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Summary

II. Summary

Cyanobacteria are the most ancient oxygenic photosynthetic organisms that can convert the energy
from the sun into biochemical energy. The protein complexes that are involved in the light-driven
reactions are embedded in a specialized internal membrane system, the thylakoid membrane (TM).
For the most part, biogenesis and maintenance of the TM system remains mysterious, yet clearly
involves the inner membrane associated protein of 30 kDa (IM30). IM30 belongs to a superfamily
of proteins, all members of which form large homo oligomeric structures and are involved in

membrane remodeling.

First, the structural changes upon disassembly of oligomeric IM30 structures at increasing urea
concentrations were investigated. To follow the unfolding process on different levels, we applied
static light scattering, tryptophane fluorescence spectroscopy, circular dichroism spectroscopy
together with molecular dynamics simulations. By developing and applying a 3-state model for
IM30 oligomer disassembly we could show that IM30 remains structured in its conserved coiled-

coil region after barrel disassembly while the rest of the protein already unfolds.

In the next section of this thesis, we show that disassembly of higher ordered oligomers enables
IM30 to form biomolecular condensates in vitro. Furthermore, IM30 variant that is deficient in the
formation of prototypical higher order oligomers still accumulated into so called punctae in living
cells an. These punctae, which appear to be important for the in vivo function of IM30, likely

represent IM30 condensates forming in vivo.

In the last section of this thesis, the interconnections between truncated IM30 variants and their
ability to form condensates in vitro and punctae in vivo was investigated. We found that the
structured coiled-coil region, but not an intrinsically disordered region, drives condensate
formation of IM30, and the N-terminal coiled-coil-containing region in fact is also sufficient for

puncta formation in vivo.



Zusammenfassung

II1. Zusammenfassung

Cyanobakterien sind oxygen photosynthetisch aktive Organismen, welche die Energie der Sonne
in biochemische Energie umwandeln konnen. Die Proteinkomplexe, die an den licht-abhidngigen
Reaktionen der Photosynthese beteiligt sind, sind in ein spezielles internes Membransystem, der
Thylakoidmembran (TM), eingebettet. Obwohl noch immer unklar ist, wie genau TMs gebildet
und/oder in Stand gehalten werden, so scheint doch das Innere-Membran Protein von 30 kDa
(IM30) an diesen Prozessen essenziell beteiligt zu sein. IM30 gehdrt zu einer Superfamilie von
Proteinen, deren Vertreter alle grole homo oligomere Strukturen bilden und an der Umgestaltung

interner Membranen beteiligt sind.

Zuerst wurden die strukturellen Anderungen bei der Disassemblierung von oligomeren IM30
Strukturen bei steigenden Harnstoff-Konzentrationen untersucht. Mittels statischer Lichtstreuung,
Tryptophanfluoreszenz-Spektroskopie, Circulardichroismus-Spektroskopie und Molekular-
dynamiksimulationen wurde der Entfaltungsprozess verfolgt. Mit Hilfe eines 3-Stufen-Modells fiir
die Disassemblierung von IM30-Oligomeren konnten wir zeigen, dass IM30 die Struktur innerhalb
der konservierten ,,coiled-coil*“ Region stabil bleibt, wihrend der Rest des Proteins entfaltet und

die homo-oligomeren Strukturen disassemblieren.

Im néchsten Abschnitt der Arbeit zeigen wir, dass die Disassemblierung von hoher geordneten
IM30-Oligomeren dazu fiihrt, dass IM30 in vitro biomolekulare Kondensate bildet. AuBBerdem
konnten wir in in vivo-Untersuchungen zeigen, dass eine IM30-Variante, die keine prototypischen
hoher geordneten Oligomere mehr bildet, trotzdem punctae in lebenden Zellen bildet, Strukturen,

welche als wichtig fiir die in vivo Funktion von IM30 betrachtet werden.

Im letzten Abschnitt beschreibe ich Untersuchungen zum Zusammenhang zwischen verkiirzten
IM30-Varianten und deren Féhigkeit zur Bildung von Kondensaten (in vitro) und punctae (in vivo).
Wir konnten zeigen, dass die strukturierte “coiled-coil”’-Region, nicht aber eine intrinsisch
ungeordnete Region, die Kondensatbildung von IM30 antreibt, und dass die N-terminale

“coiled-coil”-Region tatsdchlich auch fiir die Bildung von punctae in vivo ausreichend ist.
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1. Introduction

1.1 Cyanobacteria as model organisms for studying photosynthesis
Cyanobacteria are the oldest oxygen producers on earth!. Early cyanobacteria evolved on land
occupying terrestrial and freshwater habitats* . They initiated the first great oxygenation event
(GOE) where oxygen levels on earth increased for the first time and thus had an enormous impact
on the biogeochemical cyle’. The rise of marine cyanobacteria in the open ocean led to the second
oxygen event that eventually resulted in a much higher increase in atmospheric oxygen levels and
resulted in the oxygen in the atmosphere that we breathe®. Cyanobacteria occupied fresh- and
seawater as well as terrestrial habitats® and evolved to endure even harsh environments such as hot
and cold deserts™!°. Phytoplankton in the ocean accounts for about half of the photosynthetic net
primary production from carbon dioxide!!, with 10% contributed by cyanobacteria'?>. Today,

cyanobacteria are discussed and investigated for biotechnological applications'?.

The endosymbiotic theory involves endosymbiotic incorporation of an a-proteobacterium into an
archaeal cell with the acquisition of eukaryotic feature being debated to have occurred either after

or prior to these events'®!

. A mitochondrion-containing eukaryote was the host for a
cyanobacterium that became the origin of plastids and this primary endosymbiotic event led to the
common ancestor of red algae, glaucophyte algae, and green algae, which later evolved to land
plants %13, Because of this shared origin, the knowledge acquired by studying cyanobacteria is

often applied to chloroplasts of higher plants.

The first completely sequenced genome of a photoautotroph organism was that of the
cyanobacterial strain Synechocystis PCC 6803, made available by the Kazusa DNA Research

Institute'®. Synechocystis PCC 6803, hereafter referred to as Symechocystis, can grow

17-19

heterotrophically in presence of glucose!’"', is naturally competent *, and can incorporate

exogenous desoxyribonucleic acid (DNA) into its genome by heterologous recombination!®2°,

Due to these traits Synechocystis has become a model organism for the study of oxygenic
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photosynthesis in laboratories all over the world. A schematic representation of a Synechocystis

cell is shown in Figure 1.1-1.

surface layer

outer membrane

periplasmic space

peptidoglycan layer

cytoplasmic membrane

circular genomic DNA

cytosol

carboxysome

thylakoid membrane

thylakoid membrane lumen

ribosome

Figure 1.1-1: Schematic representation of the Synechocystis cell. The cyanobacterial cell is surrounded by the surface layer on
top of the outer membrane followed by the periplasmic space, which is separated from the cytoplasm by the plasmamembrane on
top of which sits the peptidoglycan layer. In the cytosol are shown the ribosomes, a carboxysome, the genomic DNA and the

thylakoid membranes encapsulating the thylakoid lumen.

Synechocystis contains multiple copies of their circular DNA?!, which is why DNA that is
transformed into naturally competent Synechocystis cells requires multiple generations under
selective pressure for the incorporation of the new DNA into all genomic copies. This process is
then called complete segregation as opposed to partial segregation where at least a single original
genome copy is retained due to insufficient selection pressure or nonviable cells after complete

incorporation of the introduced genetic changes.

The cytoplasm of a Synechocystis cell is surrounded by the cytoplasmic membrane, followed by
the peptidoglycan layer, the outer membrane, and in some cases the surface-layer (S-layer)®*.
Large molecular assemblies located in the cytoplasm are lipid bodies, phosphate bodies,

cyanophycin granules, ribosomes and carboxysomes.
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Carboxysomes are icosahedral proteinaceous compartments. They are found in CO» fixing bacteria
as part of their CO2 concentrating mechanism (CCM)'2. The outside of carboxysomes consists of
a protein shell that is selectively permeable for HCO5™ but retains CO inside?*. The inner lumen
contains  carbonic  anhydrase @ (CA) and RuBisCO  (ribulose-1,5-bisphosphate
carboxylase/oxygenase), which perform the enzymatic reactions needed for carbon fixation®*?>.
This colocalization is required for efficient photosynthetic carbon fixation and reduces
oxygenation in favor of carboxylation?®. The biogenesis of carboxysomes involves the formation
of pre-carboxysome condensates?’ through phase separation, a process which will be described in
section 1.1.2. This results in a concentration of CA and RuBisCO into pre-carboxysome
condensates. Changes from a reducing environment in the cytosol to an oxygenic environment in
late condensates results in redox regulation of the RuBisCO small subunit-like (SSUL) domain,
demixing of protein components, and encapsulation of CA and RuBisCO within the protein shell?®.
In line with that, it should be mentioned here that the corresponding matrix of the CCM in

eukaryotes, the pyrenoid, also involves phase separation of RuBisCO to enhance carboxylation

and even undergoes a reversible phase transition during cell division’.

The high efficiency of oxygenic photosynthesis and its widespread evolutionary success is linked

to another cyanobacterial advancement, the thylakoid membrane (TM).
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1.1.1. Cyanobacterial thylakoid membranes
TMs enable larger membrane area, and thus more space for the photosynthetic machinery, per cell,
resulting in enhanced photosynthetic efficiency. The exception to the rule is presented by the
cyanobacterium Gloeobacter violaceus, which does not contain any TMs*° and instead harbors the
protein complexes needed for photosynthesis in the CM resulting in very low photosynthetic
activity compared to other cyanobacteria, and thus highlighting the importance of a TM system

for efficient photosynthesis®!.

TMs form a separate intracytoplasmic membrane system that is
disconnected from the plasma membrane®?*. Cyanobacteria across different species organize their
TMs in diverse types of spatial arrangements including parietal, fascicular, radial, parallel, and
irregular arrangements as well as combinations thereof**. Cyanobacterial TMs contain the protein
complexes for both oxygenic photosynthesis and respiration®>%. A schematic representation of a

cyanobacterial TM is shown in Figure 1.1-2.

ADP + Pi

NADPH
)
NADP* + H* I

&5
cytosol
-
I / k-

1
o ¥ H*
H+
PC/ Cytcg

TM lumen Cyt ATP
bgf NDH-I synthase

Figure 1.1-2: Schematic representation of a TM. PSII — photosystem I, PQ-pool — plastoquinone-pool, Cyt bsf — cytochrome cs,
PC — plastocyanin, Cyt cs — cytochrome cs, NDH-I — type-I NADPH-plastoquinone oxidoreductase, PSI — photosystem I, Fd —
Ferredoxin, FNR — ferredoxin-NADP* oxidoreductase. e alongside black triangles with arrows pointing up and down indicate the
electrons being transferred up and down the energy gradient in the electron transfer chain, respectively. Dotted lines indicate the

transfer of H" between cytosol and TM lumen.

The light-dependent reaction involves water splitting at Photosystem II (PSII) to provide high

energy electrons that are transferred from PSII, to quinone molecules (Qa and Qg), where reduced

10
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Qg gets released into the plastoquinone (PQ) pool in the TM. These hydrophobic electron carriers
diffuse inside the TM and pass electrons to the membrane-integral cytochrome bsf complex (Cyt
bef), which subsequently transfers the electrons onto the electron carrier plastocyanin (PC) or
cytochrome cs (Cyt c6). PC and Cyt bef are water-soluble electron carriers that are located inside
the thylakoid lumen and transport the electrons to PSI. There the electrons are excited again and
transferred from PSI to ferredoxin (Fd) and finally to ferredoxin-NADP" oxidoreductase (FNR)
resulting in reduction of the NADP" to NADPH. Electron transfer along the energy gradient
generates an electrochemical gradient across the TM in the accumulation of protons in the TM
lumen. This proton gradient is called the proton motive force (PMF) which is used by the ATP
synthase to produce ATP?". The light-dependent electron transfer chain that starts at PSII is called
the linear electron flow (LEF) and the water-splitting reaction which produces O defines this type
of photosynthesis as oxygenic. The generated energy in the form of NADPH and ATP is used to
produce sugar in the Calvin-Benson-Bassham (CBB) cycle and results in recycled NADP™ that is
needed for continuous light-dependent reactions to take place®’. Therefore, the processes that
consume and produce NADPH depend on each other and the ratio of NADPH to ATP output is
important for optimal photosynthetic performance and therefore regulated by additional
pathways*®. Cyclic electron flow (CEF) around PSI produces ATP without net reduction of
NADP" and represents one way to balance the NADPH to ATP output***°. Further regulation of
photosynthesis is achieved by regulating the light-driven processes at the photosystems through
their associated light-harvesting complexes. Cyanobacteria use special soluble light-harvesting
complexes, called phycobilisomes, which contain light-capturing phycobilins, and function as
light antennae that channel their excitation energy to the reaction center of PSI and PSII*!. The PQ
pool functions as a trigger for state transition, where phycobilisomes are coupled to PSII (state I
transition) by oxidation of the PQ pool or decoupled from PSII (state II transition) by reduction of
the PQ pool*. Components of the respiratory electron transport in the TM that can add to the
reduction of the PQ pool are type-I NAD(P)H dehydrogenase (NDH-I) and succinate

dehydrogenase (SDH), whereas cytochrome oxidase can oxidize the PC pool*”!.

Despite the efforts to balance and control the photosynthetic reaction acceptor-site and donor-site
photoinhibition of PSII can occur, which, in turn, increases the production of harmful reactive

I43

oxygen species (ROS) and leads to damaged PSII™. The repair PSII cycle, mainly for the PSII

sub-unit D1, requires partial disassembly of PSII, exchange of damaged against newly synthesized

11
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D1 and reassembly into PSII*

. Key components of the PSII repair cycle and de novo biogenesis
of PSII were localized in the CM in a study based on separation of membrane compartments by
fractionation**. This led to an ongoing debate on how the exchange between the TM and the CM
is realized**>4¢, Studies have shown that there is no evidence for a direct connection between TM
and CM 323347 Other studies reported on an additional membrane fraction containing the PSII
assembly factor PratA, termed PratA-defined membrane (PDM), and suggested PDMs to form
some type of connection or facilitate exchange between the TM and CM*>*®, Finally, through
advanced fractionation techniques it was shown that most PSII assembly factors are indeed
localized in the TM, apart from PratA, which was suggested to require some kind of dynamic
interaction between TM and CM*. However, the biogenesis and maintenance of the TM remains

poorly understood and is still under investigation®* >3,

Both TM remodeling during cell division or adaptation to changing light conditions and biogenesis

>4 requires extensive membrane remodeling, including

of new TMs, e. g. after nitrogen chlorosis
membrane fusion and fission. Examples for proteins in Synechocystis that were shown to have
membrane remodeling activity in vitro are SynIM30°° | which will be introduced in section 1.2,
SynCurT, important for generating membrane curvature in TMs>® and SynDLP" a bacterial
member of the Dynamin-like protein family. However, not all cellular compartments rely on

having a lipid membrane as discussed earlier for carboxysomes. Biomolecular condensates

represent such membraneless compartments.

1.1.2. (Bacterial) membraneless organelles and the formation of biomolecular
condensates
Membraneless organelles (MLOs) or biomolecular condensates are cellular compartments with
specific functions which include and exclude molecules without a membrane®>’. They can be
thought of as initially liquid droplets of varying viscoelastic properties that can fuse, dissolve, wet
surfaces, and transition into more gel-like blobs or solid filaments on different timescales.
Interactions between proteins, nucleic acids, and other molecules can lead to condensate formation.
Different terms and combinations thereof are used to differentiate the mechanism by which
biomolecular condensates can form, e. g. liquid-liquid phase separation (LLPS)*’, complex
coacervation®!, and phase separation coupled to percolation (PSCP) ®*%, To describe in vitro or in

vivo observations without preliminary knowledge on the underlying mechanisms of their formation,

12
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the simplified term “condensate” will henceforth be used in this study as a phenomenological

description.

Protein LLPS was initially used to describe the phase transition of proteins above a critical
saturation concentration, csat, that results in two liquid-like phases, i. e. a dense phase with high
protein concentration and a dilute phase with low protein concentration®®. However, the cellular
environment itself and the formed condensates are not simple fluids and have viscoelastic
properties®*%>. Therefore, the term “liquid-liquid” has become misleading, resembling water-like
fluidity in both phases, and should be avoided to describe complex biomolecular condensates®?.
Another mechanism describing condensate formation is the phase separation driven by complex
coacervation. This process is driven by the electrostatic attraction between charged molecules or
charged patches on a polymer and oppositely charged polymers or multivalent counterions®!. A
more recent description for condensate formation is PSCP%2%*| where multivalent interactions still
drive phase separation at concentrations above csat, but additionally a network is formed inside the
condensates, where the concentration has crossed the critical concentration for percolation, cperc,
and thus only occurs when cperc > csat. In cases were cperc < Csat the system would immediately

undergo percolation and form gel without phase separation®

. In contrast to classical complex
coacervation, the multivalent interactions can be mediated by domains or motifs that are not
limited to electrostatic interactions and can include hydrophobic, cation-t and n-w interactions as
well as hydrogen-bonds and are summarized as stickers. These stickers are separated by non-
interacting linkers to provide multivalency to the polymer and control the fluidity and solubility
of the condensate®®, In phase transitions driven by percolation, pre-percolation clusters can form
below the cperc, In contrast to phase separation where phase-separating macromolecules do not

cluster below csa®?. To summarize these mechanisms, phase separation++ (PS++) was introduced

to describe phase separation that can be coupled to other phase transitions as in PSCP%2,

The requirement for transient multivalent interactions for reversible phase transitions makes
intrinsically disordered region and proteins (IDRs/IDPs) inherently potent drivers and modulators
for condensate formation®>*"8, These regions convey sequence-specific functions that can involve
many-to-one and one-to-many binding®, disorder-to-order transisiton’’, entropic springs’!, and

many others by representing an ensemble of structures rather than taking a predefined structure®®.
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Many important concepts for condensate formation and IDPs have been developed in polymer
science and are now being increasingly applied to biological systems. Demands by life science
researchers on the complexity of systems of biomolecular condensates pose new challenges for
polymer scientists and stimulate interdisciplinary cooperations. Biomolecular condensates have
become recognized as important organizers of cellular processes and the focus of research in life
science during the last decades has shifted towards contributing to a profound understanding of

their in vivo functions.

Many eukaryotic biomolecular condensates have been identified since the first description of P-
granules’?, e. g. stress granules formed by the RNA-binding protein fused in sarcoma (FUS)",
postsynaptic’* and presynaptic’ condensates near the membrane, the nuclear complex that acts as
a selective barrier for molecules into and out of the nucleus’®, and even secondary condensates
inside condensates as observed for nucleoli’”’. Condensate formation has also been described for
membrane bound receptors, where the phase transition compared an order of magnitude lower in
compared to condensates formed in solution’®. Theoretical studies outlined the implications of
membrane binding on prewetting transitions and possibility of condensate formation at membranes

occurring prior to condensate formation in solution”.

Bacterial biomolecular condensates present difficulties for experimental studies in vivo due to the
smaller size of bacterial compared to eukaryotic cells and the diffraction limit of the light that is

commonly used to visualize and probe the dynamic properties of condensates®®#!.

Examples of biomolecular condensates in bacteria include ATP-dependent biomolecular
condensates®®®?, GTP-dependent reversible transitions between FtsZ-SImA-SBS condensates and
FtsZ-polymerization®, bacterial RNP-bodies related to mRNA degradation with similar functions
to eukaryotic stress granules®®, and the previously describe condensation during the assembly of
carboxysomes®”%. Recent examples for the importance of condensate formation in cyanobacteria
are condensation of the DEAD-box RNA helicase in response to abiotic stress®® and the report on

reversible phase transitions in response to the daily cycle®’.

The importance of biomolecular condensates for the spatiotemporal organization of processes

d81,88,89

inside bacteria is increasingly being recognize and additional bacterial biomolecular

condensates are likely to be identified soon.
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1.2 The inner-membrane associated protein of 30 kDa

1.2.1. Discovery, mutant phenotypes, and origin of IM30
The inner-membrane associated protein of 30 kDa (IM30), also known as vesicle-inducing protein
in plastids 1 (VIPP1), was first described in plastids of pea where it occurred in clusters near the
inner envelope membrane and the TM*. In Arabidopsis thaliana im30 knock-down strains showed
no vesicle budding from the inner envelope accompanied by the inhibition of TM formation®!,
whereas im30 knock-out strains showed complete absence of TMs °? and both mutants were not
viable outside of special growth medium after the seedling stage®’. However, in the green algae
Chlamydomonas reinhardtii im30 mutants were still viable but had severely reduced
concentrations of photosynthetic components and increased sensitivity against high light stress®>.
An attempted knock-out of im30 in Synechocystis showed that cells did not segregate completely,
retaining at least one functional copy of the IM30-coding gene, and loss of TM formation was
observed®. This indicated that im30 is essential in plants and in Synechocystis. The IM30 protein
seemed to be crucially involved in the biogenesis and maintenance of TMs. In this study we will
use the term IM30 synonymously with the SynIM30 protein encoded in Syrechocystis by the
sl10617 gene and references to IM30 proteins from other organisms will be explicitly indicated.
Early studies already identified phage shock protein A (PspA) as potential predecessor and
suggested IM30 evolved from PspA via gene duplication®. Structural models from our group and
others now showed that both IM30 and PspA belong to the endosomal sorting complexes required

for transport (ESCRT) - III superfamily of membrane remodeling proteins”® %%,

1.2.2. Structure of IM30
The IM30 protein takes an ESCRT-III like fold composed of helices a0-6, with helices a2 and o3
forming a single extended helix, and helix a5 connecting to a potential helix a6 by an extended
flexible linker®®. IM30 homo-oligomerizes spontaneously in solution into large barrel structures
with varying point-symmetries, whereof C14 to C18 symmetries have been resolved in high
resolution structures. Monomers of IM30 form point-symmetrical rings which stack into 6 (C14-
C16) or 7 (C17, C18) layers of varying diameter. The middle layers have the largest diameter,
whereas the topmost layer has smallest diameter giving the barrel structure a dome-like shape. The
inside of the barrel is lined horizontally with the amphipathic helix a0 and the hydrophobic
surfaces are facing the barrel lumen to mediate membrane interactions. The outside of the barrel

shows the hairpin tips, formed by the closed end of the coiled-coil between al and a2, protruding
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from the surface and forming a conserved interaction interface with a5, which is seen as
horizontally aligned spikes. The C-terminal linker and putative a6 are not resolved in the model
and probably cover the outside of the barrel. Across the different layers exists structural flexibility
within the monomer to accommodate for the varying ring diameters and barrel sizes. This
flexibility is enabled by 3 conserved hinge regions, named shoulder (between a2 and a3), elbow
(linker region between a4 and a5) and wrist (linker region between 04 and a5) in accordance with
ESCRT-III nomenclature®®®””°. Additionally, the N-terminal region of a5 in the topmost layer
becomes part of the C-terminal region of helix a5 in lower layers. The presence of ADP bound
between this flexible region in 04/a5 of layer 1 and positively charged residues in the coiled-coil

from layer 2 revealed a previously unreported type of nucleotide binding-site of unknown

function®®.
A B
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g :
C
3 26 84 137 164
22 80 136 156 188 215 264

Figure 1.2-1: Structure of the IM30 protein. (4) Monomer structure of IM30 in layer 3 in cartoon representation with helices
colored as in (C). (B) Barrel structure of C16 IM30 barrel shown in tube representation with helices of a single stack of IM30
monomers colored as in (C). (C) Helix definition for helices a0-6 of IM30 used in this study. Helices are represented by boxes with
individual colors and helix numbers are specified inside the boxes. Amino acid positions indicating the beginning of the helix are
shown at the top left corner of the box and the position of the last amino acid of each helix is marked at the bottom right corner of

each box.

There are several other ESCRT-like proteins that are being identified in relation to the recent
structural classification of IM30 and PspA as bacterial ESCRT-III proteins®®*® and due to the
possibility to rapidly visualize and compare tertiary structures using AlphaFold models'®. These

proteins include the ESCRT-II like protein VIA1 of Arabidopsis thaliana (VPL3 in
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Chlamydomonas reinhardtii) that is only found in the green lineage!®!, the VPL2 protein of
Chlamydomonas  reinhardtii  with an ESCRT-III-like hairpin only conserved in

Chlorophyceae*!1%!

, and a protein of unknown function encoded by s//0162 in Synechocystis,
which belongs to the TIGR04376 family, which is restricted to cyanobacteria!®? and also contains
characteristic features of ESCRT-III proteins like the coiled-coil according to its AlphaFold

model'3,

1.2.3. Function of IM30
IM30 has been proposed to occupy a dual function in maintenance and remodeling of TMs. In
absence of Mg?" IM30 forms carpet-like structures on lipid membranes and stabilizes membranes
against proton leakage!®. It was shown that Mg?* triggered structural changes that led to the
exposure of additional hydrophobic surfaces!® and resulted in IM30-mediated membrane fusion
in vitro'%. Studies involving IM30 from Synechocystis, as well as from Arabidopsis thaliana®* and
Chlamydomonas reinhardtii>> showed characteristic formation of punctae. In this study the term
“puncta” will be used to refer to an accumulation of signal from fluorescently labeled proteins into
distinct, approximately circular regions within the cell or chloroplast that are observed via
fluorescence microscopy. Experiments using temporally controlled cytosolic trapping of IM30
indicated the necessity for dynamic formation and/or localization of punctae near the TM in vivo'?’.
A recent study employing spatiotemporal control over induced photodamage in the
cyanobacterium Synechococcus sp. PCC 7002 expressing fluorescently labeled IM30 suggested
accumulation of IM30 at sites of membrane-bound chlorophyll-a photo-damage, but not

membrane-associated phycobilin photo-damage, via an unknown mechanism.!%

To improve our understanding of the functions of IM30, increased effort needs to be made to
determine the extent to which IM30 forms and participates in different supramolecular assemblies

in vivo.
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1.3 Objectives of this thesis

Previous studies had indicated that homo-oligomeric IM30 disassemble on membrane surfaces,

and this disassembly process involves unfolding of a large part of the protein. In my studies I

analyzed changes of the IM30 structure and a role of protein regions in the formation of IM30

assemblies different from the prototypical IM30 barrel structures.

The aims of my study can be summarized as follows:

1. Investigate the structural changes that follow upon disassembly of IM30 barrels.

Understanding oligomer disassembly helps to understanding the reassembly and possible
rearrangements of IM30 barrels. These barrels can be disassembled by the introduction of
mutations in intermolecular conserved interfaces, but little is known about the disassembly of
the wildtype IM30 protein. Therefore, we investigated destabilization of IM30 barrels by urea

and followed structural changes via spectroscopic methods.
2. Investigate the ability of IM30 to phase separate.

Many IDPs have been reported to drive and/or modulate phase separation. Therefore, when
IM30 was found to largely unfold upon disassembly of large, homo-oligomeric barrel
structures, the question arose whether the IDR in IM30 trigger phase separation (in vitro and/or
in vivo). To answer this question, my first aim was to find out whether IM30 phase separates

at all.
3. Identify regions of IM30 that drive phase separation.

After establishing that IM30 can phase separate we wanted to understand the interactions that
are important for this phase transition. Therefore, we next tested truncated IM30 variants to
test our hypothesis that the extended IDR drives phase separation in IM30. We found that it is
not essential for IM30 phase transition that is driven by its coiled-coil region, but instead

modulates it.
4. Discuss the physiologically relevance of phase separation for IM30.

This study focuses on the physiological relevance of observations made in vitro and discusses
important aspects and potential functions of IM30 biomolecular condensates in vivo. Therefore,

we investigated IM30 condensate formation at physiologically important parameters. We
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identified the conserved structured coiled-coil region as the force driving phase separation in

vitro as well as in vivo.

5. Compare observations made in vitro for phase separation and in vivo studies on protein

localization

Different structural IM30 ensembles may have distinct function in vivo. Via analyzing mutated
proteins as well as truncated IM30 variants that show differences in the ability to form defined
assemblies, such as barrels, carpets and/or condensates, in vitro effects and impaired in vivo
functions can (eventually) be aligned. Therefore, we investigated the ability of different
truncated IM30 variants to form condensates in vitro and related the observation to

observations made in vivo upon expressing truncated proteins in intact cells.
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2. Materials and Methods

2.1 Materials

2.1.1. Chemicals and consumables

All chemicals and consumables were purchased from AppliChem GmbH (Darmstadt, Germany),

Bio-Rad (Munich, Germany), Bruker (Billerica, MA, USA), Merck (Darmstadt, Germany), New

England Biolabs (Frankfurt, Germany), Roth (Karlsruhe, Germany), Sarstedt (Niirnberg,

Germany), Thermo Fisher Scientific (Waltham, MA, USA), and VWR International GmbH

(Darmstadt, Germany). Lipids were purchased from Avanti Polar Lipids, Inc (Alabaster, AL, USA)
and fluorescently labeled PEG was purchased from Biopharma PEG Scientific Inc. (Watertown,

MA,USA).

2.1.2. Buffers and solutions
Table 2.1.2-1: Buffers and solutions

Protein purification and assay buffers

Notation Composition

HEPES buffer 20 mM HEPES
pH 7.6 (NaOH)
Purification buffer 20 mM imidazole
300 mM NacCl
50 mM phosphate
pH 7.6 (NaOH)
Elution buffer 500 mM imidazole
300 mM NacCl
50 mM phosphate
pH 7.6 (NaOH)
Phase separation buffer 10 mM phosphate
10 mM HEPES
pH value as indicated in the description
with or without 100 mM NaCl, 10% (w/v)
PEG-8000, and/or 3 M urea as indicated in the

description
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PEG-NaCl buftfer

20 mM HEPES
10 % (w/v) PEG-8000
NaCl as indicated in the description

pH 7.6 (NaOH)

SDS PAGE
Stacking gel buffer

Separation gel buffer

10X SDS running buffer

5X SDS sample buffer

Coomassie staining solution

Coomassie destaining solution

1.5 M Tris

0.4% (w/v) SDS
pH 6.8

0.5 M Tris

0.4% (w/v) SDS
pH 8.8

0.25 M TRIS

1.92 M Glycine
1% (w/v) SDS

pH 8.3

0.25 M Tris

10% (w/v) SDS
0.2% Bromophenol blue
50% (v/v) Glycerol
0.5MDTT

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

40% (v/v) Ethanol
2% (v/v) Phosphoric acid
30% (v/v) Ethanol
2% (v/v) Phosphoric acid

Agarose gel electrophoresis

TAE

6X loading buffer

40 mM Tris

1 mM EDTA

20 mM acetic acid
pH 8.3

50% (v/v) Glycerol
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0.2% (w/v) Bromophenol blue
0.2% (w/v) Xylene cyanole

Gibbson assembly

5x isothermal reaction mix

1.33x Gibson assembly master

500 mM Tris

50 mM MgCl,

1 mM dNTP mix

250 mg/ml PEG-8000

5 mM NAD"

pH 7.5

26.67% (v/v) 5x isothermal reaction mix
25 U/ml Phusion DNA polymerase

4 U/ml T5 exonuclease

4 U/ml Taq DNA ligase
AFM buffers
Adsorption buffer 20 mM HEPES

20 mM MgCl,

2.1.3. Media and bacterial strains

Table 2.1.3-1: Media

pH 7.6 (NaOH)

Notation Composition
LB medium 10 g/l Tryptone
5 g/l Yeast extract
10 g/l NaCl
LB agar 1.5% (w/v) agar in LB medium
1000X Trace minerals 46.3 mM boric acid

9.1 mM MnCl - 4 H,O
0.77 mM ZnCl; - 7 H20
1.6 mM Na:MoO - 2 H>O
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BG11 medium

BG11 agar

Table 2.1.3-2: Bacterial strains

0.32 mM Co(NOs), - 6 H,0
0.17 mM CuSO4 x 5 H,0

3.1 mM citric acid

24.5 mM CaCl; - 2 H,O
30.4 mM MgSOs4 - 7 H,O
0.28 mM Na;EDTA - 2 H,O
5 mM HEPES, pH 8.2

1X Trace minerals

1X BG-FPC

22.6 uM ferric ammonium citrate

0.19 mM NaxCOs3

0.175 mM K>HPO4

12.1 mM Na2S203 - 5 H20

15 g/l BD Difco Bacto agar in BG11 medium

Bacterial strain Genotype Origin
Escherichia Coli
E. Coli XL1 blue recAl endA1 gyrA96 thi-1 Agilent Technologies

E. Coli BL21 (DE3)

hsdR17 supE44 relAl lac
F-ompT hsdSB (rB- mB-) gal
dem lon A (DE3)

(Santa Clara, CA, USA)
Novagen (Darmstadt,

Germany)

Synechocystis sp. PCC 6803
Synechocystis

pCK306 IM30-7GS-mVenus

pCK306 IM30*-7GS-mVenus

wt

Asl10410::thaBAD IM30-
7GS-mVenus Km® rhaS
Asl10410::thaBAD IM30*-
7GS-mVenus Km® rhaS
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pCK306 IM301.156-7GS-mVenus

pCK306 IM30157.267-7GS-mVenus

pCK306 IM3026-156-7GS-mVenus

pCK306 IM3026.136-7GS-mVenus

Asll0410::thaBAD IM30;.156- This work

7GS-mVenus KmR rhaS

Asll0410::rhaBAD IM30157.  This work
267-7GS-mVenus Km® rhaS
Asl10410::thaBAD IM3026- This work
156-7GS-mVenus Km® rhaS
Asl10410::thaBAD IM3026. This work
136-7GS-mVenus Km® rhaS

pCK306 mVenus Asll0410::thaBAD mVenus This work
Km® rhaS
pCK306 7GS-mVenus Asl10410::thaBAD 7GS- This work
mVenus KmR rha$S
2.1.4. Plasmids and oligonucleotides
Table 2.1.4-1: Plasmids
Plasmid Resistance Origin
pRSET IM30 Amp® Schneider group
pRSET IM30* AmpR Schneider group (BJ)
PRSET IM301.156 Amp® This work
pRSET IM30157-267 Amp® Schneider group (BJ)
pRSET IM3026-156 Amp® Schneider group (LS)
pPRSET IM3026.136 Amp® This work
pRSET IM30-Venus Amp® Schneider group (JH)
pRSET IM30-7GS-mVenus Amp® This work
pRSET IM30*-7GS-mVenus Amp® This work
pCK306 KmR® (Kelly et al. 2018)
pCK306 IM30-7GS-mVenus KmR This work
pCK306 IM30*-7GS-mVenus KmR® This work
pCK306 IM30,.156-7GS-mVenus ~ Km® This work
pCK306 IM3057.267-7GS-mVenus Km® This work
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pCK306 IM3026.156-7GS-mVenus ~ Km® This work

pCK306 IM3026.136-7GS-mVenus  Km® This work

pCK306 mVenus KmR® This work

pCK306 7GS-mVenus KmR® This work
Table 2.1.4-2: Oligonucleotides

Oligonucleotide Sequence (5°— 3°) Application

Gibson pCK306 LP fw

Gibson pCK306 LP reve
rse

Gibbson LP rev pCK306
7GS

SLIC LP1 pRSET fw

SLIC LP2 pRSET rev

SLIC 157 H4 fw pRSET

SLIC H7 rev pRSET

SLIC (h4-7) CFP pRSET

v

SLIC (H7) YFP pRSET

rev

Gibson_7GS-XFP_fw

ggatccaaagccacgttgtgtcte

ttctacctectttgtatattataaacttacceg

attc

AGATCCACTTCCTCCGGA
TCCCATttctacctcctttgtatattataa

acttacccgattc

ggatceggcetgctaacaaagece

atgcttgtcgtcgtcgtcgatatgg

ccatatcgacgacgacgacaagcatggg

ggcttaggtactag

GGGCTTTGTTAGCAGCCG
GATCCTTACAGATTATTTA

ACCGACGAC

gggctttgttagcagccggatcecttattgaa

ttcecttgtacage

gggctttgttagcagecggatcecttacttgt

acagctcgtcca

GGATCCGGAGGAAGTGGA
TCTGTGAGCAAGGGCGAG

GA
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pRSET IM30 (136)-end to
LP rev

Gibbson IM30 (136) 7GS
rev

Gibbson XFP pCK306 fw

Gibson IM30H1-
3(156) 7GSlinker rev

Gibson_pCK306 IM30 H
4 fw

Gibson IM30 H7 7GS-

linker rev

QC_156 H3 Stop_fw

QC _156 H3 Stop_rev

Gibson F pCK306 IM30
_start26

QC-mYFP_fw

QC-mYFP_rev

f-hom-left-pCK306
r-hom-right-pCK306

GGGCTTTGTTAGCAGCCG
GATCClttatttcttggttttagcttcgg
GGGCTTTGTTAGCAGCCG
GATCClttatttcttggttttagcttcgg
tttataatatacaaaggaggtagaaATG
GTGAGCAAGGGCGAGGA
AGATCCACTTCCTCCGGA
TCCGAGGGTTTGCTGCAG
TTCAGC
tttataatatacaaaggaggtagaaATG
GGGGGCTTAGGTACTAGC
AGTGC
AGATCCACTTCCTCCGGA
TCCCAGATTATTTAACCG
ACGACG
GCAGCAAACCCTCTAAGG
CTTAGGTACTAGC
GCTAGTACCTAAGCCTTA
GAGGGTTTGCTGC
tttataatatacaaaggaggtagaaATG
GAAAAAGTTCTGGAACAG
GCCG
CCTGAGCTACCAGTCCAA
ACTGAGCAAAGACCCCAA
CG
CGTTGGGGTCTTTGCTCA
GTTTGGACTGGTAGCTCA
GG

ggcaggtattctggcta
gcaccaaggtggtaatt
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gene of interest
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gene of interest

Gibbson assembly; generate
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QuickChange; G157Stop

QuickChange; G157Stop

Gibbson assembly; generate

gene of interest

QuickChange; A206K in

Venus to generate mVenus

QuickChange; A206K in

Venus to generate mVenus

segregation-check

segregation-check
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2.1.5. Kits, enzymes, and marker

Kits were used by following the instructions in the accompanying manuals and any deviations are

indicated in the following methods section.

Table 2.1.5-1: Kits

Kit

Manufacturer

Agarose gel extraction

NucleoSpin, Gel and PCR cleanup Kit

Machery Nagel, Diiren, GER

Plasmid preparation

NucleoSpin, Plasmid Kit

Machery Nagel, Diiren, GER

Bradford reagent

Table 2.1.5-2: Enzymes

Bio-Rad (Munich, Germany)

Enzyme

Dpnl restriction endonuclease
Phusion DNA polymerase

Q5 DNA polymerase

T5 exonuclease

Taq DNA Ligase

Table 2.1.5-3: Marker

New England Biolabs (Frankfurt, Germany)
New England Biolabs (Frankfurt, Germany)
New England Biolabs (Frankfurt, Germany)
New England Biolabs (Frankfurt, Germany)
New England Biolabs (Frankfurt, Germany)

Marker

Manufacturer

DNA Ladder, GeneRuler 1kb

Pierce, PageRuler unstained MW marker

2.1.6. Instruments and software
Table 2.1.6-1: Instruments

Thermo Scientific (Darmstadt, Germany)

Thermo Scientific (Darmstadt, Germany)

Instrument Notation

Manufacturer
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Atomic force microscope

CD spectrometer

Centrifuges

Fluorescence microscope
Fluorescence spectrometer
Gel documentation

Gel electrophoresis chamber

Gel electrophoresis power
supply

Gel scanner

Heating block/shaker
Heating plate/magnetic stirrer

Horizontal shaker

Incubator (E. coli)

Incubator (Synechocystis)

Photometer

pH meter

Multimode 8 with J-
scanner

J-1500 with MTPC-490S
Allegra X-15R

Avanti J-26XP with JA-
25.50 and JLA-8.1 rotors
Centrifuge 5424

Axio Observer.Z1
FluoroMax-4
Quantum-ST4 1100/26MX
Mini-Protean 3 Cell
PowerPac Basic
ViewPix 700
Thermomixer comfort
MR Hei-Standard

Duomax 1030

Binder Inkubator Serie BF
Economic Delux, ECDO1E

Nanodrop 2000C

pH211 Microprocessor
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Bruker (Billerica, MA, USA)

JASCO (Pfungstadt, Germany)
Beckmann Coulter (Krefeld,
Germany)

Beckmann Coulter (Krefeld,
Germany)

Eppendorf (Hamburg,
Germany)

Carl Zeiss (Jena, Germany)
Horiba Scientific (Kyoto, Japan)
PeqLab (Erlangen, Germany)
Bio-Rad (Munich, Germany)
Bio-Rad (Munich, Germany)

Biostep (Burkhardtsdorf,
Germany)

Eppendorf (Hamburg,
Germany)

Heidolph (Schwabach,
Germany)

Heidolph (Schwabach,
Germany)

Binder (Tuttlingen, Germany)
Snijders Scientific (Tilburg,
Netherlands)

Thermo Scientific (Darmstadt,
Germany)

HANNA Instruments
(Vohringen, Germany)
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Plate Reader FLUOstar Omega BMG Labtech GmbH
(Ortenberg, Germany)
Sonifier Branson Sonifier 250 Heinemann Labortechnik,

Stopped-flow spectrometer

Thermocycler

Table 2.1.6-2: Software

SX20

Thermocycler TGradient
96

(Duderstadt, Germany)
Applied Photophysics
(Leatherhead, UK)

Biometra (Gottingen, Germany)

Software Version and websites Application
Benchling www.benchling.com Sequence analysis
ChimeraX 1.6.1 Molecular visualization
Excel Microsoft 365 Data analysis
FIJI/ Imagel 2.3/1.53q Image analysis and editing
GIMP 2.10 Image editing
Gwyddion 2.58 AFM image and data analysis
Mendeley 1.19.8 Reference management
OriginLab 2020 9.7.0.188 Data analysis
PowerPoint Microsoft 365 Figure editing
Word Microsoft 365 Text editing

2.2 Methods

2.2.1. Cloning, expression, and purification of IM30
The construction of the plasmid containing the gene coding for IM30 of Synechocystis sp. PCC
6803 (pRSET IM30 wt) was described previously'!’. The construction of the plasmid for IM30%*,
containing the mutations E83A, E84A, F168A, E169A, R170A, and M171A was described
earlier'® !, Quick changes, or site directed mutagenesis, usus an overlapping pimer pair with base
pairs that are mitchmatching to the template to introduce mutations. Gibbson assembly cloning

uses primers with partially overhanging regions that overlap to generate fragments with the genes
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of interest and a linearized plasmid backbone that are subsequently combined and assembled in a
reaction step after the PCR. The plasmid for expression of the truncated IM30 variant IM3026.156
is based on pRSET IM30 wt and was constructed using QuickChange PCR to introduce a stop
codon at the amino acid position 157 and Gibbson assembly cloning to remove the sequence
coding for the first helix of SynIM30 resulting in pRSET IM3026-156 by _ and kindly
provided. Other plasmids and primers used in this study are listed in Table 2.1.4-1 and Table
2.1.4-2. A glycine-serine linker with a length of 7 amino acids was inserted between IM30 variants
and the mVenus fluorescence tag, which was shown to result in a functional fusion protein in other

in vivo studies in Synechocystis'!2.

All protein variants were expressed in E. coli BL21 (DE3) grown overnight in LB medium at 37 °C.
Cells were harvested by centrifugation (3000 x g, 4°C), resuspended in 20 mM imidazole
purification buffer (300 mM NaCl, 20 mM imidazole, 50 mM phosphate, pH 7.6) and lysed via
sonification at 4 °C. Cell debris was removed by centrifugation (12000 x g, 4 °C) and His-tagged
protein was bound to Ni-NTA columns and washed with increasing amounts of imidazole (20, 50,
100 mM). In the end, protein was eluted with purification buffer containing 500 mM imidazole.
Buffer was exchanged using PD-10 columns or dialysis, and protein was concentrated using
centrifugal filters (Merck, Darmstadt, Germany) with molecular weight cut-offs of 30 kDa for
IM30wt and IM30-mVenus, 10 kDa for IM30* and IM30*-mVenus, and 3 kDa for the truncated
IM30 variants IM30i.156, IM30157-267, IM3026.156, and IM3026.136. Protein concentration was
determined using the Bradford test'!® using BSA as standard for the calibration curve and protein

was frozen in liquid nitrogen and stored at -20 °C until use.

2.2.2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) was used to validate the
purity of the aliquoted protein samples. To this end, protein samples were mixed with SDS-buffer
to get a solution of ~ 0.1 pg/ ul according to the determined protein concentration determined in
the Bradford assay. Samples were then incubated at 95°C for 5 minutes. Next, SDS samples and
marker samples were applied to 12 or 16 % acrylamide gels and run in a gel electrophoresis system
(Bio-Rad, Munich, Germany) at 200 V for ~ 45 minutes until the dye almost reached or barely
exits the bottom of the gel. Gels were subsequently washed with water, stained in Coomassie

staining solution for 1 hour and excess dye was removed by at least 2 incubations for 30 minutes
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in unstaining solution. Gels were scanned in a gel scanner and further processed for labeling in
GIMP. The gel of an exemplary SDS-PAGE summarizing all different IM30 variants used in this

study is shown in Figure 2.2-1.

kba M 1 2 3 4 5 6 M kDa

116 116
66.2 66.2
45 45
35 35
25 25
18.4 = 18.4
14.4 — —14.4

Figure 2.2-1: Protein samples for all different IM30 variants used in this study were analyzed via SDS-PAGE after each
purification. A representative gel summarizing the results for all protein variants in one gel is shown. Lanes indicated on top of
the gel were loaded as follows: M - marker, 1 - IM30, 2 — IM30%*, 3 - IM301-156, 4 — IM30157-267, 5 — IM3026-156 and 6 —
IM3026-136. The molecular weight of the marker is indicated next to the marker bands on both sides in kDa.
2.2.3. Agarose gel electrophoresis

Agarose gel electrophoresis was used to distinguish the sizes of PCR-products from transformed
and untransformed Synechocystis cells, verify for the incorporation of the genes of interest and
determine if complete or only partial segregation was achieved. Gels were prepared from 1%
agarose dissolved in TAE buffer. Samples were diluted in loading dye buffer and applied to the
gel together with a DNA marker (gene ruler 1 kbp). The agarose gel was run at 140 V for at least

30 minutes until the dye almost reached the end of the gel.
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bp M 1 2 3 4 5 6 7 8 9 M bp
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Figure 2.2-2: Agarose gel summarizing the PCR-check for all Synechocystis strains used in this study.Lanes indicated on top of
the gel were loaded as follows: M - marker, 1 — Synechocystis wt, 2 — Synechocystis pCK306-IM30-7GS-mV, 3 — Synechocystis
pCK306-IM30*-7GS-mV, 4 — Synechocystis pCK306-IM301.156-7GS-mV, 5 — Synechocystis pCK306-IM30,57.267-7GS-mV, 6 —
Synechocystis pCK306-IM3026.156-7GS-mV, 7 — Synechocystis pCK306-IM3026.135-7GS-mV, 8 — Synechocystis pCK306-mV, 9 —
Synechocystis pCK306-IM30-7GS-mV,. The number of base pairs(bp) of the marker DNA fragments is indicated next to the marker

bands on both sides.

Synechocystis transformed with pCK306-IM30157.267-7GS-mVenus showed incorporation of the
gene of interest but incomplete segregation. All other Synechocystis strains that were transformed
with plasmids showed incorporated genes of the expected length and segregated completely. The
lengths of the expected PCR fragments are listed in Table 2.2.3-1 and the plasmids used for
transformation were checked by sequencing before the transformation (Eurofins, Ebersberg,

Germany).

Table 2.2.3-1: Expected lengths of the PCR-check fragments

lane # Synechocystis expected length [bp]
1 wt 413
2 pCK306 IM30wt-7GS-mV 3917
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3 pCK306 IM30*-7GS-mV 3917
4 pCK306 IM30;.156-7GS-mV 3584
5 pCK306 IM30157267-7GS-mV 3452
6 pCK306 IM3026.156-7GS-mV 3512
7 pCK306 IM3026.136-7GS-mV 3452
8 pCK306 mV 3098
9 pCK306 7GSmV 3119

2.2.4. Static light scattering
Static light scattering was used to follow changes in IM30 particle size at urea concentrations
ranging from 0 M to 7 M urea. 3.2 uM of protein were incubated for 15 minutes at 20 °C at the
indicated urea concentration in 10 mM HEPES buffer pH 7.6. Scattering was measured at 20 °C
using a FluoroMax fluorescence spectrometer (Horiba Scientific, Kyoto, Japan) instrument with
excitation wavelength set to 600 nm, slid width 2 nm, and emission spectra were recorded from
200 to 700 nm in 1 nm steps, slid width 2 nm. Light scattering was evaluated as the 2™ order
Rayleigh scattering at 300 nm by measuring the average of the signal at 300 nm + 5 nm for each

urea concentration.

2.2.5. Tryptophane fluorescence measurements
Tryptophane (Trp) fluorescence was used to follow changes in Trp71 fluorescence resulting from
changes in the Trp’s environment at urea concentrations ranging from 0 M to 7 M urea. For each
data point 3.2 uM of protein was incubated for 15 minutes at 20 °C in 10 mM HEPES buffer pH
7.6 at the indicated Urea concentration. Trp fluorescence was measured at 20 °C using a
FluoroMax fluorescence spectrometer (Horiba Scientific, Kyoto, Japan) instrument with excitation
wavelength set to 280 nm, slid width 1 nm, and emission spectra were recorded from 300 nm to
450 nm in 1 nm steps (slid width 3 nm). The resulting spectra were processed by applying a moving
average of = 5 nm. The fluorescence intensity at 335 nm, as well as the maximums wavelength of
the spectrum were determined at each urea concentration. The Trp71 fluorescence intensity at 335

nm was normalized and both maximums wavelength and normalized intensity at 335 nm from at
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least 3 independent measurements were averaged. Measurements of Trp fluorescence were

performed directly after measuring the scattering signal with the same sample.

2.2.6. Circular dichroism spectroscopy
Circular dichroism (CD) spectroscopy was used to follow changes in the IM30 secondary structure
at urea concentrations ranging from 0 M to 7 M urea. For each data point, 3.2 uM of protein (0.1
mg/ml for IM30 and IM30%*; 0.07 mg/ml for IM3026.15¢) was incubated for 30 minutes at 20 °C at
the indicated urea concentration in 10 mM HEPES buffer pH 7.6. A CD-spectrum was measured
at 20 °C using a J-1500 CD-spectrometer (JASCO Corporation, Tokyo, Japan) collecting spectra
from 190 nm to 250 nm at a scanning speed of 100 nm/min in 1 nm steps, slid width 1 nm. The
resulting spectra were processed by applying a moving average of + 5 nm. The molar ellipticities
at 208 nm and at 222 nm were normalized and the molar ellipticity ratio 222 nm to 208 nm was
determined for each urea concentration. The results of at least 3 independent measurements were

averaged.

2.2.7. Unfolding kinetics
The kinetics of unfolding in 4 M urea were monitored via following changes in Trp fluorescence
and turbidity. To this end, 20 uM IM30 wt or IM30* in 10 mM Hepes/NaOH, pH 7.6 was rapidly
mixed with 8 M urea in the same buffer in a 1:1 ratio, employing the SX20 instrument (Applied
Photophysics, Leatherhead, UK). For all curves, a cut off filter at 320 nm was used on the emission
side. For monitoring the change in Trp fluorescence, the excitation wavelength was set to 280 nm;
for monitoring turbidity, it was set to 325 nm. For each condition, the same solution was used for
measuring kinetics based on Trp fluorescence and turbidity, respectively. At least three kinetic

curves were averaged for each condition. All unfolding kinetics experiments were performed and

analyzed by [N

2.2.8. Modelling urea-induced IM30 destabilization
We applied a three-state model for IM30 oligomer unfolding: the native state, namely the barrel
(N), an intermediate monomeric state (I) and the final unfolded state (U). For IM30* and IM302.

156 a two state model was used, with a native state (N’) and unfolded state (U).
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Our model is based on the linear combination of the signal Y (measured via light scattering,

fluorescence and CD) from specific IM30 state, which can be expressed as:

2,3
V= DS,
i=1

Where Y; is the maximum signal that could be produced by species i (i=N, N’, I, U). For IM30 wt
the first step is dissociation of the barrel, which makes a rigorous treatment difficult. However,
based on the scattering signal we can estimate the overall fraction of non-oligomers, as

demonstrated below, simplifying the model-based analyses:

Since the small oligomeric/monomeric states and unfolded states are indistinguishable in terms of

the scattering signals (S; = Sy = S i), we find for the scattering signal of IM30:

S=fx*Sv+ i+ f)Sw=Sw+GSw—Dfy (eq. 1a)
S-5

Snorm = 5 I_li = fn (eq. 1b)
LU

Thus, based on the normalized scattering data as a descriptor for the fraction of protein in the IM30
barrel state, we can replace fy by S,orm» and only have to describe the denaturation process by an

appropriate equilibrium constant.

The ratio between intermediate and unfolded protein can be expressed in terms of an equilibrium
constant, K, as:

26O AGEy,0— mlU] Cso—[U]

K =z_§' = e ®T = ¢ RT =e  d (eq.2)

We used a similar method as previously described for the determination of AGY,, ' by applying
the linear extrapolation model (LEM) to parametrize the effect of urea on the denaturation
equilibrium constant K. Here, Cso= AGp,,/m, defining the urea concentration where K=1, and

d=RT/m.

The fractions of smaller oligomeric/monomeric and unfolded states can then be expressed as:
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C]

fi=—t—=—(1~fy) (eq.32)

cytCcrt+cy

and

fo=Kfi = 7 (1= f) (cq.3b)

Here, cn, c1, cuare the concentrations of the N, the I and the U state, and fy, fi, fu the corresponding

fractions of the total protein concentration.

For further analysis, we rearranged the equations describing the contributions of the different

species to the fluorescence signal (F) and CD-signal (D), starting from:
F=fyFy + fiFf + fuFy (eq.4a)
D= fyDy + fiD; + fyDy (eq.4b)
In the next step, fy was eliminated from eq.4a making use of 1 — fy — f;, yielding
F=F+ fy(Fyn—Fy)+ fi (Fi—Fy)
By normalizing so that at Fy = 1 for fy = 1 we obtain:

F_FU

Fnorm=FN_FU= fn +af;

Fi—Fy

where a = .
Fny—Fy

Analogously, by eliminating fy from eq. 4b and normalizing so that D, = 1 for f = 1, we

get:

Dporm = bfl + fU

Dj—Dy

where b = . Thus, the fit constants a and b express the differences between the specific

u—Dn
fluorescence and CD signals. Thus, the following equations were fitted to the normalized signals

simultaneously:

Eyorm = Snorm + @ (1 _SNorm)

1+K
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b+ K
Dnorm = ].-I-_K (1 — Snorm)
In the cases of IM30* and IM302.156 we consider only two states, namely the smaller
oligomeric/monomeric native state (N’) and the unfolded state (U), and analogously we obtain the

simplified equations:

norm. N’ N CN’ + CU B 1 + K
and
cy K
Dporm = fU =

CN’+ CU :1+K

The model was implemented in OriginLab 2020 and fitted using the Levenberg Marquard
algorithm by setting all parameters as shared global fitting parameters for each respective IM30

variant. All fits converged and fit parameters are summarized in (
Suppl. table 8.1-1).

The model describing IM30 destabilization by urea was developed by ||| GcIcNGNG

2.2.9. Coarse-grained simulations
The simulation was run on a coarse-grained (CG) structure of the IM30 monomer. The residues in
the sequence of IM30 (PDB 703Y) were mapped to the PLUM force field'!>!'®, The PLUM
represents each amino acid as three or four beads N, Ca, C’ and CJ for amide group, central carbon,
carbonyl group and side chain respectively, with special consideration for Gly and Pro residues.
This force field has two distinct advantages; it uses implicit solvent which allows for fast dynamics,

plus has an explicit H-bond potential on the backbone.

The initial configuration of monomer for simulation was designed by the package HOOBAS!'"".
The entire simulation was carried out on HOOMD-blue!'®. Simulations were run in the canonical
ensemble (NVT) by means of Langevin dynamics. The time step was set to ot= 0.01 t, where 7 is
the unit of time, corresponding to 10 fs. Each simulations was run for 10 ps in total. To study

folding characteristics of the system, the potential depth for H-bond was varied by tuning epsilon
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for respective bonding potential. A residue was deemed helical if the dihedral angles; phi (®) fall
within the range of -160° to -20° and the psi (¥) fall within the range of -120° to 50°'!°. The
simulations were carried out in triplicate for the full length (00-6) protein as well as its fragments

00-3 and 04-6 separately and error bars represent standard deviations of three simulations.

All coarse-grained simulations were set up, performed and analyzed by ||| GcNG 2nd

[ ERviysd

2.2.10. Turbidity measurements and phase diagrams
Turbidity measurements were performed with an Omega plate reader (BMG LABTECH,
Ortenberg, Germany) using 384-well plates (Cellvis, Mountain View, CA, USA). To maintain
constant buffer concentrations at varying pH values we used phosphate buffer at empirically
determined ratios of solutions of NaoHPO4, NaH,PO4 and H3PO4 resulting in a final buffer
concentration of 10 mM phosphate and 10 mM HEPES at the indicated pH value. 60 uL of protein
sample were prepared in either Phase separation buffer or PEG-NaCl buffer at the indicated
concentrations of PEG, NaCl and if applicable urea. In order to ensure well mixed and rapidly
equilibrated protein samples, the protein was pre-mixed in buffer containing neither PEG, nor
NaCl, nor pH altering phosphate buffer, but if applicable with 4 M urea. Then the premixed protein
was added to the phase separation buffer or PEG-NaCl buffer to reach the final composition for
the experiment, mixed thoroughly by pipetting up and down. 50 uL out of the total 60 uL were
transferred to the 384-well plate and allowed to incubate for 5 minutes at room temperature.
Turbidity defined as the absorbance value at 350 nm after measuring as absorption in the range of
300 nm to 600 nm, 20 flashes per well, and 2 nm step width at room temperature. Samples were
then subsequently imaged by DIC microscopy to distinguish between absorption arising from
condensates or aggregates. Data from three independent turbidity measurements were combined
to visualize condensate forming conditions in a phase diagram by setting a minimal measured
turbidity value for indication of phase separation to 0.13 and a second value at twice the minimal

value to give an indication for the changes at boundaries.

38



Materials and Methods

2.2.11. Differential interference contrast and fluorescence microscopy
Samples were prepared as described above for turbidity measurements and imaged after 15
minutes incubation time using Axio Observer.Z1 (Carl Zeiss, Jena, Germany) equipped with a 63x
oil objective in differential interference contrast (DIC) mode, 500 ms acquisition time and 4.5-5.5
V lamp voltage. In case of fluorescently labeled crowder we used 12.5 uM (1 mol% in case of 10%
PEG8k) Cy5-PEG (Biopharma PEG Scientific Inc., Watertown, USA) that was added to the PEG
mixture for the condensate formation buffer. Fluorescence images were acquired using 3 ms
acquisition time, 20% power of 630 nm LED light source for the Cy5 channel and 5 ms acquisition
time, 20% power of 475 nm LED light source for the mVenus channel. The images were evaluated
using the FIJI software!'?® by automatically adjusting the brightness of the DIC and fluorescence

images.

The images showing the fusion event were further processed for calculation of the aspect ratio. As
opposed to fluorescence images where condensates are easily identified by setting a threshold
above the background level, DIC images of condensates give signal above and below the image
mean intensity. Therefore, using the FIJI software '?° a threshold was applied using the MEAN
setting to yield binary images, followed by applying the MINUMUM filter (1 pixel), the
MAXIMUM filter (12 pixel), two standard DILATION operations, the FILL HOLES operation
and two standard ERODE operations. An ellipse was fit to the obtained particles using ANALYZE
PARTICLES set to 3 decimal digits and limited to particles of > 100 pixels in size, obtaining the

lengths of major and minor axis of the ellipse. The aspect ratio of the ellipse (A.R.) was calculated

tmaj . . . :
as A.R.= =™~ Following an established protocol'?!, an exponential function was used to fit the

minor

time dependence A.R.(t) =1+ (A.Ry— 1) exp(— f), where t is the time after initiation if the

fusion event, A. R.q is the initial aspect ratio and 7 is the characteristic relaxation time. The fit was

preformed using the Levenberg-Marquardt algorithm implemented in OriginLab.

2.2.12. Fluorescence recovery after photobleaching measurements
For fluorescence recovery after photobleaching (FRAP) experiments sample chambers were
assembled by lining two stripes of double-sided tape on a glass slide and covering it with a cover
slide to form the chamber. Samples were prepared as described above for turbidity measurement
while using 10% of the respective protein that was C-terminally fused to mVenus. FRAP

experiments were performed on a Lyca SP5 confocal microscope using an FITC laser and 63x
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glycerol objective at 1 % laser power for imaging. The sample was allowed to equilibrate inside
the chamber for 15 minutes after mixing and regions of interest were selected for full-bleaching
and partial bleaching of condensates. Image size was 41.33 um x 41.33 um with 128 x 128 pixels
to enable fast frame rates of 0.06 s. Regions of interest (ROIs) were defined in the software to
mark individual condensate areas for bleaching. The time series was set to 30 seconds of pre-
bleach acquisition followed by 100% laser power bleach pulses for 10 frames (0.6 s) and 10
minutes of post-bleach acquisition. The FRAP experiments were evaluated using the FIJI
software!?’ by selecting and measuring the mean intensity over time in ROIs for the background,
a control condensate and condensates that were bleached by the bleach pulse. For each experiment
the background signal was subtracted, and the control condensate was used to correct for unwanted
acquisition photobleaching. Normalized intensity was then calculated according to the following

formulas:

I - Imin,post

Inorm -

)
Imax,pre - Imin,post

Cmax,pre = Max (c—bg),

I*Cmax

Imax,pre = max (T —bg),
. Ixc.
Imin,post = min (% — bg),

where pre and post refer to pre- and post-bleach time points being used for evaluation of extrema
and ¢ and bg are the mean intensities of ROIs from the background and the control condensate,

respectively.

Comparing different condensate forming conditions and protein variants results in a variable size
of condensates. Since variable condensates sizes can affect recovery times'??, we refrained from

comparing recovery times and focused on recovered fractions after a certain time point.

2.2.13. In vivo localization and 3D rendering of fluorescently labeled IM30
Synechocystis cells grown in a shaker at 30 uEinstein in BG11-medium supplemented with 5 mM
glucose and 100 pg/ml kanamycin were diluted at an OD7s59 > 2.0 to OD750 = 0.1 with addition of

1 mg/ml rhamnose for induction of the rhaBAD promoter and expression of the introduced genes.
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After two days (OD7s50= 0.4-0.6), cells were imaged using an Elyra 7 super resolution microscope
(Zeiss, Oberkochen, Germany) using two track configuration, 642 nm for chlorophyll and 488 nm
for mVenus, with the filter set to SBS LP 560 and simultaneous imaging by two cameras. Next,
SIM2 processing was applied to generate super resolution images. For 3D rendering SIM?
processing was applied to Z-stack raw data (slice interval 0.110 pum) and 3D rendering was done
in Imaris (version 10.1.1). All in vivo fluorescence microscopy experiments shown in this study
and corresponding 3D rendering were designed and performed in the Lab o |||} NGl vy
_ (University of Liverpool). We acknowledge the Liverpool Centre for Cell Imaging

(CCI) for provision of imaging equipment and technical assistance.

Images for this study were further processed in ImagelJ to set saturation levels and include scale

bars.

2.2.14. Atomic force microscopy
Atomic force microscopy (AFM) was performed using a MultiMode 8-HR AFM (Bruker, Billerica,
MA, USA) equipped with a J-scanner (Bruker, Billerica, MA, USA ) at room temperature. The
ScanAsyst-Fluid+ cantilever (Bruker, Billerica, MA, USA) with a nominal spring constant of 0.7
N/m, a nominal tip radius of 2 nm, and a resonance frequency of 150 kHz was mounted on a fluid
cell  MTFML-V2). The fluid cell was assembled on top of freshly cleaved mica (12 mm diameter;
grade V1, Ted Pella, Redding, CA, USA). The deflection sensitivity was calibrated on mica and
spring constant was determined using thermal tune each day before starting the measurement.
Lipid samples for the formation of supported lipid bilayers (SLBs) were prepared by mixing
DOPG and DOPC in 4 to 6 molar ratio and drying a 1 mg lipid film inside a 2.5 ml glass vial under
constant nitrogen flow and subsequent removal of residual organic solvent by incubation for at
least 2 h in an exsiccator with vacuum applied. The lipid film was hydrated with 250 ul HEPES
buffer, vortexed for 10 s, and the turbid liposome solution was transferred to an Eppendorf tube.
The lipid sample was sonicated in water batch for at least 15 minutes with 3 short freeze-thawed
steps separated by 5 minutes. This resulted in less turbid lipid samples containing higher amounts
of small unilamellar vesicles (SUVs) and facilitated spriting of liposomes on mica. SLBs were
prepared by first washing the fluid cell with adsorption buffer and then incubating 2 mg/ml lipid
in adsorption buffer inside the fluid cell for at least 30 minutes. The fluid cell was finally washed

with 1 ml HEPES buffer. Formation of a lipid bilayer was testes in ramp mode and testing for the
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characteristic breakthrough force-distance curve of the tip that is piercing through the SLB. A 20
um x 20 um area was scanned to validate complete coverage of mica by the SLB in the imaging
area. Protein was applied incubated at the indicated concentration for at least 5 minutes and washed
with 1 ml HEPES buffer. Images were scanned from top to bottom with the scanning speed set to
<1 Hz and scans per line set to 256 or 512. The size of the scanned images was 5x5 pm or 20x20
pum and is stated in the image description. Data was processed in Gwyddion'?* (version 2.58) by
applying a median filter and subtracting a plane fit from the background. Line profiles were
analyzed in Gwyddion and exported as text files to generate graphs in OriginLab. AFM
topographic images were generated with the scale set to 10 nm and using the Sky color palette in

Gwyddion.
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3. Results and Discussion

3.1 Monomer unfolding of a bacterial ESCRT-III superfamily member is coupled to
oligomer disassembly
3.1.1. Abstract
The inner membrane associated protein of 30 kDa (IM30) is a member of the endosomal sorting
complex required for transport (ESCRT-III) superfamily and crucially involved in the biogenesis
and maintenance of thylakoid membranes in cyanobacteria and chloroplasts. In solution, IM30
assembles into various higher oligomeric barrel- or tube-like structures, whereas upon membrane
binding it forms large, flat carpet structures. Dynamic localization of the protein in solution, to
membranes and changes of the oligomeric states are crucial for its in vivo function. ESCRT-III
proteins are known to form oligomeric structures that are dynamically assembled from
monomeric/smaller oligomeric proteins, and thus these smaller building blocks must be assembled
sequentially in a highly orchestrated manner, a still poorly understood process. The impact of IM30
oligomerization on function remains difficult to study due to the high intrinsic tendency to homo-
oligomerize. Here, we used molecular dynamics simulations to investigate the stability of
individual helices in IM30 and identified unstable regions that may provide structural flexibility.
Urea-mediated disassembly of the IM30 barrel structures was spectroscopically monitored, as well
as changes in the protein’s tertiary and secondary structure. The experimental data were finally
compared to a 3-state model that describes oligomer disassembly and monomer unfolding. In this
study we identified a highly stable conserved structural core of ESCRT-III proteins and discuss
the advantages of having a flexible intermediate structures and their putative relevance for ESCRT-

III proteins.
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3.1.2. Introduction
The Inner Membrane-associated protein of 30 kDa (IM30), also known as Vippl (the vesicle-
inducing protein in plastids 1), is found in organisms/organelles that perform oxygenic
photosynthesis and contain thylakoid membranes (TMs), i.e. cyanobacteria and chloroplasts *71-9 ,
While its exact physiological function still is under debate, IM30 clearly is essential for the
biogenesis and maintenance of the TMs that contain the complexes of the photosynthetic electron

transfer chain’>.

IM30 likely evolved via duplication of the gene coding for the phage shock protein A (PspA), a
protein found in bacteria where it appears to be involved in maintenance and repair of the
cytoplasmic membrane >*7126, When compared to PspA, IM30 has a prolonged C-terminus, which
likely is a determinant for its distinct function in TM biogenesis and maintenance'®. While in
bacteria solely PspA or PspA-like proteins, such as LiaH in Bacillus subtilis, are encoded and
chloroplasts exclusively contain IM30, many cyanobacterial genomes encode both, PspA plus

IM30126’127.

Both PspA and IM30, together with canonical eukaryotic ESCRT-III proteins, belong to the
ESCRT-III superfamily®® %, where all superfamily members share key structural elements®. All
superfamily members have a structural core of fife a-helical segments, all contain a coiled-coil
formed by helices a1-2, as well as have a pronounced tendency to form large oligomeric barrel/rod
structures’® %127 While the sequences of IM30 and PspA of the cyanobacterium Synechocystis sp.
PCC 6803 (from here on: Synechocystis) share a similarity of only 51% 2%, the monomer structures

of the proteins are highly similar’®"®

with a largely conserved structure of the PspA-domain,
formed by helices a0-5. However, as mentioned before, IM30 contains the extra helix a6 at its C-

terminus.

In solution, IM30 of Synechocystis as well as of Nostoc punctiforme form large homo-oligomeric,
dome-shaped barrel structures with various symmetries, albeit the protein can also form rod
structures 213!, Within these oligomers, the PspA domains are organized in stacked layers where
the protomers within one layer and between layers are connected by conserved intermolecular
interfaces °*%°. Within a barrel, a single monomer can interact with up to 15 other monomers that
are up to one layer away along the symmetry axis and as far as three stacks away in a different

t%

symmetrical unit™. The recently solved structures of the two different cyanobacterial IM30
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proteins confirmed that the structural features and monomer interactions within the ESCRT-III
superfamily are conserved, involving the central coiled-coil formed by helices al-2, conserved
flexible hinge regions, and defined inter-and intramolecular interfaces °*°%!32, When part of an
oligomeric assembly, the Synechocystis IM30 protein is largely a-helical, with 5 a-helices (helices
a0-5) being resolved in the cryo-EM structures®®. Yet, in an IM30 variant that does not form stable
homo-oligomeric structures anymore (IM30%*), the regions forming helices a0 plus a4-7 in the
oligomer appear to be unstructured, whereas the coiled-coil formed by helices al-2, as well as
helix 03, which is a prolongation of a2 and also interacts with al-2, remain structured!®*. This
observation indicates that ring disassembly coincides with partial unfolding of IM30 monomers,
or, vice versa, ring formation involves the formation of a-helical segments in previously disordered
regions. However, IM30* contains mutations that disturb inter-monomer contacts, and it cannot

be excluded that these mutations might also destabilized the protein secondary structure ' .

Members of the ESCRT-III superfamily do not only share common structural features®”*, all
members of the ESCRT-III superfamily appear to be involved in membrane remodeling

51,133,134

processes . IM30 binds to negatively charged membrane surfaces!!! and forms membrane-

covering carpets in vitro'®. The formation of carpets has been shown to involve (i) adhesion of

104 How exactly

IM30 barrels at membrane surfaces and (ii) subsequent disassembly of the barrels
these observations relate to the in vivo function of IM30 is still largely unknown, although
membrane binding as well as formation of large membrane-attached IM30 assemblies has been
observed in vitro upon membrane stress'?”!'2131 For ATP production driven by the pH gradient
established across the TM in the light, the integrity of the TM must be maintained, and IM30
carpets were suggested to protect membranes against proton leakage!**!%. Interestingly, IM30*
forms carpets rapidly and appears to protect membranes more effectively than IM30 wt, at least in
vitro'™, indicating that IM30 oligomerization counteracts membrane binding and protection'!'! .
Thus, the availability of mono- vs. oligomeric IM30 likely needs to be fine-tuned in vivo. The
structural dynamics (monomer vs. oligomer) as well as soluble vs. membrane-attached IM30
populations are likely crucial for the IM30 in vivo function!*® . In fact, soluble as well as

membrane-attached IM30 fractions have been observed in vivo'?”-112,

In contrast to wt IM30, which forms large oligomeric barrels in solution, IM30* is monomeric or

forms small homo-oligomers with only the helices a1-3 coiled-coil remaining structured and the
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rest of the protein becoming largely disordered'®*. Furthermore, the isolated helices a4-6 (Fig. 1A),
are largely unfolded in solution'®’. Thus, the C-terminal half seems to have no high propensity to
form a-helices or even oligomers in absence of helices a0-3. Yet, very little is known about the
processes controlling IM30 oligomer formation. Since the IM30 function appears to be coupled to
its dynamic cellular localization, involving different IM30 folding states!*S, it is crucial to
understand the structural dynamics in greater detail to be able to eventually control the formation

of specific IM30 states for more detailed in vitro analyzes.

Thus far, the impact of the IM30 oligomeric state on its in vitro and in vivo activity has been
studied mainly via generation and analyzes of truncated IM30 variants as well as variants carrying
destabilizing mutations'*+1%137 Yet, to better understand the thermodynamic principles guiding
oligomer formation in solution and/or on membrane surfaces, it clearly is advantageous to
understand oligomerization of the wt protein. Luckily, after unfolding IM30 by urea, the protein

refolds, forms the prototypical IM30 oligomeric structures!%-106:138

and binds to lipid membranes
as observed with the protein purified under native conditions'*®. These observations now enabled

us to study individual steps during urea-mediated unfolding of IM30 (oligomers).

We now show that unfolding of a significant part of wt IM30 monomers is coupled to disassembly
of the large, homo-oligomeric ring structures. Yet, when the oligomeric IM30 barrel structures
disassemble into smaller oligomers and/or monomers, the structure of the al-2 coiled-coil is
retained. Based on our experimental data and a derived theoretical model we demonstrate that it is
impossible to disassemble all oligomeric barrel structures completely using urea without
simultaneously unfolding the IM30 monomers. Eukaryotic ESCRT-III proteins are also known to
form oligomeric structures that are dynamically assembled from monomeric/smaller oligomeric
proteins, a process that is still poorly understood. Based on our analysis of a manageable ESCRT-
IIT model, we generally discuss the advantages of having a flexible intermediate structure and its

potential relevance for ESCRT-III superfamily proteins.
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3.1.3. Results and Discussion

3.1.3.1. In silico unfolding of IM30
Based on previous observations, it is feasible to assume that the structure of IM30* mimics the
structure of the IM30 wt protein when the protein is not part of an oligomeric assembly. Yet, a
direct comparison with the structure of the IM30 wt in a monomeric form is not possible, since
this cannot be isolated under native conditions because of its strong intrinsic propensity to homo-

oligomerize (Figure 3.1-1).
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Figure 3.1-1: IM30 structure and schematic representations of truncated IM30 variants. (A) Structure of an IM30 monomer without

the C-terminal flexible region containing a6 (PDB: 703Y). The colors are as in (C). (B) Model of IM30 rings in cylinder cartoon

representation (PDB:703Y). (C) Schematic representation of full-length and truncated IM30 variants analyzed in this study.
Numbers inside the boxes represent numbers of helices, and colors in boxes correspond to colors of helices in the model. Grey
color indicates flexible and disordered regions. Small numbers above and below boxes represent beginning and end of regions

defined in this study as helix. The position of mutated amino acids in IM30* are indicated by white boxes with black stripes.
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Therefore, we first utilized the power of molecular dynamics (MD) simulations to precisely follow
the unfolding transition of the mainly a-helical IM30 wt structure upon in silico destabilization.
Since H-bonds are the main interactions stabilizing a-helices, we performed MD simulations at
decreasing H-bond strength to destabilize the protein secondary structure and followed the changes
in the propensity of individual amino acids to be part of an a-helix. At 100% H-bond strength, 60%
and 80% of the a0-3 and a4-6 regions were a-helical, and by lowering the H-bond strength to 75%,
the a-helical propensity was drastically reduced to 10% (Figure 3.1-2).
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Figure 3.1-2: Influence of relative H-bond strength on the a-helicity of IM30 monomers determined via coarse-grained simulations
in solution. Sequence propensity vs. amino acid position of full-length protein, at (4) 100, (B) (86%) and (C) 75% H-bond strength
(D) Helical propensity of 00-3 and o4-6 within the full length a0-6. Coarse-grained simulations were set up, performed and

analyzed by [ R -«

Further analyses revealed that the coiled-coil forming region a0-3 showed a consistently higher
propensity to form a-helices compared to 04-6 at equal H-bond strength, indicating a higher

stability of the helices involved in coiled-coil formation (Figure 3.1-2D). These differences
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prompted us to experimentally investigate the changes in the IM30 structure upon disassembly of

higher oligomers.

3.1.3.2. Urea-induced destabilization of the oligomeric IM30 structure
Due to our simulation results and the low helix-forming propensity of the C-terminal helices a4-
6!9137 structure formation of this part of the protein might be coupled to homo-oligomerization
of the full-length protein, i.e. to the formation of stabilizing contacts. Thus, to determine whether
(partial) unfolding of the IM30 wt monomer precedes, is paired with, or follows oligomer
disassembly, we monitored changes in the secondary and tertiary structure as well as in the

oligomeric assembly state at urea concentrations in the range 0 —7 M.

To first monitor changes in quaternary structure, we measured the scattering signal of IM30 wt at

increasing urea concentrations. Due to the large size, IM30 barrels show a strong scattering signal

in the absence of urea (Figure 3.1-3).
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Figure 3.1-3: Scattering signal of IM30 at increasing urea concentrations. IM30 wt (black squares) and IM30* (red circles). The

error bars represent SD, n=3.

Upon increasing the urea concentration from 0 to 3.5 M urea, the scattering signal decreased nearly
linearly until it reached a constant level which was about six times lower than the scattering signal
observed at 0 M urea. This suggests that the barrel structure is continuously destabilized until a
concentration of ~ 3.5 M urea is reached. Yet, for a well-defined system of only one oligomer type
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one would expect a sigmoidal curve for disappearance of the barrels in presence of a chemical
denaturant. However, since IM30 forms barrels of different sizes, and also stacks of barrels and

129-131,139

even tubular structures , the observed linear decrease in scattering clearly reflects different

dissociation processes.

In contrast to the wt, the scattering signal determined for the IM30* variant that does not form
large oligomers, remains essentially constant at all urea concentrations and is equal to the level

that the wt protein reached at urea concentrations >3.5 M.

3.1.3.3. Monitoring IM30 denaturation via changes in Trp fluorescence emission
Changes in Trp fluorescence characteristics can be used to monitor variations in the polarity of a
Trp’s environment, such as exposure of Trp residues to a more polar aqueous environment due to
protein unfolding, leading to a redshift of Trp’s emission maximum. Therefore, we measured Trp
fluorescence emission spectra at increasing urea concentrations to monitor alterations of the Trp

environment, induced by changes in the tertiary and/or quaternary structure of IM30.

IM30 contains a single Trp residue in position 71 on helix al (Figure 3.1-4). This residue is part
of the structured core of IM30, i.e. the coiled-coil formed by helices al and a2, and is facing away

from the barrels outer surface to the inside of the barrel.

In the coiled-coil, Trp71 is sandwiched between the helices ol and o2. In the barrel, the
accessibility of Trp71 is further confined by protomers of neighboring layers. Residues from these

neighboring protomers form together a small pocket around Trp71, from here on referred to as the
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Trp-pocket. Thus, in the IM30 wt barrel structures Trp71 is primarily confined by the formation
of the coiled-coil plus further buried in a Trp-pocket formed by multiple protomers (Figure 3.1-4).

A

B

Figure 3.1-4: The IM30 Trp71 pocket; (A) Location of a coiled-coil in layer 3 of the IM30 barrel structure in tube representation
(PDB: 703Y). (B) Cut-view of the inside of the barrel structure in tube representation. (C-F) Solvent access to the Trp71 pocket
as seen from the outside (C+E) and inside (D+F) in tube representation (C+D) and surface representation (E+F). a--Helices al
(blue), a2 (red) and o3 (orange). Trp side chain atoms are shown as spheres, and the indole ring atoms and its corresponding

surface are colored in cyan.

Although the Trp residue is somewhat buried within the barrel, solvent can access the Trp pocket
from both the outside and the inside of the barrel (Figure 3.1-4E, F). From the outside, solvent
access is provided in all layers through a large gap near the closed end of the coiled-coil hairpin
below the adjacent o5 of the monomer i*? (Figure 3.1-4C, E), another gap between a2 of the
coiled-coil and a3 of monomer i in layer L™! and also between a3 and a2 of monomer i in layer
L*!. From the inside there is solvent access to the Trp pocket through an elongated opening (Figure

3.1-4D, F) that is also found in all layers of the barrel structure.
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When calculating the accessible area of the Trp’s indole ring surface in the barrel structure (78 A?),

the isolated coiled-coil (100 A?) and a2 by itself (166 A?), it becomes evident that the solvent

accessible area of the Trp surface increases only by 24% upon barrel disassembly, when the coiled-

coil is still intact, compared to an increase of >100% in the isolated a2 helix. It has been shown by

MD simulation that the wavelength of maximal emission correlates with the solvent accessible
140

area . Therefore, we expect that barrel disassembly has a much smaller effect on Trp’s emission

spectrum than opening and/or unfolding of the coiled-coil.
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Figure 3.1-5: Tryptophan fluorescence emission of IM30 at increasing urea concentrations. (4) Trp fluorescence emission spectra
of IM30 at 0 M urea (full squares) and 7 M urea (empty squares). (B) Fluorescence intensity at 335 nm, IM30wt (black squares)
and IM30* (red circles). (C) Wavelength of emission maximum IM30wt (black squares) and IM30* (ved circles). See suppl. Figure

2 for non-normalized data. The error bars represent SD, n=3.

This assumption is supported by the observation that the fluorescence emission maximum of IM30

wt is only slightly lower than that of IM30* (334.7 + 0.6 nm and 336.3 + 1.5 nm, respectively),
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while the emission maximum of the unfolded protein is strongly increased (344 + 1 nm) (Figure
3.1-5C). Also, the fluorescence intensity is strongly decreased at a urea concentration of 7 M
compared to the intensity in absence of urea (Figure 3.1-5A). In order to monitor the urea-induced
denaturation of IM30 wt and IM30%*, the relative intensity at 335 nm (I335) and the position of the
emission maximum (Amax) was monitored (Figure 3.1-5B, C). The decrease in the Trp fluorescence
intensity and the shift in Amax (Figure 3.1-5B, C) can be divided into 3 stages for both variants: at
low urea concentrations from 0 to 2 M, the Trp fluorescence intensity decreases moderately. The
relative intensity is about 85 £ 5% for IM30 and 80.6% = 0.6% for IM30*. From 2.5 M to 4.5 M
urea a pronounced change is observed. whereas above 4.5 M urea the characteristics of the Trp’s
environment appear not to change further. The changes of Amax at increasing urea concentrations
follow a similar pattern, yet between 0 and 2 M urea the Amax value does not change at all. The
pronounced change in Trp’s spectral characteristics between 2.5 and 4.5 M urea indicates a
considerable exposure of Trp71 to a more polar environment, likely due to unwinding of the helix

a1/2 coiled-coil (as further analyzed and discussed below).

Taken together, the observations indicate that the urea-induced solvent exposure of Trp71 is
similar for IM30 wt and IM30%*, with a slight right-shift of the curve in case of IM30 wt, which

might be due to the stabilization of the protein structure by barrel formation.

3.1.3.4. Urea-induced destabilization of the IM30 secondary structure
In order to analyze whether between 2.5 and 4.5 M urea mainly the coiled-coil helices unfold, as
hypothesized based on the fluorescence measurements, CD-spectroscopy was employed, allowing

to monitor changes in the protein’s secondary structure.

In the absence of urea, the IM30 wt protein shows a strong CD-signal with minima at 208 and 222
nm, as characteristic for a mainly a-helical protein (Figure 3.1-6A), in line with the solved
structure’®. The shape of the spectrum is different for IM30* when compared to IM30 wt (Figure
3.1-6 B), and the fraction of protein adopting an a-helical structure is smaller in IM30*, in
agreement with earlier studies'®. The difference in shape is also reflected in the different value for
the ratio of the CD signal at 222 nm and 208 nm in absence of urea (Figure 3.1-6D), which

illustrates changes in the general shape of the CD spectrum.
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The overall dependence of the CD signal at 222 nm on the urea concentration is quite similar to
the changes of the Trp fluorescence emission observed at increasing urea concentrations (Figure
3.1-6C), both for IM30 wt and IM30*: between 0 and 2 M only a small change is observed,
followed by a pronounced decrease in ellipticity between 2.5 and 4.5 M, and a constant ellipticity
above 4.5 M urea. For both proteins, the ratio of the CD-signals at 208 nm and 222 nm remains
essentially constant between 0 and 2 M urea (Figure 3.1-6 D) and starts to drop at about 2.5 M
urea. Of note: the corresponding ratio determined at urea concentrations > 4.5 M have to be
excluded from the analysis and discussion, due to a low signal-to-noise ratio at 208 nm caused by

high Measured turbidity ofof urea as indicated by high detector voltages.
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Figure 3.1-6: CD signal changes at increasing urea concentrations. (4) CD spectrum of IM30wt at 0 M urea (full squares) and 7
M Urea (empty squares). (B) CD Spectrum of IM30wt (black squares) and IM30* (red circles) at 0 M urea; (C) Normalized CD
signal at 222 nm at increasing urea concentration for IM30wt (black squares) and IM30* (red circles). See suppl. Figure 2 for
non-normalized data. (D) CD signal ratio 222 nm to 208 nm at increasing urea concentrations for IM30wt (black squares) and

IM30* (red circles). The error bars represent SD, n=3.
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Together, these observations indicate that for both IM30 wt and IM30* between 2.5 and 4.5 M
urea most a-helical regions unfold. As in IM30* helices a0 and 04-6 are largely disordered, the

unfolding curve likely is dominated by the coiled-coil formed by helices al-3.

3.1.3.5. In silico unfolding of isolated IM30 regions
To test our assumption that the coiled-coil forms a stable structured core whereas the C-terminal
region is disordered upon barrel disassembly, we next carried out coarse grained simulations of
isolated protein segments while varying the H-bond strength in our simulation, mimicking the
destabilizing effect of urea. Again, with decreasing relative H-bond strengths we observed a
general decrease in the propensity to form oa-helices and the decrease consistently required a
stronger reduction in H-bond strength for the a0-3 region compared to 04-6 (Figure 3.1-7A). This
effect was observed for simulations of both the full-length protein as well as the individual

truncated variants (00-3 and 04-6) (Figure 3.1-2D, Figure 3.1-7A).
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Figure 3.1-7: Influence of relative H-bond strength on propensity of IM30 in coarse-grained simulations of monomers in
solution.(4) Propensity of the full length (0.0-6) and its fragments (0.0-3) and (a4-6) simulated separately. (B) Helical propensity
of each helix of the a0-3 fragment calculated from simulating the structure a0-6 with respect to relative H-bond strength; (C)

Helical propensity of each helix within the fragments 04-6 of simulating structure a0-6. Coarse-grained simulations were set up,

performed and analyzed by | NSNS -« I

Next, we analyzed the stability of individual regions that form a-helices in the barrel structure at
varying H-bond strength. The helices of the N-terminal region show an a-helical propensity above

40 % at 92% H-bond strength (Figure 3.1-7B), in contrast to the C-terminal helices a4-6 where
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the a-helicity is already drastically decreased at 92% H-bond strength compared to 100% (Figure
3.1-7C). Taken together our simulations support the hypothesis that IM30 retains its coiled-coil

structure while other regions of the protein become disorder upon barrel disassembly.

3.1.3.6. The IM30 coiled-coil core remains intact upon barrel disassembly
The above presented results and simulations indicate that at low urea concentrations for both, IM30
and IM30%*, a state with a structured a-helical region exists. The central coiled-coil formed by
helices al-3 is a conserved structural motif found in all members of the ESCRT-III protein
superfamily. This coiled-coil is the only region that remains structured in IM30*, where most of
the protein is disordered in solution'®. In order test the assumption that between 2.5 and 4.5 M
urea unwinding and unfolding of this structured core is observed independently of helices a0 and
a4-a6, we next analyzed the stability of the isolated helical hairpin formed by the helices al-3
(IM3026-156), to investigate its contributions to the structure and stability of the full-length IM30

monomer.

The scattering signal of IM3026.156 was as low as observed before for IM30* (Figure 3.1-3) and
remains constant in the range of 0 to 7 M urea (Figure 3.1-8A). This is perfectly in line with the
simulations (Figure 3.1-7) and the recent observation that the isolated coiled-coil does not form

large oligomeric structures in solution.'%137
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Figure 3.1-8: The structure of IM3026.156 at increasing urea concentrations. (A) Scattering, (B) normalized Trp Fluorescence
intensity at 335 nm, (C) maximum wavelength, (D) CD spectrum, (E) normalized CD-Signal at 222 nm, and (F) CD signal ratio
222 nm to 208 nm at increasing urea concentrations for IM30 (black squares) and .IM3026.156 (green triangles). See suppl. figure
2 for non-normalized data. The error bars represent SD, n=3.

The Trp fluorescence emission characteristics of IM3026.156 change only slightly at low urea

concentrations followed by a strong decrease in intensity and a red-shift in the fluorescence
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emission maximum at concentrations above 2.5 M urea (Figure 3.1-8B, C), exactly as observed
before for the wt and IM30* variant (Figure 3.1-5). This strongly supports the conclusion that the
Trp71 environment inside the isolated coiled-coil remains largely unaltered at low urea
concentrations (0-2.5 M), whereas the Trp environment becomes more polar at higher urea
concentrations due to exposure of Trp71 to the aqueous solution caused by unwinding and possible
unfolding of the coiled-coil, visible as a red shift in the Trp emission maximum. After a strong
change in the fluorescence characteristics between 2.5-4.5 M urea, the fluorescence intensity and
the fluorescence emission maximum remained constant from about 4.5 M urea on, as also observed
for IM30 and IM30*. This indicates that increasing the urea concentration did not result in further
protein unfolding. Unfolding of the coiled-coiled structure between 2.5 and 4.5 M urea was also
shown by CD-spectroscopy, indicated by a very sharp decrease in the amplitude of the CD-signal
at 222 nm (Figure 3.1-8E). Again, as observed for the other two variants, the decrease in the CD-
signal amplitude at 222 nm is mirrored by the decreases in the Trp emission intensity, strongly
supporting the hypothesis that the loss of tertiary interactions in the coiled-coil coincides with the
loss of remaining a-helical structure in IM30. In fact, also the CD-signal ratio of 222 nm-to-208
nm decreased (Figure 3.1-8F), as observed for IM30 and IM30* at similar concentrations (Figure
3.1-6D). A 222/208 ratio > 1 is a well-known indication for coiled-coil formation, or, more

generally, for interaction of a-helices!*!"14?

, and thus, the coiled-coil appears to unwind at urea
concentrations > 3 M (Figure 3.1-8F). Unwinding of the coiled-coil, which leads to solvent
exposure of Trp71, is coupled to unfolding of the a-helices (Figure 3.1-5, Figure 3.1-6, Figure
3.1-8). As for IM30 and IM30*, the CD-signal at 222 nm reached a plateau at ~4.5 M urea where

the coiled-coil-forming helices are entirely unfolded.

Together, the analyses of the isolated helical hairpin strongly support the assumption that the helix
al/a3 coiled-coil is the most stable structure in the wt protein and only unfolds at high urea
concentration, i.e. at conditions where IM30 oligomers are already disassembled and helices a0

and 04-a6 unfolded.

3.1.3.7. Barrel disassembly of IM30 wt is rate limiting in unfolding kinetics
While the scattering data indicate that the IM30 wt barrels are largely disassembled at urea

concentration <3 M, the fluorescence and CD data suggest unfolding of a-helices at urea
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concentrations >3 M, indicating that barrel disassembly has to take place before tertiary structure

changes near Trp71 occur.

To further scrutinize this assumption, we next investigated the kinetics of unfolding IM30 or
IM30%*, respectively. To this end, solutions containing the protein in buffer were rapidly mixed 1:1
with a solution containing 8 M urea. The reaction was monitored on one hand based on Trp
fluorescence as indicator for tertiary structure changes and on the other hand by measuring the
change in scattering to follow barrel disassembly (Figure 9). In order to determine the respective
signal of the initial, native state, the proteins were mixed with urea-free buffer in a separate
experiment (control). For comparison of the different curves, the measured values were normalized

to the initial value of the respective control.
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Figure 3.1-9: IM30 unfolding monitored by turbidity and Trp fluorescence. IM30 wt (dark and light blue) and IM30* (black) was
mixed 1:1 with 8 M urea (solid lines) and with buffer as control (broken lines). The unfolding process was followed by Trp-
Sfluorescence (black and dark blue) for both proteins and by turbidity at 325 nm for the IM30 wt (magenta). (A) The measured
detector signal was normalized to the signal obtained at t= 6ms (dead time of the instrument) in absence of urea for better
comparison. (B) For IM30 wt, additionally the signals were normalized to the value at 6 ms and 100 s, respectively, to highlight
the slight lag in the fluorescence signal. All kinetic unfolding experiments were conceptualized and performed b _

The change in Trp-fluorescence is a very fast process in case of IM30*. Most of the signal decay
is lost in the dead time of the instrument (about 6 ms). The final fluorescence is about 30% of the
value obtained with the control, in reasonable agreement with the values measured after 15 min in

the steady-state fluorescence measurements (Figure 4B). In contrast, the fluorescence signal
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decays much slower in case of IM30 wt, and, importantly, slightly lags behind the scattering signal
(Figure 9B). This clearly shows that tertiary structure changes occur only after disassembly of the
large IM30 oligomers. In the case of the wt protein, ring disassembly, measured via scattering, and
monomer unfolding, determined via Trp fluorescence changes, occur nearly simultaneously, at
least after 6 ms (Figure 9B), indicating that IM30 wt immediately unfolds at 4M urea, if not part

of the barrel, as e.g. observed as the fast Trp fluorescence decay in case of IM30*.

3.1.3.8. A 3-state model describes IM30 unfolding
The experimental data indicate that denaturation of IM30 wt occurs in two major steps: (i)
oligomer disassembly at low urea concentration and (ii) protein unfolding at higher urea
concentrations. In order to support this interpretation, we analyzed our experimental data based on
a two-step model. In this model, the different species adopted by the wt protein are the native,

oligomeric state (N), an intermediate state (I) and a completely unfolded state (U).

In the analyses we used the relative scattering signal as approximation for the barrel still present

(N). With this approach, barrel disassembly itself does not have to be modeled.

The ratio between the intermediate state (I) and the unfolded state (U) is defined by an equilibrium
constant K, which depends on the urea concentration (see the Methods section). The urea

concentration at which K=1, thus I and U are present at equal concentrations, is referred to as cso.

Fitting our model to the normalized Trp fluorescence and CD signals simultaneously yielded a cso
0f 3.0+ 0.1 M for IM30 wt. The fraction of IM30 in the intermediate state (I) is maximal at 2.5 M
urea amounting to about 60 %. Thus, when using urea to destabilize the IM30 structure it is not
possible to solely disassemble IM30 barrels completely without simultaneously starting to unfold

I further into U, at least under equilibrium conditions.

In case of IM30* and IM3026.156, the N state (absence of urea) corresponds to small oligomers, at

104

most tetramers' . Here, we tentatively applied a simplified two state model between a native (N”)

and an unfolded state (U).
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Figure 3.1-10: Global fit of experimental data to a 3-state model of urea induced IM30 destabilization. (4) Global fit of a 3 state
model for IM30 wt (4, B) and a 2 state model for IM30* (C, D) and IM3026.156 (E, F). (A, C, E) normalized Trp intensity and CD

signal at 222 nm with normalized experimental data (squares) and corresponding fits (line). (B, D, F) Calculated fractions of IM30

states at increasing urea concentrations based on fitting results. Oligomeric barrel structure — native state, equivalent to the

normalized scattering signal (black), monomer — intermediate state (ved), denatured state (green). The error bars represent SD,

n=3.
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Thus, any potential contribution of dissociation of small oligomers to the observed denaturation
curve was not taken into account in the model. Yet, considering the complete dissociation of the
large barrel at 3 M urea, it appeared likely that tetramers or smaller sized oligomers are dissociated
well below this urea concentration. We termed the initial state in this case N in order to distinguish
it from the initial, oligomeric state of IM30 wt (N). Indeed, this simplifying model describes the

measured curves very well in both cases.

Overall, the denaturation curves of IM30* and IM3026.156 are quite similar. However, the analyses
revealed slight difference in the stability towards urea: the transition from (N") to (U) was observed
at ¢50=2.65 £ 0.03 M urea for IM30* and at cs0=3.1 = 0.1 M urea for IM3026.156. For the IM30 wt,

a value similar to IM3026.156 was determined with ¢50=3.0 £ 0.1 M.

Taken together, our model is able to capture the characteristic transitions observed in our
experiments (Figure 10). Unwinding of the coiled-coil, monitored by Trp fluorescence changes,
and unfolding of the helices occur simultaneously, with a cso of around 3 M in all three investigated
IM30 variants. A similar unfolding behavior of IM30* and IM3026.15¢ Was expected, since in both
cases the folded entity is mainly the coiled-coil region. However, the higher molar ellipticity of
IM30* compared to the truncated variant indicates that parts outside of aa 26-156 contain short or
temporary o-helical structures. In case of the wt, the observation that the unfolding process is very
similar to unfolding of the truncated variant suggests that the intermediate I is a monomer/small
oligomer with largely unfolded helices a4-6. If these regions were still folded after disassembly of
the ring, they would have to be similarly stable as the coiled-coil region in helices al-3 to adhere
to the observed two-step unfolding mechanisms. This appears unlikely, considering the structure
of IM30* with its largely unfolded helices a4-6'" and the completely unfolded structure of the
truncated variant 04-6'*7. Furthermore, the analyses of the experimentally determined curves also
indicate that the secondary structures of monomers incorporated in the ring (N) vs. the intermediate
(D) differ. In the fitting process not only cso was obtained but also two parameters (a and ) which
contain information about the relative value of the specific magnitude of fluorescence (a) and CD
(b) for the different states. The fitted parameter a=0.81 + 0.03 reflects (Fi-Fu)/(Fn-Fu), suggesting
that for IM30 wt about 80% of the total fluorescence change measured between 0 and 7 M urea
occurs upon unfolding of I, while 20% occurs upon disassembly of the barrel. In this case, based

on the analysis of solvent accessibility of Trp71 in the ring and the monomer, indeed some change
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observed in the steady-state fluorescence characteristics (Figure 3.1-5) can be rationalized. Also,
the fluorescence of IM30* in absence of urea seems to be somewhat lower than for IM30 wt (Suppl.
Figure 2). The fitted parameter 5#=0.24 £ 0.03 reflects (ci-cn)/(cu-cn), and thus about 24% of the
total change in CD signal measured between 0 and 7 M urea occurs upon disassembly of the barrel,
while 76% occurs upon unfolding of I. When the intermediate I reflects a monomer that is as
structured as in the ring, the parameter » would be zero. To test whether a monomer with secondary
structure indistinguishable from the wt (when embedded in the ring) is compatible with the data,
we modified the fitting routine, and set » = 0. The corresponding fitted curves did not capture the
changes in secondary structure observed at low urea concentrations (blue dashed curve in Figure
3.1-10A). Furthermore, the 24% decrease in the relative CD signal between N and I nicely agrees
with the differences in CD spectra observed at 0 M urea for IM30 wt and IM30*: here, IM30 wt
has a molar ellipticity about 29% higher than IM30* (Figure 3.1-6B), which likely reflects
changes between the monomer embedded in the ring (wt) vs. the released monomer (IM30%).
Overall, these findings strongly support the assumption that the IM30 helices a4-6 unfold
independently and unfolding of helices a4-6 is not (directly) connected to unfolding of the
structured core formed by the helical hairpin a1-2. Furthermore, the data suggest that helices a4-

6 are folded only in the context of barrel formation.

3.1.4. Conclusion
Despite initial studies involving chaperone-mediated disassembly and destabilizing

mutations'3%143

, assembly and disassembly of IM30 oligomeric structures are poorly understood.
Yet, to eventually elucidate the IM30 function, these processes need to be delineated. While partial
unfolding of IM30 monomers during (or after) barrel disassembly was indicated, based on analyzes
of IM30 variants, it remained unclear whether a-helix formation and assembly of oligomeric
structures are coupled. Our results now show that the IM30 protein retains the structure of its a-
helical coiled-coil domain during and after disassembly of the higher-ordered oligomer.
Furthermore, the helices a4-6 are unstructured when not assembled in a barrel, in excellent

agreement with recent analyses of the isolated a4-6 fragment!**!37. Even though it is possible using

urea to disassemble oligomeric structures and liberate protomers, our results clearly show that it is
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impossible to fully destabilize all oligomeric structures without also starting to unfold the coiled-

coil structure in the monomer.

IM30, as well as PspA, are bacterial ESCRT-III superfamily members and can serve as manageable
models to understand assembly of ESCRT-III proteins in general. Based on the here presented
analysis, great care must be taken when trying to select experimental conditions involving
destabilized ESCRT-III-oligomers, since an equilibrium between oligomeric, intermediate, and

unfolded states may need to be accounted for.

Furthermore, the here described analyzes of a bacterial ESCRT-III protein has important
implications for understanding the assembly and dynamic structural (re)arrangements of ESCRT-
IIT proteins in general. The driving force for ESCRT-III-mediated membrane remodeling in
eukaryotes has been suggested to involve protomer exchange in hetero-oligomeric assemblies by
Vps4 coupled to ATP-hydrolysis'**!%’. This was hypothesized to lead to changes in the tendency
of membrane bound ESCRT-III proteins to form flat spirals, buckling spirals and rod-like
structures! #3130 It is still under debate how protomers are recycled after removal from the
oligomer by Vps4 and our understanding of these processes is still rather macroscopic and lacks
molecular detail'!. Likely, for efficient refolding some residual structure that is stable also outside
the oligomeric structure, needs to be preserved that can be recognized, leading to binding and
incorporation into an oligomer. Our results now show that such a stable intermediate structure
exists (at least) for the ESCRT-III family member IM30 after destabilizing the oligomeric structure
by urea and that it is constituted by a conserved feature of the ESCRT-III protein family, the helices
al-3 coiled-coil. The unstructured part of the monomer, on the other hand, leads to an entropic
penalty in the process of barrel formation. This is expected to lower the thermodynamic stability
of the barrel compared to formation from monomers with preformed helices. Since dynamic
oligomer (dis)assembly appears to be crucial for the function of ESCRT-III proteins, the barrel
should be not too stable, in agreement with the now observed barrel disassembly at low urea
concentration. Thus, the here noted formation of a stable, structured core (helices al-3) in
combination with highly destabilized parts (helices a0, 04-6) likely ensures proper and dynamic

(dis)assembly of IM30 oligomers in vitro, and likely also in vivo.
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3.2 IM30 monomers form biomolecular condensates upon barrel disassembly

3.2.1. Introduction
The inner membrane associated protein of 30 kDa (IM30), also known as the vesicle inducing
protein in plastids 1 (VIPP1), is involved in the biogenesis and maintenance of thylakoid
membranes (TM) in cyanobacteria and chloroplasts °>*>. IM30 monomers have a high intrinsic
propensity to oligomerize spontaneously'*®. IM30 homo-oligomerization results in the formation
of a variety of large barrel and/or tube structures which bind to negatively charged
membranes’®!?*!13°_ Changes in the Mg?* concentration'®® or pH'*> affect the protein structure and
enable IM30 to mediate membrane fusion, at least in in vitro®>. IM30 oligomers rearrange upon
binding to model membranes to form large, membrane-stabilizing carpet structures!®,
Furthermore, in solution lipid bilayers are soaked into IM30 barrels/rods, and the membrane
surfaces bind to the inner side of barrel-/tube-like structures'?’. IM30 has recently been identified
to be a bacterial member of the ESCRT-III superfamily, members of which form large homo- and

hetero-oligomer structures that are crucially involved in membrane remodeling”®°7%°,

The endosomal sorting complex required for transport (ESCRT) is crucially involved in

152,153 153,154

membrane sealing'** and both normal- and inverse-topology membrane scission for
many different processes throughout the cell including the biogenesis of multivesicular bodies,
cytokinesis, release of viruses from host cells and membrane repair'#>!31:155, The ESCRT family
consists of 5 core complexes ESCRT-I, -II, -III, ALIX, and the AAA+-ATPase VPS4!31154.156,
ESCRT-0 is despite its name not a part of the core machinery for scission but involved in regulated
membrane targeting'>>>’. ESCRT-I can bind to upstream components such as ESCRT-0, CEP55,
and Gag and it binds downstream to ESCRT-II which functions as bridging and activator
component to recruit ESCRT-III via its winged helix (WH) domain, whereas ALIX by itself is
also capable of binding upstream components and represents an alternative pathway for
recruitment of ESCRT-III proteins via its BRO1 domain'"!>*!8 Finally, the ESCRT-III complex
is directly involved in the membrane budding and scission process involving ESCRT-III polymer
remodeling and disassembly by the AAA+-ATPase VPS4!51134°156 The structures formed by
ESCRT-III proteins have been exhaustively studied in the recent years and guided the

understanding of membrane scission by ESCRT-III polymers!'4>15%:159,
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Central to all ESCRT-III proteins is a coiled-coil formed by helices ol and a2°°. All ESCRT-III
superfamily members have at least four, maximal seven, a-helical regions. The structure of the
IM30 monomer consists of seven a-helical regions (a0-6), with a1l and a2 forming the coiled-coil
structure conserved in all ESCRT-III superfamily members. Helix a3 is a direct extension of 02,
and the exact boarder between these helices is ill defined. Helix 6 is located after a flexible linker
region at the very C-terminus and is unresolved in the recently published structural models of IM30

barrels®.

The models for IM30 barrels have rotational symmetries ranging from C14 to C18 consisting of 6
(C14-16) or 7 (C17-18) layers with varying diameter across each layer. The upper most layer is
always the narrowest while mid layers have the largest diameter giving the structure a dome-like
shape. The inside of the barrel is lined with hydrophobic surfaces provided by the horizontally
stacked amphipathic helix 0. The outside of the barrels shows characteristic spikes of helix 5
protruding from the barrels surface and forming a conserved contact side with the hairpin end of
the coiled-coil on the third next monomer of the same layer. Multiple contacts at interfaces
conserved in the ESCRT-III superfamily connect individual protomers inside barrel-layers, as well
as across different layers. Conserved hinge regions as well as flexibility in the presence and
position of individual helices, especially helices 4 and 5, result in different monomer structures
inside a single barrel-type oligomer, plus allow the formation of oligomers with a variety of sizes

and symmetries’®”.

Instead of barrel structures, the model of PspA, another bacterial ESCRT-III member, shows the
formation of tube-like structures, which resemble the reported models of eucaryotic ESCRT-III
polymers®®. The Phage Shock Protein (Psp) response in E. Coli is activated in response to phage
infections and other stress conditions to maintain the proton motive force (PMF) across the
cytoplasmic membrane!?*. It involves sensing of stress signals by membrane integral proteins PspB
and PspC which then bind to PspA'®, resulting in dissociation of the PspA-PspF complex and
activation of the sigma 54 dependent expression of the pspABCDE operon by PspF!6!-163,
Furthermore, PspA binds to negatively charged membranes'é* and was shown to protect

125,165,166

membranes against various stress conditions , including proton leakage'®’, all traits that

were similarly shown to be shared with IM30 in the context of thylakoid membrane

maintenance55,92, 104,168-1 70.
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Eukaryotic ESCRT-IIIs and IM30 have been shown to interact with VPS4-ATPase and
HSP70/DnakK, respectively, which results in disassembly of the large oligomeric structures in vivo
as well as in vitro'3%143146.147 1M30 oligomer disassembly results in unfolding of all helices except
the central coiled-coil-forming helices a1-3, resulting in a largely unstructured monomers with an
extended intrinsically disordered region (IDR)!'%. In vivo, IM30 forms punctae near the TM, which
are dynamically forming and dissolving with increased occurrences after high light stress!”!12,
Similar stress induced formation of punctae at the plasma membrane of bacteria was also observed
for other bacterial members of the ESCRT-III family, i. e. PspA!’""'7? and LiaH!”3. While a
dynamic (re)localization of cytosolic vs. membrane-bound IM30 appears to be important for the

protein’s in vivo function'”’, the nature and exact role of the observed punctae still remains

unspecified.

In this study we aimed to elucidate the effect of IM30 oligomer destabilization on the formation
of punctae by applying fluorescence microscopy to labeled IM30 variants expressed in
Synechocystis cells. We then continued to discuss a type of supramolecular assembly hitherto
unreported to be formed by IM30, or any other ESCRT-III family member to our knowledge and

assessed the physiological relevance of the required conditions for its formation.
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3.2.2. Results

3.2.2.1. In vivo formation of IM30 punctae does not require an IM30 barrel structure
In living cyanobacterial cells, IM30 has been shown to form punctae in close proximity to internal

07,112 "3 feature conserved in all bacterial members of the ESCRT-III superfamily

membranes
analyzed thus far'’'"!, Consequently, when we transiently expressed C-terminally mVenus-
labeled IM30 in Syrnechocystis, formation of fluorescent IM30 punctae was observed (Figure
3.2-1). Nevertheless, the exact nature of these punctae and their assembly structure are still ill

defined, as well as their in vivo function.

A-.-
B--

Figure 3.2-1: Fluorescence microscopy images of Synechocystis cells expressing mVenus-tagged IM30 or IM30*. Synechocystis

expressing IM30-mVenus (A) and IM30*-mVenus (B). Shown are the thylakoid channel in red (left), mVenus channel in green
(middle) and an overlay of both channels (right) of structured illumination evaluated images (SIM? strong). White arrows mark
punctae, white arrowhead indicates a patches and sheet-like protein localization near the plasma membrane. The scale bar is 3 pm.

All in vivo fluorescence microscopy experiments were conceived and performed in collaboration with -_ nd
I (University of Liverpool, UK).

As all members of the PspA/IM30 family appear to bind to membranes, it may well be possible
that the observed punctae structures in fact represent membrane-covering protein carpets, as
observed in vitro when the Synechocystis IM30 protein binds to solid supported membrane

surfaces!®. Furthermore, all members of the ESCRT-III family appear to form large
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99,158

supercomplexes in solution , and thus the observed punctae might simply represent large,

assemblies of such supercomplexes.

To first test whether the formation of higher-ordered oligomers, i.e. rings and/or rods, is required
for the in vivo formation of punctae, we transiently expressed C-terminally fluorescently labeled
IM30* (IM30*-mVenus) in Synechocystis. IM30* contains mutations in a region that mediates
contacts between IM30 monomers, and thus, the protein does not form large, ordered protein

1 As observed before for the wt protein, upon expression of IM30* in

supercomplexes anymore
Synechocystis we also observed the formation of punctae, and thus, punctae formation does not
depend on the propensity of IM30 to form the prototypical, large, structured supercomplexes

(Figure 3.2-1).

However, it has recently been shown that IM30 barrels disassemble when binding to membrane
surfaces'®, and as the punctae observed in vivo are in close proximity to internal membranes, these

structures might represent membrane covering carpets.

To better visualize the exact structure and localization of the in vivo formed punctae, we next
analyzed punctae formation in Synechocystis via super-resolution microscopy. Based on
fluorescence image stacks and the 3D-rendered images of Synechocystis cells expressing IM30wt-
mVenus, the in vivo forming punctae are located close to internal membranes, yet do not form
membrane covering carpets, at least not under the tested experimental conditions (Figure 3.2-1,
Figure 3.2-2). In fact, the in vivo formed structures have a globular shape, which resemble the
spherical shapes of membraneless organelles (MLOs). MLOs are condensates that form in vivo in
several organisms due to phase separation, which can be coupled to additional phase transitions,
and their formation often involves intrinsically disordered proteins (IDPs) or protein domains

consisting of intrinsically disordered regions (IDRs)*®%*!7 Importantly, also with the IM30*
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protein we observed punctae formation, demonstrating that the contacts that mediate the formation

of and stabilize IM30 barrels are not crucial for punctae formation.

Figure 3.2-2: 3D-rendering of TM and mVenus fluorescence signals. (4) Synechocystis cells expressing IM30wt-mVenus with the
TM in red and mVenus signal in green. (B) Synechocystis cells expressing IM30*-mVenus with the TM in red and mVenus signal
in green. All in vivo fluorescence microscopy experiments were conceived and performed in collaboration with -_

and _ (University of Liverpool, UK).

3.2.2.2. IM30 condensate formation in vitro requires barrel disassembly
Biomolecular protein condensates are assemblies of proteins in solution which can form through
the separation of the solution into a phase of high protein concentration (observed as condensates)
and a phase of low protein concentration. Condensate formation requires a minimal critical protein
concentration and can be induced by changes of the environmental conditions, for example
changes in pH, ionic strength, molecular crowding, or temperature, all resulting in altered

intermolecular interactions between biological polymers and/or the solvent 38174176,

Generally, the cytoplasm of a cell is a crowded environment filled with macromolecules that
occupy 20-30% of the cell’s volume'”’. Therefore, in vitro studies considering a cellular
environment typically use macromolecular crowding agents, such as polyethylene glycol (PEG)
to mimic crowding as observed within a cell, and the effect of crowding has become recognized
as an important factor for the study of biomolecular condensates'’®. The macroscopic demixing of
fluids inside these crowded environments is observed as the formation of liquid-like condensates.
Multivalent proteins as well as disordered proteins drive the formation of liquid-like condensates
by multivalent, transient intermolecular interactions>®!”>17®_Yet, IM30 monomers are involved in
multiple stable intermolecular interactions resulting in the formation of oligomeric barrel

structures’®. Furthermore, these IM30 oligomers can stick to each other, stack, and even form rods

129-131,139 105

in solution , which can be promoted by other additives such as Mg?* ions!'%°. Consequently,
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large aggregates formed when protein-protein interactions were promoted under crowding
conditions and the solubility of the protein was reduced by lowering repulsive electrostatic
interactions at intermediate ionic strength and shifting the solution closer to the proteins isoelectric

point at pH 5.5 (pIvzox = 5.75) (Figure 3.2-3A, B).

Figure 3.2-3: Condensate formation of IM30 wt in absence and in presence of 3M urea visualized via DIC. 32 uM IM30wt at pH

7.5 (4) and at pH 5.5, 100 mM NaCl, 10 % PEG (B) in 10 mM phosphate, 10 mM HEPES. IM30wt at pH 7.5 (C) and at pH 5.5,
100 mM NaCl, 10 % PEG (D) in 3 M urea, 10 mM phosphate, 10 mM HEPES. Scale bar 10 uM. Representative images of n = 3

independent experiments are shown.

To next determine whether the IM30 barrel structure disfavors condensate formation under the
applied experimental conditions, we destabilized the IM30 barrels via the addition of 3 M urea,
which results in smaller IM30 oligomers/monomers (section 3.1). We have recently demonstrated
that at this urea concentration the IM30 barrel structure, yet not the central al-3 coiled-coil
structure, is largely disassembled (section 3.1). When the barrels were disassembled by urea,
formation of liquid condensates by IM30 was observed in vitro (Figure 3.2-3C, D), and thus, the

barrel assembly indeed appears to counteract condensate formation.

Since formation of condensates can be often observed for proteins at crowding conditions,

9

regardless of a real physiological relevance!”®, we next investigated IM30 condensate formation

without crowding agent in response to physiologically relevant pH changes in greater detail.
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3.2.2.3. Formation of IM30* condensates at acidic pH

As the above presented results strongly suggest that barrel disassembly promotes condensate

formation, we next used the mutant IM30* that does not form barrel or rod structures anymore'%

to confirm condensate formation in absence of urea. Turbidity measurements followed by DIC
microscopy enabled us to monitor condensate formation at varying pH at different protein

concentrations, yet in complete absence of urea, salt, and any crowding agent.
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Figure 3.2-4: pH-induced IM30* condensate formation. (A) Turbidity measurements of 32 uM IM30* at varying pH. (B) Turbidity
measurements of IM30* at pH 5.5 and varying protein concentrations. (C-E) Selected DIC images of 32 uM IM30* at pH 7.5 (C),
pH 5.5 (D) and pH 3.5 (E). (F) Phase diagram for IM30* at varying pH and protein concentrations. Error bars represent SD (n =
3 biological replicates).
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At a constant protein concentration of 32 uM we were able to observe the formation of IM30*
condensates via DIC microscopy, coupled to an increase in turbidity, already by only slightly
lowering the pH to about 5.5 (Figure 3.2-4A, C, D). Further acidification below pH 4 resulted in
a return to the one phase regime and base levels of turbidity (Figure 3.2-4A, E). Turbidity at a
constant pH of 5.5 increased with protein concentration and indicated a saturation concentration
in the lower p-molar range (Figure 3.2-4B). Increasing the protein concentration above a critical
protein concentration likely resulted in increased volume fractions of the condensed phase while
keeping a constant protein concentration in the dilute phases as described for simple one-
component systems®®. Summarizing multiple turbidity measurements into a phase diagram
(Figure 3.2-4F) revealed a reentrant phase transition, which is characterized by at least two phase
transitions, in response to pH with a clear preference for the formation of condensates at a pH
around 5.5-6.0, which is close to the calculated isoelectric point (pI) of IM30* (5.75). Condensate
formation in response to pH has been predicted in simulations to occur typically around the
proteins pI'*°. A proton gradient is maintained across the TM!®! and because IM30 senses and

104,135

protects membranes against proton leakage pH 5.5 represents a physiologically relevant

range.

3.2.2.4. Formation of IM30* condensates in crowded environments with NaCl
Apart from pH, other cellular parameters are known to trigger and modulate condensate formation
in vivo as well as in vitro, including temperature!®?, molecular crowding!’®, and ionic strength!®3184,
To investigate whether IM30* phase separates to form condensates under physiologically relevant
conditions and could be discussed in relation to formation of punctae in vivo, we next analyzed
phase separation triggered by increased ionic strength as well as molecular crowding. Thus, we
next monitored condensate formation at a constant pH of 7.6, which is similar to cytosolic pH
values of cyanobacteria measured under growth at neutral pH'®°. In the presence of 10% PEG as

crowding agent and at increasing NaCl concentrations, IM30* formed condensates already at low

ionic strength (Figure 3.2-5A, C, D).
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Figure 3.2-5: IM30* condensate formation at varying NaCl concentrations. (A) Turbidity measured at 8 uM IM30* in presence of
10% PEG at increasing NaCl concentration. (B) Turbidity measured at 100 mM NaCl in presence of 10% PEG at increasing
IM30%* concentration. DIC microscopy images of 32 uM IM30* at (C) 0 mM NaCl and (D) 100 mM NaCl in presence of 10% PEG.
(E) Phase diagram of IM30* at varying NaCl concentrations and protein concentrations in presence of 10% PEG. (F, G) DIC
microscopy images of 32 uM IM30* at (F) 1000 mM NaCl in presence of 10 % PEG and (G) 100 mM NaCl in absence of PEG.
All measurements were performed in 20 mM HEPES at pH 7.6. Error bars represent SD (n=3 biological replicates).

Similar to our data on pH induced IM30* condensates (Figure 3.2-4B), our turbidity data collected
in presence of 10% PEG at 100 mM NaCl with increasing protein concentrations suggested a
saturation concentration in the lower p-molar range for PEG-NaCl induced condensate formation
(Figure 3.2-5B). The phase diagram assembled from multiple measurements (Figure 3.2-5E) is

186

reminiscent of high salt phase separation °°. Here the term “high salt” does not refer to a defined

salt concentration, but rather a minimal critical salt concentration that is required for phase
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separation and condensate formations, opposed to low salt phase separation, where a reduction in
the salt concentration below a maximum critical concentration is required for condensate

formation'8¢

. At salt concentrations below 10 mM, we detected no increase in turbidity for all
tested concentrations suggesting that a minimal concentration of 10-25 mM NaCl is required to
induce condensate formation in presence of 10% PEG (Figure 3.2-5E). However, decreasing
condensate formation was observed above 100 mM NaCl, which was most pronounced at 4 and 8
uM (Figure 3.2-5A, E), and to a lesser extent at 32 uM IM30 where condensates still formed at 1
M salt (Figure 3.2-5E, F). Increasing the NaCl concentration above a critical concentration first
resulted in condensate formation, while further increasing the salt concentration disassembled
these structures again, at least at 4 and 8§ uM IM30*. Thus, there seems to exist both a lower and
an upper critical NaCl concentration for condensate formation, which is known as middle salt
phase separation!®®. Further extension of the phase diagram to even higher ionic strength might be
necessary to make a clear distinction between high salt and middle salt phase separation. However,
already from our data shown here it is evident that a lower critical salt concentration exists at
10-25 mM NaCl, and that condensate formation of IM30* is most enhanced at 100 mM NaCl,

which is in a physiologically relevant range'®’

. Noteworthy, in absence of a crowding agent, yet
in presence of 100 mM NaCl, IM30* did not phase separate at physiological pH (Figure 3.2-5G).
Since condensates are still formed at NaCl concentrations of 500 and 1000 mM, the interactions
responsible for condensate formation are probably not entirely electrostatic in nature, which would
lead to a much stronger inhibitory effect of intermediate NaCl concentrations on condensate

formation, as observed for other proteins 84188,

Electrostatic screening is thought to dominate at lower ionic strength in the physiological range

whereas at higher ionic strength the salting-out effect becomes important'®

. Our phase diagram
might show an overlap of these two effects as they correspond well to the area around 100 mM
NaCl with the lowest saturation concentrations and the area at higher ionic strength with increased

saturation concentration.

In summary, we could show that IM30 condensate formation is indeed relevant and should be
considered when discussing in vivo experiments as IM30 condensates preferably form in a
physiologically relevant range and deviations from optimal physiological concentrations

negatively affect condensate formation propensity.
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3.2.2.5. Dynamics of IM30 and IM30* condensates
Upon an initial formation of liquid spherical condensates, in some cases such structures can

178,190,191

transition to more gel-like assemblies . Whereas some condensates undergo such a

transition as part of their physiological function'®?, in other cases, changes in fluidity can indicate

impaired function, finally leading to the formation of toxic aggregates!’*!%3-195,

Recently, IM30 punctae have been described to dynamically localize to damaged membranes in

vivo in a manner that resembled Ostwald ripening!'%

. Ostwald ripening stems from differences in
Laplace pressure for condensates of different sizes resulting in net growth of larger condensates at
the expense of smaller condensates. Thus, Ostwald ripening constitutes one of the potential

mechanisms for condensate growth in the context of phase separation'®®.

Although we thus far only observed condensate growth via coalescence as fusion events (Figure
3.2-6C), it does not exclude the relevance of Ostwald ripening in vitro and in vivo. Either way, the

108 would suggest that the in vivo

rapid exchange kinetics observed in the targeting of IM30 in vivo
observed punctae (compare Figure 3.2-1 and Figure 3.2-2) less likely resemble aggregates or a
gel-like state, but rather resemble more liquid-like condensates. To describe the IM30 condensate s
state (fluid vs. gel-like) in some detail, we next monitored FRAP to follow the fluorescence
recovery of photobleached condensates due to an exchange of bleached monomers in the

condensate and unbleached monomers in the bulk solution.

We observed a fast recovery of the fluorescence signal to ~75% of the initial fluorescence after 1
minute and an almost full recovery (>90%) after 10 minutes (Figure 3.2-6A, B). This indicates a
fluid-like nature of the condensates and a high fraction of mobile content in pH-induced
condensates. Furthermore, the condensates were able to fuse resulting in spherical condensates
after fusion within a second (Figure 3.2-6C) and were frequently wetting the glass surface of the
chamber during observation in DIC microscopy experiments after prolonged incubation times

(Supplementary figure 8.2-1). These are common indications for a liquid-like condensate state'®”.
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Figure 3.2-6: FRAP experiments and analysis of a fusion event of pH-induced IM30* condensates. (A) Fluorescence microscopy
images of a fully bleached (white arrow) and a non-bleached (grey arrow) IM30* condensate before and after the bleach pulse.
Non-bleached condensates were used as control to correct for acquisition bleaching. The scale bar is 2 um. Error bars represent
SD (n=3 biological replicates (N = 6 condensates)). (B) Normalized fluorescence intensity measured in FRAP experiments of
IM30%* condensates formed at pH 5.5, 10 mM HEPES, 10 mM Pi-buffer. (C) DIC microscopy snapshots of a fusion event. Time
after condensates coming into contact is indicated in each image. The scale bar is 3 uM. (D) Aspect ratio (A.R.) of ellipse fitted to
the condensate during the fusion event shown in (C) (black line) and the corresponding exponential fit (red line) with 712 = 0.54
0.03s, ARo=2.12+0.05and R> = 0.976, n=1.

To validate the liquid nature of the condensates and to compare their relaxation kinetics to other
known biomolecular condensates, we analyzed the kinetics of the fusion event of the two
condensates shown in Figure 3.2-6C and fitted an exponential function describing the changes in

aspect ratio of the fusing condensates over time. Since relaxation time depends on condensate size,

we opted to compare the relaxation time at the same length scale defined as geometrical mean,
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£ = [(Emajor — minor) * Lminor) > att=0s "% For our condensate example we obtain that
£ is about 5 um and we obtained a characteristic relaxation time of 12 = 0.54 £+ 0.03 s, which is
very close to measured values for LAF-1 with ti2 ~ 0.6 s at £ ~ 5 pm and shows that IM30

condensate dynamics are in the same order of magnitude as other biomolecular condensates.

When condensate formation was induced via lowering the pH, the resulting condensates were fluid
in nature, as shown above. Yet, different condensate-inducing conditions can result in condensates
that differ in fluidity and temporal stability against liquid- to gel-like transitions for a single
condensate forming protein!®®2%. The cellular environment is reported to be 20-30% volume
occupied and thereby represents a very crowed environment compared to standard aqueous buffer
systems'”’. In the study presented here, we mimicked the crowded environment by addition of 10%
PEG, a commonly used crowding agent in the study of biomolecular condensates'’®. Furthermore,
we used the previously determined optimal concentrations for condensate formation of 100 mM
NaCl (Figure 3.2-5) which represents an ionic strength in the physiological relevant range of
Synechocystis'®". Therefore, we analyzed FRAP using IM30* condensates formed at pH 7.6 in
presence of 100 mM NaCl and 10% PEG as crowding agent, physiologically relevant conditions

for our system!’”-187:201,
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Figure 3.2-7: FRAP experiments with PEG/NaCl-induced IM30* condensates. (4) fluorescence microscopy images of a bleached
(white arrow) and a non-bleached (grey arrow) IM30* condensate before and after the bleach pulse. (B) Normalized fluorescence
intensity measured in FRAP experiments of PEG-NaCl induced condensates at 32 uM IM30%* 20 mM HEPES, pH 7.6, 10% PEG,
and 100 mM NaCl. Non-bleached condensates were used as a control to correct for unwanted photobleaching. The scale bar is 2

um; Error bars represent standard deviations of n=3 biological replicates (N = 6 condensates).
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In the FRAP experiments, the NaCl/PEG-induced IM30* condensates showed a lower recovery
after 10 minutes compared to the condensates formed upon decreasing the pH (Figure 3.2-6B,
Figure 3.2-7B). A lower mobile fraction inside condensates indicated that NaCl/PEG-induced
IM30* condensates have rapidly transitioned towards a more gel-like state. Nevertheless,
condensates were still able to recover about 60% of their fluorescence signal and partially wetted
the bottom glass surface (Supplementary figure 8.2-2). To test whether the addition of the
crowding agent PEG had an effect on the exchange of monomers between condensate and the
solution, we also induced condensates at pH 5.5 in the presence of PEG (Figure 8). While we
observed fluorescence recovery within 10 minutes, the fluorescence signal was substantially
slowed down (Figure 3.2-8) when compared to the pH induced condensates yet in absence of PEG
(Figure 3.2-6), plus the signal was drastically decreased and did not reach a clear plateau.

Therefore, the crowding agent PEG appears to affect the nature of IM30* condensates.
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Figure 3.2-8: FRAP experiment of pH-induced IM30* condensates in presence of PEG. Normalized fluorescence intensity
measured in FRAP experiments of pH-induced condensates at 32 uM IM30%*, 10 mM HEPES, 10 mM Pi-buffer, 10% PEG at pH

5.5, Error bars represent standard deviations for n=3 biological replicates (N = 6 condensates).

PEG is a crowding agent commonly used for in vitro condensate formation, and the crowding
condition itself was shown to induce phase separation of many proteins'’®2%>2% However, in some
cases crowding agents were reported to interact specifically with proteins instead of solely
providing a neutral environment triggering condensate formation?’?. Preferential incorporation,
exclusion, or neutral partitioning of crowding agents to condensates can be tested via fluorescence
microscopy using fluorescently labeled crowding agents**>?%*. Therefore, we used Cy5-labeled
PEG to check for preferential partitioning of PEG into our condensates. When PEG interacts with

the protein, a colocalization of the crowder with the protein in formed condensates is expected,
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whereas an exclusive localization of the crowder in the solution is expected when the crowder does
not (significantly) interact with the protein. We found that neither PEG/NaCl-induced nor pH-
induced condensates with additional 10% PEG showed pronounced incorporation through
attractive interactions or exclusion through repulsive interactions between IM30 and PEG
supporting the suitability of PEG as a neutral crowding agent for our experiments '’8
(Supplementary figure 8.2-3). Condensate formation induced by the addition of PEG appears to
be triggered by the crowded environment rather than be induced directly by interaction of IM30

with PEG.

3.2.2.6. Disassembly of the IM30 barrel enables IM30 condensate formation
The barrel structure of IM30wt appears to inhibit the formation of condensates and leads to the
formation of aggregates under conditions where IM30* readily forms condensates (compare
Figure 3.2-3B and Supplementary figure 8.2-8, Supplementary figure 8.2-9, Supplementary
figure 8.2-10, and Supplementary figure 8.2-11). We used urea to destabilize the barrel structures
and compared condensate formation of IM30wt and IM30* (Figure 3.2-9) under otherwise
identical conditions. Indeed, IM30wt forms condensates at conditions where it does not form large
homo-oligomers anymore, and thus, the interactions driving condensate formation are likely
identical for IM30wt and IM30*. When comparing the turbidity of IM30 and IM30* solutions in
absence and presence of urea and in varying condensate-inducing conditions, we found that
conditions promoting assembly are similar for both condensates and aggregates (Figure 3.2-9E).
Our data do not indicate a significant difference between the turbidity stemming from condensate
formation or by aggregation, that could only be distinguished by additional DIC microscopy

experiments.

The large size of barrel structures of IM30 (> 2 MDa) inherently causes increased scattering when
compared to the mutant IM30*. Therefore, there is a significant difference between IM30 and

IM30* in the control at pH 7.5 (Figure 3.2-9E).
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3 M urea

pH 5.5

100 mM NaCl

10% PEG + + + + + + 10% PEG

Figure 3.2-9: Comparison of DIC images and turbidity measurements for IM30 and IM30* at varying conditions. DIC image of
32 uM IM30wt (4, C) or IM30* (B, D) in phase separation buffer at 3 M urea without (A, B) or with (C, D) additional 10% PEG,
100 mM NaCl and pH change to pH 5.5. (E) Column diagram showing 32 uM IM30 (purple) or IM30* (grey) comparing both
proteins at each condition. Experiments were performed in phase separation buffer and additional changes to the buffer such as
3M instead of 0 M urea, pH 5.5 instead of pH 7.5, 100 mM instead of 0 mM NaCl and 10% instead of 0% PEG are marked in the
table below the images with a “+”. The samples were analyzed via DIC microscopy at each specified condition to distinguish
between formation of aggregates and condensates and can be seen in Supplementary figure 8.2-8, Supplementary figure 8.2-9,
Supplementary figure 8.2-10, and Supplementary figure 8.2-11. Columns with diagonal stripes indicate the formation of large
aggregates or small undefined particles, in contrast to the formation of condensates. Differences in mean values between samples

are indicated as lines that end above the respective columns with an asterisk indicating significant differences and n.s. for no
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significant difference according to Welch’s t-test (p<0.05). Representative images and error bars representing standard deviations

were taken from n=3 biological replicates.

Furthermore, we observed a significant difference in the stability against urea between condensates
formed by IM30* and aggregates formed by IM30. These differences occurred for both pH-
induced condensates and aggregates in absence of salt, as well as for PEG/NaCl-induced
condensates and aggregates (Figure 3.2-9E). While pH- and PEG-NaCl-induced IM30*
condensates were dissolved by 3 M urea, IM30 aggregates that formed at the same conditions were

still present at 3 M urea (Figure 3.2-9E).

Both PEG and NaCl changed IM30 assemblies that formed at pH 5.5 in presence of urea. Notably,
the addition of PEG resulted in the formation of condensates for both IM30 and IM30*.
Interestingly, the addition of NaCl on the other hand simply prevented aggregation of IM30. It
seems that pH-induced aggregates of IM30 form due to attractive intermolecular electrostatic
interactions that are maximized near the proteins pl, where the proteins net charge is zero (Figure
3.2-9E). Formation of pH-induced aggregates might be prevented by the reduction of electrostatic
interactions due to screening of charges and simultaneous destabilizing effect of urea on hydrogen
bonds. In summary, by systematically screening the parameters that were found to be promoting
condensate formation in IM30*, we were able to show the effect of salt, crowding environment

and differences in pH for the formation of molecular assemblies by IM30.

It is possible that there still were small amounts of transiently formed higher oligomers present in
3 M urea, which could have aggregated as opposed to IM30*, which has no tendency to form
aggregation-prone higher oligomers. Additionally, the change in pH, as well as the presence of
100 mM NaCl and 10% PEG, might affect the oligomer stability against urea denaturation and

shift the equilibrium ratio of intact to disassembled IM30 oligomers.
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Combined, these results indicate that the formation of IM30 condensates depends on the
combination of multiple factors, including molecular crowding, pH, the salt concentration and

IM30’s oligomeric state.
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Figure 3.2-10: Comparison between FRAP experiments on IM30 and IM30* condensates. FRAP of IM30 wt (4) and IM30* (B)
condensates formed at pH 5.5, 10% PEG, 100 mM NaCl, 3 M urea. (C) Comparison of FRAP levels at different time points during
recovery for IM30wt (purple) and IM30* (black). According to Welch’s t-test (p<0.05) all differences are not significant (n.s.).

Grey area (A+B) and error bars (C) represent standard deviations taken from n=3 biological replicates (N=4 condensates). We
used IM30* as a model to study IM30 condensate formation in absence of urea (Figure 3.2-4,
Figure 3.2-5) and showed that both proteins have the same requirements for condensate formation
in presence of urea (Figure 3.2-9E). Hence, to find out if both proteins share similar liquid-like
states we next analyzed condensates of each individual protein via monitoring FRAP at otherwise
identical conditions. The measured recovery is similar for both proteins with approximately 60%
recovery after 10 minutes (Figure 3.2-10A, B) and no significant differences in recovery after 30
s, 1 min, and 10 min (Figure 3.2-10C) were observed, in line with our assumption that IM30wt

and IM30* form condensates with similar fluidity. Their recovery is about equal to the recovery
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determined in absence of urea for PEG/NaCl-induced IM30* condensates (Figure 3.2-7), but
lower when compared to FRAP for pH-induced condensates of IM30* in absence of urea (Figure

3.2-6). Thus, there appears to be a considerable immobile fraction inside these condensates.

Taken together our data clearly show that oligomer disassembly enables condensate formation of

IM30 and that IM30* is a valid model to study IM30 condensate formation in greater detail.

3.2.3. Discussion

3.2.3.1. IM30 forms condensates in vitro at physiologically relevant conditions
The pH within the cytoplasm and inside the thylakoid lumen of the marine cyanobacterium
Agmenellum quadruplicatum were estimated to be around 7.3 and 5.6, respectively, when the cells
were grown at neutral pH'8!. IM30 is localized in the cyanobacterial cytoplasm or the chloroplast
stroma, where it is either soluble or attached to internal membranes®®!"-112139 A5 the cytoplasmic
pH is > 7 in living cells, under physiological conditions IM30 is exposed to a pH that is higher
than the pH range determined in this study required for condensate formation (< 6.5, Figure 3.2-4).
However, due to proton accumulation at the surface of negatively charged membranes, the pH can
be significantly lowered near the TM, up to 3 pH units?®>. IM30 is known to bind to negatively
charged membranes™ and structural rearrangements are triggered by lowering the pH value'®.
Based on this, IM30 has been suggested to be involved in membrane sealing and/or repair, by a
yet undefined mechanism'*1332%_ Duye to the photosynthetic light reaction, a ApH is established

across the thylakoid membrane'8!-2"7

, and TM damage involves proton leakage out of the TM
lumen into the cytosol. Thus, at damaged membrane sites the local proton concentration is

increased, i.e. the local pH is lowered which could well trigger the IM30 activity.

At a pH value close to a proteins isoelectric point (pl), the solubility of a protein is typically
decreased, and condensate formation can be promoted'®. Stressed membranes are susceptible to
proton leakage and IM30 has been observed to form punctae at higher frequency under conditions
where cells are stressed'?”!'?. At places where the regular TM structure is damaged, the pH value
of the cytoplasm is locally decreased due to protons leaking out of the TM lumen into the

cytoplasm. Thus, the pH of 5.5-6, determined to trigger phase separation, is in a physiologically
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relevant range and perfectly in line with the earlier proposed membrane protective function of

IM30 in vivo.

Yet, the IM30wt protein appears to cluster and forms large aggregates at pH 5.5 instead of forming
liquid-like condensates, which at first view could contradict the hypothesis of an effect of pH on
condensate formation. However, as the IM30* variant that is impaired in barrel formation readily
forms condensates, we assume that the differences in the observed pH response are related to the
oligomeric state of IM30. Thus, disassembly of IM30wt oligomers in a cellular environment, e.g.
mediated by chaperones, could well enable the formation of IM30wt condensates (as further

discussed below).

Apart from barrel disassembly and environmental factors a protein concentration above the critical
saturation concentration, csat, 1S required for condensate formation. Our phase diagrams indicate a
Csat of ~4 uM at pH 5.5 (Figure 3.2-4F). Of course, the value of ¢ is modulated in vitro as well
as in vivo by a multitude of additional factors such as temperature, ionic strength, post-translational
modifications, and many others, but as we also determined a similar csar for PEG/NaCl-induced
condensates (Figure 3.2-5E) we will use this value as a reference point. A study investigating the
in vivo abundance of several proteins in Synechocystis PCC 6803 identified IM30 to be present at
40500-45000 copies per cell (cpc)?®®. When assuming an average diameter of a cyanobacterial cell
between 1-2 um and approximating its shape to a sphere, the IM30 concentration inside a single
Synechocystis cell is 128-143 pM for d=1 pm and 16-18 uM for d=2 pm. In fact the concentration
estimated here is a lower limit since part of the cell volume is occupied by the thylakoid membrane

system.

The estimated in vivo concentration is even higher than the saturation concentration for IM30* of
about 4 uM determined here in the in vitro analyses (Figure 3.2-4F, Figure 3.2-5E), and fits
perfectly to the physiologically relevant range for the proposed formation of IM30 condensates in

Vivo.

3.2.3.2. Morphology of IM30 in vivo punctae resembles in vitro condensates
Various studies have reported the formation of IM30 punctae in living cyanobacterial cells under

stress conditions *#197:108209 Tt has been speculated that these punctae represent clustered or
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aggregated IM30 oligomers'?"1%112 Yet, as the oligomerization-deficient variant IM30* still
forms punctae structures in vivo (Figure 1.2-1B), barrel formation clearly is not required for
formation of these structures, and thus the punctae do not merely represent clustered IM30 homo-
oligomers. Alternatively, as these punctae are typically localized in close proximity to internal
membranes, especially TMs, these structures could be similar to membrane-covering carpet
structures IM30 formed on solid supported bilayers'%*. Furthermore, while located near internal
membranes, the globular, round shape of these punctae (Figure 3.2-2) contradicts the concept that
these structures represent membrane carpets, rather suggests that IM30 punctae might be liquid

condensates that form upon barrel disassembly.

In Arabidopsis thaliana, IM30 appears to form more diverse structures, such as forked and web-
like assemblies®”, besides the punctae structures described previously as well as in this study.
Condensates formed by IM30 in vitro did not show such irregular shapes and were mostly spherical
(Figure 3.2-1). In line with this, we observed mostly spherical punctae structures in Synechocystis
cells when we analyzed the IM30 wt protein, with occasional small patches near membrane
surfaces (Supplementary figure 8.2-5). Yet, an additional distinct fluorescence signal that
preferentially localized at the cytoplasmic membrane and had covered large flat areas was
observed with IM30* (Figure 3.2-1), and these signals could well represent membrane surface-
covering carpets. Likely, similar structures also form with the IM30wt protein, yet to a lesser extent
and thus, IM30 displays a remarkable structural plasticity in vivo, involving (at least) the formation

of barrels (and rods), partly unfolded monomers, membrane carpets as well as condensates.

3.2.3.3. IM30 condensate formation in the context of the ESCRT-III superfamily
The IM30 protein belongs to the ESCRT-III protein family, all members of which form large
oligomeric assemblies that are involved in membrane remodeling®. For eukaryotic ESCRT-III
complexes, a crucial part of their ability to reshape membranes has been suggested to involve
sequential exchange of monomers incorporated into large oligomeric rods via unfolding of
individual protomers by the AAA+ ATPase VPS4!4147210 Qrchestrated disassembly has been
suggested to be enabled by interactions of the N-terminal microtubule interacting and transport
(MIT) domain of VPS4 with different MIT interacting motifs (MIM) of ESCRT-III proteins !4+~

23 MIT domains are represented by a three-helix bundle that was shown to bind to an
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amphipathic-helix type MIM with its helices 2 and 3%'%. The interactions between these MIT and
MIM domains results in recruitment of VPS4 for ESCRT-III polymer remodeling in eukaryotes?!?.
The reported consensus sequence of the C-terminal amphipathic-helix type MIM
(D/E)xxLxxRLxxL(K/R)*'* and the reported consensus sequence of the C-terminal helix 6 of
IM30 (SVVDAELEELRRKLDKL)'?” show a similar pattern of charged and hydrophobic amino
acid residues as seen in their helical wheel projections (https://www.bioinformatics.nl/cgi-
bin/emboss/pepwheel) (suppl. fig. 3) . Furthermore, MIM binding to the MIT domain does not
only recruit but also activate VPS4 mediated disassembly of ECRT-III polymers by releasing the
auto-inhibitory interaction of VPS4 with its MIT domain?!?. Interestingly, the recruitment and
activity of ClpB, another AAA+ ATPase involved in disaggregation, is regulated by binding of its
coiled-coil M domain to DnaK?!*2!7. As opposed to ATP-dependent disassembly by VPS4,
eukaryotic ESCRT-III proteins seem to assemble spontaneously by themselves. Similarly, IM30
assembles spontaneously and nucleotide binding to IM30°® and/or nucleotide hydrolysis appear

138218.219 "\which strongly indicates a prevalence

not to be required for IM30 homo-oligomerization
of IM30 oligomers in vivo. In fact, IM30 oligomers have been visualized in vivo, in living cells®®.
While eukaryotic ESCRT-III as well as several bacterial PspA appear to be disassembled by the
activity of a AAA+ ATPase, a VPS4 homolog appears not to be encoded in Synechocystis and
another AAA+ ATPase is not encoded in the proximity of the im30 gene'®*?. Furthermore, there
are no MIT containing proteins in Synechocystis according to an HMMer search against the MIT
domain of VPS4 from Arabidopsis thaliana (https://www.ebi.ac.uk/Tools/hmmer/search/phmmer).
Despite the lack of putative IM30 MIM interaction partners containing MIT domains, the C-
terminal helix 6 in IM30 could be involved in stimulating protomer extraction during potential
polymer remodeling and guide regulated IM30 oligomer disassembly by other disaggregating
AAA+ ATPases, like ClpB. The ClpB/HSP100 protein works together with DnaK/HSP70 in the

215,221-223

disassembly of aggregates, of e. g heat-damaged proteins and members of the

HSP70/DnaK family have been identified to interact with the C-terminal region of IM30 and

disassembles IM30 assemblies in vivo as well as in vitro'3%143-24,

Taking a step back from ESCRT-III related AAA+ disaggregases, there have been reports on a
Type-VI secretion system in bacteria that uses the AAA+ ATPase ClpV to disassemble helical
rod-like structures®?. It was shown that ClpV interacts with an exposed amphipathic helix of VipB,

which bound to the N-domain of ClpV via a hydrophobic groove 2*. Many MIM motives are
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amphipathic helices that interact with the MIT domain of VPS4 via hydrophobic interactions inside
a groove?'?. The ClpV ATPase with its N-domain also contains an M-domain and has the same
domain structure as ClpB?%’. Therefore, the C-terminal amphipathic helix a6 of IM30 might enable
targeting of ClpB of Synechocystis to IM30. Thus, further studies on ESCRT-III-disassembly in
bacteria could reveal ClpB as the missing ATPase in homology to eucaryotic VPS4.

Taken together, there are multiple parallels that could be drawn to eukaryotic interaction partners
of ESCRT-III proteins which could play a similar role for IM30. There is much to be learned from
its interaction with DnaK, potential involvement of AAA+ disaggregases like ClpB, and IM30s
putative C-terminal amphipathic helix, which could be mediating specialized protein interactions
with the N-domain of ClpB compared to its predecessor PspA, which is lacking this extension.
Therefore, it is well possible that IM30 monomers, oligomers and condensates coexist and are of

relevance in vivo, and their respective concentrations are regulated by proteins such as DnaK.

Another bacterial member of the ESCRT-III protein family, PspA, was already shown to interact
with the ATPase PspF'?*!16%!71_ However, these interactions were not reported in the context of
oligomer disassembly, but in the inhibition of the ATPase-mediated activation of gene

expression'?4163,

3.2.3.4. Implications of condensate formation for IM30 in vivo function

228230 and can aid in

Biomolecular condensates often form in response to various stress conditions
the protection of the cell'®>?3!, Studies have shown that biomolecular condensates can exert forces
on the lipids membranes, that can result in membrane remodeling and reshaping®-23>2%*, Another
study even reported on biomolecular condensates that formed at sites of membrane damage to aid
stabilize the membrane and facilitate the repair process®*°. IM30 is known to form punctae in vivo

with higher frequency in response to environmental stress!0!:107:112.131.168

and a recent study
suggested that IM30 rapidly localize to sites of photoinduced membrane damage with localization
dynamics that are similar to Ostwald ripening!. Eucaryotic ESCRT-III participates in the repair
of small ruptures in endolysosomal membranes?*¢?*” and the ESCRT-III members CHMP2A and
CHMP4B, as well as the ESCRT-III binding protein ALIX were recently shown to being rapidly
recruited to damaged lysosomes together with stress granules?*>. The membrane repair by stress
granules was reported to involve rapid plugging, wetting, and stabilization of the pore to prevent

further leakage®®.
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Apart from passive response to cellular changes, such as temperature, salt concentration, and pH,
biomolecular condensates can be actively modulated by cells through the introduction of post-
translational modifications affecting inter- and intramolecular protein-protein interactions, as well
as control over expression levels of condensate forming components>®?*32%  For example,
phosphorylation was shown to modulate condensate formation of ALIX and thereby regulate the
activation of CHMP4%%_ Interestingly, IM30 is reversibly phosphorylated during the phases of
nitrogen chlorosis in relation to the biogenesis of new thylakoid membranes?*!%*>, Therefore, IM30
phosphorylation could directly influence its self-assembly into condensates, recruitment of other
proteins into IM30 condensates and other protein-protein interactions with potential interaction

partners, leading to depletion or increase of IM30 available for condensate formation.

This could indicate a possible mechanism involving both initial plugging of damaged membranes
by IM30 condensates followed by subsequent formation of other assemblies like IM30 carpet like

structures and barrels for membrane repair.
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3.3 Coiled-coil interactions drive IM30 condensate formation

3.3.1. Introduction
The inner membrane associated protein of 30 kDa (IM30), also known as Vippl (the vesicle-
inducing protein in plastids 1), is crucially involved in the biogenesis and maintenance of thylakoid
membranes (TM) in cyanobacteria and chloroplasts®>®>. Our group and others have shown that
IM30 and PspA belong to the same membrane remodeling superfamily of endosome complex for
recruitment and transport III (ESCRT-III) proteins that previously solely referred to proteins from

eukaryotes and archaea’® .

Across cyanobacteria as well as chloroplasts from plants and green algae the IM30 protein is
reported to accumulate into distinct areas of high fluorescence intensity called punctae in
vivo 4112 and sophisticated studies have given insight into the dynamics, triggers, and
localization of punctae in vivo?® 197108112168 Nevertheless, the exact function of IM30 punctae is
still enigmatic and the underlying structure of these assemblies is still not known. Recently, we
were able to point out that IM30 can form condensates upon barrel disassembly and showed that
the IM30* variant which is deficient in barrel formation and contains an extended intrinsically
disordered region (IDR) was still able to form punctae in vivo. Furthermore, we showed that IM30
forms these condensates at physiological relevant conditions. Another study independently
reported dynamical growth and shrinking of punctae in temporal relation to each other that

resembled Ostwald ripening, which is one of the possible types of condensate growth!%.

90



Coiled-coil interactions drive IM30 condensate formation

Both IM30 and IM30* were able to form puncta in vivo and condensates in vitro (section 3.2) as
well as carpet-like structures in vitro'®, but the regions that are enabling IM30 to form these
different assemblies and their relation to punctae are not known so far. To provide further insight
into the nature of puncta formation we investigate the ability of truncated IM30 variants (Figure

3.3-1) to form supramolecular assemblies in vitro and in vivo.
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Figure 3.3-1: IM30 structure and schematic representations of truncated IM30 variants (adapted from Figure 1.2-1 and Figure
3.1-1). (A) Structure of an IM30 monomer without the C-terminal flexible region containing helix 6 (PDB: 703Y). (B) Model of

IM30 barrel in cylinder cartoon representation in grey with helices from a single monomer in each layer colored as in (4) for
IM30wt (PDB:703Y). (C) Schematic representation of full-length and truncated IM30 variants analyzed in this study. Numbers
inside the boxes represent numbers of helices, and colors in boxes correspond to colors of helices in the model. Grey color indicates
flexible and disordered regions. Small numbers above and below boxes represent beginning and end of regions defined in this

study as helix. The position of mutated amino acids in IM30* are indicated by white boxes with black stripes.
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3.3.2. Results
3.3.2.1. IM30 puncta formation does not depend on the extended C-terminal IDR in
vivo

IM30 is known to frequently form punctae in vivo®*197-19%8:112 that were discussed in the context of
the formation of higher oligomeric structures, like rod-like structures, scaffolds, or clusters of
multiple barrels, but the exact type of supramolecular assembly is still under debate!362%,
Furthermore, the exact function of punctae is still not known, but studies have shown that punctae
formation is increased under high-light compared to low-light growth conditions!!?. Additionally,
the dynamic re-localization seemed to be important for the acquisition of photosynthetic
competency'?” and IM30 accumulated into punctae in response to high light induced chlorophyl a
damage in the thylakoid membrane!®. In our studies we showed that the IM30* mutant which

does not form barrel structures anymore was still able to accumulate into punctae in vivo and

hypothesized that IM30 punctae could be related to condensate formation (section 3.1).

Figure 3.3-2: SIM? fluorescence images showing the localization of different IM30 variants in Synechocystis. (4) IM30-7GS-
mVenus, (B) IM30*-7GS-mVenus, (C) IM301.156-7GS-mVenus, (D) IM3026.156-7GS-mVenus, (E) IM302s.136-7GS-mVenus, (F)
IM30157.267-7GS-mVenus, (G) mVenus, (H) 7GS-mVenus. (I) fluorescence images of TM channel (left), mVenus channel (middle)

and combined channels (right) for a single Synechocystis cell expressing IM301-156-7GS-mVenus. A single punctum is indicated by
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a white arrow and a sheet-like structure near the plasma membrane is indicated by a white arrowhead. Scale bars represent 3 um

in (A-G) and 1 um in (I). All original images were acquired and processed to obtain SIM? images by | N NNRE i the l«b of R
I Uivosicy of Liverpool).

To test if the ability to form condensates in vitro shows further parallels to IM30 puncta formation,
we generated Synechocystis cells expressing truncated IM30 variants fused to a yellow fluorescent
protein (mVenus) to compare the localization of full-length IM30 and truncated IM30 variants in
vivo. The genes were inserted in addition to the native im30 gene in the cells to prevent loss of
viability due the lack of the essential native im30 gene. The fluorescence signal of IM30-mVenus
frequently accumulated into prototypical punctae both near the thylakoid membrane and in the
cytosol (Figure 3.3-2A, as previously described in section 3.2.2.1). The mutant deficient in barrel
formation IM30*-mVenus is equally capable of forming punctae and shows an additional
fluorescence signal at the plasma membrane (Figure 3.3-2B, as previously described in section
3.2.2.1). Interestingly, even for the truncated variant IM30;.;5s-mVenus we observed puncta
formation as well as localization at the plasma membrane (Figure 3.3-2C, I) like IM30*-mVenus.
The fluorescence signal of mVenus fused to IM30157.267, IM3026.156 and IM3026.13¢ was distributed
in the cytosol (Figure 3.3-2D, E, F), but an additional localization at the plasma membrane was
observed for mVenus fused to IM3026.156¢ and IM3026.136 (Figure 3.3-2D, E) as seen for IM30*-
mVenus and IM30;.15s-mVenus (Figure 3.3-2B, C, I).

3.3.2.2. IM30’s N-terminal coiled-coil domain drives condensate formation
Both IM30wt and IM30* can form liquid condensates but it remained unknown which part of the
protein is driving condensate formation (section 3.2). IM30wt is only able to form condensates
after barrel disassembly (section 3.2). Chaperones such as HSP70/DnaK were shown to interact
with IM30 and promote oligomer disassembly in Chlamydomonas reinhardtii*****. We
previously showed that upon barrel disassembly large regions of the protein apart from the central
coiled-coil become disordered (section 3.1). In this process, the C-terminal part containing the
regions of helices 04-6 turned into an extended IDR and IM30 obtained a conformation similar to
IM30* (Junglas et al. 2020 and section 3.1). IDRs are frequently involved in driving phase
separation and possess an inherent flexibility facilitating them to partake in multiple transient
interactions %% To see if the extended IDR or other parts of IM30* enable it to form condensates,

we performed turbidity measurements followed by DIC microscopy with IM30* and truncated
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IM30 variants at conditions that favored condensate formation of IM30*, i.e. at 100 mM NaCl and

10% PEG (Figure 3.3-3).
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Figure 3.3-3: Turbidity measurements and DIC microscopy images of IM30 variants at condensate promoting conditions. (A)
Turbidity for IM30* (grey), IM301-156 (orange), IM3026-156 (light blue), IM3026.136 (green), IM30157-267 (vellow), or blank (dark blue)
samples at different conditions indicated below the grouped columns as 20 mM HEPES - H, 10% PEG - P and 100 mM NaCl —
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N, (B-F) DIC microscopy images corresponding to 32 uM protein at 20 mM HEPES, 10% PEG, 100 mM NaCl for (B) IM30%*, (C)
IM30;-156, (D) IM3026-156, (E) IM3026-136 or (F) IM30157-267 with frames sharing the same color as in (4); (G, H) DIC microscopy
images corresponding to 64 uM protein at 20 mM HEPES, 10% PEG, 100 mM NaCl for IM3026.156 (G) or IM3026.136 (H) with
frames sharing the same color as in (A). Scale bars are 10 um. Representative DIC images are shown, and error bars indicate

standard deviations from n = 3 experiments.

Our data show that all variants containing the minimal coiled-coil region (IM3026.136) a1-2 can
form condensates (Figure 3.3-3A-E, G, H). Surprisingly, the extended IDR IM30157-267 (04-6) did
not form condensates under any of the tested conditions (Figure 3.3-3A, F). Droplet sizes in DIC
images and turbidity values of the truncated variants were drastically decreased compared to
IM30* at equal concentrations (Figure 3.3-3A-E). The turbidity of IM3026.136 (a1-2) was not
significantly different from the blank in the PEG-NaCl sample at 32 uM (Figure 3.3-3A).
Nevertheless, we already detected some condensates at 32 uM for this condition by DIC
microscopy, which were further increased in size at 64 uM and showed significantly higher
turbidity compared to the blank but still lower turbidity and fewer condensates compared to
IM3026-156 (a1-3) (Figure 3.3-3E, G, H). While we measured significantly higher turbidity for
IM3026.136 condensates compared to IM3026.156 condensates at both 32 uM and 64 pM in the PEG-
NaCl samples, we detected no significant differences between IM3026.156 and IM301.156 (00-3) at
these conditions (Figure 3.3-3A).

Taken together, our data suggests that the presence of additional helices a0 and a3 increases
condensate formation propensity, whereas the extended IDR alone does not form condensates but

further enhances condensate formation of IM30* compared to the truncated variants.

3.3.2.3. The extended IDR in IM30* auto-inhibits condensate formation
Based on the recently reported data including a phase diagram, IM30* requires both PEG and NaCl
for condensate formation at pH 7.6 (see section 3.2). Additional experiments showed that the same
conditions that were promoting IM30* condensate formation also led to condensate or aggregate
formation of IM30 depending on the oligomeric state of the protein (see section 3.2). To test if
truncated IM30 variants share similar condensate forming conditions with IM30* we tested the
requirements for the simultaneous presence of PEG and NaCl for condensate formation (Figure
3.3-4). All IM30 variants did not form condensates when only 100 mM NaCl was present (Figure
3.3-4A). Surprisingly, all tested IM30 variants that did form PEG-NaCl induced condensates, i.e.
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all but IM30157-267, also formed PEG-induced condensates in absence of additional NaCl, except

for IM30* (Figure 3.3-4A-F).
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Figure 3.3-4: Turbidity measurements and DIC microscopy images of IM30 variants showing the effect of PEG and NaCl. (A)
Measured turbidity of IM30* (grey), IM301-156 (orange), IM3026-156 (light blue), IM3026.135 (green), IM30157-267 (vellow), or blank
(dark blue) samples at 20 mM HEPES — H and 10% PEG - P (left group) or 100 mM NaCl — N (right group),; (B-F) DIC
microscopy images corresponding to 32 uM protein at 20 mM HEPES, 10% PEG for (B) IM30%*, (C) IM30;-156, (D) IM3026.156, (E)
IM3026-136 or (F) IM30157-267 with frames sharing the same color as in (A). Scale bars are 10 um. Representative DIC images are

shown, and error bars indicate standard deviations from n = 3 experiments.
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3.3.2.4. Destabilization of the coiled-coil by urea disrupts condensate formation
Due to the inability of the extended IDR IM30157267 (04-6) to form condensates in contrast to all
variants containing the coiled-coil region, we hypothesized that transient intermolecular
interactions between the isolated coiled-coils might be the driving force for condensate formation
of IM30. It has been reported that coiled-coil interactions, meaning associative interactions
between helices that are connected by short linkers, are capable of driving condensate formation®**.
To test if coiled-coil interactions are needed for condensate formation, we utilized urea to

destabilize the remaining secondary structure of the coiled-coil in IM30* and followed PEG/NaCl-

and pH-induced IM30* condensate formation at different urea concentrations.

We observed a steady decrease in turbidity for PEG/NaCl-induced condensates with increasing
urea concentrations up to 3 M urea (Figure 3.3-5A). Above 3 M urea the turbidity stayed at a
constant low level. Similarly, the turbidity of IM30* at pH 5.5 in absence of PEG and NaCl
decreased drastically in presence of 3 M urea (Figure 3.3-5C). To verify that the reduction in
turbidity was due to fewer condensates, we performed DIC microscopy at increasing urea
concentrations. Here, we did observe a similar effect of urea on condensate formation as
condensates seemed to decrease in size and number with increasing urea concentration for PEG-
NaCl induced condensates (Figure 3.3-5F) and no condensate could be observed at urea
concentration of > 3 M for both PEG-NaCl and pH 5.5 conditions (Figure 3.3-5D, E, F) in total

agreement with the turbidity measurements (Figure 3.3-5A, C).

Hexane-diol is another destabilizing agent used to disrupt hydrophobic interactions and
interactions involving aromatic residues'’*1342%_ To analyze the importance of these interactions
at high ionic strength, where electrostatic contributions should be negligible, we followed
condensate formation of IM30* at 1000 mM NaCl and increasing hexane-diol concentration using
turbidity measurements and DIC microscopy. In contrast to the dissolving effect of urea (Figure
3.3-5A, C-F), we observed no decline in turbidity for increasing concentrations of hexane-diol
(Figure 3.3-5B), which was validated by condensate formation still being observed at 10%
hexane-diol via DIC microcopy (Figure 3.3-5G). The only observable change in DIC images was
an apparent decrease in condensate size which seemed to be accompanied by a simultaneous
increase in number of condensates (Figure 3.3-5G) resulting in an overall constant turbidity signal

(Figure 3.3-5B).
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Figure 3.3-5: Turbidity measurements and DIC microscopy images of IM30* condensates in presence and absence of destabilizing
agents. (A) Measured turbidity of PEG-NaCl induced IM30* condensates at 32 uM protein concentration, 20 mM HEPES, 10%
PEG, 100 mM NaCl at increasing urea concentrations; (C) Measured turbidity and corresponding DIC images (D,E) for pH
induced IM30* condensates at 32 uM protein concentration, 10 mM HEPES, 10 mM phosphate buffer at pH 5.5 in absence (D)
and in presence (E) of 3 M urea; (F) DIC microscopy images of PEG-NaCl induced IM30* condensates at 32 uM protein
concentration, 20 mM HEPES, 10% PEG, 100 mM NaCl at increasing urea concentrations from 0 M urea (left) to 5 M urea (right)
in 1 M steps; (G) DIC microscopy images of PEG-NaCl induced IM30* condensates at 64 uM protein concentration, 20 mM
HEPES, 10% PEG, 1000 mM NaCl at increasing 1-6-hexane-diol concentrations from 0 % (lefi) to 10% (right) in 2% steps. Scale

bars are 10 um. Representative DIC images and error bars showing standard deviations from n = 3 experiments.
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3.3.2.5. The extended C-terminal IDR of IM30 is not required for the formation
carpet-like structures
IM30 as well as other ESCRT-III proteins have shown remarkable structural flexibility and to form
different supramolecular assemblies®’9%104206.246 \When IM30 binds to lipid membranes in vitro,
the IM30 barrel was shown to disassemble and result in the formation of carpet-like structures'%*.
Fluorescently labeled IM30 occasionally showed an additional signal at the plasma membrane in
fluorescence microscopy images apart from its prototypical punctae (Figure 3.3-2A, and section
3.2 Supplementary figure 8.2-5). This signal was enhanced for IM30* and truncated IM30
variants that contained the coiled-coil (Figure 3.3-2B-E). To see if the plasma membrane
localization could be related to the formation of carpet-like structures we next compared the ability

of truncated variants to assemble on a supported lipid bilayer (SLB).

The ability to form supramolecular assemblies on lipid membranes seems to be a prerequisite for
ESCRT-III-mediated membrane remodeling. We previously described condensate formation of
IM30 (section 3.2) which in theory could precede, be coupled to, modulate, and/or follow the
formation of such membrane-associated IM30 assemblies. To identify regions of the protein that
are required for carpet formation we applied atomic force microscopy (AFM) to IM30 variants in

presence of a supported lipid bilayer (SLB).

IM30 shows typical carpet-like structures that appear as large areas of circular shape with an
apparent height of ~2 nm above the background level of the SLB surface (Figure 3.3-6A).
Similarly, the IM30* mutant shows similar circularly shaped areas at the SLB (Figure 3.3-6B)
with an apparent height of ~1 nm. The truncated variant IM301.15¢ formed flat carpet-like structures
with an apparent height of 1.5 nm (Figure 3.3-6C) and slightly more irregularly shaped edges,
whereas no carpet formation or in fact any indication for membrane-bound protein was detected
for IM30157-2¢7 (Figure 3.3-6D). IM30157.267 was observed to lack membrane-binding capabilities
in other studies from our group (data not shown). These results suggest that IM30 carpet formation
requires the N-terminal domain containing the coiled-coil region and does not depend on its

C-terminal extended IDR.
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Figure 3.3-6: AFM topographic images and line profiles of differentIM30 variants after incubation on supported lipid bilayers.
AFM image (top) and line profile (bottom) of 4 uM (4) IM30 wt, (B) 0.5 uM IM30%, (C) 0.75 uM IM302s.156 and (D) 1.5 uM
IM30157-267 after incubation on a SLB made of 40% (mol) DOPG and 60 % (mol) DOPC (4-C) or DOPG (D), line profile was
taken at positions indicated by a white line in the corresponding topographic image. imaged areas have the size of 20 um (A, D)

and 5 um (B, C).
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3.3.3. Discussion

3.3.3.1. IM30 localization into punctae in vivo correlates with in vitro condensates
propensity

By comparing the localization of different IM30 variants in vivo to their propensity to form
condensates in vitro we provided further indication for the underlying type of assembly of IM30
punctae to be biomolecular condensates. IM30 variants that lack the C-terminal helices included
in IM30157.267 were previously shown to only form monomers in solution in vitro'?’. We showed
that IM301.156 1s, however, capable of localizing into punctae (Figure 3.3-2, Figure 3.2-1C, I) as
well as form condensates (Figure 3.3-3A, C), which agrees well with our hypothesis that punctae
are in fact not related to barrel formation but rather represent biomolecular condensates instead.
This hypothesis was further supported by the fluorescence signal for IM3057.267-mVenus being
exclusively distributed throughout the cytosol (Figure 3.2-1F), similar to freely diffusing mVenus
(Figure 3.2-1G, H), as this IM30 variant also did not form condensates in vitro (Figure 3.3-3A,
F).

The truncated IM30 variants IM3026.156 and IM3026.136 were able to form condensates (Figure
3.3-3A, D, E) and thus the absence of puncta formation in these samples (Figure 3.2-1D, E) does
not support the idea of punctae being related to IM30 condensates, but could be explained by
comparing their condensate formation propensity in vitro (Figure 3.3-3, Figure 3.3-4) and
considering the possibility of additional unknown factors for condensate formation in vivo. For
example did the further truncation of the helical regions show decreased turbidity and less
condensates for IM3026-136 (a1-2) compared to IM3026.156 (01-3) and IM301.156 (00-3) at equal
concentrations (Figure 3.3-3A, C, D, E), which could explain the lack of punctae in vivo (Figure
3.3-2, Figure 3.2-1D, E). Even though there was no significant difference between IM3026.156 and
IM301.156 in terms of turbidity for PEG/NaCl-induced condensates (Figure 3.3-3A), we observed
slightly lowered turbidity for PEG-induced condensates of IM3026.156 compared to IM301.156
(Figure 3.3-4A). Even though these differences were not statistically significant in our turbidity
data, our DIC images further supported the negative effect on condensate formation after removal
of individual helices from IM301.15¢ (Figure 3.3-4C, D, E). To verify these observations, further

statistical evaluation of droplet size and the collection of phase diagrams could be performed.
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3.3.3.2. Coiled-coil interactions drive IM30 condensate formation
Transient interactions that can be important for condensate formation of proteins include
electrostatic, hydrophobic, and cation-r interactions as well as n-n-stacking and hydrogen bonds?*’.
We were able to show that IM30* forms condensates at pH 5.5 in absence of both crowding agent
and NaCl (section 3.2). The pH as driving force and modulator for condensate formation was
previously described in theoretical work!8%2%8, used in membrane model systems>* and reported
for proteins>>® 232, The condensate formation in response to pH was shown to involve electrostatic
interactions that could be reduced by increasing the ionic strength leading to the dissolution of
condensates!”*?**, Our data, however, showed no significant differences between condensates

formed at pH 5.5 in absence and in presence of 100 mM NaCl (section 3.2.2.6), indicating that

additional contributions from other interactions are important for IM30 condensate formation.

In presence of crowding agent IM30* condensate formation occurred at intermediate and even at
high ionic strength (section 3.2.2.4) where electrostatic interactions should be negligible due to the
electrostatic screening of charges and hydrophobic interactions start to dominate'®’. 1-6-Hexandiol
is a common additive used to disrupt hydrophobic interactions and interactions involving aromatic

179.184.245.253-256 and is also frequently used, even though recently debated®*’, for in

residues in vitro
vivo studies®*2*. However, PEG/NaCl-induced IM30* condensates at high ionic strength did not
dissolve in presence of hexane-diol and we only observed an apparent decrease in condensate size
which was compensated by an increase in number of condensates (Figure 3.3-5). Therefore,

hydrophobic interactions contribute at most partially to IM30 condensate formation.

IM30 has an obvious propensity to form interactions between helices in higher oligomeric barrel
structures, where a single monomer can have interactions with up to 16 different monomers in the
same barrel with C16 point symmetry®® and helices form an interwoven network with conserved
intermolecular interfaces”™*”. We showed that all C-terminally truncated variants containing
IM3026-136 were able to form condensates (Figure 3.3-3). It was recently shown in simulations that
coiled-coil interactions can be the driving force for condensate formation?** and other proteins
have previously been reported to rely on their coiled-coil regions for condensate formation, like
the carboxysome positioning protein McdB%, the endocytic trafficking protein Ede1?*® and many

others®**. Therefore, we hypothesize that attractive coiled-coil interactions mediated by a
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combination of hydrogen bonds, hydrophobic interactions and electrostatic interactions involving

IM3026-136 drive IM30 condensate formation.

The observation of the dissolution of condensates with increasing urea concentrations (Figure
3.3-5) agreed with the idea that interactions between helices are important for condensate
formation of IM30*. But since urea itself can have a strong effect on a multitude of interactions>*
we could not rule out that the dissolution was not, or only partially, attributed to the loss of
secondary structure in the coiled-coil region. However, urea was commonly used to destabilize H-
bonds in proteins and used to analyze the importance of H-bonds for condensate formation!”?:19%260
for example by increasing concentrations from 0.5 M up to 2 M urea!”” and at these concentrations
the central coiled-coil of IM30 was previously shown to still be largely intact (section 3.1).
Therefore, a strong effect of secondary structure destabilization on condensate formation would

be expected to become relevant only at urea concentrations above 2 M.

In this context, our data did not support a negligible effect of H-bonds on condensate formation of
IM30* (Figure 3.3-5). Nevertheless, there were two observations that suggested that the helical
interactions might be the actual driving force for IM30* condensate formation: (i) both the size of
condensates observed in DIC microscopy, as well as turbidity in presence of 2 M urea were equal
to sizes and turbidity values of IM301.15¢ at PEG-NaCl induced condensates in absence of urea
(Figure 3.3-3, Figure 3.3-5). This suggested that urea dissolved interactions between the extended
IDR comprising 04-6 and helices a0-3 of the N-terminal region that seemed to enhance condensate
formation of IM30* compared to the truncated variants (Figure 3.3-3). Upon addition of urea these
interactions were destabilized and led to smaller condensate sizes and decreased turbidity. To
validate this assumption, a similar experiment applying the truncated variants would need to be
performed to see if condensates formed by these variants are significantly less affected by urea
concentrations up to 2 M and show the same dissolution of condensates at > 3 M urea. (ii) A
different reason could be that the observation on the stability of the coiled-coil region up to 2 M
urea were made in absence of salt (section 3.1). It was previously shown that salt can have a strong
influence on the oligomeric state of smaller IM30* oligomers'®. Therefore, the addition of
100 mM NacCl could have an additional destabilizing effect on the coiled-coil in presence of urea

and further experiments on the stability of IM30s central coiled-coil region in presence of NaCl
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are required to provide a better overview on the applicable range of urea for the destabilization of

IM30 barrel structures without affecting the structural integrity of the central coiled-coil.

Not only PEG/NaCl-, but also pH-induced condensates are dissolved by urea (Figure 3.3-5) , as
well as pH induced condensates in presence of 100 mM NaCl (see section 3.2 and Supplementary
figure 8.2-10), and condensates still form in presence of urea when both PEG and pH 5.5 are
present (see section 3.2.2.6). This suggests an additive effect of pH and PEG for IM30 condensate
formation. We hypothesized that the isolated IM30 coiled-coil forms condensates in presence of
PEG, when IM30* does not, due to the differences in pl values (see main text to Figure 3.3-4)
and/or because the extended C-terminal IDR is auto-inhibiting IM30* condensate formation in the
absence of salt. Therefore, the observed rescue of IM30 condensate formation in presence of
pH 5.5 and PEG from disruption by urea is likely caused by a lower critical saturation

concentration compared to either pH 5.5 or PEG alone.

Additional experiments using truncated variants, employing controls for the effect of salt, and
IM30 variants with locally destabilized helices are required to provide further evidence for the

importance of helicity for IM30 condensate formation.

Taken together, our results suggest that a combination of hydrophobic interactions, electrostatic
interactions, and hydrogen bonds, that are mediated by the coiled-coil, contribute to condensate

formation in IM30.

3.3.3.3. The extended C-terminal IDR of IM30* modulates condensate formation
propensity
Under crowding conditions we observed highly increased condensate formation propensity in
presence of salt (Figure 3.3-3) in contrast to no condensate formation in absence of salt (Figure
3.3-4) for IM30* compared to the truncated IM30 variants that contain the coiled-coil, which
showed little dependence on salt (Figure 3.3-3, Figure 3.3-4). This suggests an auto-inhibitory
effect of the extended C-terminal domain, that is resolved in presence of salt, and could be

attributed to the differences in pl values of the two sets of proteins.

IM30 has a basic N-terminal region (pI = 9.39 for native IM30 a0-3) and an acidic C-terminal
region (pl = 3.99 for native IM30 a4-6) which is a common feature shared among members of the

ESCRT-III protein family?®!?2, This charge separation could aid in the sequential assembly of
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higher oligomers or carpet-like structures and further enhance condensate formation through
electrostatic interactions between monomers but does not seem crucial for condensate formation
since IM30 variants lacking the acidic C-terminal region are still able to form condensates (Figure
3.3-4). IM30* has a pI value of 5.75, where it forms condensates even in absence of the crowding
agent PEG (see section 3.2.2.3), while the truncated variants containing the coiled-coil have much
higher pl values of 8.06, 8.08 and 6.87 for IM301.156, IM3026-156, and IM3 026136, respectively. Thus,
their pI values are all much closer to pH 7.6 of the buffer solution used in the experiment compared
to IM30*. Since condensate formation is further promoted at pH values close to the proteins pI'8?,
the difference in pl values between IM30* and the truncated variants containing the coiled-coil
could cause the difference in condensate formation in presence of solely PEG at pH 7.6 (Figure
3.3-4). Further experiments at more acidic pH could be used to test if the crowding agent PEG is
merely promoting condensate formation by lowering the critical saturation concentration and
verify if the pH is the actual determining factor for condensate formation in this context. In
summary, our data indicates that the C-terminal extended IDR modulates IM30* condensate
formation by inhibiting intermolecular interactions involving the coiled-coil through steric and/or
electrostatic intramolecular interactions between the coiled-coil and the extended IDR at low ionic

strength.

3.3.3.4. IM30 plasma membrane localization in vivo can be related to carpet-like
structures in vitro
In our experiments fluorescently labeled IM30 showed some additional signal at the plasma
membrane which became pronounced and covered larger areas of the plasma membrane for IM30%*,
IM301.156, IM3026-156, and IM3026-136. IM30 has been reported to have a plasma membrane

localization?63-264

, at the inner envelope for tobacco protoplasts in addition to its localization in
punctae at the thylakoid membrane®® .at the TM and inner envelope of chloroplasts®”!, and at the
TM and cytoplasmic membrane of Synechocystis!*°. Stress-induced formation of punctae as well
as localization at the plasma membrane was also observed for bacterial ESCRT-III family
members, i. e. PspA!"172 and LiaH!”3. We now showed that the isolated extended C-terminal IDR
of IM30 by itself does not localize into punctae and does not seem to bind membranes in general
(Figure 3.3-2, Figure 3.2-1F). This is in good agreement with earlier studies in protoplasts from

eukaryotes where a C-terminal truncation had no effect on IM30 localization whereas removal of

the coiled-coil resulted in a dispersed signal throughout the stroma °*.
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Barrel structures of IM30 reassemble into flat carpet-like structures upon binding to supported
lipid bilayers (SLB)!*. It was previously shown that formation of smaller oligomeric IM30

! and speeds up carpet formation!®. This agrees well with our

enhances membrane binding'!
observation of enhanced plasma membrane signal for barrel impaired IM30 variants compared to
the wildtype (Figure 3.2-1). By using AFM to visualize IM30 bound to lipid membranes we could
confirm the formation of carpet-like membrane structures being retained for the structured N-
terminal domain IM301.15¢ and lost for the extended C-terminal IDR IM30157.267 (Figure 3.3-6).
Thus, the observed plasma membrane localization (Figure 3.2-1) might indeed resemble some

kind of carpet-like structure in vivo although the molecular structure of membrane-bound IM30 at

these regions is still not known.

A recent study of another group succeeded in reporting the structural basis for the formation of flat
spirals on membrane surfaces by IM30 of Nostoc punctiforme®®. The reported spirals seem to be
equivalent or at least related to the previously described carpet formation of IM30 in Synechocystis
194 and closely resemble the spiral formation that has been studied for other ESCRT-III proteins,
like Snf7!32:265:266Qpiral formation in eukaryotes is a sequential and highly regulated process that
was suggested to involve monomer exchange by the AAA+ ATPase VPS4 resulting in buckling,
tubulation, and fission due to changing preferential polymer curvatures 47149265 The reported

models for spirals formed by IM30 of Nostoc punctiforme*®

and other models reported for
eukaryotic ESCRT-III spirals'?*2%¢267 indicate the existence of conserved intermolecular
interfaces between monomers in spirals on lipid membranes that resemble the interfaces found in
higher oligomeric structures in solution?®®?. Most interestingly, removal of the C-terminal region
from other ESCRT-III proteins was shown to result in localization of ESCRT-III proteins at the
membrane®®?, which fits to our observations made for truncated IM30 variants in vitro and in vivo.
Here, we provided evidence for the coiled-coil region of IM301.156 being sufficient for carpet
formation which fits our in vivo data and is in good agreement with previously reported data on

ESCRT-III proteins that form carpet-like structures on membranes!32-206-246.266,

Additional AFM studies with IM3026-156 and IM3026.136 are required to find the minimal construct
for carpet formation and will lead to a better understanding of in vivo membrane localization and

determine the exact overlap between the ability to form condensates and carpet structures.
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Interestingly, a recent study reported on the existence of a novel ESCRT-II-like protein, VIPP1-
associated-protein 1 (VIA1), in plant chloroplasts (arabidopsis thaliana) and in green algae
(chlamydomonas reinhardtii) containing a winged-helix (WH) domain, typical for ESCRT-II
proteins. VIA1 was capable of binding IM30, also known as VIPP1, and was shown to co-localize
with IM30 in vivo*®®. A homolog of this protein can also be found in Synechocystis by a BLAST
search?%®2”" uysing an ESCRT-II protein SNF8 from Saccharomyces cerevisiae (Uniprot-1D:
Q55563) as a template. The protein, here referred to as SynVIA1, is encoded in the s/r/603 gene.
A model generated by Alphafold-multimer!°>?’! (version 3) implemented in the local version of
ColabFold*”* with SynIM30 and SynVIA1 shows the same interaction interface between the
SynIM30s coiled-coil region and the WH domain of SynVIA1 (Supplementary figure 8.3-3) as
reported for the other VIA homologs in the recent publication?®®. This membrane-bound receptor
could play a role in condensate formation at the membrane surface and/or be related to the
formation of other IM30 assemblies on the membrane. This is further supported by the
superimposed barrel structure aligning the neighboring IM30 monomer in the barrel structure
surprisingly close to the second WH-like domain of the SynVIA1l monomer. This could hint
towards a mechanism on how higher IM30 oligomeric assemblies like-barrels or carpet-like
structures are initialized and how the transition of the extended IDR of non-oligomeric IM30 in
solution towards a helical structure in the oligomer is regulated by positioning the coiled-coil
regions in a defined for orientation to each other to facilitate potential oligomerization at the
membrane. This receptor could thus be used by the cell to recruit IM30 to specific locations for

oligomerization.

2732276 and theoretical studies on

On the other hand, in vitro experiments on 2D-Phase separation
prewetting in the presence of membranes’® show that membrane binding can lead to condensate
formation on the membrane prior to condensate formation in the cytosol due to a decreased
saturation concentration on the membrane. The authors of the theoretical study give a great
overview on the different implications of membrane binding in presence and absence of additional
membrane-bound receptors on the prewetting transitions and its relation to condensate formation
in solution”. However, any evidence for 2D-phase separation of IM30 is still missing and possible
changes in accessibility of amino acids that would participate in important transient interactions,

or the formation of other stable structures such as carpet-like structures'®* upon membrane binding

add more complexity and impede any reasonable assumptions.

107



Coiled-coil interactions drive IM30 condensate formation

Taken together, we have provided important evidence for similarities between the plasma
membrane localization in vivo and the ability of IM30 variants to form carpet-like structures in
vitro. Future studies will advance our understanding of the important factors and differences for
the formation of punctae, carpet-like structures, higher oligomers, and condensates as well as the

role of these multiple different supramolecular assemblies for the in vivo function of IM30.
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5. Abbreviations

E. coli

Synechocystis

ADP
ATP
Amp
BSA
CBB
CD
CEF
Cyt bsf
Cyt cs
DMSO
DNA
DOPC
DOPG
DTT
EDTA
g
HEPES
His-Tag
Kan

percent
degree celsius
microliter
micromolar

resistance

Escherichia coli

Synechocystis sp. PCC 6803

adenosine diphosphate
adenosine triphosphate
ampicillin

bovine serum albumin
Calvin—Benson—Bassham
circular dichroism

cyclic electron flow
cytochrome bef
cytochrome cg

dimethyl sulfoxide

deoxyribonucleic acid

1,2-dioleoyl-sn-glycero-3-phosphocholine
1,2-dioleoyl-sn-glycero-3- phosphoglycerol)

dithiothreitol

ethylenediaminetetraacetic acid, disodium salt

gram

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

histidine tag

kanamycin
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kDa kilo dalton

L liter

LB lysogeny broth

mL mililiter

mVenus monomeric venus

NADH nicotinamide adenine dinucleotide hydrogen
NADPH nicotinamide adenine dinucleotide phosphate hydrogen
NDH-1 type I NADPH-plastoquinone oxidoreductase
Ni-NTA nickel nitriloacetic acid

ns nanoseconds

OD optical density

PCR polymerase chain reaction

PMF proton motive force

PDB protein data bank

PQ plastoquinone

PQH2 plastoquinol

PSI photosystem I

PSII photosystem II

RNA Ribonucleic acid

rpm revolutions per minute

RuBisCO ribulose-1,5-bisphosphate carboxylase

SD standard deviation

SDS sodium dodecyl sulphate

SDS-PAGE sodium dodecyl sulphate-polyacrylamide gel electrophoresis
TAE Tris acetate EDTA

TEMED tetramethylethylenediamine

™ thylakoid membrane

Tris Tris(hydroxymethyl)aminoethane

wt wild type
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8.1 Appendix to section 3.1
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Supplementary figure 8.1-1: Trp fluorescence intensity and CD signal at 222 nm at increasing urea concentrations. (A) Trp
Sfluorescence intensity and (B) CD signal at 222 nm of IM30 and IM30*. (C) Trp fluorescence intensity and (D) CD signal at 222
nm of IM30 and IM3026.156. The error bars represent SD, n=3.Note: In case of IM30 the disordered regions contribute only little
to the total protein structure whereas the much shorter construct of IM3026.156 has much higher portion of flexible regions (~33% )

at 0 M urea compared to IM30. Therefore, the molar ellipticity for the latter seems much lower compared to IM30.
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Supplementary figure 8.1-2:Trp fluorescence spectrum of IM30. Trp fluorescence spectrum of (4) IM30 and (B) IM30* at 0 M

urea; The error bars represent SD, n=3

Suppl. table 8.1-1: R-values and parameters parameter of global fits used in this study. Parameters a and b are not applicable for
the fits of IM30* and IM3026.156.

IM30wt IM30wt (b=0) IM30* IM30, .
R’ 0.998 0.997 0.998 0.995

a 0.75%0.08 0.93%0.8 - -

b 0.19:0.6 0 - -
Cy, 3.0+0.1 2.740.7 2.65+0.03 3.1+0.1
d 0.53%0.04 0.62+0.03 0.450.02 0.62+0.05
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Curation, Formal Analysis, Software, Validation, Visualization, Writing — Original Draft. -
-: Conceptualization (MD simulations), Data Curation, Formal Analysis, Funding
Acquisition, Methodology, Project Administration, Resources, Software, Supervision, Validation,
Writing — Original Draft. || ||| | AR Data Curation, Investigation (kinetic analyses and
model development), Software, Validation, Visualization, Writing — Original Draft, Writing —
Review & Editing. ||| | | BBl Conceptualization, Formal Analysis, Methodology, Funding
Acquisition, Project Administration, Resources, Supervision, Writing — Original Draft, Writing —

Review & Editing.

145



Appendix

8.2 Appendix to section 3.2

Supplementary figure 8.2-1: Wetting of pH induced condensates on glass surface. Exemplary DIC image of 32 uM IM30%*, 10 mM
HEPES, 10 mM Phosphate buffer at pH 5.5 after prolonged incubation time showing wetting of bottom glass surface by IM30*
condensates. White arrowhead indicates a condensate that recently attached to the glass slide and wetted the surface; white arrows

indicate the edge of the extended area of already fused condensates; black arrow indicates unfused condensate sitting in solution

near the glass surface.

Supplementary figure 8.2-2: Wetting of PEG/NaCl induced condensates on glass surface. Exemplary DIC image of 32 uM IM30%,
10 mM HEPES, 10 mM Phosphate buffer at pH 5.5 after prolonged incubation time showing wetting of bottom glass surface by
IM30%* condensates. White arrowhead indicates a condensate that recently attached to the glass slide and wetted the surface; white

arrows indicate the edge of the extended area of already fused condensates; black arrow indicates unfused condensate sitting in

solution near the glass surface.
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Supplementary figure 8.2-3: Fluorescence microscopy of IM30* condensates with fluorescently labeled crowding agent. (A, C)
32 uM IM30%, 10 mol% 7GS-mVenus, 10% PEG, 1 mol% Cy5-PEG, 100 mM NaCl and 20 mM HEPES at pH 7.6, (B, D) pH 5.5
induced condensates in presence of 10% PEG, 1 mol% Cy5-PEG, (E, G) PEG dextran condensates and (F, H) PEG BSA
condensates each with same total concentration of Cy5-PEG as in (4) and (B); (4, B, E, F) DIC image (left); mVenus channel
(middle) and Cy5 channel (right) and corresponding line profile (C, D, G, H) of fluorescence signal for a line through the area
that is indicated by a white thin line in the corresponding images; exemplary images and line profile are shown for a set of n=3

experiments; scale bar 10 um.
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Supplementary figure 8.2-4: Comparison of helical wheel projections showing similarities in their amphipathic pattern. Helical

wheel projection for C-terminal region of a MIM consensus sequence from ESCRT-III *'* () and corresponding consensus

sequence in IM30 '?7 (B) and the corresponding sequence of SynIM30.

Supplementary figure 8.2-5: Fluorescence microscopy images showing patchy sheet like punctae for of Synechocystis cells
expressing mVenus-tagged IM30. Shown are the thylakoid channel in red (left), mVenus channel in green (middle) and an overlay
of both channels (right) of structured illumination evaluated images (SIM? strong). White arrows mark punctae, white arrowhead

indicates patches and sheet-like protein localization near the plasma membrane. The scale bar is 3 um. All in vivo fluorescence

microscopy experiments were conceived and performed in collaboration with -_ and _ niversity of
Liverpool, UK).
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Supplementary figure 8.2-6: Uncropped fluorescence microscopy images of Synechocystis cells expressing mVenus-tagged IM30.

Shown are the thylakoid channel in red (left), mVenus channel in green (middle) and an overlay of both channels (right) of

structured illumination evaluated images (SIM? strong). The scale bar is 10 um. All in vivo fluorescence microscopy experiments

were conceived and performed in collaboration with -_ and_ (University of Liverpool, UK).

Supplementary figure 8.2-7: Uncropped fluorescence microscopy images of Synechocystis cells expressing mVenus-tagged IM30*.
Shown are the thylakoid channel in red (left), mVenus channel in green (middle) and an overlay of both channels (vight) of

structured illumination evaluated images (SIM? strong). The scale bar is 10 um. All in vivo fluorescence microscopy experiments

were conceived and performed in collaboration with -_ and _ (University of Liverpool, UK).
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pH 5.5 +
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10% PEG +

Supplementary figure 8.2-8: Summary of DIC images of IM30 at varying conditions with urea. Experiments were performed in
phase separation buffer and additional changes to the buffer such as 3M instead of 0 M urea, pH 5.5 instead of pH 7.5, 100 mM
instead of 0 mM NaCl and 10% instead of 0% PEG are marked in the table below the images with a “+”. The scale bar is 10 um.
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3 M urea
pH 5.5
100 mM NaCl
10% PEG

3 M urea
pH 5.5 +
100 mM NaCl
10% PEG

Supplementary figure 8.2-9: Summary of DIC images of IM30 at varying conditions without urea. Experiments were performed
in phase separation buffer and additional changes to the buffer such as 3M instead of 0 M urea, pH 5.5 instead of pH 7.5, 100 mM
instead of 0 mM NaCl and 10% instead of 0% PEG are marked in the table below the images with a “+”. The scale bar is 10 um.
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3 M urea
pH 5.5
100 mM NaCl
10% PEG
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pH 5.5 +
100 mM NaCl
10% PEG +

Supplementary figure 8.2-10: Summary of DIC images of IM30* at varying conditions with urea. Experiments were performed in
phase separation buffer and additional changes to the buffer such as 3M instead of 0 M urea, pH 5.5 instead of pH 7.5, 100 mM
instead of 0 mM NaCl and 10% instead of 0% PEG are marked in the table below the images with a “+”. The scale bar is 10 um.
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3 M urea
pH 5.5
100 mM NaCl
10% PEG

3 Murea
pH 5.5 +
100 mM NaCl
10% PEG

Supplementary figure 8.2-11: Summary of DIC images of IM30* at varying conditions without urea. Experiments were performed
in phase separation buffer and additional changes to the buffer such as 3M instead of 0 M urea, pH 5.5 instead of pH 7.5, 100 mM
instead of 0 mM NaCl and 10% instead of 0% PEG are marked in the table below the images with a “+”. The scale bar is 10 um.
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8.3 Appendix to section 3.3

IM30* IM30, 455 IM30.6.456 ] IM3DZE_1;,E IM3057.567

HP

HN

HPN

64pM HPN

Supplementary figure 8.3-1: Summary of DIC imags of IM30* and truncated IM30 variants in presenc or absence of 10% PEG
and/or 100 mM NaCl. “H” indicated HEPES buffer, “P” indicates the presence of 10% PEG, “N” indicates the presence of 100

mM NaCl and 32 uM protein were used in all samples except for the last row where 64 uM protein were used.
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Supplementary figure 8.3-2. Definition of the beginning of helix a3 in IM30. Number of unique H-bonds between backbone atoms
participating in the formation of an alpha helix as determined in ChimeraX and averaged over all available SynIM30 models (PDB:
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703W, 703x, 703Y, 703z, 7040); note that backbone atoms are counted twice resulting in 12 H-bonds for 6 layer and that model

703z and 7040 contain only 6 layers despite the electron density showing 7 layers as outlined in the corresponding publication®®.

Supplementary figure 8.3-3: SynVIAI-IM30 complex. SynVIAI-IM30 complex and proximity of winged helix domain of SynVIAl
to conserved residues in neighboring IM30 monomers in the barrel structure. (A) Alphafold2 model of SynVIAI-IM30 complex;
(B) IM30 in SynVIA1-IM30 complex replaced by barrel layer (lowest layer of C16 in PDB 703Y); (C) Close up view of conserved

regions (ConSurf server®™) in IM30 forming a contact site between winged helix domains of VIAI and helix 1 in the coiled-coil
region of IM30.
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E F

Supplementary figure 8.3-4: Summary of individual channels for fluorescence microscopy images of Synechocystis cells

expressing different IM30 variants tagged with mVenus and mV controls. Shown are the thylakoid channel in red (left), mVenus
channel in green (middle) and an overlay of both channels (right) of structured illumination evaluated images (SIM? strong). (A)
IM301-156-7GS-mVenus, (B) IM3026-156-7GS-mVenus, (C) IM3026-136-7GS-mVenus, (D) IM30157-267-7GS-mVenus, (E) mVenus, (F)

7GS-mVenus. The scale bar is 3 um. All in vivo fluorescence microscopy experiments were conceived and performed in

collaboration with -_ and_ (University of Liverpool, UK).
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Supplementary figure 8.3-5: Uncropped fluorescence microscopy images of Synechocystis cells expressing IM30;.156-7GS-mVenus.

Shown are the thylakoid channel in red (left), mVenus channel in green (middle) and an overlay of both channels (right) of

structured illumination evaluated images (SIM? strong). The scale bar is 10 um. All in vivo fluorescence microscopy experiments

were conceived and performed in collaboration with -_ and _ (University of Liverpool, UK).

Supplementary figure 8.3-6: Uncropped fluorescence microscopy images of Synechocystis cells expressing IM3026.156-7GS-

mVenus. Shown are the thylakoid channel in red (left), mVenus channel in green (middle) and an overlay of both channels (right)

of structured illumination evaluated images (SIM? strong). The scale bar is 10 um. All in vivo fluorescence microscopy experiments

were conceived and performed in collaboration with -_ and _ (University of Liverpool, UK).
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Supplementary figure 8.3-7: Uncropped fluorescence microscopy images of Synechocystis cells expressing IM3026.136-7GS-

mVenus. Shown are the thylakoid channel in red (left), mVenus channel in green (middle) and an overlay of both channels (right)

of structured illumination evaluated images (SIM? strong). The scale bar is 10 um. All in vivo fluorescence microscopy experiments

were conceived and performed in collaboration with -_ and _ (University of Liverpool, UK).

Supplementary figure 8.3-8: Uncropped fluorescence microscopy images of Synechocystis cells expressing IM30;57-267-7GS-
mVenus. Shown are the thylakoid channel in red (left), mVenus channel in green (middle) and an overlay of both channels (right)

of structured illumination evaluated images (SIM? strong). The scale bar is 10 um. All in vivo fluorescence microscopy experiments

were conceived and performed in collaboration with -_ and _ (University of Liverpool, UK).
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Supplementary figure 8.3-9: Uncropped fluorescence microscopy images of Synechocystis cells expressing mVenus. Shown are

the thylakoid channel in red (left), mVenus channel in green (middle) and an overlay of both channels (right) of structured

illumination evaluated images (SIM? strong). The scale bar is 10 um. All in vivo fluorescence microscopy experiments were

conceived and performed in collaboration with -_ and_ (University of Liverpool, UK).

Supplementary figure 8.3-10: Uncropped fluorescence microscopy images of Synechocystis cells expressing 7GS-mVenus. Shown
are the thylakoid channel in red (left), mVenus channel in green (middle) and an overlay of both channels (right) of structured

illumination evaluated images (SIM? strong). The scale bar is 10 um. All in vivo fluorescence microscopy experiments were

conceived and performed in collaboration with -_ and_ (University of Liverpool, UK).
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