 1:1 (v/v) glycerol at -20 °C.

Size exclusion chromatography

The size of SynIM30 oligomers was analyzed using an AKTA basic system (GE Healthcare) with a
Superosel2 10/300 GL column (GE Healthcare) equilibrated with 20 mM HEPES (pH 7.6) at 8 °C.
Protein elution was followed via monitoring theabsorbanceat 280 nm. The column was calibrated
using standards of known size (blue dextran >2000 kDa, ferritin (440 kDa), f-amylase (200 kDa),
aldolase (158 kDa), conalbumin (75 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa) and

cytochrome c oxidase (16.4 kDa).

Circular dichroism spectroscopy

Circular dichroism (CD) spectra were measured using a JASCO J815 CD spectrometer (JASCO
Corporation, Tokyo,Japan). With purified native and therefolded protein, spectra ranging from 200
to 260 nm were recorded at 20 °C with a scan rateof 100 nm/min, 1 nm steps and 1 s data integration
time. When urea-denatured protein was analyzed, spectrawere measured from 210 to 260 nm. Each
sample contained 0.1 mg/mL SynIM30 in 10 mM HEPES buffer (pH 7.6) or 10 mM HEPES buffer and
6 M urea (pH 7.6). For each sample, three spectra were averaged and smoothened by the JASCO

software package (Savitzky-Golay filter), if necessary.

Electronmicroscopy

For negative-staining electron microscopy, 3 pL sample was applied to glow-discharged
(PELCO easiGlow Glow Discharger, Ted Pella Inc.) continuous carbon grids (CF-300 Cu, Electron
Microscopy Sciences). The sample was incubated on the grid for 1 min. Then the grid was side-
blotted on filter paper, washed with 3 pL. water and stained with 3 pL 2% uranyl acetate for 30 s and
air-dried. The grids were imaged with a 120 kV Talos L120C electron microscope (ThermoFisher
Scientific/FEI) equipped with a CETA camera at a pixel size of 4.06 A/pix at an underfocus of 1.0 to

2.5 um.
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Malachite Greenassay

0.1 pM SynIM30 was mixed with 0.5 mM of GTP, ATP, CTP or UTP and Mg** (2.5 mM) in 20 mM
Hepes (pH 7.6) and incubated for 30 min at 37 °C. 200 pL of this sample was transferred to a 96-
well plate, mixed with 50 pL of the malachite green reaction mixture (“Gold mix”, PiColorLock Gold
Phosphate Detection Kit, Innova Biosciences) and incubated for 5 min at RT. Finally, 20 pL of
“stabilizer” (PiColorLock Gold Phosphate Detection Kit by Innova Biosciences) was added.
Absorbanceat 635 nm was measured using an OMEGA FLUOstar Platereader (BMG Labtech). Buffer
blank (including the respective GTP concentration) absorbance was subtracted, and the
concentration of released phosphate was determined by linear regression from a phosphate standard

curve.

LC-MS analysis of extracted nucleoside phosphates in negative ion mode

25 uM SynIM30 was incubated for 30 min in methanol (final concentration 80%) to denature the
protein. Protein denaturation was verified via CD spectroscopy. Denaturation dismantles the
potential nucleotide-binding site and releases any bound nucleotide. The precipitated protein was
removed by centrifugation at 16000 g and 4 °C for 15 min. The supernatant containing any
beforehand protein-bound substances was collected, dried in a SpeedVac (Eppendorf vacuum

centrifuge) and finally resuspended in water.

For separation and subsequent mass-spectrometric analysis of the nucleotide solutions, a
chromatographic approach from Xing et al. was adapted [34]. Sample amounts corresponding to
500 pmol initial protein were injected onto a Hypercarb column (5 pm, 100x2.1 mm)
(ThermoScientific) and the column oven was set to 35 °C. Mobile phase A (MPA) consisted of 50 mM
ammonium acetateand 0.1% diethylamine in water (pH = 9) and mobile phase B (MPB) of pure, LC-
MS grade ACN. At a flow rate of 0.5 mL/min, the following gradient was run: 5% MPB from O to 2
min, 5-20% MPB from 2 to 8 min, 20-90% MPB from 8 to 14 min, 90% MPB from 14 to 15 min, 90-
5% MPB from 15 to 17 min and 5% MPB from 17 to 22 min. Mass spectrometric analyses of the
negatively charged ions was conducted using an Agilent 6460 QQQ mass spectrometer in the
dynamic multiple reaction monitoring mode (dMRM). This allows monitoring a specific
fragmentation reaction at a given retention time. The selected mass transitions and retention time
windows aredisplayedin Table 1. Ion source parameters were set as followed: gas temperature 350
°C, gas flow 8 1/min, nebulizer pressure 50 psi, sheath gas temperature 350 °C, sheath gas flow 2

1/min, capillary voltage -3500V.
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Table 1. QQQ parameters for the detection of NTPs.

Cell accelerator Ret. time Delta ret.

Compound name Precursorion Production Fragmentor Collision energy voltage (min) time
ATP 506 159 95 29 5 9.3 4
ADP 426 79 100 40 5 9.1 4
GTP 522.3 424 105 17 5 9 4
GDP 442 79 105 40 5 9 4
RESULTS AND DISCUSSION

IM30 hydrolyzes purine-based, but not pyrimidine-based nucleotides

As shown before, IM30 oligomers of Synechocystis and Arabidopsis hydrolyze GTP reaching a P;
release rate of about 20 pM at 2 pug/100 pL protein concentration [32,33]. To gain further insights
into the specificity and (potential) function of GTP-binding, we at first analyzed the nucleotide-
binding/hydrolysis specificity and tested whether IM30 of the cyanobacterium Synechocystis sp. PCC
6803 (SynIM30) is also able to hydrolyze other nucleoside triphosphates (NTPs). Therefore, we used
a well-established malachite green-based assayto analyze the apparent NTPase activity of SynIM30.
As a negative control, weused the IM30 mutant SynIM30 FERM_EE, which does not hydrolyze GTP
as shown recently [32]. Based on the now available IM30 structure this is obvious, as this mutant
does not form higher-ordered oligomers anymore, and oligomerization is required for nucleotide-

binding as further discussed below [22].

When the purity of IM30 wt was analyzed via SDS-PAGE (Fig. 1A), no other proteins were detected
(Fig. 1A). Whilethe purified SynIM30 wt protein, but not the mutant, clearly hydrolyzes the purine-
based nucleotides GTP and ATP to a similar extent, very little activity was observed when the
pyrimidine-based CTP or UTP were added instead (Fig. 1B). This implies that IM30 specifically
hydrolyzes purine-based, but not pyrimidine-based nucleotides, and IM30 is in fact not a GTPase but
an NTPase, hydrolyzing GTP and ATP with about identical rates (Fig. 1B). This observation is in
excellent agreement with the initially observed GTP-hydrolyzing activity of SynIM30 [32] and the

now observed binding of ADP to IM30 rings [22,24].

Thus far, solely interaction between defined IM30 side chains with the phosphate groups of the NTP
havebeen suggested to be involved in nucleotide binding [22]. Our results now clearly indicate that
also the interactions with the base are decisive for the interaction with IM30, and the putative

nucleotide-binding pocket appears to specifically bind thelarger purine-heterocycle of NTPs.
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Figure 1: IM30 specifically hydrolyzes purine-based nucleotides

A: SDS-PAGE analysis of heterologously expressed and purified IM30 wt (lane 1), of in vitro refolded IM30 wt
(lane 2), as well as of purified IM30 FERM_EE (lane 3). The wt protein was electrophoretically pure, whereas
we observed some small degradation productsin case of IM30 FERM_EE. The molecular masses of the protein
standard are given on the left. B: The P; release caused by increasing amounts of IM30 in presence of 0.5 mM
GTP (black), ATP (red), CTP (green) or UTP (blue) and 2.5 mM Mg?* after incubation for 30 min at 37 °C was
measured using a malachite green-based assay. Only minor release of P; was detected in the negative control
(IM30 FERM_EE) (black squares with holes: GTP, red squares with holes: ATP). When the wt protein was
analyzed, exclusively in presence of the purine-based nucleotides GTP or ATP, a significant amount of P; was
released (error barsrepresent SD, n=3).

Substrate promiscuity is not common but reported for several ATP/GTPases, and e.g. the predicted
GTP-binding protein HfIX exhibits a GTPase as well as an ATPase activity, albeit the activities were
not identical [35]. Similarly, the YchF subfamily, a unique subgroup of the Obg family of P-loop
GTPases, binds both, GTP and ATP [36]. It has been hypothesized that during the evolution of the
GTPase superclass from a primordial GTPase, the activity of some proteins has switched to an
ATPaseactivity on several independent occasions [37,38]. Nevertheless, all these proteins do contain

canonical nucleotide-binding motifs in their sequence, in contrast to IM30.

Compared to most other GTP-hydrolyzing enzymes, the activity, as well as the GTP-binding affinity
of IM30, is relatively low [32]. In fact, the rates observed previously [32] and here, as well as
described for the isolated Arabidopsis IM30 [33] are at least 10-fold higher than the putative activity
reported very recently for the wt and mutated Synechocystis proteins [22]. The rather low NTPase
activity of IM30 might be due to a very slow ko rate for ADP and GDP from the putative binding

pocket, resulting in a very slow regeneration of the IM30 protein. This assumption is supported by
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the observation that after the addition of ATP, a stably bound ADP was detected in the cryo-EM
structure of IM30 even after further purification steps [22]. Tight binding of ADP/GDP is rather
uncommon for classical GTP/ATPases, but clarifies the negative result of an enzyme-coupled GTPase

assay thatis based on the detection of free GDP [32].

IM30 nucleotide-binding is not required for IM30 ring formation

The structure of oligomeric IM30 was recently analyzed via cryo-EM single-particle analysis [22]. In
the reported structure, a stably bound ADP in a unique nucleotide-binding site has been detected,

when the protein was incubatedin ATP solutions prior to structural analyses [22].

When we analyzed the presence of nucleotides in our protein sample (500 pmol protein) that was
purified without an ATP-including washing step, we did not observe any measurable concentrations
of the nucleotides ADP/ATP or GDP/GTP (Fig. 2A, B). The lower limit of quantification was 10 pmol,
resulting in a maximum nucleotide-bound protein fraction of not more than 2 %. Thus, we exclude

that endogenous nucleotides from the E. coli cells were co-purified with the protein.

Next, we analyzed the structure of the nucleotide-free IM30 protein by negative-staining electron
microscopy. Here we observed the characteristic IM30 ring structures as well as some rod-like
structures (Fig. 2C), as observed multiple times before for purified IM30 [16,19,29,30,39,40]. Thus,

nucleotide-binding clearly is not crucial for stabilizing the IM30 ring structures.
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Figure 2: IM30 assembles into rings in complete absence of nucleotides.

A/B: Extracted Ion Chromatograms (EIC) of specific mass transitions for (A) ATP (m/z 506—>159) and GIP
(m/z522,3 2 442) and for (B) ADP (m/z426->79) and GDP (m/z 442 - 79) from the wt IM30 sample (500
pmol) and nucleotide standards (200 pmol) as a control. C: Electron microscopy of purified IM30 wtin absence
of nucleotides. Scale bars represent 100 nm.

Yet, this does not allow to finally exclude that ATP (or GTP)-binding and/or hydrolysis might be a
crucial (initial) stepin IM30 ring formation, as thismight already take placein E. coli during protein
expression. However, we have shown previously that IM30 elutes as monomers or lower ordered
oligomers from the Ni-NTA matrix, which (re)assemble and formrings/rods likely only later on after
the purification process in complete absence of nucleotides [19]. Noteworthy, when IM30 is not
assembled in higher ordered oligomers, about half of the protein is unfolded [20]. Furthermore, also
therecently published structure of SynIM30 [22] was solved using a protein that was purified when
its N-terminus was fused to a chitin-binding domain. The mature IM30 protein was released only

after proteasetreatment [22]. As the protein’s N-terminus is embedded within the narrow center of

221



Binding and/or hydrolysis of purine-based nucleotides is not required for IM30 ring formation

an IM30 ring [22], likely monomers or smaller oligomers were purified, which assembled to the final

ring structures only after removal of the fusion domain.

Nevertheless, to further test whether ATP/GTP (or ADP/GDP) is required for IM30 ring assembly,
we completely denatured IM30 prior to protein purification via addition of 6 M urea. As shown
before, IM30 has no a-helical structure in 6 M urea solutions, resulting in the loss of any potential
nucleotide-binding site [29] (Fig. 3A). The Ni?*-NTA-bound denatured protein was washed multiple
times with 6 M urea-containing buffer to remove any potentially co-purified substances, such as
proteins, lipids, ions or nucleotides. Subsequently, the protein was refolded on the column by
washing with urea-free buffer. Note that the overall secondary structure of renatured IM30 did not
differ from the secondary structure of IM30 purified under native conditions (Fig. 3A), indicating
correct refolding of secondary structure elements of IM30 in absence of nucleotides. As the
monomeric protein is partly unfolded [20], this already indicated formation of higher-ordered
structures where the IM30 monomer is largely a-helical. Furthermore, when the refolded protein
was analyzed via size-exclusion chromatography, solely high molecular weight oligomers were
detected, but no smaller oligomers or monomers (Fig 3B), and these high molecular weight species
were identified by negative staining EM as the prototypical IM30 ring and rod structures (Fig. 3C).
As expected, we did not detect any nucleotides in our urea-treated and refolded protein samples,

when analyzed by LC/MS as described (Fig. S1).

Thus, IM30 is unequivocally self-assembling and oligomerizing into ring structures without

nucleotide binding and/or hydrolysis.

The ADP molecules observed in the cryo-EM structure most likely are a result of the ATP-including
washing step that was applied during purification of SynIM30 [22]. It is well possible that ATP- or
GTP-binding slightly distorts the IM30 structure and/or ATP/GTP bind solely to slightly distorted
protein regions. In fact, the putative nucleotide-binding site is formed by different regions of three
different IM30 monomers, two fromlayer 1 and one fromlayer 2. Yet, due to the basket-like structure
of IM30 rings, the structure of IM30 monomers is somewhat distortedin the first threelayers of a
ring [22]. When natively folded SynPspA was compared to in vitro refolded SynPspA, formation of
the prototypical rod structures was observed, but the refolded rods appeared to exhibit extended
lengths and even looked more regular compared to the natively folded protein [21]. Due to these
observations, we next tested whether the in vitro refolded IM30 rings still have a GTP/ATP-
hydrolyzing activity. As can be seen in Figure S2, the prototypical IM30 rings do not show any
significant ATP or GTP-hydrolyzing activity anymore after invitro folding. Whilethe here measured

values (background) are still higher than reported recently for the SynIM30 wt protein [22], the
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refolded protein releases P; at similar low rates as measured with the negative control. Thus, the
nucleotide binding site of IM30 likely might be slightly differently structured after refolding, which
does, however, neither lead to overall misfolding of the secondary structure (Fig. 3A), nor to a
disturbed oligomerization and ring formation (Fig. 3B, C). This again indicates that nucleotide-
binding/hydrolysis is not relevant for formation and/or stabilization of the prototypical IM30 ring
structures, despite the localization of the proposed binding site at the interface of three monomers

insidethe ring [22].

In fact, based on a recent de novo protein design study, it has been discussed that somelevel of ATP-
binding and ATPase activity is not unusual in protein sequence space, and an ATP-hydrolyzing
activity can be observed for proteins that differ substantially from naturally occurring ATPases [41].
Thus, determining a low ATP/GTP hydrolyzing activity, as e.g. observed with IM30, might not be
uncommon. Yet, the apparent lack of structural diversity among naturally occurring ATPases (and
GTPases) strongly indicates that, while binding and catalysis can be accomplished by alternative
sequences and structures, theenergy gained via NTP hydrolysis might not be properly transmitted

into a biological activity by non-canonical binding sites.
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Figure 3: IM30 self-assembles into ring-like structures.

A: CD spectra of IM30 purified under standard conditions or after renaturation were measured from 200-260
nm. The spectra do not differ, indicating proper folding of the secondary structure of the renatured sample.
The spectra were smoothened using a Savitzky-Golay filter. n=3, no error bars are shown. When the secondary
structure of IM30 was analyzed after urea denaturation, the spectra indicated complete unfolding of the
protein. B: The oligomericstate of IM30 was monitored by SEC (Superose 12 10/300 GL column). Both, IM30
wt purified under standards conditions (black) and IM30 wt purified under denaturing conditions and refolded
(red) eluted in the void volume (>300 kDa). C: IM30 purified under denaturing conditions was analyzed by
negative staining EM. Ring as well as some rod structures were observed. The scale bar represents 100 nm.

CONCLUSION

We here show that SynIM30 rings can hydrolyze ATP and GTP at about identical rates, but not CTP
or UTP. The absence of nucleotides does not influence oligomerization of IM30 monomers into ring
structures, and the negative staining EM analyses clearly showed formation of typical ring- androd
structures (Fig. 2C). Furthermore, IM30 prototypical rings do also spontaneously assemble from
completely denatured protein in complete absence of nucleotides (Fig. 3C). As a putative ADP-

binding pocket has been detected between two layers of an IM30 ring, which involves interactions
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of a singlenucleotide with three different IM30 monomers [22,24], the oligomeric structure of IM30
clearlyis a prerequisite for nucleotide binding. This is perfectly in line with the observation that the
oligomerization-inactive IM30 mutant had no GTP hydrolyzing activity [32] (Fig. 1B). This
consequently implies that nucleotide binding and (potentially) hydrolysiscan physiologically only be
relevant (if at all), when the large oligomeric complex has already formed. Clearly, membrane
interaction destabilizes IM30 rings resulting in formation of an IM30 carpet structure on the
membrane surface [20], and thus, ring dissociation and IM30 monomer-membrane interactionsare
thermodynamically favored over ring formation at membrane surfaces. Furthermore, the presence
of GTP tends to decrease the thermal stability of IM30 rings [32], and thus nucleotide binding does
not stabilize, but destabilize an IM30 ring structure. These observationsdo not support theidea that
IM30 ring formation is initiated on membrane surfaces by ATP/GTP binding and/or hydrolysis, but
rather suggests a nucleotide-independent mechanism for IM30 oligomerization. Thus, as nucleotide
binding to and/or hydrolysis by IM30 neither decisively regulates the IM30 oligomeric structure nor
membrane interactions [32], we suggest that IM30 nucleotide hydrolysis may not play a crucial role
in the function of membrane repair based on the current knowledge. Nevertheless, the residues
identified to be involved in nucleotide binding in the ATP-washed sample appear to establish
important contacts within the IM30 oligomer or with other factors, as mutation of these residues
results in an impaired in vivo activity of IM30 [22]. Future information on the invivo IM30 structure
might be of help to unravel a potential in vivo function of the cryptic nucleotide-binding/hydrolysis

activity.
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ABSTRACT

The inner membrane-associated protein of 30 kDa (IM30) is crucial for the development and
maintenance of the thylakoid membrane system in chloroplasts and cyanobacteria. While its exact
physiological function still is under debate, it has recently been suggested that IM30 has (atleast) a
dual function, and the protein is involved in stabilization of the thylakoid membrane as well as in
Mg”*-dependent membrane fusion. IM30 binds to negatively charged membrane lipids,
preferentially at stressed membrane regions where protons potentially leak out from the thylakoid
lumen into the chloroplast stroma or the cyanobacterial cytoplasm, respectively. Here we show in
vitro that IM30 membrane binding, as well as membrane fusion, is strongly increased in acidic
environments. Thisenhanced activity involvesa rearrangement of the protein structure. We suggest
that this acid-induced transitionis part of a mechanismthat allows IM30 to (i) sense sites of proton
leakage at thethylakoid membrane, to (ii) preferentiallybind there, and to (iii) seal leaky membrane

regions via membrane fusion processes.

KEYWORDS

IM30; Vippl; membrane fusion; membrane binding; thylakoid membrane; Mg>*; pH; CD
spectroscopy; quartzcrystal microbalance
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INTRODUCTION

IM30, the Inner Membrane-associated protein of 30 kDa, is conserved in almost all oxygenic
photosynthetic organisms, involving cyanobacteria as well as algae and higher plants [1]. Likely,
IM30 has evolved via gene duplication fromits bacterial ancestor PspA (phage shock protein A) [2],
which is suggested to be involved in membrane protection/maintenance in bacteria [3]. In fact, while
in bacteria solely PspAis encoded and in algae/plants solely IM30, cyanobacterial genomes typically

contain two genes coding for PspA and IM30, respectively [2].

Based on computational predictions and secondary structure analyses, IM30 and PspA share a highly
similar, mainly a-helical secondary structure [4-7]. The large, N-terminally localized PspA- domain
(~220 aa) consists of six a-helices connected via short linker regions. Based on the x-ray structure
of a small PspA fragment (aa 1-144), helices 2 and 3 form an extended coiled-coil structure [8]. An
extra C-terminal a-helix (helix 7) is exclusively present in IM30 proteins and probably responsible
for the IM30-specific functions [1,2,4,6,9]. Members of the IM30/PspA family, including IM30, PspA,
and LiaH, the PspA homolog found in Bacillus and Listeria species, are known to spontaneously
assembleinto large, homo-oligomeric ring structures with molecular masses ofatleast 1 MDa [5,9-
16]. Such ring structures have a diameter of 20 nm and a height of 8-11 nmin the case of E. coli PspA
[5], and a diameter of 25 nm in the case of the B. subtilis LiaH [16]. In contrast, IM30 proteins
appear to form multiple ring structures (from the same building blocks) [11,14]. IM30 of the
cyanobacterium Synechocystis sp. PCC 6803 (from here on: Synechocystis), the currently best-
studied IM30 protein, forms rings with diameters of 24-33 nm, which, however, have a constant

height of 13- 15nm [14].

The exact physiological function of IM30 is still not finally clarified (reviewed in detail in [17]), albeit
two major functions have emerged in recent years: A membrane-stabilizing/protecting function and a

membrane remodeling function (recently reviewed in [18]).

IM30 likely shares its membrane protecting function with PspA, its bacterial ancestor. PspAis known
to stabilize membranes, which is required to maintain the proton motive force (PMF) in many Gram-
negative bacteria [3,19,20]. Both, PspA and IM30 bind to negatively chargedlipid membranes in a
curvature-dependent manner [13,19,21,22],and IM30 can even replace PspAin organisms where PspA
was deleted, but not vice versa [23,24]. In chloroplasts and cyanobacteria, maintaining the
membrane integrity and organizationis especially crucial for preservingan electrochemical gradient
across thethylakoid membrane (TM) system. The TM systemis continuously stressed and impaired
due to oxidative damage caused by reactive oxygen species generated in the photosynthetic electron-

transfer reaction [25]. Especially highly curvature-stressed TM regions could bear the risk of
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dissipating the ApH across the TM, as lipid packing defects clearly are enhanced with increasing
membrane curvature [26,27]. In fact, recent in vivo studies show that IM30 particularly localizes to
highly curved TM margins under light-stress conditions, where it forms large clusters [28]. These
clusters potentially represent protective IM30 assemblies on the membrane [18,26,29]. While the
molecular details of its proposed membrane-protecting activity are rather enigmatic, it has been
shown that membrane binding of IM30 increases the membranelipid order, which might be key for

membrane protection [13].

Besides membrane protection, IM30 also has a membrane remodeling activity. Photosynthetic
organisms continuously rearrange their TM system to dynamically adapt their photosynthetic
apparatus to changinglight intensities [30-34]. TM membrane rearrangements involve membrane
fusion events [35], which are potentially mediated by IM30 [21]. In fact, IM30 can fuse TM-mimicking
model membranes in vitro when Mg" is present [21,36]. Direct binding of Mg** to IM30 induces
structural changes, such as increased exposure of hydrophobic surface regions, an overall more
compact structure and increased protein stability [37]. The Mg>* concentration in the cyanobacterial
cytoplasmand the chloroplast stroma islight-dependent and is related to the photosynthetic activity
of chloroplasts and cyanobacteria [38], which directly links IM30-mediated membrane fusion

processes to photosynthetic electron-transfer reactions.

AsIM30 is predominately found at TM regions thatare prone to membrane defects, such as the highly
curved TM margins [28], IM30 potentially seals membrane regionswhere protonsleak out of the TM
lumen, and thus, IM30 likely encounters conditionswith significantlylowered (local) pH. Therefore,
in the present study we have analyzed the structural properties and membrane interaction of the

Synechocystis IM30 under acidic conditions.

We here show that IM30 adopts an altered structure and that membrane binding and membrane
fusion of IM30 is enhanced at around pH 5. We propose that the structural rearrangements of IM30
induced by an acidified environment enable the protein to specifically sense and bind to defective
TM regions where protons leak out of the TM lumen into the cytoplasm, which increases the

membrane fusion capabilities of IM30.
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RESULTS
IM30 Has an Unconventional Secondary Structureat pH 5.5

Based on sequence analyses, IM30's secondary structure is roughly 80% oa-helical with seven
predicted a-helices that are connected via flexible linkers [6,12,14,37,39]. In line with the prediction,

the far-UV CD spectrum of IM30 at physiological pH (pH 7.6) shows pronounced minima at 222 (n

— qt* transition peak) and 208 nm (;t — 7* (| |) transition peak) (Figure 1a), as typical for a-helices.

Yet, when the pH was successively decreased from 7.6 to 5.5, the CD-spectrum of IM30 changed

drastically (Figure 1a): the amplitude of both transitions strongly decreased with a minimum at
around pH 5.5, but the amplitude of the t — 7* (| |) transition peak dropped more dramatically. Asa
representation for the spectral shape change, the ratio of the peak areas of the two transitions is
shown in Figure 1b. The area ratio found at pH 7.6 (~0.3) drops to ~0 at pH 5.5, and thus, the 1 —
7t* (|]) transition does barely contribute to the CD spectrum at this pH. When the pH was further
decreased below 5.5, the structural changes vanished steadily,again reaching an area ratio of 0.3 at

pH 4 andeven increasing slightly at pH 3.5 to 2.6, compared to pH 7.6 (Figure 1b).

Additionally, the n— mt* transition peak shifted from ~222nm at pH 7.6 to ~226 nm (Figure 1c), and
the m — nt* (||) transition peak from ~208 nm at pH 7.6 to ~211 at around pH 5.5 (Figure 1d).
Lowering the pH beyond 5.5 reversed the described effect, and below pH 5.0, the center of the n —
n* transition peak was again located at ~221 nmand the t — n* (| |) transition peak centered at ~207

nm.

Thus, at around pH 5.5, the CD-spectrum of IM30 significantly differs from the spectrum measured
at physiological pH, indicating a pronounced change of the secondary structure. Unfortunately, we
did not succeed in categorizing the IM30 secondary structure at pH 5.5 based on a superposition of
canonical secondary structure elements, i.e., a-helix, 3-sheet or random-coil. Thus, the protein may
contain a large fraction of atypical secondary structure elements at this pH (such as -turns, as
determined by the BeStSel algorithm [40]). The spectrum to some extent resembles a mainly a-
helical spectrum, distorted by absorption flattening due to light scattering [41,42]. However, the
photomultiplier voltage did not show any suspicious, pH-dependent increase. Possibly, at least
partially atypical B-sheets are formed, as seen in some lectins, where the p-sheet characteristic
minimum is shifted from 217 to about 225 nm [43]. Interestingly, below pH ~ 4 and even at pH values

aslowaspH 2.6, IM30 again shows a CD-spectrum typical for regular a-helices (Figure1a).

Taken together, the overall structure of IM30 is highly pH-dependent, and IM30 adopts an

uncommon secondary structureat a mildly acidic pH of 5.5.
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Figure 1. The secondary structure of IM30 (the Inner Membrane-associated protein of 30 kDa changes in
an acidic environment.

(a) Far UV CD-spectra of IM30 were measured in a pH range from 7.6 to2 .6. The spectrum changes from a
typical a-helix spectrum to an atypical CD-spectrum at around pH 5.5 and backto a “typical” a-helix spectrum
below pH 4. The spectra were averaged from three samples, no error bars are shown. (b) The ratio of then —
m* transition peak area and of the parallel polarized m — m* (| |) transition peakis shown in dependence on
the pH. A minimal peak area ratio can be observed at ~pH 5.5 (n = 3, error bars=SD). (c) The dependence of
the n — n* transition peak center on pH reveals a maximum of the peak shiftat ~pH 5.5 (n = 3, error bars=SD).
(d) The dependence of the peak center of the parallel polarized m — m* (| |) transition reveals a maximum of
the peakshiftat ~pH5.5 (n = 3, error bars=SD).

The Tertiary Structure of IM30 Changes upon Acidification

The changes in the secondary structure described above are accompanied by a clear increase of the
exposed hydrophobic area, as monitored by the spectral changes of the 8-anilinonaphthalene-1-
sulfonic acid (ANS) fluorescence (Figure 2a). ANS is a fluorescent dye that changes its spectral
properties upon binding to hydrophobic protein surfaces viaits anilino-naphthalene group. Free ANS
has an emission maximum at 525 nm, which blue shifts in a more hydrophobic environment. This

spectral shift is accompanied by a pronounced intensity increase [44]. The fluorescence intensity of
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ANSin the presence of IM30 steadily increased with decreasing pH, reaching a maximum at pH ~4.5,
followed by a shallow decrease (Figure 2b), accompanied by the characteristic blue shift of the
emission maximum. In contrast, the fluorescent properties of ANS in absence of IM30 were not

affected by the pH (Suppl. Figure S1).

Thus, also thetertiarystructure of IM30 clearly changesupon acidification, resultingin an increased
exposure of hydrophobic surfaces. Next, we probed whether the environment of the single Trp of
Synechocystis IM30, located within the extended coiled-coil formed by helices 2 and 3 [14], is also
altered. While no dramatic effect on the Trp’s fluorescence emission spectrum was observed (Suppl.
Figure S2, Figure 2c), analysis of the spectral shape based on the spectral center of mass revealed
also a biphasic trend, with aminimum at around pH 6 and a maximum at about pH 4 (Figure 2d). Note
that the Trp fluorescence intensity is in general not pH-dependent upon acidification toa pH aslow

as 3, whereas further lowering the pH leads to quenching of the Trp fluorescence [45].

Thus, the coiled-coil region appears to rearrange to some extent, leading to a slightly more
hydrophobic environment at mildly acidic pH, followed by a slight increase in polarity at further

lowered pH values.

In conclusion, the Trp71 solvent exposure appears to be a biphasic process when the pH decreases.
A similar effect, with a maximumat around pH 4.5, has been observed for the surface hydrophobicity
of IM30 when IM30 was transferred from pH 7.6 to 2.6. These results, combined with the observed
changes of the IM30 secondary structure (Figure 1), clearly suggest a rearrangement of the IM30

protein structure upon acidification.
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Figure 2. The tertiary structure and surface properties of IM30 change in an acidicenvironment.

(a) 8-anilinonaphthalene-1-sulfonicacid (ANS) fluorescence spectra of IM30 were measured at decreasing pH.
Atlowered pH, an increase of the fluorescence intensity and a blue shift was observed. The spectra shown are
the average of three samples; no error barsare shown. (b) The ANS fluorescence intensity at 490 nm changes
with pH, exhibiting a maximum at ~pH 4.5 (n = 3, error bars=SD). (c¢) Intrinsic Trp fluorescence spectra
suggest an altered environment of the single IM30 Trp residue upon decreasing the pH from pH 7.6 to 3. The
spectra are normalized at 343 nm and smoothed using a Savitzky-Golay-filter (n = 3, no error bars shown). (d)
To quantify the differences between the measured Trp spectra, the spectral center of mass was calculated. A
biphasictransition upon acidification, with a minimumat ~pH 6 and a maximum at ~pH 4.5, is observed (n =
3, error bars=SD).

Acidic pH and Mg®* Have Similar Effects onthe IM30 Structure

Mg** binds directly to IM30, which causes several secondary structure rearrangements, an increased
surface hydrophobicity as well as an overall more compact protein structure [37]. Indeed, the Mg**-
induced changes in IM30's CD spectrum are similar to the pH-induced changes observed here. In

particular, in presence of Mg>* the amplitude of the m — m* (||) transition is also decreased

compared to the n — 7* transition. Yet, the effects observed upon Mg**-binding were not as
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pronounced as observed here upon lowering the pH. Furthermore, a shift of the n — n* transition

peak was not observed at constant pH in absencevs. presence of Mg>".

Thus, we next tested whether Mg>* still binds to IM30 at pH 5.5 and whether the effect on the protein
structure observed upon addition of Mg®* is additive at pH 5.5, i.e., would cause a more intense
decrease in theamplitude of the n — n* transition peak. Yet, under these conditions we observed a
slight increase of the amplitude (Figure 3). However, Mg>" clearly binds to IM30 also at more acidic
pH and induces a changein the IM30 structure. Interestingly, the CD-spectra of IM30 measured at
pH 7.6 and 5.5 are very similar when Mg>* is present (Figure 3), indicating that Mg**- binding

potentially stabilizes a particular IM30 structure.
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200 210 220 230 240 250 260
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Figure 3. Acidic pH and Mg2+ increasethe222/208 nmratio.

Far UV CD-spectra of IM30 measured in absence (black), in presence of Mg2+ (gray) atpH 7.6, and of IM30 in
absence (darkred) and in presence of Mg2+ (light red) at pH 5.5. Spectra were normalized at 222 nm (n = 3,

error bars=SD).

The Membrane-Binding Affinity of IM30 is Increased at Low pH

Interaction of IM30 with membrane surfaces is essential for its proposed in vivo functions, involving
membrane protection and membrane remodeling [18,21,23,26,28,46-48]. To assess theimpact of a
decreased pH on the membrane-binding propensity of IM30, we used two different quantitative

experimental setups.

We first monitored changes in the Laurdan fluorescence spectra upon addition of protein, as
described previously [13,21]. As a mimic of a TM-membrane we used liposomes containing 40% of
the negatively charged lipid DOPG and 60% of the most abundant TM lipid MGDG [49], and

compared the changes in Laurdan’s GP value induced by IM30 binding at pH 7.6 and pH 5.5, where
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the secondary structure changes were maximal. While the Laurdan fluorescence spectra monitored
in absence of IM30 did not change when the pH was decreased from 7.6 to 5.5 (Suppl. Figure S3),
binding of IM30 to DOPG/MGDG membranes clearly differed at pH 5.5 compared to pH 7.6, as
quantified by comparing the GP values (Figure 4a). Compared to pH 7.6, the amplitude of the change
in GP is substantially larger at pH 5.5, accompanied by a steeper increase at low protein
concentrations, indicating a higher membrane-binding affinity or an increased extent of polarity
changes per bound IM30. The Kq extracted from these curves was calculatedtobe ~ 9.8 + 5.8 pM at
pH 7.6. Asubstantially lower Kqof ~ 1.8 + 0.4 uM was determined at pH 5.5. Thus, the IM30 membrane

binding affinity clearly is increased at lowered pH.

To further support the observations and interpretations of the Laurdan spectral changes and to
further analyze membrane-binding of IM30 at acidic pH, we next analyzed binding of IM30 to a solid
supported lipid bilayer (SLB) employing a quartz-crystal microbalance (QCM) (Figure 4b). Due to
difficulties in formation of SLBs with a high content of anionic lipids, we were limited to SLBs
containing 80% DOPC and 20% DOPG in our QCM measurements. In QCM measurements, mass
deposition on a quartz-chip is followed by monitoring the decrease in resonance frequency of the
chip. If the adsorbed layer is rigid, the observed frequency shift is directly proportional to the mass
adsorbed on the chip, and thus the masscan be calculated [50,51]. However, if thelayer is viscoelastic,
asindicated by a visible change in damping of the oscillation, the frequency shift is reduced, and the
calculation of the mass based on a rigid layer leads to an underestimation of the adsorbed mass

(“missing mass effect”) [52].

Binding of IM30 to the SLB atpH 7.6 was observed asa decrease of the resonance frequency over atime
course of 3500 s (Figure 4b), accompanied by an increasein the damping signal. Interestingly, the
changes in the frequency and damping were substantially larger at pH 5.5, reaching a final level of ~
Af = =150 Hz and AT = 12 Hz after 1000 s, compared to —75 Hz and 7 Hz at pH 7.6. Since both
frequency and damping differ by about the same factor, we conclude that at pH 5.5 more IM30 binds
to the SLB, in excellent agreement with the increased membrane-binding affinity observed with

Laurdan-labeled MGDG/DOPG liposomes (Figure 4a).
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Figure 4. IM30 membrane bindingis enhanced atlowpH.

(a) Steady-state membrane binding of IM30 was measured using Laurdan fluorescence spectroscopy at pH 5.5
(red) and pH 7.6 (black). The Laurdan AGP at 100 pM lipid (40% DOPG/60% MGDG) with 0-6 pM IM30 was
strongly increased at pH 5.5. The membrane-binding affinity of IM30 at pH 7.6 is characterized bya Kqa = 9.8
+ 5.8,and at pH5.5 byaKq = 1.8 £ 0.4 (n = 3, error bars=SD). (b) Kinetics of IM30 binding (4.5 uM) toa solid-
supported bilayer (20% DOPG/80% DOPC) was monitored using QCM-D at pH 5.5 (red) and pH 7.6 (black),
respectively. Empty symbols represent the change in frequency (Af), filled symbols represent the change in
damping (AT'). At pH 5.5, faster binding kinetics reflected by the change in frequency Af wasobserved (n = 3,
error bars=SD).

IM30-mediated Membrane Fusion is Enhanced at Low pH

IM30 triggers the fusion of TM-mimicking model membranes, which is strictly Mg** dependent
[21,36,53]. As we observed changes of the IM30 structure at acidic pH that appear to berelated to the
structural changes caused by Mg>* binding [37], we wondered whether the membrane fusion activity

of IM30 is also pH-dependent.

Since sufficiently high concentrations of Mg”* aloneresult in fusion of liposomes containing anionic
lipids [21], we first analyzed the IM30-independent fusion propensities of the DOPG/MGDG (40/60)
liposomes at different pH values in presence of 15 mM Mg>*. Here, we observed a decreased fusion
when the pH was lowered from 7.6to 5.5 when 15 mM Mg** was present (Suppl. Figure S4), and no
fusion was observed at 7.5 mM Mg>". In stark contrast, the IM30-induced membrane fusion activity
in presence of 7.5 mM Mg”* was substantially higher at pH 5.5 than at pH 7.6 (Figure 5a).
Interestingly, IM30 was able to induce membrane fusion even in the absence of Mg”* at pH 5.5 (Figure
5a, b). However, addition of 7.5 mM Mg2+ to 2.5 pM IM30 further increased its membrane fusion
activity, outperforming the activity of 5 pMIM30 in absence of Mg**. Thus, Mg*>* clearly supports, but

is not mandatory for, IM30-mediated membrane fusion at pH 5.5.

239



Proton Leakage Is Sensed by IM30 and Activates IM30-Triggered Membrane Fusion

(a)
] 1.0 7 pH 7.6 pH 5.5
= A
= 10 =~ 08 -
= 3
=3 2
8 . % 06 -
2 s
6 05 - = 04
o o =
= z
4 w
% T 0.2 4
= 3
0.0 4 =
: . . . ; : 0.0
| T T T T 1 + + _ . + IM30
0 50 100 150 200 250 300
Time [s] * - + + - +  Mg*
(b)
1.0
- o,
= =
= =}
o w0
= =)
Fol 8
= ©
g g
2 -
a] 1 =
5] — E
Z 00 ==
T I T T U | I L | ' 1
0 50 100 150 200 250 300 05 25 5 25 25 25
Time [s] IM30 [uM] BSA [uM]

7.5 mM Mg?*

Figure 5. IM30-mediated membrane fusion is enhanced under acidic conditions.

(a) Liposome fusion was measured in presence of 2.5 pM IM30 and/or 7.5 mM Mg** by a FRET-based fusion
assay. No membrane fusion was observed in presence of solely 7.5 mM Mg>* at pH 5.5 or pH 7.6, respectively.
At pH 5.5 and in presence of 7.5 mM Mg?**, addition of 2.5 uM IM30 triggered increased membrane fusion
compared to pH 7.6. Notably, at pH 5.5, membrane fusion was observed even in absence of Mg**. The initial
fusion rates were calculated from the first 50 s. The curves represent the average of three independent
measurements (n = 3, error bars=SD). The colors of the fusion curves (left) are defined in the bar diagram
(right). (b) Increased liposome fusion was measured at pH 5.5 when the IM30 content was increased from 0.5
- 5 pM. Addition of 7.5 mM Mg** further enhanced the membrane fusion rate. Controls containing BSA instead
of IM30 did not show any membrane fusion activity. The curves represent the average of three independent
measurements. The initial fusion rate in the first 50 s was calculated for membrane fusion at pH 5.5 in presence
of 0.5-5 uM pM IM30, for 2.5 uM IM30 + 7.5 mM Mg** and for the corresponding controls using BSA instead
of IM30 (n = 3, error bars=SD). The colors of the fusion curves (left) correspond to the bar diagram (right).

DISCUSSION
The Structure and Membrane Interaction of IM30 is Modulated by a More Acidic pH

We here showthat a more acidic environment induces changes in the IM30 secondary and tertiary

structure (Figure 1, 2). While all observed changes were at least biphasic, not all followed the exact
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same pattern in the pH range between 7.6 and 2.6. The surface hydrophobicity changed almost
linearly between pH 6.7 and pH 4.2, as indicated by the increase in ANS fluorescence, whereas the
changes in the CD-spectrum are most pronounced at pH 5.5, and haveregained basically the original
shape at pH 4.0. Thus, the protein structure observed at around pH 5.5 further alters at pH values
below 5.5, most likely due to further protonation of particular amino acid side chains. While it
remains unclear what structureis actually acquired at pH 5.5, the protein potentially contains some
unconventional f-sheet structures, as, for example, described in McCubbin et al. [54]. Similar CD-
spectra with a shifted B-sheet minimum were, for example, observed when the structure of small
peptides was monitored upon pH changes or TFE treatment [55]. The intimate environment of Trp71
also changed in a biphasic manner when the pH was lowered, indicating a structural modification
involving theregion containing the coiled-coil forming helices 2 and 3 (Figure 2). Nevertheless, the
observed rather minor changes of the Trp fluorescence indicateno drastic changes of the protein’s

tertiary (and potentially quaternary) structure, such as protein denaturation.

The observed changes of the secondary structure (Figure 1, 3) and the increase in the surface

hydrophobicity (Figure 2) observed at low pH values, resemble structural changes observed
previously in presence of Mg2+ [37]. Since presence of Mg2+ is mandatory for IM30's fusion activity
(at physiological pH), weinvestigated to what extentan acidic pH influences the IM30 fusion activity.
Indeed, when lowering the pH frompH 7.6 to 5.5, IM30-mediated membrane fusion was dramatically
enhanced (Figure 5), which was not observed for Mg2 *-induced membrane fusion (Suppl. Figure S4).
Furthermore, at pH 5.5, membrane fusion was triggered by IM30 even in the absence of Mg2+,

showing that IM30 is already fusion-competent under these conditions (Figure5). This implies that

the alterations in the CD spectrum observed at this pH are not only similar to the ones observed in
presence of Mg2+, but also that possibly the underlying structural changes and thus the functional
consequences are similar. Thus, apparently both, protons and Mg2+, induce and/or stabilize a fusion-
competent conformation of IM30. As the divalent cation Mg2+ binds to IM30, potentially via
negatively charged amino acid side-chains, protonation of negatively charged amino acids of IM30

is not unexpected and appears to have similar effects as Mg2+-binding. However, protons appear to

be much more effectivein this aspect, since the structural changes are considerably more pronounced

upon lowering the pH than upon addition of Mg2+.

The enhanced fusion activity observed at acidic pH might be related to some extent to the increased
IM30 membrane-binding propensity, as observed via Laurdan fluorescence spectroscopy as well as
via QCM measurements. While membrane binding of IM30 is usually attributed to electrostatic

interactions with negatively charged lipids [21], our results here indicate a partial contribution of
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hydrophobic interactions to membrane binding. The increased proton concentration at lowered pH
induces increased exposure of hydrophobic patches (Figure 2), thereby promoting hydrophobic
interactions, leading to a higher membrane-binding affinity. On the other hand, increased proton
concentrationswill lead to a reduction of the membrane surface charge density, due to protonation of
the lipid PG. Thus, it seems that the exposure of hydrophobic surface area accompanying proton
binding outweighs the weakened electrostatic interactions between IM30 and the negatively charged

membrane.

Physiological Implications of a pH-responsive IM30 Structure and Function

Proteins of the PspA/IM30/LiaH family are involved in membrane stabilization in bacteria and
chloroplasts [29]. At least in E. coli and Yersinia enterocolitica, membrane defects and secretin
mislocalization are sensed by the membrane proteins PspB and C, which induce the phage shock protein
(psp) stress response via binding the effector protein PspA at the damaged membrane site, where it
can stabilizethe membrane [56]. Yet, not all bacteria expressing pspA encode the full psp response
system: e.g., in Streptomyces lividans the psp system only consists of a PspA homolog, which is also
crucial under stress conditions [57], giving rise to theassumption thatnot all PspA homologsrequire
PspB and PspC for being guided to membrane defects. The same appears to be true for IM30, as no
IM30-related PspB or PspC homologs have been identified in cyanobacteria or chloroplasts yet.

However, it still is enigmatic how PspA and IM30 ultimately stabilize membranes.

While PspA is suggested to maintain the proton motive force across the cytoplasmic membrane in a
large number of Gram-negative bacteria [1,3,19,56], IM30 is thought to be of special importance for
stabilizing TMs in chloroplasts and cyanobacteria [1,46,48]. Maintaining a ApH across the TM
networkin cyanobacteria as well as in chloroplasts is vital for energy production. In cyanobacteria,
the TM systemis a completely separated compartment [58], and due to proton translocation driven
by electron transfer reactions, the pH of the thylakoid lumen is much more acidic than the pH of the
cytoplasm. In the dark and at an external pH of about 7, the pH of the cyanobacterial cytoplasm is
between 7 and 8, whereas the pH of thethylakoid lumen is between 4.5 and 5.5 [59-64]. In the light,
the pH increases by at least 0.5 pH units in the cytoplasm, whilethe pH in the thylakoid lumen also
roughly decreases by 0.5 pH units, due to the uptake of protons into the thylakoid lumen and

extrusion of protons into the surrounding medium [65,66].

Cyanobacteria and chloroplasts need to constantly maintain a stable proton gradientacross the TV,
which involves preserving the integrity ofa TM system. However, due to curvature stress and light-
induced oxidative stress the TM system is prone to get destabilized or even damaged. In fact, IM30
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appears to be of special importance for stabilizing the TM systemin chloroplasts and cyanobacteria
[1,46,48]. We here show that the structure of IM30 is pH sensitive, with a maximum effect on the
IM30 structure observed in the range of pH 4 to 5 (Figure 1 and 2). Yet, IM30 is localized in the
chloroplast stroma and cyanobacterial cytoplasm, respectively, with a fraction bound to the
cytoplasmic face of the TM and the cytoplasmic membrane or inner envelope membrane in
cyanobacteria or chloroplasts, respectively [28,67]. Thus, IM30 typically experiences pH values

between 7 to 8.

However, defects in the TM system will result in protons leaking out of the TM lumen into the
cytoplasmic space, leading to a spatio-temporal accumulation of protons in close proximity to the
leak. We here suggest that IM30 “senses” and “repairs” such TM defects by changing its structure if
located nearby areas of the TM where the proton concentration is locally increased. Although we
cannot yet provide a detailed molecular mechanism, we show here that a decreased pH results in
rearrangements of the IM30 structure (Figure 1 and 2). Most likely, acidificationleads to protonation
of ionizable amino acid side chains, which likely affects intra- and intermolecular electrostatic
interactions aswell as the protein’snet surface charge [68]. The responsible pH-sensitive amino acids
are hard to predict without a crystal structure of the protein, especially considering potential large
pKa shifts of (buried) amino acids in proteins [68]. Nevertheless, the observed structural alterations
clearly enhance the IM30 membrane binding affinity (Figure 4), which could result in preferential
binding of IM30 to defect TM regions. How exactly IM30 stabilizes the defect membrane regions upon
binding is currently unclear. Accumulation of IM30 at defined membrane regions has been observed
in vivo, and it has been hypothesized that IM30 (as well as PspA) rings disassemble on membrane
surfaces to form membrane-protective clusters [18,26,29]. However, experimental evidence

supporting (or challenging) this hypothesis is missing thus far.

We here additionally show that the membrane fusion activity of IM30 is strongly enhanced at pH
5.5, even in the absence of Mg2+ (Figure 5). While it is reasonable to expect that an increased
membrane-binding affinity results in an increased membrane fusion activity of IM30, membrane
fusion and membrane protection would actually contradict each other at fir st glance, as membrane

fusion requires partial membrane destabilization.

Then why should the IM30 membrane fusion activity get “activated” at defective membrane
regions? We suggest that membrane sealing/repair at these defective regions involves membrane
fusion. At pre-destabilized membrane regions, the energy cost for lipid reorientation is significantly
lowered. Thus, itis reasonable to expect an increased fusion activity of IM30 especially at these sites,

where IM30 is crucially involved in sealing the membrane leak. Membrane fusion might function as
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an active membrane repair mechanism: IM30 binds to defective and/or stressed membrane regions
and fuses an intact membrane patch to this area to seal the defect. Nevertheless, the general
mechanism of TM repair in vivo still is largely unknown. Yet, a similar physiological role has e.g.,
been suggested for the fusion activity of thedynamin-like protein DynAin B. subtilis, when cells are
stressed by pore-forming agents, such as nisin or phages [69,70]. Similar to PspA and IM30, DynA
aggregates to punctated foci invivo, which are regions where membranes are supposed to be sealed.
Spatio-temporal TM defects result in locally increased proton concentrations at defined TM
regions. Due to a locally decreased pH, the IM30 structure rearranges, resulting in an increased
membrane-binding affinity. Thus, the spatio-temporal dropin the pH enhances preferential binding

of IM30 toleaky membraneregions. Thelowered pH also renders IM30 more fusion competent, and

IM30 seals defect membrane regions, which involves membrane fusion processes.

MATERIALS AND METHODS
Cloning, Expression, and Purification of IM30

IM30 of Synechocystis sp. PCC 6803 was heterologously expressed in Escherichia coli BL21 DE3 and
purified as described [11,13,21,37].In short, after expression, cells were lysed via sonificationin lysis

buffer (50 mM Na-Phosphate, 20 mM imidazole, 300 mM NaCl pH 7.6). The lysate was cleared by

centrifugation and the supernatant was applied to a Ni2+-NTA affinity column. The column was
washed with increasing concentrations of imidazole and the protein was eluted with 500 mM
imidazole. The elution fractions were pooled and the buffer was exchanged to 20 mM HEPES pH 7.6

by dialysis or gel-filtration (Sephadex G25).

Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were measured using a JASCO ]J815 CD spectrometer (JASCO
Corporation, Tokyo, Japan). Spectra ranging from 190 to 260 nm were recorded at 20 °C with a scan
rateof100 nm/min, 1 nmsteps and 1 s data integration time. Each sample contained 0.1 mg/mLIM30
and 10 mM HEPES buffer pH 7.6 or a mixture of HEPES buffer and phosphate buffer (pH 2.2) for
each tested pH valuein therangeof pH 7.6 to 2.6. The samples were incubated for atleast 15 min at
room temperature. For each sample, three spectra were averaged and smoothed by the JASCO

software package (Savitzky-Golay filter), if necessary. For quantification of the spectral change, the
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spectra were fitted with three gaussian peaks, using the Multi-PeakFit function of Origin2019

(OriginLabs), which rendered values for the center of the peak and the peak areas.

ANS Fluorescence Measurements

If not mentioned otherwise, all fluorescence measurements were performed using a FluoroMax- 4
fluorimeter (Horiba Scientific, Kyoto, Japan) with an integration time of 0.1 sat 25 °C. For the ANS
fluorescence measurements, 1 pMIM30 was mixed with 7.5 uM 8-anilinonaphthalene-1-sulfonic acid
(ANS) (Sigma-Aldrich, Munich, Germany) in a mixture of 20 mM HEPES buffer (pH 7.6) and
phosphate buffer (pH 2.2), resulting in samples with pH values ranging from pH 7.6 to 2.6. The
samples were incubated in the dark for at least 15 min at room temperature. The excitation
wavelength was 370 nm (slit widths4 nm), the emission wavelength ranged from 400 to 650 nm (slit
widths 4 nm). Fluorescence intensities of at least three independent measurements were averaged

and spectra of ANS in therespective buffer in absence of the protein were subtracted.

Trp Fluorescence Measurements

1 pM IM30 were incubated in buffer (pH 2.6 - pH 7.6) for 2 h at 25 °C. Trp fluorescence was measured
at 25 °C from 300 to 450 nm (slit width 3 nm) upon excitation at 280 nm (slit width 3 nm). The

measurements were performed using a Fluoromax-4 spectrometer (Horiba Scientific, Kyoto, Japan).

Liposome Preparation

The lipids DOPG (1,2-dioleoyl-sn-glycero-3-phosphoglycerol), DOPC (1,2-dioleoyl-sn-glycero- 3-
phosphocholine), MGDG (monogalactosyldiacylglycerol) and the fluorescently labeled lipids NBD-
PE (1,2-distearoyl-sn-glycero-3-phosph oethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) and
LissRhod-PE (Lissamine Rhodamine PE; 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(Lissamine Rhodamine B sulfonyl) (ammonium salt)) were purchased from Avanti Polar Lipids, Inc.
(Birmingham, AL, USA). For liposome preparation, lipids were dissolved in chloroform/methanol
(2:1, v/v). The organic solvent was evaporated under a gentle stream of nitrogen gas followed by
overnight vacuum desiccation to remove any traces of solvent. Unilamellar liposomes were prepared
by rehydration of the driedlipid film with the corresponding buffer and five cycles of freeze-thawing.
For use in QCM measurements, the rehydrated lipid film was subsequently sonified with a tip-

sonicator in an ice bath followed by centrifugation (10 min 16,500 g) to produce smaller liposomes.
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For theliposome fusion assay, theliposomes were instead extruded 15 times through a 100 nm filter,

using an extruder from Avanti Polar Lipids, Inc. (Alabaster, AL, USA).

Laurdan Fluorescence Measurements

Laurdan (6-dodecanoyl-N,N-dimethyl-2-naphthylamine) is a fluorescent dye that incorporates into

lipid bilayers. Its fluorescence is sensitive to changes in the polarity of the environment and is

therefore used to report changes of the membrane fluidity. In order to quantify the spectral changes,

the Generalized Polarization (GP) value defined by [71] is calculated for each spectrum.
L440-1400

GP=
L440+1490

1)
Here, I140 and 490 are the fluorescence emission intensities at 440 and 490 nm, respectively.

Laurdan (Sigma, Taufkirchen, Germany) was added to the dissolved lipids MGDG/DOPG (40:60,
w/w) in a molar ratio of1:500. Unilamellarliposomes were prepared as described before. To analyze
the effect of acidic pH on binding of IM30 to theliposomes, 0 - 6 uM IM30 and 0.1 mM liposomes in
the corresponding buffer were mixed and incubated for 30 min in the dark at 25 °C. Buffers with
different pH were prepared by mixing appropriate portions of 20 mM HEPES (pH 7.6) and 50 mM

sodium acetate buffer (pH 4.8).

The fluorescence emission spectra wererecorded at 25 °C on an FP8500 (JASCO Corporation, Tokyo,
Japan) from 400 to 600 nm with excitation at 350 nm. The slit width was set at 2.5 nm for excitation

and emission of Laurdan.

Membrane Fusion Assay

The influence of acidic pH on IM30-triggered liposome fusion was measured using a FRET- based
assay, as described earlier [21,72]. Unlabeled liposomes were mixed in 10-fold excess with labeled
liposomes containing two fluorescent dyes that form a FRET pair. Upon fusion of labeled with
unlabeled liposomes, the FRET dyes redistribute over the membrane and consequently FRET
decreases, resulting in increasing donor emission intensity. To simulate complete membrane fusion,

liposomes containing only 1/10 of the fluorescently labeled lipids were used as a positive control.

To analyze the spontaneous fusion of MGDG/DOPG (40:60, w/w) membranes in absence of IM30,

membrane fusion was induced via addition of 15 mM MgZ2+. For the IM30-dependent membrane
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fusion assay, 2.5 pM IM30, 0.1 mM liposomes (MGDG/DOPG, 40:60, w/w) and 7.5 mM Mg2+ were
used. All components were dissolved in an appropriate mixture of 20 mM Hepes (pH 7.6) and 50 mM

sodium acetate buffer (pH 4.8).

The measurements were performed using a Fluoromax-4 spectrometer (Horiba Scientific, Kyoto,

Japan). The IM30-containing solutions were preincubated with Mg2+ for about 5 min. After fast
mixing of all compounds, the measurement was started immediately. Upon excitation of the FRET-
donor NBD-PE at 460 nm, the donor emission was monitored at 525 nm over 300 s at 25 °C. The slit

widths for excitation and emission were set at 5 nm.

The raw fluorescence data was converted to a fusion rateby equation 2, using the intensities of the

negative control (Ip), positive control (Iy) and the measured sample (I) at every pointin time t.

The initial fusion rate was determined by the slope of the fusion curve over thefirst 50 s.

I-1,

NBD (t)= )

In-Io

Quartz Crystal Microbalance

For QCM measurements, only degassed buffers were used. QCM chips were cleaned with 30 mM
EDTA, 2% SDS followed by 1 M NaOH. Then the chipwas rinsed with water and dried with nitrogen.
Prior to the measurement, the chip was treated with an ozone plasma cleaner for 20 s to remove any
organic contaminations. Fifty microliters of a liposome suspension (1 mM lipid, 80% DOPC 20%
DOPG (w/w)) was mixed with 450 pL.20 mM HEPES + 5 mM CaCl,. A SiOz-coated QCM chip (3T
Analytik, Tuttlingen, Germany) was calibrated with the QCM device (3T Analytik, Tuttlingen,
Germany). To produce an SLB on the SiO: surface, the chip was washed with HEPES buffer. Next,
150 pL of the liposome suspension was pumped on the chip (60 pL/min). After completion of
liposome spreading (i.e., when the frequency shift reached a constant level with a damping signal
close to zero), the chip was washed again with HEPES buffer (pH 7.6) or HEPES/acetate buffer (pH
5.5) (150+300 pL; 60 pL/min). To start the measurement, 150 pL IM30 wt (4.5 pM in HEPES buffer
or HEPES/acetate buffer was pumped on the SLB (60 pL/min). The pump was stopped and binding

of the protein was monitored over ~3500 s.
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ABSTRACT

Members of the phage shock protein A (PspA) family, including the inner membrane-associated
protein of 30 kDa (IM30), are suggested to stabilize stressed cellular membranes. Furthermore, IM30
is essential in thylakoid membrane-containing chloroplasts and cyanobacteria, whereit is involved
in membrane biogenesis and/or remodeling. While it is well known that PspA and IM30 bind to
membranes, the mechanism of membrane stabilization is still enigmatic. Here we report that ring-
shaped IM30 super-complexes disassemble on membranes, resulting in formation of a membrane-
protecting protein carpet. Upon ring dissociation, the C-terminal domain of IM30 unfolds, and the
protomers self-assemble on membranes. IM30 assemblies at membranes have been observed before
in vivo and were associated to stress response in cyanobacteria and chloroplasts. These a ssemblies
likely correspond to the here identified carpet structures. Our study defines the thus far enigmatic
structural basis for the physiological function of IM30 and related proteins, including PspA, and
highlights a hitherto unrecognized concept of membrane stabilization by intrinsically disordered

proteins.

INTRODUCTION

The inner membrane-associated proteinof 30 kDa (IM30), also known as vesicle inducing proteinin
plastids (VIPP1), is a protein conserved in chloroplasts and cyanobacteria, where it is involved in
thylakoid membrane (TM) biogenesis and/or maintenance' ™. A striking feature of IM30 protein
family members is the ability to form large homo-oligomeric super-complexes with masses
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exceeding 1 MDa'®"'®, With transmission electron microscopy (TEM), a ring-like organization with a
distinct spike architecture has been observed for these complexes'®. Besides ring structures, rod-like
particles have also been observed that might form via ring stacking'®*. Although no high-
resolution structure of IM30 is currently available, the IM30 structure appears to resemble the
structure of its supposed ancestor, the bacterial phage shock proteinA (PspA)"'®2°. For both protein
monomers, six a-helical segments havebeen predicted. In addition, IM30 contains an extra helix at
its C-terminus. A coiled-coil hairpin structure of two extended helices (helices 2 and 3) likely
represents the structural core of both, PspA and IM30%°. The structure of this fragment has recently
been solved and was used as a template for the prediction of the IM30 full-length tertiary structure”.
IM30 binds to membranes, where it forms assemblies, as it has been observedin in vivo studies with
GFP-labeled IM30. In cyanobacteria and chloroplasts, such assemblies form dynamically at TM

margins®!!

. It has been proposed that these assemblies are involved in membrane
protection/stabilization**°, due to the membrane protective effects of IM30 observed in Arabidopsis
thaliana chloroplasts”'®'>'*, Importantly, the IM30 rings can adsorb to negatively charged
membranes'?, albeit the formation of large ring structures is clearly not crucial for membrane
binding in vitro, as small IM30 oligomers bind to negatively charged membranes with even higher
affinity than IM30 rings?’. Therefore, the interaction of IM30 with membranes may
thermodynamically drive ring disassembly on membrane surfaces and thus entail disassembly of

IM30 rings on the membrane surface. However, the question whether and how IM30 rings may

disassemble during membrane interactionis completely unsolvedso far.

Here we show that IM30 rings disassemble on membrane surfaces upon binding, and disassembly
of IM30 rings involves unfolding of the predicted helices 3-7 located in the C-terminal half of the
protein. Intrinsically disordered IM30 can bind with high affinity to membrane surfaces where

protomers assemble to form a surface-covering carpet structure that stabilizes membranes.

RESULTS
IM30 super-complexes disassemble upon membrane binding and rearrange into carpet -like structures

Supporting the hypothesis that IM30 rings undergo a structural rearrangement upon membrane
binding, we observed differences in the trypsin-digestion pattern of IM30 in absence vs. presence of
phosphatidylglycerol (PG)-containing liposomes (Supplementary Fig. 1). Yet, these observationsdo
not allowto clearly discriminate between rearrangements of the IM30 structure, shielding of IM30
regions due to membrane binding, or a combination of both. To probe potential ring disassembly
upon membrane binding more directly, we next employed the FRET signal established between CFP
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and Venus-labeled IM30 monomers incorporated in IM30 rings. While we observed decreasing FRET
in the presence of PG liposomes (Fig. 1a), indicating a change in the relative distance between
individual monomers upon membrane binding, these FRET changes remained minor and leveled off
at high lipid concentrations. Thus, some structural changes potentially occur, possibly limited

disassembly; yet, on average the monomers appear to stay in close contact on the membrane surface.

To visualize IM30 bound to PG supported lipid bilayers (SLBs), we next used Atomic Force
Microscopy (AFM). While the expected ring structures were apparent when IM30 WT was bound to
a mica surface (Supplementary Fig. 3a/b), flat carpet-like structures became visible on the
membrane surfaces after incubating a PG bilayer with IM30 WT (Fig. 1a). These structures cover an
area of several hundred nm?, havea rough and uneven surface, and a height of 0.7-1.9 nm (average
height: ~0.9nm). As IM30 rings havea height of 13-15 nm ', these carpets do clearly not form simply
vialateral association of multiple IM30 rings on a membrane surface, again suggesting disassembly
of membrane-bound IM30 rings into smaller oligomers and their rearrangement on the membrane
surface. To investigate whether the formation of the observed carpet structures requires the
preceding formation of IM30 rings, we made use of an oligomerization-impaired mutant (IM30%).
At suitable NaCl concentrations, IM30* exclusively forms dimers (Supplementary Fig. 2). Since the
IM30* carpets arealike those formed by the WT protein, we conclude that carpet formation by IM30
does not per se require ring formation (and subsequent dissociation) (Fig. 1.b). Noteworthy, carpet
formation was not observed when IM30 WT or IM30* were incubated on mica surfaces, i.e., in
absence of a membrane (Supplementary Fig. 4). As cyanobacterial and chloroplast membranes
typically contain about 40% negatively charged membrane lipids '°, we additionally analyzed the
formation of carpet structures on PC: PG (60:40) membrane surfaces (Supplementary Fig. 5). Yet,
IM30 WT, as well as IM30*, disassemble and form carpet structures, also on this membrane surface,
excluding the possibility that the observed carpet-formation was induced by the highly charged

membrane surface.
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a FRET was measured using IM30 rings containing both, IM30-CFP and IM30-Venus monomers (red). The
normalized relative fluorescence intensity (see “Methods”) is plotted against the DOPG concentration. The
intensity decreases with increasing DOPG concentrations, indicating an increasing average distance between
the monomers upon interaction with membranes. Noteworthy, the fluorescence characteristics of the
fluorophores alone change only slightly upon membrane binding, resulting in an apparently altered FRET
(black). The error barsrepresent SD, n = 5.b The structure of IM30 WT and IM30* bound on a PG bilayer was
imaged via AFM (the false-color ruler indicates the heights in the images). Both IM30 variants form carpet-
like structures. The height-profiles (white section lines in the images) of the carpet-like structures indicate
similar heights of IM30 WT (black line) and IM30* (red line) carpets. Determined heights are in the range of
0.7-1.9 nm). Single coherent IM30* carpets have increased dimensions, which leads to edges appearing
rounder than the fractal-like shape of IM30 WT carpets. Scale bar: 1 um (upper panel) and 3 um (lower
panel). c IM30 appears to initially bind to the membrane as a ring, followed by disassembly into small
oligomers/monomers and rearrangement to a carpet-like structure. The ring structure was taken from
EMD:3740(19). d ACMA fluorescence was used to monitor proton flux across DOPG membranes. Untreated
liposomes were slightly permeable for protons (positive control, dark gray), whereas DOPG liposomes have
high proton permeability in presence of 6% isopropanol (negative control, light gray). Lysozyme, which was
used as a control (cyan), had no effect on the proton permeability. In presence of IM30 WT (black), the proton
permeability of isopropanol-treated DOPG liposomes was reduced. This effect was much stronger in presence
of IM30* (red). For quantitative analysis, the initial slope of the fluorescence changes was evaluated. Error
bars represent SD (n = 3).eLipid-binding of IM30 WT (black) and IM30* (red) to PG liposomes was
determined via monitoring Laurdan fluorescence changes. IM30* affects the Laurdan fluorescence emission
characteristics (AGP) much faster than the WT protein. Error bars represent SD (n = 3).
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IM30 carpets protect destabilized liposomal membranes

Due to the importance of IM30 for TM maintenance, we wondered whether formation of the carpet
structures might have functional consequences, e.g., for the membrane integrity. We therefore
compared the ability of IM30 WT super-oligomeric rings vs. IM30* dimers to maintain a proton
gradient across a membrane, using a fluorescence-based protonleakage assay. Here, proton flux into
the liposomes was measured as a decrease in ACMA fluorescence***°. Only a small proton flux was
measured with untreated PG liposomes (control, Fig. 1d), whereas addition of 6% (v/v) isopropanol
weakened the membrane integrity considerably and increased the proton permeability of the
liposomal membranes (negative control, Fig. 1d). Addition of IM30 WT and IM30* led to a reduced
proton permeability of the liposomes, with IM30* showing enhanced reduction, possibly because the
energetic cost of disassembly did not have to be paid. When we compared membrane binding of
IM30* with IM30 WT rings over 20 min, the binding kinetics between the two proteins differed (Fig.
le). Binding of the dimeric IM30* reached equilibrium earlier than the WT protein. This indicates
that membrane binding of IM30 WT rings is slower than binding of smaller IM30* oligomers. The
faster binding of IM30* could just be due to alarger number of particles adsorbing to the membranes
compared to the rings, at identical monomer concentration. Only upon ring disassembly, full
membrane adsorption of IM30 WT monomers is accomplished. Taken together, the interaction of
IM30 with negatively charged membranes involves an initial membrane-binding step (potentially
involving minor structural changes and ring destabilization), subsequent ring disassembly and

rearrangement to carpet structures that forma protectivelayer on the membrane.

IM30 is highly flexible when not organized in super-complexes

As the dimeric IM30* protein appears to be hyper-functional in the proton leakage assay (Fig. 1d),
we next elucidated the structureand shape of small IM30 oligomers using SAXS (small-angle X-ray
scattering) coupled to size exclusion chromatography (SEC-SAXS). The SEC elution profile and the
averaged scattering intensity confirmed a high sample homogeneity (Fig. 2a/b and Supplementary
Fig. 10a). Analysis of the SAXS data resulted in a molecular mass of 63.2+5.2 kDa, expected for an
IM30* dimer (Supplementary Fig. 10a). We obtained a radius of gyration of 6.13+0.05 nm and the
pair distance distribution yielded a Dmax of 26 nm (Fig. 2c and Supplementary Fig. 10b), indicating
that IM30* adopts an elongated shape. When we compared our SAXS data with the structures of
other proteinsin a dimensionless Kratky-plot, it became apparent that IM30* does not havea well-
defined, compact and spherical shape, but an extended and somewhat flexible structure with a high

content of unstructured regions (Fig. 2d). Indeed, CD analyses showed that ~40% of IM30* is
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unstructured. In contrast, theIM30 WT protein has an a-helix content of ~80% (Fig. 2e/f), in line

with the IM30 structural model proposed by Saur et al."’.
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FIGURE 2

a The average SAXS intensity (red dots) is compared to the normalized absorbance at 280 nm (blackline) over
the whole elution volume. b The scattering intensity after buffer subtraction was plotted against the scattering
angle q. The red line represents the fit of the data for the pair distance distribution analysis by GNOM
() = 1.0392). ¢ The pair distance distribution analysis in the range of ¢ = 0.0929-7.2965 nm™" and forcing to O
at Dmax = 26 nm gave Ip = 601.3 +4.5cm™"and Ry = 6.86 + 0.07nm (total quality estimate from GNOM
0.59).d A dimensionless Kratky-plot was used to compare the scattering data obtained with IM30* and other
proteins. Apparently, the Kratky curve of IM30 dimers lies in between the curves of the unfolded lysine
riboswitch protein and the Plakin domain of Human plectin, which has an extended protein shape, clearly
implying an extended and somewhat flexible structure of IM30* dimers. The dashed line indicates q*Rg=3-
vq*Rg=3.Black dots: Lysozyme (SASDA96)". Red dots: Plakin domain of human plectin (SASDBC4)*. Green
dots: Unfolded lysine riboswitch (BIOISIS ID:2LYSRR)*. Blue dots: IM30*. e The CD spectrum of IM30* (black
squares) showed the typical characteristics of a mainly a-helical protein,i.e., pronounced minimaat 222 and
208 nm. Yet, the amplitudes of the minimaat222 nm and 208 nearly doubled upon addition of 8 M TFE (red
circles), which isknown to induce a-helical structures in proteins/ peptides. Thisimplies that IM30* is highly
unstructured. Error barsrepresent SD (n = 3).f The amplitudes of the minimaat 222 nmand 208 nm of IM30
WT (black squares) only slightly increase upon addition of TFE (red circles), confirming the expected high
content of a-helical structures. Error barsrepresent SD (n = 3).Based on the CD-spectra, the a-helix content
of IM30* (e) was calculated to be ~57%, which is considerably lower than the reported and predicted a-helix
content of IM30 WT of ~80%'®'""'®, In presence of TFE, both proteins reach about 100% a-helix content.

IM30 dimers have a disordered N-terminus and C-terminal domain

To assess theinherent structural flexibility of IM30* dimers in greater detail, we carried out limited
proteolysis and observed a single stable IM30 fragment of ~17 kDa, which contained parts ofhelix 1

to approximately halfofhelix 4 (Fig. 3a). In conclusion, helix 1 and helix 4-7 appear to be flexible in
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the IM30 monomer, whereas helices 2 and 3 form a stable structure. To more clearly define the
disordered regions, we next used hydrogen-deuterium exchange (HDX) measurements coupled to
LC-MS on the IM30* and IM30 WT proteins. The results were mapped on the structural model of
the monomer suggested by Saur et al.'® (Fig. 3b). The HDX data confirmed that helices 2 and 3a in
the suspected stable core region indeed exhibited only weak H/D exchange in both IM30 WT and
IM30*. As expected, the flexible linker between helix 6 and 7 showed high H/D exchange in both
variants, as did helix 7 (Supplementary Fig. 8a/b). The major structural difference between IM30*
and IM30 WT lies in the region of the predicted helices 1, 3b, 4, and 5/6, where the WT protein
showed less H/D exchange than the mutant (Fig. 3b and Supplementary Fig. 8). Likely, IM30* has
an unstructured N-terminal domain (helix 1) and a mostly unstructured C-terminal domain (helices
3b-7), in excellent agreement with the limited proteolysis data (Fig. 3a). Indeed, using CD and 1D-
"H-NMR spectroscopy of the isolated IM30_H3b-7 fragment, we could confirm that this region is
completely unstructured (Supplementary Fig. 9). Hence, IM30* dimers have an unstructured C-
terminal domain, while IM30 is highly structured when organized in higher-ordered (ring)
structures (Fig. 2e/f and Supplementary Fig. 8b). Thus, as IM30 WT forms nearly exclusively large

17,19

super-complexes in solution ", the formation of such higher-ordered structures appears to induce

folding of otherwiseintrinsically disordered IM30 regions.

To generate a structural model of IM30 monomers that includes the highly flexible nature of the
IM30* C-terminus, we used a fragmentation-based modeling approach based on SAXS envelopes,
starting from the structural model described in Saur et al.'®. The SAXS envelopes were calculated as
described in detail in Supplementary Fig. 10. We used the available X-ray structure of the PspA helix
2/3 fragment®® as a rigid structural core and rendered the remaining parts of the structure as highly
flexible and/or unstructured (as identified above). The resulting models and their respective SAXS
envelopes are shown in Supplementary Fig. 12. All envelopes used are compatible with the
experimental scattering pattern, fitting to a similar degree, and thus all calculated conformations
likely represent actual IM30* dimer structures. Each envelope can be considered as a snapshot of
one possible conformer, indicating enormous flexibility in the dimer interfaceregion. In Fig. 4d, the
intrinsic flexibility is visualized by superimposing individual monomers from each SAXS-model,

aligned at the structured core (helices 2+3) of the respective monomers.

To define the IM30 regions that mediate dimer formation, we next used SEC coupled multi-angle
laser light scattering (SEC-MALS) and determined the oligomeric state of two truncated IM30
versions, representing the stable structural core (helices 2+3; IM30_H2-3a) and the intrinsically
disordered C-terminus (helices 3b-7; IM30_H3b-7) (Supplementary Fig. 13). While IM30_H3b-7

likely formed dimers, IM30_H2-3a exclusively formed monomers under our experimental
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conditions. Thus, IM30* dimerizes via residues located in the C-terminal domains, in line with our
dimer models (Supplementary Fig. 12), whereas the N-terminal region could mediate membrane
interaction.In fact, stable membrane interaction of the isolated helix 2/3 fragment has been
demonstrated recently>’. Based on our dimer models (Supplementary Fig. 12), the flexible linker
between the regions assigned as helix 6 and 7 in the model predicted by Saur et al.'?, appears to be
crucially involved in mediating contacts between two adjacent monomers. To validate the predicted
role of this region in IM30* dimerization, we createdan IM30* variant where Ala227, located in the
extended linker between helix 6 and 7 (compare Supplementary Fig. 2a), was mutated to Cys. This
mutant ran as a dimer on SDS gels after purification (Fig. 3c), which indicates that the regions
between helix 6 and 7 of two adjacent monomers are indeed in close contact in IM30* dimers.
Noteworthy, also the IM30 WT protein formed covalently linked dimers, when we introduced the
A227C mutation into theIM30 WT sequence (Fig. 3¢). Thus, when not arranged in super -complexes,
(atleast) IM30 dimers havean intrinsicallydisordered C-terminal domain thatclearlyisinvolved in
protein dimerization (as shown here). Furthermore, at reduced salt concentrations, this domain can
also form higher-ordered oligomers (Supplementary Fig. 13c), and thus the isolated disordered
region likely has multiple positions for binding other IM30 proteins, which facilitates self-assembly

on membranes.
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a Limited proteolysis of IM30*: IM30* was incubated with the endoproteinase GluC at different enzyme-to-
substrate ratios for 30 or 60 min, respectively. The peptide patterns were analyzed via SDS-PAGE. The band
highlighted with a black box was analyzed by mass spectrometry. Below, the predicted secondary structure of
IM30 is shown, whereby each box represents an a-helical segment. After treatment with endoproteinase GluC,
a stable helix 2/3 fragment was identified (with a sequence coverage of ~60%). For more details, see
Supplementary Fig. 7b The difference of relative HDX between IM30* and IM30 WT after 10 s mappedon the
predicted IM30 monomer structure revealed an increased flexibility of helix 1 and helices 3a-5/6 of IM30*
compared to the WT. A large part of helix 7 and the linker region between helix 7 and 6 is highly flexible in
both variants. Dark gray regions mark sites where no peptides were detected in the HDX experiment, and thus
no data is available. (For more details see Supplementary Fig. 8).c SDS-PAGE analysis of A227C mutants of
IM30 WT and IM30* in absence of reducing agents. d IM30 monomer models generated based on the SAXS
datawere aligned at helix 2 and 3a to visualize the flexibility of the C-terminal region. Helices 2 and 3a (amino
acids 26-144) are depicted in gray, the C-terminal amino acids 145-267 (H3b-7) are colored in green, and
aminoacids1-25 (H1) inred. The N-terminal region (red) fillsa small volume, starting from the rim between
helix 2 and 3 with an only small overlap between the N-terminal and the C-terminal regions. However, the C-
terminal region (green) nearly fills the entire conformational space at the end of the structural core, with
higher accumulation at the very end of helix 3a.

DISCUSSION

The core structure of IM30 proteins is the coiled-coil formed by the helices 2 and 3'>'*2%!, This
structure is stable even in the isolated, monomeric helix 2-3a fragment®’; thus, no additional

interactions with other parts of the protein are required for secondary and tertiary structure
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formation of this fragment. In contrast, the isolated C-terminal region comprising helix 3b-7 is
largely unstructured, albeit capable of forming stable dimers. If combined in the full-length WT
protein, large oligomeric rings form, in which also the helix 3b-7 region appears to be mostly a-
helical (Supplementary Fig. 8b). Thus, folding and homo-oligomerization of the h3b-7 region are
interconnected, and inter-molecularinteractions within the oligomer appear to induce the formation
of a-helices. This interconnection is supported by the observation that the C-terminal region of the
oligomerization-incompetent mutant IM30* remains unstructured even in the full-length protein,
most likely because stabilizing interactions with neighboring protomers are largely reduced.
Actually, the structure of the full-length IM30* protein resembles the sum of the two WT fragments.
Thus, it is reasonable to assume that also in the full-length WT protein the C-terminal region is

largely unstructured when the protein is not part of IM30 super-complexes.

While the isolated C-terminal region of IM30 oligomerizes, assembly of IM30 ring super-complexes
involves additional interactions between other IM30 regions. In fact, we recently observed that the
isolated helix 2/3 coiled-coil does have an intrinsic propensity to dimerize®® but does not form
higher-ordered super-complexes. Thus, interactions involving both, the helix 2-3 coiled-coil as well

as (atleast) theregion containing helices 4-6, arerequired for ring formation®’.

Likely, the residues of the conserved FERM cluster located in helix 4 are crucially involved in
mediating and/or stabilizing contacts between adjacent IM30 protomersin the ring. Weakening (or
abolishing) these contactsvia mutation of these residues has now enabled us to analyze the structure
and activity of small IM30 oligomer, i.e., IM30* dimers. While the structure of the helix 2-3 core is
mostly unaffected when the dimers are compared with the super-complexes (see Fig. 3b), the
structure of the C-terminal helices 4-7 dramatically differs when IM30“* monomers are not part of
ring super-complexes. While the introduced Ala residues were expected to further promote a-helix
formation®?, the C-terminal part of the here analyzed variant remains completel y unstructured (Fig.

3).

Yet, the dimeric IM30* protein shows faster membrane binding and more efficient membrane
protection thanthe WT protein (Fig. 1d/e). Thisobservation is perfectly in line with the recent notion
that the isolated helix 2-3 coiled-coil effectively binds to membrane surfaces®. As this coiled-coil is
buried and involved in protomer-protomer interactions when IM30 monomers are part of higher-

ordered ring structures'~°

, theWT protein can efficiently bind to membrane surfaces only upon ring
disassembly. This crucial step in carpet formation is not required anymore in case of the dimeric
IM30* protein, where the helix 2/3 coiled-coil is readily exposed to facilitate membrane binding.

However, membrane binding of the helix 2-3 coiled-coil alone does not result in membrane
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protection, but rather in membrane destabilization®. This strongly suggests that the C-terminus is
mainly responsible for the membrane protecting activity of IM30, in line with the observation that
the isolated C-terminus oligomerizes (Supplementary Fig. 13a). As shown here, IM30-mediated
membrane protection is associated with the formation of carpet-like structures on the membrane
surface (Fig. 1). These carpets formvia association of IM30 protomers on the membrane surface, but

notin solution, andinvolveinteractions between the disordered C-terminal regions.

Disordered protein domains exhibit anincreased surface area for interaction, which can be beneficial
for interaction with multiple binding partners. Self-assembling IDPs (intrinsically disordered
proteins) can form higher-ordered protein complexes, where disordered protomers undergo

binding-induced folding during super-complex formation?*?***>

, which also appears to be the case
when IM30 rings form in solution. Vice versa, IM30 rings appear to disassemble upon membrane
binding and condensateinto extended carpets on the membrane, which again requires interactions
between the disordered C-termini. Noteworthy, while not observed here, carpet formation could also

involve partial structuring of this region.

Protein self-assembly on membrane surfaces, resulting in membrane-covering protein structures,
has been observedbefore, e.g. in case of Alzheimer’s or Parkinson’s disease®®?. Yet, here formation
of protein assemblies on membrane surfaces results in membrane destabilization and rupture. In
contrast, IM30 carpets suppress proton leakage in liposomes and thereby maintain the integrity of
membranes, as previously suggested for its ancestor PspA, which is thought to form scaffold-like
structures to cover large membrane areasand prevent leakage®®*. Theidea of IM30 and PspA having
similar membrane stabilizing functions is in agreement with the observation that IM30 can
functionally complement E. coli pspA null mutants*’. This finding is also in line with the observation
that IM30-overexpressing Arabidopsis thaliana strains display improved heat stress recovery™ and
that IM30 forms large assemblies at TMs in cyanobacteria under stress conditions™". These
assemblies, which likely correspond to the IM30 carpet structures observed in the present study,
have been identified in vivo to dynamically localize, preferably at stressed TM regions®. In fact,
dynamic self-assembly is typically observed with IDPs, often involving liquid-liquid phase
separation®**"*% In contrast to the formation of membrane-less organelles in cells, induced by liquid-
liquid phase separation of IDPs, demixinginto a condensed and a protein-light fraction (i.e. carpets
and unassociated but membrane-attached protomers) appears to take place on the membrane
surface in case of IM30. Restricting protein-protein interaction to the membrane surface limits the

degrees of freedom to a 2D surface, which likely increased the efficiency of carpet formation.
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METHODS
Expressionand purificationof IM30

N-terminally His-tagged Synechocystis IM30 (IM30 WT; from Synechocystis sp. PCC 6803) was
expressed in E. coli BL21 (DE3) using a pRSET6 based plasmid. Cells were resuspended in 50 mM
NaPhosphate, 300 mM NaCl, 20 mM imidazole (pH 7.6) and lysed by sonification. IM30 was purified
from the cleared lysate using Ni-Affinity chromatographylz. IM30* (E83A, E84A, F168A, E169A,
R170A, M171A), IM30_A227C (A272C) and IM30*_A227C (E83A, E84A, F168A, E169A, R170A, M171A,
A227C) were generated via site-directed mutagenesis. The WT-fragments IM30_H2-3a (amino acids
22-145) and IM30_H3b-7 (amino acids 147-267) were generated by PCR cloning>°. IM30-CFP and
IM30-Venus were generated by restriction digestion and T4 ligation of the CFP/Venus fragments
into pRSET SynIM30 plasmids*’. All IM30 variants were expressed and purified as described for the
WT'?, After isolation, the proteins were further purified by size exclusion chromatography (Superdex
20016/60 HL, GE Healthcare) and eluted in 20 mM HEPES pH 7.6 at 8 °C. Peak fractions were pooled
and concentrated by a centrifugal filter unit (PES membrane (PALL), 5000 g, 4 °C). Protein

concentration was estimated by absorbanceat 280 nmor 230 nm for theIM30_H3b-7, respectively.

Size Exclusion Chromatography (SEC)

The oligomeric state of IM30* and IM30 fragments was analyzed using an AKTA basic system (GE
Healthcare) with a Superosel210/300 GL column (GE Healthcare) equilibrated with 20 mM HEPES
pH 7.6 and 0, 50, 100, 150 or 300 mM NaCl at 8 °C. Protein elution was monitored at 280 nm. The

column was calibrated using proteins of known molecular mass.

SEC coupled multi-angle laser light scattering

The oligomeric states of IM30_H2-3a and IM30_H3b-7 were analyzed by SEC coupled multi-angle
laser light scattering (SEC-MALS). Protein solutions of IM30_H2-3a or IM30_H3b-7 in 25 mM
HEPES, 125 mM NacCl, 5% glycerol (w/w) were analyzed at RT, using a Superdex 200 Increase
10/300 GL column (GE Healthcare) equilibrated with 25 mM HEPES (pH 7.5), 125 mM NacCl, 5%
glycerol (w/w) connected to an UV-Vis detector (BioRad UV 1806) and a MALS detector (Wyatt
DAWN DSP) using an Agilent 1100 series pump. Protein elution was monitored by absorbance at 280
nm for IM30_H2-3a (£250=0.417 cm®*mg™) or 230 nm for IM30_H3b-7 (£230=2.747 cm**mg™),

respectively.
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Trypsin digestion of IM30

2.5 uM IM30 WT was incubated in absence or presence of 0.1 mM DOPG
(dioleoylphosphatidylglycerol; AvantiPolar lipids) unsized unilamellar liposomes'* for 30 min at RT.
Trypsin (bovine pancreas, 5000 USP/mg, Sigma-Aldrich) was added to a final concentration of 0.01
mg/mL and the mixture was incubated for 60 min at 4 °C. The mixture was sampled periodically
and the reaction in each sample was stopped by adding 5x SDS loading buffer (containing 250 mM
Tris, 10% SDS (w/v), 0.2% bromophenol blue (w/v), 50% glycerol (w/v), 500 mM DTT) and

immediate heating to 95 °C. The samples were analyzed via SDS-PAGE on a 12% acrylamide gel.

Limited proteolysis

IM30* in 20 mM HEPES pH 7.6 was incubated with the endoproteinase GluC on ice at
protease:protein ratios of 1:10, 1:100 and 1:1000 for 30 or 60 min. The reaction was stopped by
addition of 5xSDS-sample buffer and subsequent heatingto 95 °C. Samples were analyzed by SDS-
PAGE on a12% acrylamide gel. A suitableband was cut and analyzed by in-gel digestion followed by

MALDI mass fingerprinting**.

FRET measurements

For FRET (Forster resonance energy transfer) measurements, IM30-CFP and IM30-Venus were
expressed as described** and copurified after mixing cell pellets prior to cell lysisin a ratio of 27%
CFP and 63% Venus (w/w). A solution with 0.2 pM of the purified CFP/Venus labeled IM30 rings
was incubated with increasing DOPG concentrations (0 - 1000 uM lipid, unilamellar liposomes) for
~2 h at RT. Fluorescence was measured using a FluoroMax 4 fluorimeter (Horiba Scientific). For
FRET measurements, an excitation wavelength of420 nm (slit width 3 nm) was chosen and spectra
were recorded from 440 - 700 nm (slit width 3 nm). In order to correct for the contribution of
liposome light scattering and to detect a change in the relative contribution of CFP and Venus
fluorescence due to decreased FRET, a superposition of spectra measured for the individual
components in absence of the others was fitted to each spectrum (equation 1) yielding the fractional

contribution ffor each spectrum, relative to the corresponding reference spectrum.

Smeas = flipSlip + fcfpScfp + fvenSven (1)

Thebuffer spectrumwas subtracted beforehand. In presence of liposomes f., tends to increase, while

fien tends toincrease, indicating reduced FRET. Sincethe overall changeis not very large, thetrend
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in the values for f is overlaid by the slight change in the individual apparent quantum yields, as
determined by measuring the CFP and Venus fluorescence in absence of the FRET partner, but
presence of lipids. Furthermore, variations in the IM30 concentration leads to scattering of the f
values. In order to correct for the variations of IM30 concentration, the data are presented as ratio
of fien/ferp and finally normalized to the value in absence of liposomes. By comparing the resulting
curve with the one observed for the controls (fven/fcrp obtained individually in absence of the FRET
partner) theeffect of FRET can be distinguished from theeffect of changes in quantum yield due to
presence of liposomes. This procedure was performed for three sets of data (each including control
and FRET measurements), and the average and standard error calculated for the resulting

normalized f-ratio.

CD spectroscopy

CD spectra of IM30*, IM30_H3b-7 and IM30 WT (0.1 mg/mL) were measured in absence and
presence of 2,2,2-trifluoroethanol (TFE, 8 M) using a JASCO-815 CD spectrometer with an MPTC-
4908 temperature-controlled cell holder. Spectra were measured from 260 to 190 nm (cell length 0.1
cm, 1 nm data pitch, 5 nm bandwidth, 100 nm/min, 1 s data integration time, averaged over 6
accumulations of the same sample). Spectra were smoothed with a Savitzky-Golay filter and the
spectra of three samples were averaged. The secondary structure composition was analyzed with

BeStSel **.

The stability ofthe secondary structure of IM30 WT in 10 mM HEPES or Tris was measured by urea
denaturation. The protein was incubated with 0 to 5 M urea overnight. CD spectra were measured
from 200 nm to 260 nm (2 nm bandwidth, 1 s data integration time, 100 nm/min, 9 accumulations
per sample). The ellipticity at 222 nm was plotted against theurea concentration and theresulting
denaturation curve was normalized between 0 and 1, assuming full denaturation at5M urea. Then

the data were fitted with a two-state unfolding model:

F-U )
fD T 1 4 elc-Tm)/dc +U

Where fpis the fraction of denatured protein, Fis the folded state, U is the unfolded state, c is the

concentration of urea and Tris the transition midpoint.

The thermal stability of IM30* at increasing NaCl concentrations and of IM30 WT at increasing
isopropanol concentrationswas determined via CD spectroscopy. During the temperature ramp, CD

spectra were measured from 200 to 250 nm (cell length 0.1 cm, 1 nm data pitch, 5 nm bandwidth,
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200 nm/min, 1 s data integration time, averaged over 3 accumulations of the same sample). The
temperature gradient was set to 15 - 95 °C (2 °C steps, overall heating rate 0.27 °C/min). Spectra
were smoothed with a Savitzky-Golay filter. The denaturation curves (ellipticity at 222 nm vs.
temperature) from three independent measurements were averaged. The first derivative of the
averaged denaturation curves was used to determine the phasetransition temperature as the center

of thetransition peak.

Hydrogen-deuterium exchange

For comparison of soluble IM30 with membrane-bound IM30, IM30 (37 pM) was preincubated in 20
mM HEPES buffer or 20 mM HEPES buffer with 2.5 mM DOPG (unilamellar liposomes). Prior to the
measurement the samples were diluted 10-fold in D,O-containing buffer (20 mM HEPES-Na pH 7.6).

For comparison of IM30 with IM30*,a 50 50 pM solution of each protein was diluted 10-fold in D»O-
containingbuffer (20 mM HEPES-Na pH 7.6). Sample preparation for hydrogen-deuterium exchange

mass spectrometry (HDX-MS) was aided by a two-armrobotic autosampler (LEAP Technologies).

After incubating for 10/95/1000/10000 s at 25 °C, the reaction of all samples was stopped at 1 °C by
mixing with an equal volume of pre-dispensed quench buffer (400 mM potassium phosphate + 2 M
guanidine-HCl pH 2.2) and 100 pl of the resulting mixtureinjected into the LC-MS system. Peptide
generation, chromatography, mass spectrometry, and data analysis were carried out as described

before*®.

Nuclear magnetic resonance (NMR) spectroscopy

The "H NMR spectrum of a 110 uM sample of IM30_H3b-7 in 20 mM HEPES pH 7.6, 100 mM NaCl
supplemented with 10% D,O was recorded on an 800 MHz Bruker Avance IIl HD NMR spectrometer
equipped with a triple resonance HCN-cryogenic probe head at 298 K. Suppression of the water
signal was achieved by excitation sculpting, using a Bruker standard pulse sequence. The spectrum

was processed with Topspin (Bruker, Karlsruhe, Germany).

SEC coupled small-angle X-ray scattering (SEC-SAXS)

SAXS experiments were performed at beamline P12 operated by EMBL Hamburg at the PETRA III
storage ring (DESY, Hamburg, Germany). SAXS data, I(q) versus q, where g=4nsin0/ A is the
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momentum transfer and 26 is the scattering angleand A the X-ray wavelength (A =1.24 A; 10 keV),
were collected using online size exclusion chromatography with a splitter, directing half of the eluted
sample to MALS light detectors as described in*® and the remaining half to the beamline for SAXS
data collection. The protein was heated to 50 °C and subsequently cooled down to room temperature
slowly followed by buffer exchange via SEC to 25 mM HEPES (pH 7.5), 125 mM NaCl, 5% glycerol
(w/w) and 2 mM TCEP. This treatment appeared to be necessary, as especially lipids, which tend to
stick to IM30 proteins even after purification by usual SEC'®, were removed. The structure of the
protein was verified by comparing CD-spectra before and after the procedure (Supplementary Fig.
2g).75 pLof 14.4mg/mL IM30* were loaded on a Superdex 200 10/300 GL column (GE Healthcare)
equilibrated with 25 mM HEPES (pH 7.5), 125 mM NaCl, 5% glycerol (w/w) and 2 mM TCEP at RT.
Each run consisted of 50 minutes of data-collection, with 3000 frames being collected at an exposure
time of 1 s. Data were analyzed using the ATSAS software package*’. The primary 2D-data underwent
standard automated processing (radial averaging), and background subtraction was performed
using CHROMIXS>, combined with additional manual and statistical evaluation (e.g., for radiation
damage) to produce the final 1D-SAXS profiles presented here. The molecular mass of the particles
across the analyzed peak was calculated based on the methods implemented in CHROMIXS. The
values presented in this report are averages of both the consensus Bayesian assessment™ and the
SAXSMoW volume correlation® approach for calculating the masses. Estimation of the radius of
gyration (Ry) by Guinier-plot analysis was performed using the autorg function of PRIMUS™. The
first 19 data points at low angles in the Guinier region were excluded from further analysis. GNOM
was used for pair distance distribution analysis of the data within a range of g=0.0929-7.2965 nm’,
choosing a Dmax of 26 nm and forcing the P(r) function to 0 at Dmac". Ab initio modeling via the
generation of dummy residue models was performed with GASBOR based on the P(r) function in
reciprocal space™. The number of dummy residues was set to 290 for a p2 particle symmetry. A p2
symmetry was assumed, as choosing higher degrees of freedom did result in bead models with higher
x> values. 115 GASBOR bead models were generated in total. The bead models were clustered by
running DAMCLUST and setting a p2 symmetry and considering only backbone atoms to ignore

water molecules in the GASBOR models®.

Model building

IM30 dimer models were generated according to the scheme presented in Supplementary Fig. 11b.
From the clusters generated by DAMCLUST, one isolated cluster (cluster 14) was excluded from

further analysis. For each of the other clusters, the most typical bead model according to DAMCLUST
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was chosen. Water molecules in the bead model were removed. Then the model was transformed
intoa density map with a resolution of 4 A by the Molmap command implemented in CHIMERA”. A
resolution of 4 A was chosen because the beads were treated as hard spheres and have a diameter of
3.8 A. Theresulting dimer maps were split along the symmetry axes to create maps of the monomer
using SEGGER™. To fit IM30 into themap, a predicted structure of the monomer (IM30_Saur2017")
was used as an initial template. The predicted structure was fragmented by removing theloops and
keeping thehelices intact, yielding sixhelix fragments (SupplementaryFig. 11a). The fragments were
placed manually into the map to roughly fit the density. MODELLER was used to recreate the missing
loop regions between the fragments and to remodel the parts of the structure, which are considered
to be flexible according to the results of the HDX measurements of IM30**. A threshold of 45%
relative HDX (after 10 s) was set as thelimit to define a part of the structure as flexible. We refined
the models by a simulated annealing molecular dynamics (MD) approach guided by the density map
using FLEX-EM®*®', At least 50 runs of subsequent MD refinement were performed, using a cap shift
of 0.15to restrain secondary structure elements and keeping helix 2 and 3a as rigid bodies. Two of
each refined monomer structures were then placed into the dimer maps by exhaustive One-At-A-
Time 6D search (colores) and simultaneous multi-fragment refinement (collage), using the SITUS
package®. Where necessary, clashes in the dimer interfaces were removed by running a short
minimization procedureimplemented in CHIMERA (100 steepest descent steps, step size 0.02 A, 10

conjugate gradient steps, step size 0.02 A)%**,

ACMA proton leakage assay

An aliquot of unsized unilamellar DOPG liposomes (400 pM lipid concentration, in 20 mM HEPES
pH 7.6 + 150 mM KCl) was incubated with 2.4 uM protein for 5 min at RT. Thereafter, the mixture
was diluted with 20 mM HEPES pH 7.5 + 150 mM NaCl and isopropanol to a final concentration of
6% isopropanol (v/v), 100 uM lipid and, 0.6 uM protein (Noteworthy, thesecondary structure and
overall stability of IM30 were preserved at 6% isopropanol (Supplementary Fig. 6)). 1 uL. ACMA (9-
Amino-6-chloro-2-methoxyacridine) was added to a final concentration of 2 pM. The sample was
then incubated for another 200 s at RT in a 3 mL glass cuvette with continuous stirring. The
fluorescence intensity was measured with a FluoroMax 4 fluorimeter (Horiba Scientific), using an
excitation wavelength of 410 nm (slit width 2 nm), an emission wavelength of 490 nm (slit width 2
nm) and a measurement interval of 0.1 s. The measurement was started by addition of 1 pL
valinomycin (final concentration 0.02 uM), to render the liposomes permeable for K*, which results

in formation of a proton gradient across the membrane. The fluorescence intensity was monitored
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for 300 s with continuous stirring. Thereafter, the proton gradient was quenched by the addition of
CCCP ([(3-chlorophenyl)hydrazono]malononitrile) to a final concentration of 2 uM, and the

fluorescenceintensity was monitored for another 100 s.

The fluorescence intensity was normalized by setting the intensity to 100% prior to the addition of
valinomycin and theintensity 100 s after addition of CCCP to 0%. The initial slopes were estimated

by a linear fit over 10 to 30 s after addition of valinomycin.

Laurdan fluorescence measurement

Unsized unilamellar DOPG liposomes containing Laurdan (6-Dodecanoyl-N, N-dimethyl-2-
naphthylamine, from Sigma, Taufkirchen, Germany) (molar ratio lipid:Laurdan=1:500) were
produced as described elsewhere'?. To analyze the kinetics of IM30 membrane binding, liposomes
and protein were mixed to a final concentration of 2.5 uM IM30 and 100 uM lipid. Fluorescence
emission spectra were recorded at 25 °C over 20 minutes every 20 s using a FluoroMax-4
spectrometer (Horiba Scientific) from 425 to 505 nm upon excitation at 350 nm The excitation and
emission slit width was set at 1 nm and 10 nm, respectively. The Generalized Polarization (GP)
defined by Parasassi et al.®was calculated according to equation 3. AGP values were calculated via
subtraction of the linear fit function of the DOPG control from the measurements in presence of

protein.

Ipag—1
cp = Jaa0 " Taso
L4a0 + Iyoo

(3)

Atomic force microscopy (AFM)

To visualize IM30-binding to mica surfaces, 50 pL adsorption buffer (10 mM TRIS, 150 mM KCl, 25
mM MgClz, pH 7.6 or 10 mM HEPES, 150 mM KCl, 25 mM MgCl,, pH 7.6) was incubated on freshly
cleaved muscovite mica (12 mm diameter; Ted Pella Inc. grade V1) for 5 min at RT. All buffers and
solutions were freshly prepared and filter sterilized (0.2 pm filter) before use. The mica substrate
was washed two times with 50 pL of adsorption buffer. Then, 5 pL IM30 WT was added to a final
concentration of ~ 0.5 uM. The protein was incubated on the substrate for 10 min at RT. Thereafter,
the substrate was washed with ~ 1 mL imaging buffer (10 mM TRIS, 150 mM KCI, pH 7.6 or 10 mM

HEPES, 150 mM KCl, pH 7.6).

To visualize IM30 binding on membranes, a solid-supported lipid bilayer (SLB) was prepared as
follows: A freshly cleaved muscovite mica disc (12 mm diameter; Ted Pella Inc. grade V1) was washed

with adsorption buffer (20 mM MgCl,, 20 mM HEPS, pH 7.6) two times (50 pL). All buffers and
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solutions were freshly prepared and filter sterilized (0.2 umfilter) before use. 50 pL of the adsorption
buffer was left on the mica, and 50 pL liposome suspension (100% DOPG or 40% DOPG 60% DOPC,
5 mg/mL unilamellar liposomes'?) was added. The solution on the mica disc was gently mixed by
pipetting a volume of 50 pL up and down two to three times. Then, the mixture was incubated on
themica disc for 20 to 30 min at RT. Afterwards, the mica was washed with 1 mL imaging buffer (20

mM HEPES pH 7.6), and a drop of 100 uL buffer wasleft on the mica disc.

The samples were imaged with a Nanowizard IV AFM (JPK) using uncoated silicon cantilevers (OMCL
AC240; Olympus, tip radius 7 nm, resonance frequency ~70 kHz and ~2 N/m spring constant).
Measurements were carried out in QI mode or tapping mode in imaging buffer at approximately 30
°C. The force setpoint was set as low as possible, typically around 5 nN for measurements on SLBs,
and <1nN for measurements on mica. Formation of an intact lipid bilayer was confirmed by analysis
of force-distance curves with high setpoint® and by imaging the bilayer before protein addition. The
protein was added to the sample in small volumes (30 -50 pL) to achievea final solution of roughly
1.5 pM. Images were scanned with 512x512 px or 256x256 px and 4.8 ms (or 6 ms) pixel time. The
resulting images were analyzed with GWYDDION®”. The measured height- images were leveled by
removing a polynomial background, and scan rows were aligned by fitting a second-degree
polynomial and aligningthe offsets of the substrate or thelipid surface. The images were cropped to

the area of interest. Full images are shown in Supplementary Fig. 5a/b.

Data availability statement

The authors declare thatthe data supportingthe findings of this study are available within the paper
andits supplementary information files. The data used to generate graphs and chartsshown in Figs.
la,1b, 1d, 1e, 2a-f are provided in the Supplementary Data 1. The HDX-MS data used to generate Fig.
3b are provided in the Supplementary Data 2. All other relevant data are available from the

corresponding author upon reasonable request.

EXCERPT OF SUPPLEMENTARY DATA AND FIGURES
IM30 binding to membranes involves structural rearrangement

We analyzed possible structural alterations upon membrane binding of IM30 via tryptic digestion of
IM30 in absence and presence of DOPG liposomes. The protein (2.5 uM with or without liposomes

(0.1 mM DOPG)) was incubated for 30 min at 4 °C, and then the proteasewas added (0.01 mg/mL)
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(Supplementary Fig. 1). Samples were taken at the indicated time points and analyzed via SDS-PAGE.
As shown previously, helix 7 of IM30 is rapidly cleavedl,2. The remaining fragment H1-6, i.e. the
PspA-domain, is more protease-resistant, and thus the corresponding band is detectable until about
10 min after addition of trypsin. Strikingly, in contrast to soluble IM30, this band remained visible
for about 60 min after trypsin addition when DOPG liposomes were present (Supplementary Fig. 1,
red box). Thus, membrane binding appears to protect the PspA-domain from tryptic digestion. The
altered protease resistance in presence of DOPG membranes indicates a structural change of IM30

upon membrane binding, which involves shielding of protein regions.

a b
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Supplementary Figure 1: The structure of IM30 changes upon membrane binding. (a/b) Limited trypsin
digestion of IM30 in absence (a) and presence (b) of DOPG liposomes shows that the protease accessibility of
IM30isaltered upon binding to PG liposomes. U=untreated sample. Time points indicate thetime of incubating
the sample with trypsin. The boxed area highlights the bands showing the major difference between trypsin
digestion in absence vs. presence of DOPG

SUPPLEMENTARY DATA AND FIGURES

https://www.nature.com/articles/s42003-020-01314-4# Sec24

REPORTING SUMMARY

Further information on research design is available in the Nature Research Reporting Summary

linked to this article.
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3b are provided in the Supplementary Data 2. All other relevant data are available from the

corresponding author upon reasonable request.
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